
THERMODYNAMIC INSIGHTS OH PATIfWAYS TO KORMATION OF 

CHLORINATED DIOXINS AND DIBENZOFURANS 

J o a o p h W B o z z e l l i , G r e g Y. P . Wu a n d E d w a r d R R i t t t r r 

D f i p a r t m e n t o f c h e m i c a l E n q i n e e r i n g a n d C h e i r i i s t r y , Ucw J e r s e y 

I n s t i t u t e o f T e c h n o l o g y , N e w a r k , NJ 0 7 1 0 2 

ABSTRACT 

A method i o d e v o l o p e d fo r a a t L m a t i o n of t he rmodynamic p r o p e r c m * of n u l t t p l y 

s u b B t i c u t e d aromat i ica i n c l u a i v o of c h l o r i n a t e d d l o x i n a and d Lbenzofurans b a a e d on p r i n c i p l e s 

of group add i t i v i t y and n o n - n f i x t - n e a r e s t n e i g h b o r i n t e r a c t i o n s on t h e arofnat ic r i n g . Thi« 

i n c l u d e s e s t i m a t e s of bond e n e r g i o a . e n t r o p i e s dnd heat c a p j c i t i o a of r a d i c a l i n t e f m a d i a t c * ir. 

pa thways t o c h l o r o d l o x i n f o r m a t i o n . Wo uso t h e s o thcrmo c a l c u l a c l o n a t o shew t h e f e a s i D i M c y 

of s e v e r a l c l n m o n t a r y r e a c t i o n pa thways l o a d i n g t o d i o x i n forrRat i o n , whero thA pr^tmrictt of 

c h l o r i n e a c t s t o enhance o r lowor t he Gibbn f reo energy of t h e r e a c t i o n s . 

INTRODUCTION 

C h l o r i n a t e d d ibenr .od iox ins and d ibenzofurans a r e o f t en o b s o r v e d i.n e f f l u e n t 

from o x i d a t i o n o r i n c i n o r a t i o n of n h l o r i n a t c d hydrocarbona o r a r o o i a t i c s s u c h a s c h L o n n a t e d 

benzenoG, b i p h e n y l o , and p h c n o l 8 ( l } . These s p e c i e s a r e t h o u g h t t o bo h i g h l y t o x i c , and «• a 

con&equcnco a r e h i g h l y u n d e s i r a b l o p r o d u c t s of incotripLctc combust ion i P I C ft) . I t uould be of 

s i g n i f i c a n t va lue t o havo an a c c u r a t e and fundamental u n d e r s t a n d i n g of t h e mechanism for t h e i r 

f o r m a t i o n , in a d d i t i o n t o knowledge of t h e i r t h o r n o d y n a n L C p r o p o r t x e a i n o r d e r A s t i f t i f-

d e s i g n of s t r a t e g i e s t o e f f e c t i v e l y c o n t r o l or o l i m i n a t o cmisBiona of t h e s o conpounda. 

Very l i t t l e has been pub l i shed on t h e thermodynamic p r o p e r t i e s And o lcmencary r e a c t i o n t 

which lead t o format ion of d i o x i n s and c h l o r i n a t e d diOKino. Benson'a g r o u p m e t h o d ( 2 - 4 ) , when 

used for t h e o s t i m a t i o n of thermodynamic p r o p e r t i e s of m o l o c u l o c , dooa n o t a c c o u n t for a l l 

i n t e r a c t i o n s between f u n c t i o n a l groups or atoms on a r o m a t i c s , such aa c h l o r i n e a . hydroxyl or 

e t h e r l i n k a g e s . To o b t a i n c o r r e c t i o n v a l u e s for t h e s e i n t e r a c t i n g groups one may uae t he d i f 

f e r e n c e s between l i t e r a t u r e thermodynamic v a l u e s and t h o s e o b t a i n e d u s i n g g r o u p a d d i t i v i t v -

Due t o t he l i m i t e d l i t e r a t u r a d a t a , however , one must o f t e n p roceed by o b t a i n i n g t h e c o r r e c 

t i o n s based on known p r o p e r t i e s for only a few molecules and then apply t h e s e t o nor* eo#plex 

s p a c i o d . This has boon p r e v i o u s l y demons t ra ted by Shaub ( 5 , 6 ) for c h l o r o and oxy s u b s t i t u t e d 

a r o m a t i c s . 

THERMODYNAHIC PROPERTY ESTIMATION 

t\3 an i n i t i a l s t e p towardu u n d e r s t a n d i n g c h l o r i n a t e d d i o x i n f o r m e c i o n , we h t v « 

d e v e l o p e d a d a t a s e t for g roups r e p r e s o n t ing n o n - n e x t - n e a r e s t n e i g h b o r c o n t r i b u t i o n s f r o * 

s u b e t i t u e n t s on a r o m a t i c r i n g s , such a s Br, CI , F, OK, CH^O, CH,, And CO-H. These non-ne«,t-

n e a r e s t n e i g h b o r c o r r e c t i o n s a ro t a b u l a t e d in Table I for t h e Ct and OH g r o u p s and i n c l u d e 

o n t h a l p y and e n t r o p i e s of fo rma t ion (298 K) and hea t c a p a c i t i e s t o C w h e r e d a t a was a v a i l 

a b l e . He u t i l i z e t h e s e g roup v a l u e s in c o n j u n c t i o n wi th e x i s t i n g Senson G r o u p s t o c a l c u l a t e 
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•.^#f>T.u<ly.•".a«lC p r o p e r t i e s f o r a n u m b e r o f c h l c c i n a t e d d i b e n z o d i o x i n s , d i b o n z o f u r a n s , a n d l i k o l y 

f + d i c a l p r t c u r s o r s t o t h e i r f o r r r . a t i o n m i n c i n e r a t o r t y p e r e a c t i v e a t m o o p h e r e s . T h e d a t a i n 

T ^ r . l e I a r e o p t i c n i z e d f o r d i s u b s t i t u t e d s i n g l e r i n g a r o m a t i c s a n d we t h e r e f o r e d e v e l o p e d a 

r i i * * l i i ^ e » p i r i c 4 l S y f o r c o u n t i n g t h e n u r i i e r o f i n t e r a c t i o n s r e q u i r e d t o y i e l d a c c u r a t e 

t r * r » 3 e s i i n J l i o n s of » u l t L s u b s t i t u t e d a r o t a a c i c a . T h i s f o r m a l i s m c o u n t s a l l t h e o r t h o I n t o r -

• i ^ i L o n s , ar.d ? r . l / o n e h a l f t h e n u m b e r of m e t a a n d p a r e i n t e r a c t i o n s u s i n g i n t e g e r v a l u e s o n l y . 

r>.^j« 1 . 3 d i - a n d 1 . 3 , S t r i - c h l o r o b e n t e n e w o u l d h a v e a n d h a v e c o u n t e d 1 a n d 3 m e t a C l / C l 

> > ' ' . « r a c t L c n s r e s p e c t i v e l y . 1 . 2 . 3 , 5 T e t r a c h l o r o b e n z e n e w o u l d h a v e 2 o r t h o , 3 m e t a a n d 1 p a r a 

- . j t cr t ' .y h a v e 2 o r t h o a n d i m o t a C i / C L i n t e r a c t i o n s c o u n t e d . T h i s e m p i r i c a l f o r m a l i s m r e s u l t s 

t « c ' 4 . i s e e f f e c t s c f t h e i n t e r a c t i o n s i n m u l t i - s u b s t i t u t e d a r o m a t i c s a r o n o t l i n e a r l y a d d i t i v e . 

^'« d e f i^'.e (TU I t I - i n t e r a c t i o n a a s o c c u r r i n g o n a r o m a t i c r i n g s t h a t h a v e m o r e t h a n o n e t y p e -

' t L h n . r c t « Cr p a r a i n t o r t t c t i o n . 

T a b l e i : c o m p a r e s c a l c u l a t i o n s o f H , f r o m l i t e r a t u r e d a t a w i t h t h o s e u s i n g B e n s o n 

•*t'..-^pi •'•-Xh v - r « r a c t :.'->n t e r t ^ s d e r i v e d h e r e . And u s i n g B e n s o n g r o u p s a l o n e . T h e r e i s a d e f i n i t e 

l a p r c v e r e r T . . a s o n e e i g h t e x p e c t , u s i n g t h e a i d e d i n t e r a c t i o n t e r m s . 

rCMCT:CV PATHWAYS TO DlOXIN 

F i g J r e 1 s h o w s a n e n e r g y l e v e l d Lag ran t f o r t h e i so [ r , c r i z a t i o n o f a p o l y c h l o r l n a t e d 

f - - . « r . / l e t r . c r p h e n o x y r a ^ U c e l , w h e r e t h e o x y r a d i c a l a t t a c k s t h e a r o m a t i c r i n g a t a p o s i t i o n o f 

^ , t t o 3 s u b s t i t u t i o n . T h e f i g u r e s h o w s t h e H a t o m b e i n g d i s p l a c e d i n a r a a c t i o n w h i c h i o 19 

•fciil e n d o t h e r n i c , b u t a t t e m p e r a t u r e s a b o v e SOO K i t h a s a n e g a t i v e / \ G ( e n t r o p y d r i v e n ) t o 

fo^rn t h « 2 . J , ' 7 , S t e t r a c h l o r o d i b a n z o d i o x i n . P a t h w a y s f o r m i n g t h e a r o m a t i c , e t h e r s i n c l u d e 

phwAo^y r a d i c a l a d d i t i o n s t o a r o f p a t i c a a n d c h l o r o a r o m a t i c s a n d o x y x g o n a t o m a d d i t i o n t o f u s e d 

r ^ n g g r o u p * o ! b i p h e n y i s . T h e o x y r a d i c a l s c a n b e f o r m e d b y o x y g e n a t o m o r h y d r o x y l r a d i c a l 

• d ' . l i t i o n t o tl-.e r i n g w i t h e x o t h e r m i c d i s p l a c e m e n t o f H o r CI a t o m , o r b y HO^ o r 0 , r e a c t i o n 

w-.t:^. p.'ier'j'L r a d i c a l . M o t e c h a t t h e CI a t o n m e t a t o t h e o t h e r l i n k a g e b o L n g f o r m e d e n h a n c e s t h e 

' f - i l f ( o r r r e l e t h e r b e n d b y 6 . 2 6 K c a l / n o l e (CL^O-R H e t a ] 

T i ^ j r e t s r .owB a s i P i l a r r e a c t i o n p r c d u c i n g t h e t e t r a c h l o r i n a t e d d i o x i n , b u t i n t h i s 

t a j c t i o n D at.c:« ^ s d i s p l a c i n g a c h l o r i n e a t o m a n d t h e p r o c o c s i s t h e r m o d y n a m i c a l l y f a v o r e d 

i-o-^h t y m r x t o p y a n d e n t h a l p y . 

CDHCLvSlC!* 

T h t r e a c t i o n p a t h s p r e s e n t e d h e r e d e m o n s t r a t e t h a t d i o x i n a n d d i b e n z o f u r a n f o r m a -

t l o n f r c n c h l o r m a t e d r i n g s y s t e m s a r e m o r e f a v o r a b l e t h a n f o r m a t i o n f o r m t h e a n a l o g o u s n o n -

ch L o r i n a i ^ d s y s t e a c . 

T h e r e a r e a e v e r a l r e g i n e s i n a n i n c i n e r a t o r o r p y r o i y s i s r e a c t o r w h o r e d i b e n i o d i o x i n s 

i ^ Y b e f o r c e d . o n e o f t h e s e r e g i n e a Lfl t h e f u e l r i c h z o n e w h o r e h y d r o c a r b o n a o r f u e l a r e 

i n l e t t o t h * r e a c t o r a n d w h e r e a i x l n g i s n o t c o o p l a t e . T e m p o r a t u r o s i n t h i s r e g i o n a r e h i g h 

t n j u g h f o r p y r o i y s i s r e a c t i o n s t o o c c u r a n J m o l o c u l a r w e i g h t g r o w t h f o r m s a r o m a t i c , p o l y -

a r ; M « a t i c ar>d p o l y - p h e n y l s y s t e m s . I n a d d i t i o n , t h e r e i s a a i g n i f i c a n t a m o u n t , b u t n o t e x c e s s . 

Of o x y g e n a n d o x y r a d i c a l s p r e a o n t t o r e a c t w i t h s o m e o f t h e s e a r o m a t i c c o m p o u n d s . A s e c o n d 

' e g i p « IS w h e r e t h e r e a r e b e n z e n e , b i p h e n y l , t e r p h e n y l e t c . p r e s e n t w i t h o x y g e n a n d o x y r a d i -

C a L s a t Lower t e a p e r a t u r e s w h e r e o x i d a t i o n r e a c t i o n s a r e s l o w b u t a d d i t i o n r e a c t i o n s a r e 

' a v o r e d . T h i s c o u l d o c c u r a t t h e o u t l e t w h e r e t h e s e e p e c i e a f o r m e d i n t h e c o m b u s t o r h a v e n o t 

b e « n c o n v e r t e d t o C O , a n d H^O. T h e a d d i t i o n a n d d i s p l a c e m e n t r e a c t i o n s , a o i l l u s t r a t e d i n 

d i T u r a s I a n d 7 w o u l d r e a d i l y o c c u r i n c o o l d o w n s e c t i o n s of r e a c t o r a x h a u n t z o n e s f o r e x a m p l e . 
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TftDLE I cnOUP CORRECTION TERHS FOR CIILORIHrTED WID lllfDBOXY 500STITUTED AROMATICS 

GROUl* 

CB/H 

co/cl 

CO/0 

cl/cl 

Cl/Cl 

Cl/Cl 

CI/Oil 

Cl/Oll 

Cl/OH 

ORTHO 

HETA 

PARA 

ORTHO 

META 

PARA 

Cl/OH/Cl 

"r 
298 

3.3 

-4.11 

-1.63 

2.18 

1.34 

0.52 

4.53 

-6.26 

-4.-IB 

13.85 

= F 
298 

11.5 

18.55 

-10.04 

-0.31 

0.17 

-0.08 

MD 

MD 

NO 

ND 

s 300 

3.28 

1 - 1 7 

4.2 

-0.20 

-0.12 

-O.IO 

MO 

ND 

HD 

ND 

=P 
500 

5.46 

9.16 

6.54 

-0.47 

-0.42 

-0.36 

NO 

NO 

ND 

ND 

P 
800 

7.51 

10.34 

7.07 

-0.44 

-0.43 

-0.37 

NO 

ND 

ND 

P 
1000 

a.36 

10.68 

7.09 

-0.38 

-0.36 

-0.38 

HD 

ND 

HD 

p 
1500 X 

9 . 6 8 

9 . 6 6 

6 . 9 6 

1 .01 

I . 0 1 

I . 0 1 

ND 

Cl/O-Phcnyl Ottho Heta and Para Saflio aa corroaponding Cl/OH 

and S and C In Cal/mole-K, HO Not Dococm 

TABLE II COMPARISON OE Hj DATA WITH LITERATURE 

"fCUt) ' "((calc) ' ' "(|B«n) 

Kexachlorobenzene 

Pentachlorophenol 

Ortho Cresol 

Heta Crosol 

2,6 Dimothylphenol 

llexafluorobenione 

-8.1 

-53.9 

-30.7 

-31.59 

-38.64 

-228.49 

-7.04 

-52.63 

-30.74 

-31.63 

-38.43 

-228.85 

-1.06 

-1.27 

D.04 

0.04 

0.21 

0,36 

-9.6 

-49. 

-29.72 

-30.29 

-37.14 

-226.8 

1.5 

-4.9 

-0.98 

-1.3 

-1.5 

-1.69 

All data In Kcal/mola, . "fiBsnl ^aluo calculated uninq Bgnson qroupa only. 

4 are differoncee from Literatura. Literature data from references 7 and 8. 

We have omitted spocioa that wa used in determining the group interaction values. 
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ta(toai/ntoi«t 
• 2 0 r 

.4ct (-38J8) 

'• 7'^'^ tB'Tcii 
•701-

(-6J.J3> 

(-71.15) 

-80^ 

- 2 0 r 
[<lt[ouJ/I>«l*l 

• 3 0 -

• J O -

•SO 

-60 

- 7 0 • 

-60 
\ / • 

V (-77.«> ./ 

CI 

(-6I.68) 
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