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ABSTRACT 

Organic compounds i n  the  var ious e f f l u e n t s  from the e f f i c i e n t  combustion o f  coa l  
a t  power p lan ts  do not appear t o  be an environmental problem. This  conclus ion i s  
based on i n t e r p r e t a t i o n  o f  r e s u l t s  obtained dur ing a f i ve -yea r  s tudy o f  samples o f  
s tack gas, s l u i c e  water, and f ly, stack and grate ash from the combustion o f  coal  
alone and mixtures o f  coal and re fuse  der ived f u e l  (RDF).  Diox ins and furans were 
not  present i n  these samples a t  the de tec t i on  l i m i t  o f  10 ppT. Alkanes, ch lo r i na ted  
benzenes, po l ych lo r i na ted  b iphenyls  (PCBs), p o l y c y c l i c  aromatic hydrocarbons (PAHs), 
a l i p h a t i c  acids and other  miscel laneous compounds were found but  t he  mounts were 
below those found i n  ambient urban a i r .  These low l e v e l s  o f  organic  compounds are 
obtained o n l y  under steady s t a t e  condi t ions o f  h igh combustion temperature, excess 
oxygen, small f u e l  p a r t i c l e s  and s u f f i c i e n t  residence time. An added b e n e f i t  o f  c o a l  
combustion was the removal, presumably by adsorption, o f  aromatic contaminants from 
the water used t o  s l u i c e  the f l y  and grate ash. 

INTRODUCTION 

The re lease o f  organic p o l l u t a n t s  i n t o  the environmental from the  burn ing o f  
coal has been o f  pe r iod i c  concern ever since the i n d u s t r i a l  r e v o l u t i o n  i n  England. 
This concern has resurfaced r e c e n t l y  due t o  the s h i f t  t o  coal as the  major f u e l  f o r  
generating e l e c t r i c i t y  i n  the  U.S.A. 

Because o f  t h i s  environmental concern, an extended study o f  t he  Pmes power p l a n t  
f o r  generating e l e c t r i c i t y  was begun i n  1977. This study inc luded a l l  types o f  po l -  
l u t a n t s  such as NO,, SO,, t o t a l  suspended p a r t i c l e s ,  f l y  ash, g ra te  ash, and 
t r a c e  elements as we l l  as t h e  organic  compounds from the  combustion o f  coal alone and 
mixtures o f  coal and refuse der ived f u e l  (RDF). The r e s u l t s  i n  t h i s  r e p o r t  are con- 
f i n e d  t o  the  organic  compounds found i n  a l l  o f  the so l i d ,  l i q u i d  and gaseous e f f l u -  
ents  re1 ated t o  the combust i on  processes. 

f o r  the cha rac te r i za t i on  o f  organic compounds i n  the  va r ious  e f f l u e n t s .  Thus, p r i o r -  
i t y  was given to :  1) i d e n t i f y i n g  the  a n a l y t i c a l  d i f f i c u l t i e s ;  2) dev i s ing  methods t o  
resolve the most c r i t i c a l  problems; and 3) using evolv ing methodologies t o  determine 
those components judged t o  pose a t h r e a t  t o  the environment. 

As an aid i n  es tab l i sh ing  the a n a l y t i c a l  problems, publ ished data were compiled 
and reviewed f o r  coal combustion and waste i n c i n e r a t i o n  (1) .  Important conclusions 
drawn from t h i s  review were: 1) o n l y  a l i m i t e d  number o f  organic  components had been 
i d e n t i f i e d  i n  the e f f l u e n t s ;  2) the i d e n t i f i e d  components r e f l e c t e d  a n a l y t i c a l  capa- 
b i l i t i e s  and i n t e r e s t s  r a t h e r  than a t r u e  d i s t r i b u t i o n ;  3) r e l i a b l e  q u a n t i t a t i v e  d a t a  
were not avai lab le;  and 4) the data base was i n s u f f i c i e n t  f o r  p r e d i c t i n g  the probable 
environmental e f f e c t s  associated w i t h  the combustion o f  coa l .  

these t o  be inadequate f o r  the determinat ion o f  organic compounds i n  combustion e f -  
f l uen ts ;  o f  special concern were the  short-comings i n  sample c o l l e c t i o n  methods. 
These short-comings are del ineated i n  a review published r e c e n t l y  (2 ) .  
these sampling uncer ta in t ies,  the continuous development and v a l i d a t i o n  o f  new pro- 
cedures and sampling systems was an essen t ia l  element o f  t h i s  study. 

t i v e  improvements i n  ex t rac t i on ,  separation, i d e n t i f i c a t i o n  and q u a n t i t a t i o n  o f  o r -  
ganic  compounds. 
the po lycyc l i c  aromatic hydrocarbons (PAHs), po l ych lo r i na ted  b iphenyls  (PCBs), 

A t  the s t a r t  o f  t h i s  study i n  1977, the a n a l y t i c a l  methodology was inadequate 

A c r i t i c a l  examination o f  the ana ly t i ca l  procedures used p r i o r  t o  1977 showed 

Because o f  

Coincident w i t h  the development o f  sampling procedures were the  constant i t e r a -  

Special emphasis was placed on se lected compound classes such as 
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ch lo r i na ted  benzenes, and ch lo r i na ted  dibenzo-p-dioxins (d iox ins ) .  The best a v a i l -  
ab le procedures were used t o  determine these components because they have known acute 
o r  chronic  e f f e c t s  and prev ious s tud ies  suggested t h a t  they might be present i n  e f -  
f l u e n t s  from the  combustion o f  coal alone and combination coal/RDF. 

EXPERIMENTAL SECTION 

SAMPLING PROCEDURES 

Stack Vapor.-Vapor phase organic  components present i n  the stack e f f l u e n t  were sam- 
p led  by three d i f f e r e n t  procedures. An EPA Method 5 t r a i n  was equipped w i th  an o r -  
ganic module and used dur ing t h e  e a r l y  stages. 
pass over the accumulated p a r t i c l e s  dur ing the  e n t i r e  sampling per iod and thus gave 
r i s e  t o  the  p o s s i b i l i t i e s  o f  adsorption, subl imat ion and chemical t ransformat ions o f  
organic  components. 
p lanted by a Source Assessment Sampling System (SASS). This system allowed l a r g e r  
volumes o f  gas t o  be sampled and reduced the contact  between accumulated p a r t i c l e s  
and the stack gas. 
when the on ly  goal was t o  ob ta in  a sample o f  vapor phase components. A t h i r d  sm- 
p l i n g  system was the  h e s  Vapor Sampling System (AVSS) described by Junk and Richard 
( 3 ) .  This sampling system l a r g e l y  e l iminated contact  between vapor phase components 
and p a r t i c l e s .  
components from ve ry  m i l d  atmospheres such as ambient a i r  and very severe atmospheres 
such as stack gas. 

Stack Ash.-Samples o f  stack ash were obtained using the  EPA Method 5 and the SASS. 
Dn occasion, l a r g e  m o u n t s  o f  stack ash were c o l l e c t e d  convenient ly  by  p lac ing a 
custom-designed t r a y  i n t o  the stack f o r  24 hours. This t r a y  c o l l e c t e d  the p a r t i c l e s  
t h a t  s e t t l e d  from t h e  d i s tu rbed  gas stream. 

F1 Ash.-Fly ash samples were c o l l e c t e d  d i r e c t l y  from the  hoppers o f  t he  cyclone and 

This sampler allowed the  stack gas t o  

When the equipment became avai lab le,  the Method 5 t r a i n  was sup- 

The complex i ty  o f  the SASS made t h i s  system undesirable for use 

The AVSS prov ided a simple and e f f e c t i v e  accumulation o f  organic 

+ e e c t r o s t a t i c  p r e c i p i t a t o r  used f o r  p a r t i c l e  con t ro l .  

Grate Ash.-Grate ash samples from s t o k e r - f i r e d  u n i t s  were c o l l e c t e d  from hoppers 
l o c a t e d  below the  grates.  
from the b o i l e r s  by  s l u i c i n g  so samples were obtained by  f i l t e r i n g  the s lu i ce  water 
c o l l e c t e d  at  t h e  o u t l e t  o f  the p ipe used t o  t ranspor t  the s lu i ced  ash t o  a s e t t l i n g  
pond. Add i t i ona l  ash samples were c o l l e c t e d  from the s e t t l i n g  pond as sediment sam- 
ples.  

Grate ash from the t a n g e n t i a l l y - f i r e d  u n i t s  was removed 

EXTRACTION PROCEDURES 

Adsorbents.-A macro re t i cu la r  res in ,  XAD-2, was used as the adsorbent i n  the AVSS, the 
SASS and the EPA Method 5 sampling t r a i n .  Organic compounds accumulated on the  res in  
were recovered by  e l u t i o n  w i t h  methylene ch lo r i de .  D ie thy l  e ther  was used as an 
e luent ,  instead o f  methylene ch lo r i de ,  when subsequent determinations were performed 
b y  gas chromatography w i t h  e l e c t r o n  capture detect ion.  Other e luents  and desorpt ion 
techniques were t e s t e d  and found t o  o f f e r  no s i g n i f i c a n t  advantages ( 3 ) .  

Water Condensates.-When stack gas was cooled du r ing  sampling, water vapor condensed. 
The organic components i n  these condensates were ext racted w i t h  methylene ch lo r i de .  
Diethy le ther ,  pentane and isooctane were used as a l t e r n a t i v e  e x t r a c t i o n  so lvents  when 
subsequent gas chromatographic determinations requi red the use o f  e lec t ron  capture 
detectors .  

Ashes (Part icles).-Because the re  were no standard and accepted procedures among the 
many described i n  t h e  l i t e r a t u r e  f o r  the e x t r a c t i o n  o f  organic components from p a r t i -  
c l es ,  several techniques were c r i t i c a l l y  evaluated. Soxhlet e x t r a c t i o n  w i t h  benzene, 
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benzene-methanol, benzene saturated w i t h  hydrogen ch lo r i de ,  t o1  uene, to1  uene-metha- 
no l ,  and methylene c h l o r i d e  were evaluated. Sonic ex t rac t i ons  using a probe or  a 
bath w i t h  a v a r i e t y  o f  so lvents  and pretreatment procedures us ing aqueous ac ids and 
water were also tested. No technique resu l ted  i n  s i g n i f i c a n t  improvement i n  the 
e x t r a c t i o n  o f  t h e  cross-sect ion o f  d i f f e r e n t  organic components associated w i t h  the  
var ious p a r t i c l e  e f f l u e n t s .  Consequently, t he  t r a d i t i o n a l  soxhlet  e x t r a c t i o n  using 
benzene-methanol was used most f requen t l y .  

CLASS SEPARATIONS 

Chromatographic and so lvent  p a r t i t i o n i n g  procedures were used t o  separate organ- 
i c  components recovered from p a r t i c l e s  i n t o  chemical classes t o  f a c i l i t a t e  t h e i r  
u l t i m a t e  determinations i n  l ess  complex mixtures.  The procedure inc luded t h e  separa- 
t i o n  o f  PAHs on Sephadex ( 4 )  and the  separat ion o f  components on the b a s i s  o f  p o l a r i -  
t y  using alumina (5), s i l i c a  gel (6), F l o r i s i l  ( 7 ) ,  t he  polystyrene-divinylbenzene 
r e s i n  XAD-4 (E), and the  t r a d i t i o n a l  so lvent  p a r t i t i o n i n g  i n t o  acid, base and neu t ra l  
f rac t i ons .  Preparatory scale, normal-phase, high-performance l i q u i d  chromatography 
w i t h  m i n e  and cyano columns was used t o  separate mixtures on the  bas i s  o f  p o l a r i t y  
and t o  p a r t i a l l y  separate PAHs (9 ) .  

non-polar and po la r  organic  compounds which i n t e r f e r e d  w i t h  the  gas chromatographic 
separations. The i n t e r f e r i n g  compounds were removed us ing standard so lvent  p a r t i -  
t i o n i n g  w i th  DMSO ( l o ) ,  DMF ( l l ) ,  o r  nitromethane (12).  

COMPOUND SEPARATIONS 

The Soxhlet e x t r a c t i o n  of p a r t i c l e s  w i t h  benzene-methanol y ie lded  PAHs p lus  many 

Gas chromatography was used f o r  t he  separat ion o f  i n d i v i d u a l  organic  components. 
Columns packed w i th  Dexsi l  300 (Supelco Inc., Bel le fonte,  PA) provided the  separat ion 
o f  t he  high b o i l i n g  po in t  PAHs du r ing  t h e  e a r l y  stages o f  t h i s  study. Later, as the  
column technology advanced r a p i d l y ,  c a p i l l a r y  columns coated w i t h  SE-52 and SE-54 
(J&W S c i e n t i f i c ,  Rio Rancho, CA) were used almost exc lus i ve l y .  These columns were 
found t o  be appl icable t o  the e f f i c i e n t  separat ion o f  a d iverse assortment o f  organic  
components i n  complex mixtures.  

IDENTIFICATION AND QUANTITATION 

Combination gas chromatographylmass spectrometry (GC/MS) was used f o r  t h e  iden- 
t i f i c a t i o n  o f  t he  organic  components ex t rac ted  from the var ious combustion e f f l u e n t s .  
Q u a n t i t a t i o n  o f  organic components was normal ly  obtained using ex te rna l  standards and 
gas chromatography. The q u a n t i t a t i o n  by gas chromatography was p e r i o d i c a l l y  checked 
on randomly chosen samples using appropr ia te techniques o f  combination GC/MS. 

CONFIRMATIONS AND VALIDATIONS 

For p o s i t i v e  i d e n t i f i c a t i o n s  by G U M S ,  t h e  f u l l  mass spectrun o f  a t e n t a t i v e l y  
i d e n t i f i e d  component was compared t o  the  mass spectrum o f  an authent ic  sample. 
t he  spect ra were i d e n t i c a l ,  w i t h i n  experimental er ror ,  and i f  the  gas chromatographic 
r e t e n t i o n  t imes o f  standard and unknown components on a 30-meter SE-54 fused s i l i c a  
c a p i l l a r y  column agreed w i t h i n  twu seconds, t he  i d e n t i f i c a t i o n  was considered pos i -  
t i v e .  When the mount  o f  ma te r ia l  present was i n s u f f i c i e n t  f o r  d e t e c t i o n  using f u l l  
scan GC/MS techniques, t he  more s e n s i t i v e  s i n g l e  and m u l t i p l e  i o n  mon i to r i ng  
techniques were employed. Conf i rmat ion i n  these cases consis ted o f  coincidences o f  
r e t e n t i o n  times o f  mass chromatograms o f  the unknown and o f  t he  au then t i c  sample. 
For ch lo r i na ted  mater ia ls ,  t he  molecular ions contained add i t i ona l  i n fo rma t ion  about 
the c h l o r i n e  isotope d i s t r i b u t i o n .  Conf i rmat ion i n  those cases inc luded the co r rec t  
i so tope  r a t i o s  f o r  the number o f  ch lo r i nes  i n  the molecule. 

Va l i da t i on  o f  the methodology used f o r  components t h a t  could not be detected i n  
e x t r a c t s  o f  p a r t i c l e  samples was obtained by extract. ion o f  surrogate samples. 

If 

i 
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surrogate sample for  PAHs was soot generated from an a i r - s ta rved  methane flame. 
p o s i t i v e  r e s u l t s  obta ined from t h i s  soot sample have been repor ted elsewhere (13). 
The surrogate sample fnr d iox ins  was an i n c i n e r a t o r  ash obtained from Dow Chemical 
Company. 
t h e  published va lues f o r  the t e t r a - ,  hexa-, hepfa- and octachloro-  isomers (14). 
Th i s  agreement subs tan t i a ted  the v a l i d i t y  o f  the a n a l y t i c a l  p ro toco l  used t o  screen 
t h e  e f f l u e n t  samples f o r  d i o x i n  compounds. 

The 

Resul ts  obta ined from analys is  o f  ex t rac ts  o f  t h i s  ash sample were ?50% o f  

RESULTS AND DISCUSSIONS 

IDENTIFIED COMPONENTS 

A combined l i s t i n g  o f  a l l  t he  compounds i d e n t i f i e d  i n  e x t r a c t s  o f  t h e  vapor and 
p a r t i c l e s  i n  the  stack, f l y  and grate ash e f f l u e n t s  from the combustion o f  coal a t  
t h e  Ames power p l a n t  are l i s t e d  i n  Table I. 
e x t r a c t s  from a second c o a l - f i r e d  power p lan t  located at  Iowa State Un ive rs i t y .  
Therefore, t h i s  l i s t  may be p a r t i a l l y  rep resen ta t i ve  o f  coal combustion i n  semi-mod- 
e r n  b o i l e r s .  Cer ta in l y ,  many more organic  compounds than the l i s t e d  78 are present 
i n  these e f f l u e n t s  but so f a r  these have not  been p o s i t i v e l y  i d e n t i f i e d .  Indeed, a 
1980 review o f  organic  compounds from coal combustion (1) taken from a l l  the l i t e r a -  
t u r e  repo r t s  had o n l y  106 compounds i d e n t i f i e d .  

S im i la r  compounds have been observed f o r  

Table I. L i s t  o f  Organic Compounds Present i n  E f f l u e n t s  From Coal Combustion 
~~ - ~~~ 

ALKANES - Methane, Decane, Undecane, Hexadecane, Heptadecane, Octadecane, Nonadecane, 
E i  cosane, Henei cosane, Docosane, Tr icosane, Pent acosane, Hexacosane, Octacosane, 
Triacontane, Dotr iacontane, Trimethylcyclohexane, Oimethylcyclohexane 

AROMATICS - Toluene, Xylene, Propylbenzene, Butylbenzene, Biphenyl, Terphenyl, 
Naphthalene, 1-Methylnaphthalene, 2-Methylnaphthalene, Methylindene, Acenaphthene 

PAHs - Benz(a)pyrene, Anthracene, Fluoranthene, Fluorene, Pyrene 
ACIDS - 2-Ethyl butanoic ,  Nonanoi c, Decanoic, Dodecanoic, Tr idecanoi c, Tetradecanoic, 

Pent adecanoic , 9-Hexadecenoic , Hexadecanoic, Heptadecanoic , Octadecanoic, Benzoic 
PHENOLS - Phenol, o-Cresol, Ethylphenol, Butylphenol, 2.4-Dichlorophenol, 

2,4,6-Trichlorophenol 
CL COMPOUNDS - Tetrachloroethy lene,  Tetrachloroethane, 1.2-Dichlorobenzene, 

1,3-Dichlorobenzene, 1,4-Dichlorobenzene, 1,2,4-Trichlorobenzene, 
1,2,3-Trichl orobenzene, 1,2,3,4-Tetrachl orobenzene, 1,2,3,5-Tetrachlorobenzene, 
Pent achl orobenzene, Hexachl orobenzene, 2,3,2 I ,5 ' -Te t rach lo rob i  phenyl a, 
2,5,3' ,4'-Tetrachlorobiphenyl, 2,4,5,2' ,5'-Pentachlorobiphenyl, 
2,4,5,2' ,4' ,5'-Hexachl orobiphenyl 

0, N, P, S COMPOUNDS - Acetophenone, Methylacetophenone, Ph tha l i c  Anhydride, 
Methylbenzoate, Indanone, Dibenzofuran, D ie thy l  phthalate,  D ibu ty lph tha la te ,  
D i  i sobu ty lph tha l  ate, D i  (2-ethylhexy1)phthalate. Diphenylamine 

a The c h a r a c t e r i s t i c  Arochlor  1254 p r o f i l e  was observed but o n l y  fou r  isomers were 
p o s i t i v e l y  confirmed. 

QUANTITATION 

It was not poss ib le  t o  ob ta in  exact q u a n t i t a t i v e  values f o r  a l l  t he  i d e n t i f i e d  
components associated w i t h  each o f  the e f f l u e n t s  from coal combustion. The mounts 
va r ied  because o f  t h e  a n a l y t i c a l  problems mentioned i n  the  experimental sec t i on  and 
d i f f e r e n t  f i r i n g  cond i t i ons .  However, semi -quan t i t a t i ve  values have been obtained 
fo r  many o f  t he  components and these values are proposed t o  be reasonable estimates 
o f  the amounts o f  o rgan ic  compounds expected from the e f f i c i e n t  combustion o f  coal i n  
a modern power p l a n t .  
amounts i n  the  var ious e f f l u e n t s  i s  g iven below. I n  general,  t he  moun ts  are much 
lower than would be p red ic ted  from a rev iew o f  t h e  l i m i t e d  q u a n t i t a t i v e  data 
a v a i l a b l e  i n  the  l i t e r a t u r e .  

A d iscuss ion o f  some important compound classes and the  
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Po lycyc l i c  Aromatic Hydrocarbons (PAHs).-The most h i g h l y  s tud ied c lass  o f  compounds 
i n  combustion e f f l u e n t s  i s  the PAHs. 
amounts present i n  the  vapor phase and on p a r t i c l e s  i n  the e f f l u e n t s  from t h e  e f f i -  
c i e n t  combustion of coal  i s  ava i l ab le .  
in format ional  gap. 
condi t ions and the stack temperature t h a t  was - 240°C. Even i f  a l l  these PAHs were 
t o  condense on the p a r t i c l e s ,  t he  amounts are we l l  below the  m u l t i p l e  pg/g q u a n t i t i e s  
present on a b i e n t  a i r  p a r t i c l e s .  

However, very  l i t t l e  i n fo rma t ion  about the 

The data i n  Table I1 p a r t i a l l y  f i l l s  t h i s  
The amounts i n  the vapor phase var ied according t o  the f i r i n g  

Table 11. Sumary o f  PAHs i n  E f f l u e n t s  From Coal-Fired Power Plants  

Compound 
Respi rab le Non-Respirable 
P a r t i c l e s  P a r t i c l e s  

Naphtha1 ene 
Phenanthrene 
Anthracene 
F1 uoranthene 
Pyrene 
Chrysene 
Benz( a)pyrene 
Benz( a) anthracene 
Benz( ghi )pe ry l  ene 

NOa-18 

0.2-0.3 
0.2-7 

NO 
ND 
ND 
NM 

0.5-23 

0.05-1.5 
0 .08-1.1 

ND-4 

ND-0.3 
ND 

NM 

Concentrat ion Range (ng/g) 
Conc. Range 
Vapor Phgse 

(ng/M3 1 
10-1800 
26-640 

0.4-100 
0.5-240 
0.2-2850 
0.1-28 
0.1-120 

N M ~  
3-22 

ND = Not detected at the l i m i t  o f  0.05 ng/g. 
Includes values repor ted by Midwest Research I n s t i t u t e  (15, 16). 
NM = Not measured. 

Alkanes and Aromatics.-The d i s t i n c t i o n  between aromatic and p o l y c y c l i c  was a r b i t r a r -  
i l y  set a t  three conjugated six-member r i n g s  i n  Table I. 
alkane and aromatic hydrocarbons w i t h  30 e n t r i e s  dominate the l i s t  o f  i d e n t i f i e d  
components. 
d i f f e ren t  e f f l uen ts .  O r d i n a r i l y  t h e i r  concentrat ions were not  measured because o f  a 
low i n t e r e s t  i n  these k inds o f  compounds bu t  i n  those instances where measurements 
were made, the moun ts  ranged from 10-1500 ng/M3 i n  the vapor phase and from 10-90 
ng/g on the  suspended p a r t i c l e s  i n  the stack e f f l u e n t s .  These hydrocarbons were n o t  
quan t i t a ted  f o r  any o f  the f l y  and grate ash samples. 

A l i  h a t i c  Acids and Phenols.-Eleven a l i p h a t i c  acids and s i x  phenols were determined 
as !onsti tuents o f  t he  vapor phase and associated with p a r t i c l e  e f f l u e n t s .  These 
ac id i c  compounds and the  amounts are l i s t e d  i n  Table 111. A range o f  values from 
20 d i f f e ren t  sampling runs i s  shown f o r  t he  C9, C12, C14, C16 and C18 acids and phe- 
no l  t o  i l l u s t r a t e  the  f l u c t u a t i o n s  t h a t  can occur i n  the  amounts o f  organic acids i n  
t h e  eff luents. The extent  o f  t he  v a r i a t i o n  a t t r i b u t e d  t o  changes i n  f i r i n g  condi- 
t i o n s  and a n a l y t i c a l  d i f f i c u l t i e s  i n  the determinat ions i s  unknown and needs f u r t h e r  
study. 

Polychlor inated Biphenyls  (PCBs) .-The PCBs were observed i n  the  stack e f f l u e n t s  du r -  
i n g  the combustion o f  coal but these compounds were not  produced i n  the  combustion 
process by a de novo synthes is  o r  from precursor compounds. The source o f  t he  PCBs 
was the a i r  u s e d s u p p o r t  t he  combustion. This indoor a i r  contained 0.13 pg/M3 o f  
p c ~ s ;  t h e  concentrat ion o f  PCBs i n  the  stack gas was o n l y  0.02 pg/M3 when coal con- 
t a i n i n g  no detectable l eve l  o f  PCBs was burned. For perspective, t h i s  emission l e v e l  
should be compared t o  the  average ambient a i r  l e v e l  o f  about 0.006 pg/M3. 

RDF, the amount o f  PCBs i n  the  stack remained at  t he  low l e v e l  o f  0.02 pg/M3. 

With t h i s  d e f i n i t i o n  the  

These compounds are also present i n  t h e  h ighest  concentrat ion i n  t h e  

When the coal f u e l  was supplemented with ROF conta in ing 8500 pg o f  PCBs/Kg o f  
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Table HI. Summary o f  Ac id ic  Compounds i n  E f f l uen ts  From Coal-Fired Power Plants 

Ac id  

Concentrat ion Rangea 

Vapor P a r t i c l e s  

2-Et hy l  b u t  anoi c 
Nonanoic 
Decanoic 
Dodecanoic 
T r i  decanoic 
T e t r  adec anoic 
Pentadecanoi c 
9-Hexadecenoic 
Hexadecanoic 
Heptadecanoic 
Octadecanoic 
Phenol 
o-Cresol 
Butylphenol  
2,4-Dichlorophenol 
2,4,6-Trichlorophenol 
Pentachlorophenol 

200 
20-250 
10 
80-800 

100-300 
NM 

90 
50 
40-300 

NM 
80 
20-200 

NM 
NM 
NM 
NM 
NM 

N M ~  
NM 
20 
90 
10 

8-600 
50 
NM 

40-270 
20 
40-150 
25-1000 

NM 
NM 

0.1 
0.05 
0.2 

a ng/M) f o r  vapors and ng/g f o r  p a r t i c l e s .  Where a range i s  l i s t e d ,  
these se lec ted  components were measured in  26 ex t rac ts .  
NM = Not measured. 

Ca lcu la t ions  based on f u e l  inputs,  stack gas flow, support gas input  and PCBs i n  a l l  
t h e  inputs and e f f l u e n t s  showed t h a t  99% o f  t he  PCBs i n  the input  ROF were destroyed 
i n  the  combustion process. The d e t a i l s  o f  t h i s  i nves t i ga t i on  o f  the  co-combustion o f  
coal  and RDF c o n t a i n i n g  PCBs have been publ ished elsewhere (17).  

The exp lanat ion  o f  the  h igh  des t ruc t ion  e f f i c i e n c y  f o r  t he  PCBs i n  the  RDF i s  
e f f i c i en t  combustion based on a combination o f  h igh temperature (- 2000'F), excess 
oxygen a t  22%, and adequate residence t ime and s u f f i c i e n t  turbulence f o r  the small 
coal  and RDF p a r t i c l e s  i n  the  combustion zone. This same combination o f  combustion 
cond i t ions  i s  the  probable exp lanat ion  f o r  t he  undetectable l e v e l s  o f  TCDD discussed 
below. 

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCOD).-At the  de tec t ion  1 i m i t  o f  ten  pa r t s  per 
t r i l l i o n ,  no TCDD was found i n  the  e f f l uen ts  from the combustion o f  coal  i n  th ree  
d i f f e r e n t  b o i l e r s  a t  t he  Ames power p lan t  (see sumnary t a b l e  i n  reference 16 f o r  
desc r ip t i on  o f  b o i l e r s ) .  
f i r e d  power p l a n t  l oca ted  at Iowa Sta te  Un ive rs i t y .  Even when the  coal f ue l  was 
supplemented w i t h  RDF, which should conta in  t h e  precursor compounds, no d iox ins  were 
observed i n  t h e  vapor and p a r t i c l e  samples taken from t h e  e f f l u e n t s .  Thus no de novo 
synthesis occurred du r ing  the combustion o f  coal  alone and i f  d iox ins  were for- 
from precursor compounds i n  t h e  co-combustion o f  coal and RDF, t h e y  were destroyed i n  
t h e  e f f i c i e n t  combustion as explained above f o r  t he  thermal d e s t r u c t i o n  o f  t he  PCBs 
present i n  t h e  RDF. The PCBs are destroyed a t  1200'F (18) and a s i m i l a r  temperature 
i s  expected f o r  the  d iox ins .  This i s  we l l  below the 2000'F opera t ion  o f  the b o i l e r s  
used for t h i s  study (19). 

Chlor inated Benzenes.-Ten ch lo r i na ted  benzenes were ta rge ted  fo r  ana lys is  i n  t h e  
stack e f f luen ts .  The a n a l y t i c a l  r e s u l t s  when coal alone was combusted are shown i n  
Table I V .  When the  coal  f u e l  was supplemented with ROF up t o  20%, no cons is ten t  
increase i n  t h e  m o u n t s  o f  the  ch lo r ina ted  benzenes occurred although ba re l y  

This observat ion was confirmed at  a second smal ler  coal-  
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detectable amounts o f  the te t ra - ,  penta- and hexa- isomers were observed du r ing  some 
of eleven d i f f e r e n t  combustions o f  coal w i t h  20% RDF. Based on these r e s u l t s  it 
appears as i f  the dichlorobenzenes, repor ted t o  be present i n  the RDF a t  the 8000 
ug/Kg leve l  (15, 16), were the rma l l y  destroyed w i t h  h igh e f f i c i e n c y  i n  much t h e  same 
manner as t h a t  documented above f o r  the PCBs present i n  the  RDF. 

Table I V .  Chlor inated Benzenes i n  Stack E f f l u e n t  From Coal-Fired Power P lan ts  

Chlorobenzene 
Isomer 

Concentrat ions 
ng / M3 

1,2-Dichloro- 
1.3-Dichloro- 
1,4-Dichloro- 
1,2,3-Tr i c h l  oro- 
1,2,4-Trichloro- 
1,2,3,4-Tetrachloro- 
1,2,3,5-Tetr achl oro-  
l12.4,5-Tetrachl oro-  
Pent achl oro-  
Hexachl oro- 

0.5 
NOa 

3.9 
1.2 
NO 
NO 
NO 
NO 
NO 

80 

a NO = Not detected at  l i m i t  o f  0.03 ng/M3; average 
o f  three runs. 

The environmental e f f e c t s  from the m i s s i o n  o f  these ch lo r i na ted  benzenes are 
estimated t o  be i n s i g i f i c a n t  because o f  the low l e v e l s  and the f u r t h e r  d i l u t i o n  by 
f a c t o r s  o f  l o 3  t o  105 i n  the  atmosphere before any human o r  p l a n t  exposure. 

S l u i c e  Mater.-There i s  a leg imate concern over the  re lease o f  p o l l u t a n t s  i n t o  t h e  
water environment fo l l ow ing  the u t i l i z a t i o n  o r  d isposal  o f  the huge mounts o f  f l y  
and grate ash produced dur ing the  combustion o f  coal .  
t he  i nves t i ga t i on  o f  the poss ib le  re lease o f  organic  p o l l u t a n t s  o n l y  when f l y  and 
g r a t e  ash are s lu i ced  t o  s e t t l i n g  ponds and re ta ined  the re  as a d isposal  s i t e .  The 
water i n  the s e t t l i n g  pond was checked p e r i o d i c a l l y  f o r  organic  compounds known t o  be 
present a t  low concentrat ions on t h e  ash. 

None o f  these known components were detected i n  the water a t  the conservat ive 
l i m i t  o f  one ppB. 
organic  compounds a t  the de tec t i on  l i m i t  o f  0.1 ppB even though the  we l l  water used 
f o r  s l u i c i n g  contained m u l t i p l e  ppB l e v e l s  o f  aromatic compounds i n d i c a t i v e  o f  t he  
coa l  t a r  t h a t  had contaminated the aqu i fe r  (19). Thus, t h e  ash e f f l u e n t s  from coal 
combustion appear t o  adsorb r a t h e r  than re lease organic  compounds i n t o  the  water. 

t o  50 ppB o f  f i v e  aromatic hydrocarbons was mixed w i t h  f l y  ash f o r  ten minutes at  a 
water to  ash weight r a t i o  o f  10 t o  1. I n  t h i s  sho r t  contact  time, the f l y  ash com- 
p l e t e l y  removed the  organic components; t h i s  i s  v i v i d l y  i l l u s t r a t e d  by the  two gas 
chromatograms shown i n  F igure 1. 
a c t i v e  forms o f  carbon, aluminun and s i l i c o n  expected t o  be present i n  f l y  ash. Fo r  
organic  compounds then, f l y  ash provided des i rab le  clean-up r a t h e r  than undesi rab le 
contamination o f  water. 

Our s tud ies were r e s t r i c t e d  t o  

Indeed, t h i s  pond water d i d  not con ta in  any gas chromatographable 

This adsorpt ion fea tu re  was examined i n  an experiment where water con ta in ing  20 

The e f f e c t i v e  adsorpt ion i s  probably  due t o  the 
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BEFORE 

AFTER 

Figure 1. 
Clean-up o f  water by coal combustion f l y  ash. 
BEFORE - cap i  11 a r y  column GC chromatogram 
w i t h  l e f t  t o  r i g h t  major peaks being 
indan, 3-methylindene, naphthalene, 
1-methylnaphthalene and acenaphthylene a t  
50 t o  80 ppB i n  water before contact  w i t h  
f l y  ash. 
AFTER - same chromatogram a f t e r  water 
contacted w i t h  f l y  ash f o r  t en  minutes. 

I L  
TIME - 


