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. . INTRODUCTION 

Damage t o  the  ecology and human.health by s u l f u r  d i o ~ i d e ,  a major 

anthropogenic atmospheric l l u f  a n t ,  has long been recognized.  More r e c e n t l y  , 
the  o x i d a t i o n  product s u l f a t e  has been i n d i t e d  a s  p o t e n t i a l l y  more de t r imenta l  

t o  h e a l t h  than i t s  precursor  (Lave and Seskin ,  1977). E f f o r t s  t o  reduce 

atmospheric s u l f u r  'oxide concentra t ions  by l e g i s l a t i n g .  SO emission s tandards  
2 

have not  been. completely succesa fu l ;  al though SO2 l e v e l s  have genera l ly  

decreased a '  p a r a l l e l  reduct ion i n  s u l f a t e  leve  1s has not been observed 

( A l t s h u l l e r ,  1977). To a large  e x t e n t ,  t h i s  phenomenon is being a t t r i b u t e d  t o  

the t r a n s p o r t  and t ransformat ion of emissions from l a r g e  i n d u s t r i a l i z e d  a reas  

and power p l a n t s  wet wide geographical  a reas  hundreds of  k i lomete r s  downwind. 

(Eusar e t  a l ,  1978, G i l l a n i  e t  a l ,  1978). The ac id  r a i n  which has lowered t h e  

pH of v i r t u a l l y  a l l  the  lakes  i n  t h e  Adirondack region of New York S t a t e ,  f o r  ex- 

ample, may have its o r i g i n  i n  acid-forming p o l l u t a n t s  from i n d u s t r i a l i z e d  a reas  

d i s t a n t l y  located  t o  the  west and south of t h e i r  u l t ima te  d e s t i n a t i o n  (E.P.A., 

1979, Galvin e t  a l ,  1978). Also of  inc reas ing  i n t e r e s t  dur ing the  pas t  few 

years  has been t h e  r o l e  of  n i t r i c  a c i d  and n i t r a t e s  as  c o n t r i b u t o r s  t o  a i r  pol lu-  

t ion .  More e f f e c t i v e  c o n t r o l  of atmosphere s u l f a t e  and n i t r a t e  is  dependent 

upon a broader knowledge of s u l f u r  and n i t rogen  oxide t ransformat ion r a t e s .  

A 1  though l abora to ry  experiments have made ma j o t  c o n t r i b u t i o n s  t o  r e a c t i o n  

. r a t e  information;  meaningful determinations of these r a t e s  under varying 
% 

meteorological .  condi t ions  r e q u i r e s  studying parce 1s of  a i r  a s  they a r e  

t ranspor ted  during long t ime  pe r iods .  Power p lan t  plumes, a s  convenient v e h i c l e s  

f o r  these  measurements, have been u t i l i z e d  by i n v e s t i g a t o r s  a t  BNL and many 

o t h e r  places ( F o r r e s t  e t  a l ,  1979, F o r r e s t  and Newman, 1977, Husar e t  a l ,  1978, 

Lusis e t  a l ,  1978, Meagher e t  a l ,  1978). A review of  recent  i n v e s t i g a t i o n s  has 



been presented (Newman, 1980). Samples taken by fixed-winged a i r c r a f t  i n  a 

plume a s  it progresses dowhwind and. analyzed f o r  SO and p a r t i c u l a t e  s u l f a t e  con- . 2 

t e n t  r e v e a l  the  e x t e n t  of  conversion. I n  previous papers (Newman e t  a l ,  1975a 

and b ;  F o r r e s t  and Newman, 1977; F o r r e s t  e t  a l ,  1979) we repor ted  on our observa- 

t i o n s  i n  both o i l  and coa l - f i r ed  power p l a n t  plumes whereby ox ida t ion  of S02to 

s u l f a t e  ranged predominantly from 1 - 4% w i t h i n  a time frame of  up t o  100 min 

and 50 km.d i s tance .  No e x p l i c i t  c o r r e l a t i o n  has been discerned t h a t  can c l e a r l y  

a s s o c i a t e  the e x t e n t  of ox ida t ion  with any meteorological  parameter (Newman, 

1980). P l u m s  were tracked p r imar i ly  i n  morning o r  e a r l y  evening hours during 

invers ion  cond it ions ,  u n t i l  they became und is t ingu i shab le  from the  background, 

which genera l ly  occurred i n  l e s s  than 50 km. There remained a s p e c i a l  need t o  

ob t a i n  more information dur ing midday high s u n l i g h t  cond i t  ions when homogeneous 

gaseous r e a c t i o n s  might predominate, and c e r t a i n l y  i t  would be advantageous t o  

fo l low the  plume f o r  g r e a t e r  d i s t a n c e s .  Such an oppor tuni ty  was r e a l i z e d  by our 

p a r t i c i p a t i o n  in  Pro jec t  STATE (Su l fu r  Transport  and Transformation i n  t h e  

~ n v i r o n m e n t ) ,  an EPA-sponsored study aimed a t  i n v e s t i g a t i n g  the  processes 

a f f e c t i n g  the  s p a t i a l  and temporal d i s t r i b u t i o n s ,  a s  w e l l  a s  p r o p e r t i e s  o f ,  gas- 

eous and p a r t i c u l a t e  s u l f u r .  . . 

During August 1978, BNL's I s l a n d e r  a i r c r a f t  a s s i s t e d  i n  the  Tennessee 

Plume Study under P r o j e c t  STATE t o  c h a r a c t e r i z e  the  t r anspor t  and t ransformat ion 

of s u l f u r  i n  the  plume of  the  coa l - f i r ed  Cumberland Steam P lan t  of TVA. Recent 

development of a modified f i l t e r  pack conta in ing NaC1-impregnated f i l t e r s  t o  ab- 

sorb  HN03 enabled us t o  monitor t o t a l  inorganic  n i t r a t e  ( F o r r e s t  e t  a l ,  1980) i n  

add i t  ion t o  o ther  c o n s t i t u e n t s  . Consequently , among the  instruments c a r r i e d  on 

board the  a i r c r a f t  was a high volume sampler and f i l t e r  pack assembly which 

enabled us  to measure p a r t i c u l a t e  and gaseous s u l f u r ,  p a r t i c u l a t e  armnonium, and 



total inorganic nitrate (gaseous plus particulate). In this paper, we report 

on formation rates for sulfate and nitrate which were calculated by using total - 

sulfur as a conservative tracer. 

EXPERIMENTAL 

Plant description 

The Cumberland Steam Plant of TVA is located along Lake Berkley 

(cumberland River) in Stewart County, Tenn. Power is generated by two 1300 MW 

boilers using horizontally opposed burners fueled by western Kentucky coal 

containing 3 - 5% S. Particles are removed from combustion gases by 

electrostatic' precipitators which generally operate at 99+% efficiency. The. 
; 

gases are emitted via two 305 m stacks. 

S a p  ling 

Samples were obtained by means of a 12.5 cm diam. high-volume multi-fil ter 

assembly .consisting of a quartz prefilter for particulate matter, sodium chlo-- 

ride-impregnated cellulose filters for collecting nitric acid, and potassium car- 

bonate-impregnated cellulose filters for retaining SO2 (Forrest et al, 1980). 

3 Flow rates were set through the assembly at s0.4 m min-l. 

Pallflex Tissuquartz prefilters were prepared by firing to remove binder 

and then treating with hot phosphoric acid as previously described (Tanner et 

al, 1977). Potassium carbonate filters were prepared from Schleicher and a 

Schuell Fas.t Flow 2W papers by a pretreatment consisting of a soaking in 20% 

(W/V) KOH solution, draining excess liquid, and then drying for 2.5 h at 10O0c. 

The filters were rinsed free of KOH, dried overnight in a vacuum desiccator, and 

the drying completed by heating at 1 0 0 ~ ~  for 10 - 15 min. Finally a 25% (W/V) 



K2COg - 10% (V/V) g l y c e r o l  s o l u t i o n  w a s  used f o r  impregnation. The excess l i q -  

u id  was removed by a wringer assembly and the  f i l t e r s  d r i e d  f o r  5 min a t  1 0 0 ~ ~ .  . 

The NaCl f i l t e r  c i r c l e s  were a l s o  prepared from Schle icher  and Schuell  Fas t  Flow 

2W papers by prewashing the  f i l t e r s .  i n  d i s t i l l e d  deionized water ,  drying a t  
. . 

1 1 0 ~ ~  and then h e r s i n g  i n  5% (wIV,) NaC1. The excess  s o l u t i o n  was drained o f f  

and the  f i l t e r s  h e a t . 4  a t  1 0 0 ~ ~  t o  i n c i p i e n t  dryness.  

Besides t h e  i n t e g r a t i n g  high-vo lume f i l t e r  pack, a d d i t i o n a l  equipment on 

board the  BNL a i r c r a f t  included ins t rumenta t ion f o r  measuring i n  r e a l - t  ime SO2, 

2 - 
SO4 , 03, bscat, SF6,' temperature,  r e l a t i v e  humidity,  and t o t a l  r a d i a t i o n .  

F l i g h t  superv i s ion  was under _the d i r e c t i o n  o f  the  STATE Mission Control Center 

based a t  For t  Campbell, KY. Plumes were t racked by means of t e t roons  re leased  

near the  s tacks  and followed by radar.  Also a s s i s t i n g  i n  t r ack ing  were mobile 

p i b a l  crews and a mobile l i d a r  system (Stanford Research I n s t i t u t e ) .  The major 

sampling events cons i s t ed  of crosswind plume t r a v e r s e s ,  f l i g h t s  i n  background 

a i r ,  and v e r t i c a l  s p i r a l s  (no t  included i n  t h i s  paper) .  Stack r e l e a s e  time and 

corresponding plume age were ca lcu la ted  from average wind speeds a t  plume height  

suppl ied  by p i b a l  measurements (Tennessee Valley Authori ty)  taken a t  approxi- 

mately 112 h r  i n t e r v a l s .  So la r  r a d i a t i o n  d a t a  were obtained from the  Cumberland 

p l a n t  1 m tow,er. 

The potassium carbonate-impregnated f i k t e r s  were analyzed f o r  c o l l e c t e d  

SO2 by e x t r a c t i n g  i n  d i l u t e  peroxide and measuring the r e s u l t a n t  s u l f a t e  with a 

Dionex Model 10 Ion Chromatograph (Small e t  a l ,  1975). The va r ious  an ion ic  

spec ies  i n  the sample were separated on an anion exchange column using NaHC03- 

Na CO a s  e luen t  and t h e  e lu ted  s u l f a t e  monitored by a conduc t iv i ty  c e l l .  2 3 



,I 

P a r t i c u l a t e  s u l f a t e  c o l l e c t e d  on the  q u a r t z  f i l t e r  was e x t r a c t e d  

u l t r a s o n i c a l l y  i n t o  water and analyzed by an automated technique ( ~ e c h n i c o n  In- - 

struments Corp., Tarrytown, NY). Afte r  removal of  heavy metals  by ion exchange, 

s u l f a t e  was p r e c i p i t a t e d  by a d d i t i o n  of  barium c h l o r i d e  i n  the presence of  

methy l thyml  b lue .  Unreacted barium forms a  c h e l a t e  with t h e  dye and t h e  excess  

me thy lthymol b lue  remaining was measured spec t ropho tomet r i ca l ly   d dam ski and 

V i l l a r d ,  1975). Cross-check analyses  were performed p e r i o d i c a l l y  by ion 

chromatography. 

Quartz f i l t e r  e x t r a c t s  were a l s o  analyzed f o r  p a r t i c u l a t e  n i t r a t e  and 

ammonium by automated techniques. N i t r a t e  was  measured spect rophotometr ica l ly  

by reduct ion with hydrazine t o  n i t r i t e ,  d i a z o t i z a t i o n  with sul fani lamide and for-  

mation of  the  reddish  purp l i sh  azo dye by coupling with N-(1-naphthyl) 

ethy lenediamine (Mullin and Ri ley ,  1955). Ammonium was determined 

c o l o r i m e t r i c a l l y  by the  b lue  colored compound r e s u l t i n g  from the  a d d i t i o n  of so- 

dium phenoxide and a l k a l i n e  sodium hydroxide ( B o l l e t e r  e t  a l ,  1961). 

Inorganic gaseous n i t r a t e  c o l l e c t e d  on the  NaC1-impregnated f i l t e r s  w a s  

ex t rac ted  u l t r a s o n i c a l l y  i n  water  a t  40°c and measured f o r  n i t r a t e  a s  above. 

P r i o r  t o  a n a l y s i s ,  the  sampled f i l t e r  packs were loaded on a  high-volume 

sampler i n  the  l abora to ry  and room a i r  a t  5 0 ' ~  was drawn through t h e  assembly 

f o r  5  min t o  desorb any HNOj poss ib ly  r e t a i n e d  by the  quar tz  f i l t e r .  As  a  

precaut ion a g a i n s t  in t roducing extraneous p a r t i c u l a t e  mat te r  , a  c l e a n  q u a r t z  f  il- 

t e r  was placed upstream of  the  assembled pack. 



OBSERVATIONS 

~ e n e r a l  

Included i n  t h i s  r epo r t  is a sumnary of 12 f l i g h t s  made from 18 - 28 

August. Samples were taken a t  d i s tances  of 11 t o  200 km from the  Cumberland 

p l a n t  and the  plume ages ranged from 0.8 t o  9 h r .  Background measurements were 

taken during ' a l l  runs and were subtracted accordingly from plume concentrat ions.  

The SO2 background averaged 7.8 pg m-3, ranging from nondetectable l eve l s  t o  

-3 21.9 pg m . Corrections t o  apparent plume concentra t ions  seldom exceeded 20% 

-3 and averaged $22. P a r t i c u l a t e  s u l f a t e  background l eve l s  were 1.1 t o  27.6 pg m 

-3 2- averaging 12.5 pg m a s  SO4 . The background SO:- was appreciable  and the  

co r r ec t i ons  applied t o  the  plume s u l f a t e  measurements could be q u i t e  high and 

averaged #45%. Inorganic n i t r a t e  ( p a r t i c u l a t e  plus  gaseous) background ranged 

from d.7-4.6 pg m-3 with an average of 2.5 pg m-3 ., Ni t r a t e  cor rec t ions  were 

+ 
a l s o  s i g n i f i c a n t ,  averaging P38%. The background NH4 ranged from 1.1 t o  8.3 

-3 -3 
pg m . and averaged 3.7 pg m , but the  r e l a t i v e l y  low plume concentra t ions  led 

+ 
t o  an average cor rec t ion  t o  plume p a r t i c u l a t e  NH4 of s5O%. 

Oxidation of su l fu r  dioxide 

Conversion of SO t o  s u l f a t e  was ca lcu la ted  by r a t i o i n g  plume p a r t i c u l a t e  2 

s u l f u r  concentrat ions t o  t o t a l  su l fu r  a f t e r  applying cor rec t ions  due t o  s u l f a t e  

formed a s  a r e s u l t  of the combustion process. Poss ib le  in t roduc t ion  of e r r o r  t o  

these  measurements through plume losses  by dry deposi t ion have been discussed 

(For res t  e t  a l ,  1979). From both box model c a l cu l a t i ons  with assumed deposi t ion 

2- v e l o c i t i e s  f o r  SO and SO4 (For res t  e t  a l ,  19791, and a l s o  by experimentally 2 

observed removal r a t e s  a t  the  Portage des Sioux power p lan t  (Husar e t  a l ,  

-1 
19781, e r r o r s  from t h i s  source have been est imated a t  from 0 t o  3.5% h of the  



t o t a l  s u l f u r  and remain wi thin  acceptable  limits. Furthennore, s ince  we can an- 

t i c i p a t e  SO deposi t ion to  be more rap id  than p a r t i c u l a t e  s u l f a t e ,  the d i r e c t i o n  .. ' 2 

of any e r r o r  from t h i s  e f f e c t  would only  be a s l i g h t  increase  of the  apparent 

r a t e  of SO t o  s u l f a t e  conversion. 2 

N i t r a t e  formation 

Nitrogen oxides a r e  emitted i n  power p l an t  plumes almost t o t a l l y  as  NO 

which converts  t o  NO2 as atmospheric O3 d i f f u s e s  i n t o  the  plume. By measuring 

plume NO /NO r a t i o s ,  Hegg e t  a 1  (1977) have demonstrated the va r i ab l e  r a t e  of  
2 

t h i s  reac t ion  in p l u e s .  Oxidation of NO2 t o  n i t r i c  acid  may then proceedby  re- 

ac t ion  w i m  OH, H02 or 03. Davis e t  a l  (1979) have measured OH concentra t ions  

in the  v i c i n i t y  of a power p lan t  plume and have assigned an average midday value  

6 -3 of 9.5 x 10 cm . For the react ion:  

they have postula ted c.onversion r a t e s  as  a funct ion of plume age, plume mixing, 

moisture,  and time of day ( s o l a r  f l ux ) .  

Only t o t a l  n i t r a t e  r e s u l t s  (AN3 + NH4~03) a r e  discussed i n  t h i s  paper 

s ince  f i l t e r  techniques a r e  subject  t o  p o t e n t i a l  e r r o r s  i n  d i s t ingu ish ing  be- 

tween p a r t i c u l a t e  and gaseous n i t r a t e .  The lack of d i s t i n g u i s h a b i l i t y  a r i s e s  

from the  p o t e n t i a l  f o r  t rans f  e r r a l  of the co l lec ted  amnonium n i t r a t e  through 

evaporation and/or topochemical reac t ions  between ac id i c  s u l f a t e  and n i t r a t e s .  

The r e su l t i ng  n i t r a t e  measurements were normalized by r a t i o i n g  them t o  t o t a l  sul-  

f u r  as  a conservative t r ace r .  



Formation of ammonium 

Many investigators have observed (Tanner et al, 1977; Brosset et al, 1975; - 

f 

Charlson et al, 1974) that well-aged.atm0spheri.c sulfate aerosols, either rural 

or urban are 'predominantly ammonium sulfate or bisulfate. Initially, however, 

the homogeneous oxidation product of plume SO is sulfuric acid. If 2 

neutralization proceeds by diffusion of background NH3 into the plume at a rea- 

+ 
sonable rate, analysis of the quartz filter for NH should permit us to follow 4 

this reaction as the plume is transported downwind from the stack. Conse- 

+ 
quently, the aqueous extracts from the quartz filters were analyzed for NH4 and 

the results presented as ratios to total sulfur. 

RESULTS 

Formation of sulfate 

A compilation of the data obtained from all the runs is shown in Table 1. 

The time of emission is back calculated utilizing average wind speeds at plume 

height obtained from pilot balloon measurements made at approximately half-hour 

intervals. Plume age represents the interval between time of emission and the 

midpoint in time during which traverses were made at each location. The 

integrated solar radiation to which the plume was subjected'during its lifetime 

was determined from the hourly readings at the Cumberland plant's 1 m tower. 

Readings were unavailable for 8/18 AM but estimates were made from corresponding 
a 

time spans for several days prior to and after 8/18. The data presented in the 

penultimate column are corrected for the backround values taken during each flight, 

with the exception of 8/27 PM for which an estimate had to be made. Primary 

sulfate emission was found to be 0.60 f 0.12% of the total sulfur, obtained from 

13 flue gas measurements taken over a period of several days (Dietz and 



Garber, 1979). This va lue  was sub t rac ted  from p a r t i c u l a t e  s u l f u r  p r i o r  t o  calcu- 

l a t i n g  the r a t i o s .  Average SO conversion r a t e s  from emission t o  sampling t i m e  2 

f o r  each f l i g h t  a r e  t abu la ted  i n  t h e  f i n a l  column. 

I n  Figure 1, the  r a t i o s  o f  p a r t i c u l a t e  t o  t o t a l  s u l f u r  a s  a  func t ion  of 

plume age a r e  d isplayed.  There i s  a  g e n e r a l  inc rease  i n  t h e  r a t i o  of  s u l f a t e  

with time but a g r e a t  v a r i a b i l i t y  i n  the  r a t e ,  with e a r l y  morning runs g e n e r a l l y  

showing lower ox ida t ion  r a t e s  than was observed dur ing l a t e  .morning and a f t e r -  

noon. As a  p o s s i b l e  i n d i c a t i o n  of  photochemical a c t i v i t y ,  the  percentage of 

t o t a l  plume s u l f u r  i n  p a r t i c u l a t e  form is p l o t t e d  as  a  func t ion  of t o t a l  s o l a r  

r a d i a t i o n  i n  Figure 2. The d a t a  seems t o  i n d i c a t e  t h a t  s o l a r  r a d i a t i o n  plays  a  

s i g n i f i c a n t  r o l e  i n  t h e  formation of s u l f a t e  al though t h e  involvement of  o t h e r  

r a te -con t ro l l ing  parameters such a s  turbulence ,  which g e n e r a l l y  p a r a l l e l s  t h e  in- 

c rease  in s o l a r  r a d i a t i o n  is a  d i s t i n c t  p o s s i b i l i t y .  The high conversion a t  the  

25 km l o c a t i o n  on 8/24 appears t o  be an anomaly f o r  which we have no explana- 

t i o n .  Following the  suggest ion of Husar e t  a 1  (1978) we exp lo re  by the  p l o t  , 

shown i n  Figure 3 the p o s s i b l e  s i g n i f i c a n c e  of  time of  day a s  an  i n d i c a t o r  of  

photochemical a ~ t i v i t ' ~ . .  Po in t s  t o  ' the l e f t  of each b a r  a r e  plume emission 

times and t o  the  r i g h t ,  the  t i m e  of  sampling. The do t t ed  l i n e  is a  p l o t  of typ i -  

2- c a l  s o l a r  r a d i a t i o n  obta ined from 8/20. Conversion of  SO2 t o  SO4 var ied  from 

s0.1-0.8% h-I dur ing n i g h t  and e a r l y  morning hours,  with one measurement a t  1.5% 

-1 h Late umrning and a f t e rnoon  r a t e s  ranged from 1-4% h with one measurement 

N i t r i c  oxide conversion t o  n i t r a t e  

Employing real- t ime ins t rumenta t ion f o r  NO and NO2, s e v e r a l  i n v e s t i g a t o r s  

have succeeded i n  making experimental  observat ions  of the  r a t e  of r e a c t i o n  



NO + NO2 (Hegg e t  a l ,  1977, O'Brien e t  a l ,  1976). Rates of NOx 

transfonnation/removal measured i n  the urban plumes of Phoenix, Ariz. and 

-1 Boston, Mass. were <5% h and 14-24% h-' r espec t ive ly  ( ~ p i c e r ,  1980). A lower 

bound f o r  the year ly  average removal r a t e  of NOx during dayl ight  hours i n  the  

- 1 Los Angeles Basin was found t o  be 4% h , with a s i m i l a r  daytime r a t e  p reva i l ing  

during the  summer months a t  West Covina and St .  Louis  hang e t  a l ,  1979). The 

present  lack of real-time instrumentation f o r  NO- has l imi ted the  determination 3 

of the r a t e  of reac t ion  NO + NO;. Our modified f i l t e r  pack enabled us t o  take 

in tegra ted  plume NO; samples and r e l a t e  them t o  t o t a l  su l fu r  as a means of 

es t imat ing overa l l  K) + NO; k i n e t i c s .  

Total  n i t r a t e  concentra t ions ,  obtained by sunnning p a r t i c u l a t e  and gaseous 

n i t r a t e s  from the  quar tz  and NaCl f i l t e r s ,  a r e  l i s t e d  i n  Table 2 along with 

t o t a l  s u l f u r .  Calculation of the  conversion r a t e  required the  in t roduct ion of 

severa l  assumptions. F i r s t ,  no ground removal of  plume cons t i t uen t s  occurs and 

consequently one could assume t h a t  t o t a l  f l ux  of SOx and NOx remained constant .  

Er rors  introduced by dry deposi t ion would be minimal i n  any case by v i r t u e  of 

low lo s s  r a t e s  (For res t  e t  a l ,  1979). Second, assume no NO- in t he  s tack  e f f l u -  3 

en t .  An estimate of  n i t r a t e  production can consequently be made a s  follows,  

def ining NOx as a l l  oxides of n i t rogen  including n i t r a t e :  If i n  the  s tack gas 

we allow 

and in. plumes 



then plume 

Column 5 l is ts  the ueasured m l a r  NO;/~otal S r a t i o s .  ' ca lcu la t ions  for  column 

6 were based on an average f lue  gas SO2 concentration of 2400 ppm a s  found by 

Dietz and Garber (1979) and an estimate of 4 8 0  ppm f o r  NO from an assumed emis- 

sion r a t i o  of 0.2. U t i l i z ing  plume ages from Table 1, the average conversion 

r a t e s  a r e  calculated and tabulated in the f i n a l  column. 

Ni t ra te  as  a  percentage of t o t a l  NO vs  plume age is p lo t ted  i n  Figure 4.  
X 

2 - A s  with SO4 , a general  increase i n  the  amount formed with time is indicated,  

but once again nighttime and ear ly  morning r a t e s  a re  much lower than those of 

l a t e  morning and afternoon. Similar ly ,  an apparent co r r e l a t i on  of n i t r a t e  forma- 

t ion with so l a r  rad ia t ion  i s  perceived from Figure 5 ,  with the 8/24-25 km loca- 
- 

t ion again seemingly anonymusly high. Figure 6 displays  NO + NO3 conversion 

r a t e  as a  function of time of day. This is not d i s s imi l a r  t o  the s u l f a t e  da ta  

but a  somewhat random s c a t t e r  i n  the d iu rna l  r a t e  pa t t e rn  suggests the  probable 

involvement of parameters other  than in so l a t  ion. 

Ammonium pa r t i cu l a t e s  

Neutral izat ion of H2S04 or HN03 by NH3 and/or react ion of SO2 with NH3 t o  

form ammonium pa r t i cu l a t e  compounds was followed by analyzing ' the quar tz  f i l t e r s  

+ '  + 
for NH4 aerosols.  In Table 3 a re  presented the concentrations of NH4 

normalized fo r  plume dispers ion by expressing them as a  r a t i o  t o  t o t a l  s u l f u r .  

+ 
The data  i n  column 5 indicates  a  trend toward increasing ~ ~ ~ / ~ o t a l  S r a t i o s  



7 where t h e  N H t / ~ o t a l  S r a t i o s  a r e  p l o t t e d  a g a i n s t  plume age. Since ambient 

NH ( g )  concentra t ions  were not monitored, it i s  d i f f i c u l t  t o  quan t i fy  plume-NH3 - 3 
r*= 

react ions .  

+ 2- 
The l a s t  column i n  Table 3 p r e s e n t s  on a molar b a s i s  the  NH4 t o  SO4 

r a t i o s .  Of t h e ,  15 values  l i s t e d ,  11 r a , t i o s  a r e  <2 i n d i c a t i n g  t h e  ex i s t ence  of 

a c i d i c  s u l f a t e  ( b i s u l f a t e ) ,  while 3 r a t i o s  a r e  >2, suggest ing the  presence of  

azrmonium s u l f a t e  along with o t h e r  amonium compounds (e.g. NH4NOj). The anomaly 

f o r  8/23, 77km is probably an a n a l y t i c a l  e r r o r .  

DISCUSSION 

I n  previous f i e l d  s t u d i e s  l i m i t a t i o n s  of  ins t rumenta l  and suppor t ive  

c a p a b i l i t i e s  r e s t r i c t e d  our a b i l i t y  t o  t r ack  plumes t o  a maximum o f  850 km with 

a corresponding plume age of P1.6 hrs .  With the  a s s i s t a n c e  of  the  STATE Mission 

Control  Center  during these  experiments, our measurements were extended t o  

plumes 200 km downwind with t r a v e l  times a s  much a s  9 h r s .  from the  power p l a n t .  

Moreover, whereas most of our previous observat ions  were made during e a r l y  morn- 

ing  o r  dusk hours under a tmospher ica l ly  s t a b l e  condi t ions ,  we now r e p o r t  d a t a  

obtained during midday. 

During the pas t  severa l  yea r s  evidence has pointed  toward r e l a t i v e l y  slow 

SO ox ida t ion  r a t e s  as compared t o  the  r a t h e r  high r a t e s  found i n  some e a r l i e r  2 

s t u d i e s  (Newman, 1980). The p resen t  work in t roduces  f u r t h e r  evidence f o r  the  

r e l a t i v e l y  slow oxidat ion r a t e  of s . l f u r  d ioxide  t o  s u l f a t e ,  and t o  a l a rge  ex- 

t e n t  p a r a l l e l s  the  d i u r n a l  cycle  d isplayed a t  Labadie ( ~ u s a r  e t  a l ,  1978, and 

- 1 
G i l l a n i  e t  a l ,  1978). Late morning and afterno.on r a t e s  ranged from 1-5% h 

-1 with an average of  s 3 %  h and with but  one measurement a t '  72 h-l.  Conversion 

- 1 dur ing night  and e a r l y  morning hours was 0.1-0.8% h with an average of S O .  5% 



h-1 and with one value  a t  1.5% h-l.  Deposit ion l o s s e s  were no t  considered i n  

these  c a l c u l a t i o n s ,  but ' t h e i r  inc lus ion  would not s i g n i f i c a n t l y  a l t e r  the  r e s u l t s .  

I f  we assume an equa l  number of i n s o l a t i o n  and non-insolat ion hours dur ing t h e  

day a t  t h i s  t i m e  of the  yea r ,  the  average d i u r n a l  r a t e  a t  Cumberland dur ing the  

sunmer was ~'2% h-l . 
The d a t a  presented show a correspondence of  o x i d a t i o n  with time of day and 

s o l a r  r a d i a t i o n ,  and might be taken a s  evidence f o r  photochemistry a s  t h e  p r i -  

mary mechanisms. Radical spec ies ,  e s p e c i a l l y  OH, which a r e  produced by 

pho to lys i s  of ozone, have been pos tu la ted  as t h e  p r i n c i p a l  in termedia tes  i n  a 

homogeneous mechanism. Conversion r a t e s  f o r  seven daytime per iods  based upon 

t h e  r e a c t  ion  of SO2 with exper imenta l ly  measured and d i u r n a l l y  ex t rapo la ted  

va lues  of ambient OH have been published by Davis e t  a l ,  1979. Their  d a t a  sug- 

g e s t  t h a t  during midday sumer t ime  cond i t ions ,  SO2 conversion r a t e s  i n  power 

p l a n t  plumes of  102% h-' (poss ib ly  4-62 h-' under f avorab le  cond i t ions )  could 

e a s i l y  be explained i n  terms of an  08 induced ox ida t ion  of SO2. As an indica-  

t i o n  of photochemical a c t i v i t y  i n  the  Cumber land plume, we have observed above- 

background ozone l e v e l s  during many d i s t a n t  plume t r a v e r s e s ,  ( ~ i g u r e  8) 

suggest ing the ex i s t ence  of f r e e  r a d i c a l s  capable of r e a c t i n g  with SO2. 

Another r a te -con t ro l l ing  mechanism which must be considered is  the  r a t e  of 

in t roduc t ion  of  background a i r  i n t o  the  plume. The importance o f  ambient t r a c e  

c o n s t i t u e n t s  in r e l a t i o n s h i p  t o  r e a c t i v i t y  of plume c o n s t i t u e n t s  has  been 
a 

suggested by the  observat ion of increased l e v e l s  of  Aitken n u c l e i  ( ~ i l s o n  e t  a l ,  

1976) and of a e r o s o l  production v i a  bscat measurements. (White, 1979) a t  the  

plume . f r inges .  Unstable atmospheric cond i t ions  would tend t o  a c c e l e r a t e  mixing 

of the  plume with background a i r  and inc rease  r e a c t i o n  r a t e s .  Lack of turbu- 



lence d a t a  a v a i l a b l e  t o  us precluded a q u a n t i t a t i v e  eva lua t ion  of t h i s  parameter 

i n  the  p resen t  study. - .  

The temptat ion t o  advocate homogeneous mechanisms a s  an explanat ion f o r  

SO ox ida t ion  should be tempered by cons ide ra t ion  of  o the r  p o s s i b i l i t i e s .  2 

Increased s o l a r  r a d i a t i o n  causes increased mixing of the  plume with background 

p a r t i c l e s  which may serve a s  su r faces  f o r  heterogeneous reac t ions .  Rigorous 

models f o r  heterogeneous mechanisms a r e  d i f f i c u l t  t o  cons t ruc t  because of  the  

complexity of the  reac t ions ;  nonetheless ,  one can conclude t h a t  r e a c t i v i t y  could 

be g r e a t  enough t o  s a t i s f y  t h e  observed measurements. The importance of 

heterogeneous r e a c t  ions t o  s u l f a t e  f o m a t  ion  is under l ined  by McMurray ' s ( 1979) 

study of a e r o s o l  dynamics. I n  a d d i t i o n ,  an explanat ion f o r  t h e  lack of concomi- 

t a n t  decreases  i n  s u l f a t e  l eve  1s with lower ambient SO concentra t  ions 2 

( A l t s h u l l e r ,  1977; Judeikas e t  a l ,  1978) suggest  t h e  c o n t r o l l i n g  mechanism t o  be . 
the atmospheric p a r t i c l e  burden v i a  a heterogeneous path. 

It appears t h a t  although exper imenta l ly  measured SO2 ox ida t ion  r a t e s  f a l l  . 
i n t o  a somewhat coherent  p a t t e r n ,  e l u c i d a t i o n  of  the  o x i d a t i v e  process  s t i l l  r e -  

q u i r e s  f u r t h e r  information.  Real time ins t rumenta t ion,  inc luding s u l f a t e -  

measuring c a p a b i l i t y ,  t o  c l o s e l y  de f ine  plume s t r u c t u r e  may provide the key i n  

unravel ing the  r e l a t i v e  s i g n i f i c a n c e  of the  proposed mechanisms. 

The d a t a  i n  Table 2 i n d i c a t e  tha t  r a t e s  f o r  NO + NO; conversion were 

-1 
.r0.1-3% h-I f o r  nightt ime and e a r l y  morning with one measurement a t  p6X h . 

.a 
Late morning and a f t e rnoon  r a t e s  were $3-122 h-I with ou t ly ing  va lues  a t  0.6 and 

22% h-I . 
Since the  r e a c t i o n s  



and 

I a r e  governed by the  ' a v a . i l a b i l i t y  of photochemically-derived r e a c t a n t s ,  t h e  

observed c o r r e l a t i o n  of  NO + HH03 r e a c t i o n  r a t e  with s o l a r  i n t e n s i t y .  is not un- 

I expected. However, o t h e r  parameters a r e  a l s o  involved. Both Davis e t  a 1  (1974) 

and 0 ' ~ r i e n  e t  a 1  (1976) observed a  g r e a t e r  f r a c t i o n  o f ' c o n v e r s i o n  of NO t o  NO2 

a t  the  f r i n g e s  of the  plume, where the  supply of 0  was more p l e n t i f u l ,  than a t  3 

I the center .    egg e t  a 1  (1977) found, i n  most cases ,  an inverse  r e l a t i o n s h i p  be- 

I tween 'plume NO /NO r a t i o s  with the  sum of t h e i r  concen t ra t ions ,  and suggested 2  

t h i s  t o  be an i n d i c a t i o n  of atmospheric turbulence .  It seems c l e a r  t h a t  the  mac- 

roscopic  r e a c t i o n  r a t e  f o r  (1 )  is  c o n t r o l l e d  by t h e  r a t e  of mixing of  the  plume 

with ambient a i r ,  a s  well as  s o l a r  i n s o l a t i o n .  We would a n t i c i p a t e  the  same l i m -  

i t a t i o n  would apply t o  r e a c t i o n  (21,  and t o  the  o v e r a l l  NO + NO; r a t e .  

I 
I Based upon t h e i r  measurements of  the  OH r a d i c a l  i n  the  v i c i n i t y  of  a  power 

I p l a n t  p l u m  and assuming complete mixing of ambient a i r  with t h e  plume, Davis e t  

1 a 1  (1979) p red ic ted  r e a c t i o n  (2)  t o  be f a s t e r  than the ox ida t ion  r a t e  of SO2 by 

an o rder  of magnitude. Our da ta  i n d i c a t e  a  r a t e  d i f f e r e n c e  of  2-4 times between 

I M) + NO; and SO2 + SO:-, but  lacking information on NO + NO r a t e s ,  we a r e  un- 2  

,able  t o  v e r i f y  t h e i r  p r e d i c t i o n s .  Conceivably, n i t r a t e  formation was l imi ted  by 

the  r e l a t i v e l y  slow d i f f u s i o n  c o n t r o l l i n g  r e a c t i o n  (11, and u l t i m a t e l y  r e a c t i o n  

( 2 )  may indeed occur a t  a  much g r e a t e r  r a t e  than 2-4 times t h a t  of SO2 oxida- 

t ion .  Future s t u d i e s  should. inc lude the  monitoring of a l l  oxides of n i t r o g e n  i n  

a  manner capable of i n t e r p r e t a t i o n  so as  t o  d e l i n e a t e  the  in termedia te  r e a c t i o n  
. . 

and , thus  make poss ib le  a  more comprehensive p i c t u r e  of plume n i t r o g e n  chemistry.  



CONCLUSIONS 

1. Conversion of SO2 to pa r t i cu l a t e  s u l f a t e  averaged 0.5% h-' ( range 0.1-0.8) - 

-1 
during night and ea r ly  morning hours, and 3% h (range 1-4)'- during l a t e  

morning and afternoon. Plumes were tracked to  d i s tances  o f .  200 km and 9 h r s  

durat ion.  

2. ~ o r k a t  ion r a t e s  of t o t a l  inorganic n i t r a t e  (gaseous plus  pa r t i cu l a t e )  from 

NO averaged 2% hal f o r  night time and ea r ly  morning 'and 6% h-I (range 3-12) 

f o r  l a t e  morning and afternoon. 

3. Both react  ions were pos i t ive ly  correla ted with t o t a l  so l a r  rad ia t ion .  

4 .  Par t i cu l a t e  ammonium concentrations generally increased with plume age, but 

+ 2- r a t e s  varied widely. Mole r a t i o s  of NH4/so4 f e l l  within 1-3. 
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Table 1 .  Conversion of SO2 t o  SO:- i n  the Cumberland plume 

Plume Plume Integrated so lar  Partia S (a) Conversion 
Date Distance emission time age radiation *(a, d ) rate 

(km) (CDT) (hrs) (gm-cal ern-2) (%I  (% hr-1) 

(a) Corrected for backgrouz and primary so2- (0 .6%).  
( Estimated. 4 

( c )  Not avai lable .  

( d )  Corrected f o r  baakground SO.) 



Table 2 .  Conversion of  NOx to NO- 3 i n  the Cumberland plume 
i 

Total NO; N b  converted Conversion 
Digtance Total S (a) ~ota l -gy;  (a) Total S t o  NO'(b) rate 

Date (lcm) ()lg m (mole %) (%3 (% hr -I )  

(a)  Corrected for background. 

(b) Calculated from rat ios  of measured NO'/S and emitted NO/S. 3 



Table 3.  Particulate NIi+ i n  the Cumberland plume 
4 

% conc. 

i p g  i 3 )  

Distance Plume age 
Dhte km (hrs) (moles) 
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