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SECTION 1 

INTRODUCTION 

A report’ prepared for EPA in 1975 tentatively identified the 
presence of polychlorinated biphenyl (PCB) isomers in the stack 
gas emissions from a pulverized coal-fired utility boiler. 
Specifically, materials with gas chromatograph column retention 
times comparable to tetrachloro- and hexachloro-biphenyl isomers 
(and a commercial PCB standard having a similar degree of chlori- 
nation) (personal communication from Dr. Mark Marcus, Midwest 
Research Institute, 11 May 1976) were detected in bottom ash, 
superheater ash and dust collector ash from the Number 8 unit of 
the Tennessee Valley Authority plant at Widow’s Creek, Alabama. 
Levels detected ranged from 0.02 to 0.16 ppm (by weight of the 
ash) and were too low for isolation and positive characterization 
by the investigators. 

Some PCB isomers tend to accumulate in the environment with an 
impact potential not yet completely understood but of significant 
concern.’ The indication, however tentative, that persistent 
organics of this type may be found in the effluent streams from 
fossil fuel fired boilers bears further study and investigation. 

The present effort explores some of the theoretical aspects 
affecting the likelihood that PCB emissions are possible from 
stationary combustion sources firing conventional fossil fuels. 
This evaluation considers: 

A. Some thermodynamics for the formation and destruction of 
PCB isomers for which data are available under controlled 
conditions. 

B. Some of the directional influences likely to affect reaction 
kinetics of PCB formation and destruction in the firebox 
(including fuel variables and furnace variables). 

’Cowherd, C., Jr., M. Marcus, C. M. Cuenther, and J. L. 
Spigarelli. Hazardous Emission Characterization of Utility 
Boilers. Contract No. 68-02-1324, Task No. 27, U.S. Environ- 
mental Protection Agency, 23 June 1975. 185 pp. 

and the Environment. COM-72-10419, Washington, D.C., May 1972. 
181 pp. 

21nterdepartrnent Task Force on PCBs. Polychlorinated Biphenyls 
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C. Peripheral issues which bear on the conclusions and recom- 
mendations including: 

1. Potential PCB sources other than conventional fossil 
fuel fired furnaces. 

2. Potential sources of PCB contamination. 

3. Variability of PCB biodegradation rate and consequent 
environmental accumulation as a function of degree of 
chlorination. 

. .  . 
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SECTION 2 

CONCLUSIONS 

Thermodynamic a n a l y s e s  i n d i c a t e  t h a t  t h e  r eac t ion  of some p r e -  
c u r s o r s  t o  form p o l y c h l o r i n a t e d  b i p h e n y l s  (PCBs) i n  c o n v e n t i o n a l  
f o s s i l  f u e l  f i r e d  s o u r c e s  i s  t h e o r e t i c a l l y  p o s s i b l e .  The 
p r e s e n c e  o f  some p r e c u r s o r s  ( b i p h e n y l  and  r e a c t i v e  c h l o r i n e  
s p e c i e s )  h a s  been deduced  from t h e  s t r u c t u r e  o f  known s t a c k  g a s  
e f f l u e n t  c o n t a m i n a n t s  b u t  h a s  n o t  been  proven .  There  are com- 
p e t i n g  r e a c t i o n s  w i t h i n  t h e  f u r n a c e ,  u n c e r t a i n  t i m e  v e r s u s  
t e m p e r a t u r e  c o n d i t i o n s ,  h i g h l y  v a r i a b l e  r e a c t a n t  c o n c e n t r a t i o n s  
and o t h e r  k i n e t i c  u n c e r t a i n t i e s  i n  t h e  combust ion  zone.  P r e d i c -  
t i o n s  o f  t h e  d e g r e e  o f  c e r t a i n t y  of PCB o c c u r r e n c e  i n  f u r n a c e  
e f f l u e n t s  c a n n o t  be made from a v a i l a b l e  d a t a .  

The b e s t  known r e a c t i o n  which may r e s u l t  i n  t h e  f o r m a t i o n  o f  
P C B s  i n  s t a t i o n a r y  combust ion  s o u r c e s  i s  t h a t  between b i p h e n y l  
and c h l o r i n e  ( o r  a n  a c t i v e  c h l o r i n e  r a d i c a l ) .  Complex k i n e t i c s  
w i t h i n  t h e  reac t ion  zone and l a c k  of thermodynamic d a t a  p r e v e n t  
u s e f u l  c o n s i d e r a t i o n  of  o t h e r  p o s s i b l e  r o u t e s  t o  PCBs a t  t h i s  
t i m e  ( e . g . ,  r e a r r a n g e m e n t  and c h l o r i n a t i o n  o f  PAH f r a g m e n t s ) .  

O p e r a t i n g  c o n d i t i o n s  most l i k e l y  t o  c o n t r i b u t e  s i g n i f i c a n t  quan- 
t i t i e s  of PCB t o  t h e  env i ronmen t  a r e  t e n t a t i v e l y  judged t o  be 
s i m i l a r  t o  t h o s e  which maximize p o l y n u c l e a r  aromatic hydrocarbon 
(PAH) e m i s s i o n s  i f  s u f f i c i e n t  c h l o r i n e  i s  p r e s e n t .  T h i s  judgment 
i s  drawn from s t r u c t u r a l  s imi l a r i t i e s  a n d  c o i n c i d e n t  i d e n t i f i c a -  
t i o n  of re la ted  materials i n  s o m e  combus t ion  e m i s s i o n s . 3 t 4  

While  r e a d i l y  m e a s u r a b l e  aromatic h y d r o c a r b o n  p r e c u r s o r s  f o r  PCB 
a p p e a r  u b i q u i t o u s  i n  f o s s i l  f u e l  c o m b u s t i o n ,  t h e  o t h e r  r e a c t a n t ,  
c h l o r i n e ,  h a s  a w i d e l y  v a r i a b l e  c o n t e n t  i n  f u e l s .  I t  i s  v e r y  
l o w  o r  n o m i n a l l y  a b s e n t  i n  some cases. C o n s e q u e n t l y ,  t h e  l i k e l i -  
hood o f  s i g n i f i c a n t  P C B  f o r m a t i o n  i n  e f f i c i e n t l y  o p e r a t e d  n a t u r a l  

3 G i r l i n g ,  G .  W . ,  and E.  C .  Ormerod. V a r i a t i o n  i n  C o n c e n t r a t i o n  
of  Some C o n s t i t u e n t s  of T a r  i n  Coke-Oven G a s .  Benzole  Pro-  
d u c e r s ,  L i m i t e d  (London) ,  Pape r  1-1963,  A p r i l  1 9 6 3 .  13  pp .  

4Kubota ,  H . ,  W .  H .  G r i e s t ,  and M. R .  G u e r i n .  D e t e r m i n a t i o n  of 
C a r c i n o g e n s  i n  Tobacco Smoke and Coa l -Der ived  Samples - T r a c e  
P o l y n u c l e a r  A r o m a t i c  Hydrocarbons .  CONF 750603-3, Oak Ridge 
N a t i o n a l  L a b o r a t o r y ,  Oak. Ridge ,  T e n n e s s e e .  9 pp .  

3 



gas or refined oil fired furnaces may be much lower than from 
those sources fired with residual oil and coal. Only field 
measurements demonstrating the absence of organic chlorine in 
the fuel can eliminate them as possible PCB sources, however. 

It is possible that PCBs in furnace emissions, if proven, may 
have originated from contamination by commercial PCBs either 
before or after the combustion zone. PCBs have been shown to 
be ubiquitous at very low levels in the environment. 

Analyses of PCB contaminated tissue are reported extensively in 
the literature and limited degradation studies are available. 
Both types of study suggest that highly chlorinated PCB isomers 
(four chlorines and higher) are much more likely to accumulate 
environmentally with potential adverse impact than trichloro 
(and lower) isomers. 

One possible technique for reducing the potential for PCB emis- 
sions may be the practice of efficient combustion techniques. 
Efficient combustion is known to incinerate all organics effec- 
tively.5 Reducing biphenyl survival in combustion will reduce 
PCB likelihood in the emissions. 

~ 

SAnonymous. Solving Waste Problem Profitably. Chemical Week, 
104 ( 2 4 )  : 3 8 ,  1 9 6 9 .  
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SECTION 3 

RECOMMENDATIONS 

Available analysis of stack gas effluents from conventional 
combustion sources has shown that hand-stoked and underfeed- 
stoked coal furnaces are much more likely to produce polynuclear 
aromatic hydrocarbon emissions than other types of coal feeds 
(pulverized, spreader stoker, etc.). Rigorous characterization 
of stack gas constituents of the former types deserves high 
priority in assessing possible PCB output due to this recognized 
PAH emissions characteristic. 

Analysis of feed streams (air, fuel, auxiliaries), furnace 
construction details, and sampling points will help to quantify 
the role of commercial product contamination as a potential PCB 
source in emissions from fossil fuel fired furnaces. 

Unsupported estimates of reaction stoichiometry seem to favor a 
low degree of chlorination of the PCB molecule. The thermal 
stability of PCB increases with each additional chlorine, 
however. The degree of chlorination of hypothetical PCB emis- 
sions is very speculative therefore. Every effort should be 
made to measure this distribution in the emission contaminants 
which may be analyzed. 

The relative environmental impact of P C B s  as a function of 
degree of chlorination needs further assessment and confirmation. 
The environmental significance of possible PCB emissions from 
fossil fuel combustion sources, if demonstrated, may be difficult 
to assess without data relevant to their rate of survival and 
accumulation in the environment. 

The development and testing of techniques for tying up the 
active chlorine moieties during combustion deserves serious 
consideration. It may be feasible to develop washing techniques 
to minimize chlorine content in gaseous and liquid fossil fuels. 
Coal treatment probably will be more difficult because of diffu- 
sion rate limitations of mass transfer in solids. 

5 



A .  PCB FORMATION 

I t  i s  p o s s i b l e  t o  w r i t e  many r e a c t i o n s  o f  f o s s i l  f u e l  components 
o r  known combust ion p r o d u c t s  t o  form p o l y c h l o r i n a t e d  b i p h e n y l s  
( P C B s ) .  I n  o r d e r  t o  c o n s i d e r  w h e t h e r  - any  s u c h  r e a c t i o n s  may 

. t a k e  p l a c e ,  it i s  n e c e s s a r y  t o  h a v e  d a t a  t o  e v a l u a t e  b u t ,  f o r  
t h e  f o r m a t i o n  of  p o l y c h l o r i n a t e d  b i p h e n y l s ,  l i t t l e  i n f o r m a t i o n  
of t h i s  k i n d  e x i s t s  i n  t h e  l i t e r a t u r e .  What d a t a  are a v a i l a b l e  
r e l a t e s  t o  c a r e f u l l y  c o n t r o l l e d ,  bench  s c a l e  r e a c t i o n s  o f  known 
components t o  produce  s i n g l e  i s o m e r s  of  known s t r u c t u r e .  The 
r e a c t i o n  most o f t e n  c o n s i d e r e d  i n  s u c h  e x p e r i m e n t s  i s  g i v e n  
below (1) .  The l i k e l i h o o d  t h a t  t h e  r e a c t a n t s  e x i s t  even b r i e f l y  
i n  most  f o s s i l  f u e l  f i r e d  s o u r c e s  i s  a d d r e s s e d  s t a r t i n g  i n  t h e  
second p a r a g r a p h  below. 

The r e a c t i o n  i n v e s t i g a t e d  i s  t h a t  between b i p h e n y l  and c h l o r i n e  
t o  f o r m  PCB isomers p l u s  HC1:  

SECTION 4 

THERMODYNAMIC CALCULATIONS 

When o p e r a t e d  on a l a r g e  s c a l e  t o  p roduce  commerc ia l  m i x t u r e s  
o f  P C B s  t h i s  r e a c t i o n  is induced  c a t a l y t i c a l l y  by v a r i o u s  metals 
and metal  s a l t s . 6  Tempera tu res  w i t h i n  commercial  reactors are 
much lower (150°C o r  l ess )  t h a n  those t y p i c a l l y  e n c o u n t e r e d  
w i t h i n  a f i r e b o x  for  r e a s o n s  of  p r o c e s s i n g  c o n v e n i e n c e .  

Hot metal and m e t a l  s a l t  s u r f a c e s  which can  be  u s e f u l  i n  PCB 
f o r m a t i o n  are r e a d i l y  a v a i l a b l e  as c a t a l y t i c  s u r f a c e s  i n  f o s s i l  
f u e l  f i r e d  f u r n a c e s .  They are  p r e s e n t  e i t h e r  a s  components of  
t h e  f u e l s  t hemse lves  or t h e  h e a t  exchange  s u r f a c e s  w i t h i n  t h e  
f u r n a c e  o r  b o t h .  A t  t h e  t e m p e r a t u r e s  e n c o u n t e r e d ,  c a t a l y s i s  
may be unnecessa ry .  

6Kirk-Othmer. Encyc loped ia  of Chemica l  Technology.  2nd E d i t i o n ,  
vol. 5. I n t e r s c i e n c e  P u b l i s h e r s ,  N e w  York, N Y ,  1 9 6 4 .  pp. 289  
and f o l l o w i n g .  

6 
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Analysis of coal and oil components’ and the structures of 
polynuclear aromatic hydrocarbons which have been positively 
identified in the stack gases of combustion sources,8 testifies 
to the transient presence, at least, of benzene in most furnaces 
(including gas fired). The next step in the logic train con- 
siders that the commercial production of biphenyl is a relatively 
straightforward thermal process using only benzene as a raw 
material.9 Further, biphenyl is more stable thermally than 
benzenelo and has been identified in combustion effluents.3r4 
The possibility of the existence of biphenyl within the combus- 
tion zone also seems acceptable, therefore. 

Little work on chlorine in fossil fuels has been published in 
this country because of low levels present in most domestic 
fossil f u e l s . 1 1 ~ 1 2 ~ 1 3  The literature cited does confirm chlo- 
rine‘s presence in many fossil fuels.I4 Further, there is ample 
evidence for the presence of HC1 (at low levels) in stack gas 

7Kirk-0thmer. op. Cit., V o l .  3. pp. 367 and following. 
BHangebrauck, R. P., D. J. VonLehnden, and J. E. Meeker. Emis- 
sions of Polynuclear Hydrocarbons and Other Pollutants from 
Heat Generation and Incineration Processes. Journal of the 
Air Pollution Control Association, 14:267-278, July 1964. 
gKirk-Othmer. op. Cit., Vol. 7 .  pp. 191 and following. 
’Ostreitwieser, Andrew, Jr. Molecular Orbital Theory for Organic 
Chemists. John Wiley and Sons, Inc., New York, NY, 1961. 
pp. 271-243. 

“Magee, E. M., H. J. Hall, and G. M. Varga, Jr. Potential 
Pollutants in Fossil Fuels. NTIS NO. PB 225039, Contract No. 
68-02-0629, U.S. Environmental Protection Agency, June 1973. 
292 pp. 

Coal Combustion - An Inventory Guide. PHS Publ. No. 999-~P-24, 
NTIS No. PB 170851, U . S .  Department of Health, Education, and 
Welfare, April 1966. 112 pp. 

l3Gordon. G. E., et al. Study of Emissions from Major Air Pollu- 
tion Sources and Their Atmospheric Interactions. Two-Year 
Progress Report, RANN Program, NSF Grant‘No. GE-36338X, NOV 72- 
Oct 74. 351 pp. 

14Nelson, W., et al. 
Fired Boilers and Gas Turbines. A Review by the ASME Research 
Committee on Corrosion and Deposits from Combustion Gases, 

12Smith, W. S.,  and C. W. Gruber. Atmospheric Emissions from 

Corrosion and Deposits in Coal- and Oil- 

1959. pp. 2-6, 13-31, 34, 38, 39, 113, 117-119. 

7 



emissions.15 
tures (450'C and up) via a modified Deacon process.I6 

Reactant existence and reaction conditions for Reaction 1 to take 
place have not been proven. An untested rationale to postulate 
at least their transient existence, however, has been proposed. 

The equilibrium thermodynamics of Reaction 1 were calculated by 
S.  R. Auvil of Monsanto Company for three PCB isomers over the 
temperature range 50°C to 1500°C (private communication from 
Dr. S .  R. Auvil, Monsanto Co., St. Louis, Mo., May 24, 1976). 
The results are tabulated in Appendix A, Tables A-1, A-2, and 
A-3, and summarized below: 

HC1 plus oxygen can form Cl, at elevated tempera- 

Ln K Reaction Temperature AF 
to form ("C) (kcal/gmole) 

4-MCB 

4.4'-DCB 

50 -28.5 44.4 
1500 -27.8 7.9 

50 
1500 

-57.0 
-55.5 

88.4 
15.8 

2,2' ,4,4' -TCB 50 -112.4 175.2 
1500 -109.5 31.1 

To quote from Auvil's discussion: 

"...calculations show that the formation of the mono, di, 
and tetra chlorinated biphenyls by the reaction path (of 
Reaction 1) are very favored over the temperature range 
5OoC to 1500°C. Hence, if kinetic pathway exists and has 
a finite rate under the constraints of the reaction zone, 
these compounds would have a tendency to form. 

"...the thermodynamic properties of 4-MCB and 2,2',4,4'-TCB 
were estimated. It should be clear that even if the esti- 
mated free energies for these compounds were in error by 
+5 kcal/gmole, which is unlikely, the reactions are still 
highly favored and the conclusion is unchanged." 

I5Piper, J. D., and H. Van Vliet. Effect of Temperature Varia- 
tion on Composition, Fouling Tendency, and Corrosiveness of 
Combustion Gas from a Pulverized-Fuel-Fired Steam Generator. 
Transactions of the ASME, 80;1251-63, August 1958. 

16Kirk-Othmer. Op. Cit., Vol. 11. pp. 334-36. 
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B. PCB DESTRUCTION 

Another reaction which bears consideration in assessing possible 
PCB existence in effluent stack gases involves the destruction 
of PCB if it were formed: 

(2 (10-211) 
2 H20 + nHCl Cln + [12+(10-2n)/41O2 + 1 2 ~ 0 ~  + 

To quote the investigator, S. R. Auvil (private communication) 

"The following is a summary of the free energies and 
equilibrium constants at 50°C and 15OOOC (taken from 
Appendix B, Tables B-1, B-2, and B-3) for the combustion 
of the mono, di, and tetra chlorinated biphenyls via 
the above equation (2) : 

Ln K Combustion of Temperature AF 
1 gram mole of ("C) (kcal/gmole) P 

4-MCB 

4,4'-DCB 

50 -1435.0 2236.1 
1500 -1502.2 426.6 

50 
1500 

-1397.8 2178.1 
-1489.2 423.0 

2,2',4,4'-TCB 50 -1325.0 2064.7 
1500 -1464.9 416.0 

Clearly each reaction is extremely favored over the 50°C 
to 1500°C temperature range and in a thermodynamically 
controlled situation, the chlorinated biphenyls would 
react to essentially 'extinction."' 

9 



SECTION 5 

KINETIC AND RELATED CONSIDERATIONS 

It has been shown in the thermodynamic calculation section that, 
under the conditions existing in fossil fuel combustion systems 
PCBs would have a tendency to form. Furthermore, once formed, it 
has been shown that "in a thermodynamically controlled situation 
the chlorinated biphenyls would react" essentially to extinction. 

Another investi.gatorI7 of PCB reactions has said, 

"...it should be pointed out that results obtained from 
equilibrium calculations may not immediately be applicable 
in practice because of kinetic conditions but can provide 
tendencies of practical interest." 

There are inadequate data available at present to address the 
kinetic probability of PCB formation or destruction during com- 
bustion in conventional fossil fuel fired sources. There are, 
however, useful considerations to address in estimating those 
sources and conditions which have the highest potential for 
contributing PCB emissions which may have environmental impact. 
These considerations include (among others): 

A. The specific fossil fuels burned and possible 
relationships between PCB and polynuclear aromatic 
hydrocarbon (PAH) emissions. 

B. The influence of combustion parameters. 

C. An estimate of the relative PCB emissions from 
fundamentally different kinds of stationary 
combustion sources. 

D. The possibility of PCB contamination of the combustion 
system. 

E. The likely environmental persistence and impact of 
PCB molecules which may form. 

17Karlsson, L., and E. Rosen. On the Thermal Destruction of 
Polychlorinated Biphenyls (PCB). Some Equilibrium Considera- 
tions. Stockholm, 1 ( 2 ) ,  1971. 
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C .. 

A. THE FOSSIL FUELS 

For PCBs to be formed during fossil fuel combustion one necessary 
precondition assumed is the simultaneous presence of chlorine 
and biphenyl. 

Polynuclear aromatic hydrocarbons which may include biphenyl and 
its precursors (see PCB/PAH discussion below) are readily formed 
in the combustion of all types of fossil fuels during heat gene- 
ration or incineration processes.4f8 They are more copiously 
emitted from inefficient coal burning sources than those using 
other fossil fuels (Table 1). See also PCB/PAH discussion below. 

Chlorine, if detectable, is likely to be present only as chlori- 
nated organics in natural gas, LPG, or refined oils. In coal 
and residual oils, however, significant quantities of inorganic 
chlorides may make a contribution to the availability of reac- 
tive chlorine moieties. Corrosion analyses of furnaces firing 
natural gas and refined oils imply that chlorine from occasional. 
traces of chlorinated organic content in fuel gases and refined 
oils are at least an order of magnitude lower (or absent) than 
the chlorine available from chlorides in much of the domestic 
COa~S.11,12,18 

Based on fuel constituents and corrosion analysis the likelihood 
that chlorine compounds will be present in sufficient quantity in 
the vapor phase to produce reactive chlorine moieties is judged 
on the average to be higher with coal than all other conventional 
fossil fuels. . 
1. PCB/PAH and Chlorine Distribution 

There is a great deal of data in the literature on PAH emissions 
from stationary and other combustion sources and almost none on 
PCBs. The following discusses a possible relationship between 
PCB and PAH emissions. 

The generally accepted definition of polynuclear aromatic hydro- 
carbons (PAH) includes those organic compounds in which at least 
two aromatic rings share a pair of carbon atoms.19 
are said to be. "fused." The first member and representative 
compound of the PAH series so defined is naphthalene: 

Such rings 

18Perry, J. H., et al. Chemical Engineers Handbook. 3rd 
Edition. McGraw-Hill, New York, NY, 1962. pp. 15-76-78. 

'qMorrison, R. T . ,  and R. N. Boyd. Organic Chemistry. 3rd 
Edition. Allyn and Bacon, InC., Boston, MA, 1973. p. 967.  
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Consideration of historic and present sources7,20 of benzene and 
naphthalene suggests the initial presence and/or the concurrent 
formation of both when fossil fuels are burned. Empirical 
measurement of resonance energy’O and consideration of annella- 
tion principles (primarily developed by E. Clar, University of 
Glasgow) indicate greater thermal stability for benzene and 
biphenyl than for naphthalene and related PAH. Indeed, biphenyl 
has been identified in some combustion source 
Kirk-Othmer6 and others17 attest to the thermal stability of PCB 
which exceeds that of chlorinated PAH compounds.21r22 

There is no experimental evidence to test the issue of a rela- 
tionship between PCB and PAH emissions. However, the known 
correlation among PAH emission compounds,23 the likely presence 
of related precursor intermediates, and the superior thermal 
survival of PCB versus PAH suggests some correspondence. It may 
be conjectured that chlorine availability limits the absolute 
quantity of PCB formed but that PAH indicates the likelihood of 
biphenyl formation and the subsequent possibility of PCB (where 
there is chlorine available). If valid, this theory leads to 
the projection that sources emitting high levels of PAH are 
likely PCB emitters if chlorine is present in the fuel. This 
projection can be tested. 

The distribution of available chlorine on any organic compounds 
surviving combustion may be a random statistical phenomenon. 
Chlorine distribution may, however, be related to the thermal 
stability of the compounds which would tend to skew statistical 
projections. In any case, the degree of chlorination of possible 
PCB emissions bears on their relative toxicity and their environ- 
mental impact and is not a frivolous issue (see section E). 

B. THE COMBUSTION CONDITIONS 

Four of the combustion factors which influence both the creation 
and destruction of both PCB and PAH are: 

20Kirk-Othmer. Op. Cit., Vol. 13. pp. 670 and following. 
21Hurd, C. D. Pyrolysis of Carbon Compounds. American Chemical 

22Best, B. Great Lakes Carbon Corp., British 894,441, 

23Sawicki, E., et al. Polynuclear Aromatic Hydrocarbon Composi- 

Society Monograph No. 50, 1929. pp. 143-44. 

September 16, 1960. 

tion of the Atmosphere in Some Large American Cities. 
Industrial Hygiene Association J., 23(2):137-144, 1962. 
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. 

1. Temperature maximums and temperature range distribution 
within the combustion zone. 

2. Residence time of the fuels and combustion products in 

3 .  Mixing efficiency of fuel and air. 

4 .  Particle size distribution of the fuel source introduced. 

It is beyond the scope of this paper to exhaustively evaluate 
each of these variables for the different fuels in various 
stationary combustion sources. Study of selected papers24i25 
from the extensive and exhaustive literature which reports on 
these variables does allow postulation of useful approximations 
of some furnace effects on stack gas emissions and PCB/PAH 
structures. 

1.. Temperatures 

Furnace temperatures, per se, are not separable from residence 
time in their influence on either production or destruction of 
PCB/PAH in conventional combustion sources through available 
literature references. 
chemical incinerators operating at high temperatures (about 
350O0F) to ensure complete combustion of the organics.5 There 
is no published data, however, which separates the impact of 
flame temperature and other combustion parameters in the refer- 
enced incinerator. 

2 .  Residence Time 

One of the clearest impacts of residence time on PAH formation 
(and PCB by prior reasoning) is reported by Cuffe and Gerstle. 
Their data indicate that the sudden "quenching" (temperature 
drop) of the combustion stream in a cyclone boiler as it passes 
rapidly from the cyclone burner into the convective transfer 
area leads to high concentrations of PAH emissions (relative to 
other steam boiler types). This occurs despite the very high 
temperatures encountered in the cyclone area (Figure 1). By con- 
trast, a horizontally opposed (HO) wet bottom furnace (Figure 2 )  

"active" temperature zones. 

There have been reports of organic 

24CUffe, S .  T., and R. W. Gerstle. Emissions from Coal-Fired 
Power Plants: A Comprehensive Summary. PHS Publ. No. 9 9 9 -  
AP-35, U . S .  Department of Health, Education, and Welfare, 
1 9 6 7 .  2 6  pp. 

25Perry, J. H. Op. Cit., pp. 1 6 3 9 - 1 6 4 3 .  
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yielded PAH emissions in line with dry bottom furnaces firing at 
lower temperatures. Presumably, the slower rate of cooling and 
relatively long residence time of the combustion gases in the 
HO furnace (relative to the cyclone) account for the lower PAH 
levels. Mixing efficiency and flame zone temperatures are com- 
parable in the HO and cyclone furnaces. 

3. Mixing Efficiency 

The impact of this factor on PCB/PAH formation and destruction 
is very significant. Data from Hangebrauck et a1.,8 and EPA 
(Table l)* suggest that mixing as a variable in combustion 
efficiency may be a major determinant in PAH and PCB emission. 

These references contain data and estimates indicating that 
hand- and underfeed-stoked coal fired residential warm air fur- 
naces, open burning of coal refuse and residential wood burning 
fireplaces are each at least an order of magnitude more severe 
in emissions of PAH than all the coal fired steam generating 
boilers in the United States combined. Of course, the three 
severe emitter sources cited all represent broad spectra of flame 
temperatures and combustion zone residence times. These worst 
offenders have in common, however, the poor mixing of fuel and 
air. This is also illustrated in Hangebrauck, et a1.,8 data on 
copious emissions from poorly regulated oil burners. 

4 .  Particle Size Distribution 

Obviously, this variable pertains only to liquid and solid fuels. 
Due to rapid convective heat transfer within the droplets, par- 
ticle size of liquid fuels is probably only of significance in 
PCB/PAH generation when some other factor affecting combustion 
efficiency (temperature, residence time, mixing) is out of 
control. Poor particle size distribution in that circumstance 
can aggravate already poor combustion conditions. 

In the case of solid coal particles, the internal heat transfer 
rate is relatively slow.26 In a worst case situation, incomplete 
combustion of the central core of very large particles can be 
envisioned. Thus, particle size can adversely influence other- 
wise efficient combustion in pulverized coal (P.c.) furnaces. 
Well regulated p.c. burning steam power generating facilities 
rarely will be impacted by this factor though it has the poten- 
tial to increase PCB/PAH emissions. 

*While Table 1 reports benzo(a)pyrene emissions,, Sawicki, et 
a1.23 have shown a correlation between this compound and total 
PAH emissions. 

26Green, N. W. Synthetic Fuels from Coal - The Garrett Process. 
Clean Fuels from Coal SYmpOSiUm 11, Institute of Gas Technol- 
ogy, Chicago, June 23-27 ,  1975. p. 301. 
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C. "UNCONVENTIONAL" FOSSIL FUEL COMBUSTION 

As has already been shown (Table l), sources of hydrocarbon 
emissions other than conventional fossil fuel fired combustion 
sources have the potential to generate PAH and PCB. Open 
burning of coal refuse may rank as the greatest non-furnace 
source of these compounds followed closely by poorly regulated 
coke production operations (the latter, strictly speaking, a 
pyrolysis rather than combustion process). Even rubber tire 
degradation in use has some major potential for PCB/PAH genera- 
tion according to Table l. 

D. PCB CONTAMINATION AS AN EMISSION SOURCE 

Finite levels of PCB amounting to parts per billion or more have 
been detected literally world-wide from penguin eggs in the 
Antarctic to anchovies from the Arctic circle.2 PCBs have been 
used commercially in heat transfer fluids, hydraulics and lubri- 
cants, transformer fluids, capacitors, plasticizers, industrial 
solvents and other specialty applications. Additionally, they 
have been tested in semi-commercial or developmental quantities 
as cutting fluid additives, components of high temperature seal- 
ants and high temperature pipe caulking. They have incidental 
impact as infrequent components in waste oils used for dust 
control on coal piles and temporary corrosion protection of 
steel components in furnace construction. 

Obviously, several of these uses could result in contamination 
of a furnace interior or its fuel supply with PCBs. This possi- 
bility could change the picture of PCB stack gas emissions from 
one of creation and survival to survival, alone. If the contami- 
nating source is in a relatively cool section of the combustion 
source the PCB emission may be from continual evaporation of 
product until the supply is exhausted. This is likely to be 
only a short term phenomenon at worst. 

Assessment of contamination as a source of PCB emission would 
require rigorous furnace study and characterization of all input 
streams (fuel, air, auxiliaries). The relative potential impact 
of contamination versus in-situ generation as a PCB emission 
source is unknown. 

E. ENVIRONMFNTAL PERSISTENCE AND IMPACT 

There are a large number of references on this subject. Many 
are summarized and useful general conclusions are offered on 
both aspects (persistence and toxicity27) of the issue in the 

27Peakall, D. B., and J. L. Lincer. Polychlorinated Biphenyls. 
Bioscience, 20:958-64, Sept. 1970. 

15 



report of the Interdepartmental Task Force on PCBs, "Polychlori- 
nated Biphenyls and the Environment," May 1972. The Task Force 
had representation from five Executive Branch departments of the 
Federal Government including EPA. 

Among their tentative conclusions were : 

1. "[PCB] Acute oral L D 5 0  in mammals varies from approximately 
2-10 gm/Kg. (Apparent increase in mammalian toxicity with 
decrease in chlorine content.)" 

2. "The starting materials used in synthesis of PCBs determine 
to a large degree the type of impurity or contaminant in 
the commercial product. The contaminant variation, of 
course, renders some divergence in the LD 50 values or 
other toxicologic response of the PCBs. Fractionated 
samples of some PCBs of foreign manufacture have shown 
them to contain as contaminants the tetra- and penta- 
chlorodibenzofurans, the hexa- and heptachloronaphthalenes. 

In a reportz8 prepared specifically for presentation to the 
Interdepartmental Task Force on PCBs, Munch presented data indi- 
cating the possibility that PCB "homologs containing less than 
four chlorine atoms may be degraded at rates approximately 
thirty times those for the five and six chlorine homologs." 

There is some chance, therefore, that PCB which may show up as 
emissions from fossil fuel fired sources are more rapidly de- 
graded in the environment than commercial PCB products. Section 
A, p. 12, discusses the possibility that potential PCB isomers 
in combustion stack gases have a low degree of chlorination. 

2sPapageorge, W. B., et al. Presentation to the Interdepart- 
mental Task Force on PCBS. Washington, D . C . ,  May 15, 1972. 
69  PP. 
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Figure 1. Boiler outline for cyclone type unit.24 
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Table 1. ESTIMATED BENZO(a)PYREgE* EMISSIONS 
IN UNITED STATES, 1 9 7 2  

Emissions, 
Source Type MT/yr 

Stationary sources 

Coal hand-stoked and underfeed-stoked 
residual** furnaces 2 7 0  

Coal, intermediate-size furnaces 6 
Coal, steam power plants il 
Oil, residential through steam power type 2 
Gas, residential through steam power type 2 

municipal type 3 

Open burning, vehicle disposal 5 
Open burning, forest and agriculture 10 
Open burning, other 9 

Asphalt air-blowing <1 

Wood, home fireplaces 23 
Enclosed incineration, apartment through 

Open burning, coal refuse 2 8 1  

Petroleum catalytic cracking 6 
Coke production 0.05 to 153 

Mobile sources 

Gasoline-powered, automobiles and trucks 10 
Diesel-powered, trucks and buses <1 
Rubber tire degradation 10 

a From Preferred Standards Path Report for Polycyclic 
Organic Matter. U . S .  Environmental Protection Agency, 
Office of Air Quality Planning and Standards, Durham, 
N.C. October 1974. p. 27-36. 

*See footnote on p. 14. 
**Misprint - should read residential. 
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