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T h e o b j e c t i v e o f t h i s s t u d y w a s t o i n v e s t i g a t e t h e e f f e c t o f

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

( H A A ) s p e c i e s r e s u l t i n g f r o m c h l o r i n a t i o n , o z o n a t i o n a n d

c h l o r a m i n a t i o n o f w a t e r s c o n t a i n i n g h u m i c s u b s t a n c e s . H A A s a r e

b y
-
p r o d u c t s o f d r i n k i n g w a t e r d i s i n f e c t i o n , a n d l a b o r a t o r y a n i m a l

s t u d i e s h a v e s u g g e s t e d t h a t t h e s e c o mp o u n d s a r e a s s o c i a t e d w i t h

c a r c i n o g e n i c i t y , d e v e l o p m e n t a l t o x i c i t y a n d r e p r o d u c t i v e

t o x i c i t y . T h e p o t e n t i a l r i s k t o h u m a n h e a l t h p o s e d b y H A A s a n d

t h e v a r y i n g t o x i c o l o g i c a l s i g n i f i c a n c e o f I LA A s p e c i e s n e c e s s i t a t e

a n u n d e r s t a n d i n g o f t h e f a c t o r s t h a t a f f e c t H A A f o r m a t i o n a n d

s p e c i a t i o n . I n t h i s s t u d y , w a t e r s w e r e a n a l y z e d f o r a l l n i n e o f

t h e H A A s p e c i e s c o n t a i n i n g b r o m i n e a n d c h l o r i n e . S t a n d a r d s f o r

b r o m o d i c h l o r o a c e t i c a c i d a n d d i b r o m o c h l o r o a c e t i c a c i d w e r e n o t

c o m m e r c i a l l y a v a i l a b l e b u t w e r e s y n t h e s i z e d a t t h e U n i v e r s i t y o f

N o r t h C a r o l i n a a n d t h e U n i v e r s i t y o f M a s s a c h u s e t t s .

A q u a t i c h u m i c s u b s t a n c e s w e r e o b t a i n e d b y X A D - 8 e x t r a c t i o n f r o m

r a w w a t e r s a t M y r t l e B e a c h , S C a n d P a l m B e a c h C o u n t y , F L . M o d e l

w a t e r s w e r e p r e p a r e d c o n t a i n i n g 4 m g / L t o t a l o r g a n i c c a r b o n , 2 m M

i n o r g a n i c c a r b o n , a n d t e n b r o m i d e c o n c e n t r a t i o n s r a n g i n g f r o m

0 - 2 5 [J M ( 0 - 2 m g / L ) . S a m p l e s w e r e c h l o r i n a t e d a t p H 8 a n d p H 6

w i t h a n d w i t h o u t p r e - o z o n a t i o n . A d d i t i o n a l s a m p l e s w e r e

c h l o r a m i n a t e d a t p H 8 w i t h a n d w i t h o u t p r e - o z o n a t i o n .

C h l o r i n a t e d a n d c h l o r a m i n a t e d s a m p l e s w e r e i n c u b a t e d a t 2 0
° C f o r

2 4 h o u r s i n t h e d a r k , a f t e r w h i c h t i m e o x i d a n t r e s i d u a l s w e r e

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

d e r i v a t i z e d w i t h d i a z o m e t h a n e , t h e n a n a l y z e d f o r t h e n i n e H A A s o n

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

B r o m i d e i o n c o n c e n t r a t i o n w a s a n i m p o r t a n t f a c t o r i n H A A

s p e c i a t i o n i n c h l o r i n a t e d w a t e r s . B r o m o - c h l o r o s p e c i e s

( b r o m o c h l o r o a c e t i c a c i d , b r o m o d i c h l o r o a c e t i c a c i d a n d

d i b r o m o c h l o r o a c e t i c a c i d ) w e r e r e a d i l y f o r m e d f r o m c h l o r i n a t i o n

o f b r o m i d e - c o n t a i n i n g w a t e r s , a n d t h e y c o n s t i t u t e d a t l e a s t 1 0 %

o f t h e t o t a l H A A s i n w a t e r s c o n t a i n i n g a s l i t t l e a s 1 . 2 |i M B r
"

( 0 . 1 m g / L ) . D i s t r i b u t i o n o f t h e H A A s a m o n g m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s a p p e a r e d t o b e i n d e p e n d e n t o f b r o m i d e i o n

c o n c e n t r a t i o n .
I n a d d i t i o n , b r o m i d e i o n a p p e a r e d t o h a v e s i m i l a r

e f f e c t s o n H A A s p e c i a t i o n i n b o t h w a t e r s s t u d i e d . L o w e r i n g t h e

p H o f c h l o r i n a t i o n f r o m p H 8 t o p H 6 e n h a n c e d t h e f o r m a t i o n o f

s e v e r a l s p e c i e s ; h o w e v e r
,

H A A s p e c i a t i o n w a s l i t t l e a f f e c t e d .

P r e - o z o n a t i o n a p p e a r e d t o e n h a n c e b r o m i n e i n c o r p o r a t i o n i n t o t h e

H A A s p r o d u c e d f r o m s u b s e q u e n t c h l o r i n a t i o n .

T o t a l H A A f o r m a t i o n i n c h l o r a m i n a t e d w a t e r s w a s d e c r e a s e d

a p p r o x i m a t e l y 9 0 % c o m p a r e d t o t o t a l H A A f o r m a t i o n i n c h l o r i n a t e d

w a t e r s . D i c h l o r o a c e t i c a c i d w a s t h e p r i n c i p a l s p e c i e s f o r m e d i n

c h l o r a m i n a t e d w a t e r s . C h l o r a m i n a t i o n o f b r o m i d e -
c o n t a i n i n g

w a t e r s r e s u l t e d i n s o m e f o r m a t i o n o f b r o m i n a t e d s p e c i e s ,

p r i n c i p a l l y b r o m o a c e t i c a c i d , d i b r o m o a c e t i c a c i d a n d
b r o m o c h l o r o a c e t i c a c i d ; l i t t l e f o r m a t i o n o f t r i h a l o g e n a t e d
s p e c i e s w a s o b s e r v e d f r o m c h l o r a m i n a t i o n

,
b o t h i n t h e p r e s e n c e

a n d a b s e n c e o f b r o m i d e i o n . P r e - o z o n a t i o n f o l l o w e d b y
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c h l o r a m i n a t i o n e n h a n c e d t o t a l H A A f o r m a t i o n c o m p a r e d t o

c h l o r a m i n a t i o n a l o n e ; h o w e v e r , t o t a l H A A f o r m a t i o n w a s s t i l l

d e c r e a s e d b y a p p r o x i m a t e l y 9 0 % c o m p a r e d t o c h l o r i n a t i o n .

T h e r e s u l t s s u g g e s t t h a t t h e b r o m o - c h l o r o H A A s , w h o s e o c c u r r e n c e

i n f i n i s h e d d r i n k i n g w a t e r s i s p r e s e n t l y n o t k n o w n , a r e r e a d i l y

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

C h l o r a m i n a t i o n a n d p r e - o z o n a t i o n f o l l o w e d b y c h l o r a m i n a t i o n

a p p e a r t o b e e f f e c t i v e m e a n s o f c o n t r o l l i n g H A A f o r m a t i o n . I n

a d d i t i o n , t h e e f f e c t o f b r o m i d e i o n o n H A A s p e c i a t i o n m a y b e

i n d e p e n d e n t o f t h e s o u r c e o f h i o m i c s u b s t a n c e s .

I l l
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T a b l e o f C o n t e n t s

P a g e N o ,

L i s t o f F i g u r e s v i i i

L i s t o f T a b l e s x i i

L i s t o f A b b r e v i a t i o n s x i i i

A c k n o w l e d g e m e n t s x v

1 I n t r o d u c t i o n 1

2 L i t e r a t u r e R e v i e w 5

H e a l t h e f f e c t s 6

A q u e o u s c h e m i s t r y o f c h l o r i n e a n d b r o m i n e 7

M e c h a n i s m s o f H A A f o r m a t i o n .
1 0

F a c t o r s a f f e c t i n g H A A f o r m a t i o n 1 2

C o m p e t i t i o n b e t w e e n c h l o r i n e a n d b r o m i n e i n
h a l o g e n a t i o n r e a c t i o n s w i t h h u m i c s u b s t a n c e s 1 5

A q u e o u s c h e m i s t r y o f c h l o r a m i n e s 1 8

A q u e o u s c h e m i s t r y o f o z o n e 1 9

O z o n e - b r o m i d e r e a c t i o n s ; 2 1

O z o n a t i o n a n d d i s i n f e c t i o n b y
-
p r o d u c t f o r m a t i o n . . . . 2 3

3 M a t e r i a l s a n d M e t h o d s 2 6

P r e p a r a t i o n o f g l a s s w a r e 2 6

I s o l a t i o n o f h u m i c s u b s t a n c e s 2 8

P r e p a r a t i o n o f m o d e l w a t e r s 3 0

O z o n a t i o n p r o c e d u r e 3 1

C h l o r i n a t i o n a n d c h l o r a m i n a t i o n p r o c e d u r e s 3 2

S a m p l e c o l l e c t i o n a n d s t o r a g e 3 4

A n a l y s i s o f h a l o a c e t i c a c i d s 3 5

S t a n d a r d s 3 5

B r o m o d i c h l o r o a c e t i c a c i d 3 6

D i b r o m o c h l o r o a c e t i c a c i d 3 7
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s t o r a g e a n d s t a b i l i t y o f s t a n d a r d s 3 8

C a l i b r a t i o n c u r v e s 3 9

G a s c h r o m a t o g r a p h i c a n a l y s i s 3 9

D a t a a n a l y s i s 4 4

M e t h o d d e t e c t i o n l i m i t s 4 5

S t a t i s t i c a l t r e a t m e n t o f r e s u l t s 4 5

4 R e s u l t s a n d D i s c u s s i o n 4 9

P a t t e r n s o f H A A s p e c i a t i o n i n e x t r a c t s

c h l o r i n a t e d a t p H 8 4 9

F o r m a t i o n o f i n d i v i d u a l s p e c i e s 4 9

D i s t r i b u t i o n o f i n d i v i d u a l s p e c i e s 5 3

T o t a l H A A f o r m a t i o n 5 5

T o t a l f o r m a t i o n o f c h l o r i n a t e d ,

b r o m o - c h l o r o a n d b r o m i n a t e d s p e c i e s 5 5

D i s t r i b u t i o n o f HA A s a m o n g m o n o -
, d i -

,

a n d t r i h a l o g e n a t e d s p e c i e s 5 8

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n 6 0

E f f e c t o f p H o n H A A f o r m a t i o n a n d s p e c i a t i o n
i n c h l o r i n a t e d w a t e r s 5 3

F o r m a t i o n o f i n d i v i d u a l s p e c i e s 6 3

T o t a l H A A f o r m a t i o n 6 3

D i s t r i b u t i o n o f i n d i v i d u a l s p e c i e s 7 3

T o t a l f o r m a t i o n o f c h l o r i n a t e d
,

b r o m o - c h l o r o a n d b r o m i n a t e d s p e c i e s 7 3

D i s t r i b u t i o n s o f H A A s a m o n g m o n o -
,

d i -
,

a n d t r i h a l o g e n a t e d s p e c i e s 7 7

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n 7 9

F o r m a t i o n o f b r o m i n a t e d H A A s f r o m

o z o n a t i o n a l o n e 7 9

E f f e c t o f p r e - o z o n a t i o n o n H A A f o r m a t i o n a n d

s p e c i a t i o n i n c h l o r i n a t e d w a t e r s 7 9

F o r m a t i o n o f i n d i v i d u a l s p e c i e s 7 9
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T o t a l H A A f o r m a t i o n 9 3

D i s t r i b u t i o n o f i n d i v i d u a l s p e c i e s 9 5

T o t a l f o r m a t i o n o f c h l o r i n a t e d ,

b r o m o - c h l o r o a n d b r o m i n a t e d s p e c i e s 9 7

D i s t r i b u t i o n o f H A A s a m o n g m o n o -
,

d i -
,

a n d t r i h a l o g e n a t e d s p e c i e s 1 0 0

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n 1 0 0

E f f e c t o f b r o m i d e i o n c o n c e n t r a t i o n o n c h l o r i n e

c o n s u m p t i o n i n c h l o r i n a t e d e x t r a c t s 1 0 5

H A A f o r m a t i o n a n d s p e c i a t i o n i n e x t r a c t s

c h l o r a m i n a t e d a t p H 8 1 0 7

F o r m a t i o n a n d d i s t r i b u t i o n o f

i n d i v i d u a l s p e c i e s 1 0 7

D i s t r i b u t i o n o f H A A s a m o n g m o n o -
,

-

d i -
, a n d t r i h a l o g e n a t e d s p e c i e s 1 1 0

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n 1 1 0

I n f l u e n c e o f p r e - o z o n a t i o n o n H A A f o r m a t i o n

a n d s p e c i a t i o n i n c h l o r a m i n a t e d w a t e r s 1 1 3

F o r m a t i o n o f i n d i v i d u a l s p e c i e s 1 1 3

T o t a l HA A f o r m a t i o n 1 1 3

D i s t r i b u t i o n o f i n d i v i d u a l s p e c i e s 1 1 9

D i s t r i b u t i o n o f H A A s a m o n g m o n o -
,

d i -
, a n d t r i h a l o g e n a t e d s p e c i e s 1 1 9

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n 1 1 9

I m p l i g a t i o n s o f t h e w o r k 1 2 2

5 C o n c l u s i o n s a n d R e c o m m e n d a t i o n s 1 2 5

C o n c l u s i o n s 1 2 6

R e c o mm e n d a t i o n s f o r f u t u r e r e s e a r c h 1 2 8

R e f e r e n c e s 1 3 0

A p p e n d i x A . A n a l y s i s o f H a l o a c e t i c A c i d s 1 3 5

A p p e n d i x B . M a s s Sp e c t r u m o f S y n t h e s i z e d
B r o m o d i c h l o r o a c e t i c - " A c i d M e t h y l E s t e r 1 3 8

v a .
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A p p e n d i x C . P u r i t y o f B r o m o d i c h l o r o a c e t i c A c i d a n d
D i b r o m o c h l o r o a c e t i c A c i d 1 3 9

A p p e n d i x D . H A A C a l i b r a t i o n C u r v e s 1 4 1

A p p e n d i x E . M e t h o d D e t e c t i o n L i m i t s f o r H A A s 1 5 3

A p p e n d i x F . N i i m e r i c a l D a t a o f H a l o a c e t i c A c i d R e s u l t s . . 1 5 5

A p p e n d i x G . E f f e c t s o f P r e - o z o n a t i o n o n H A A f o r m a t i o n

i n E x t r a c t s C h l o r i n a t e d a t p H 6 2 0 3

A p p e n d i x H
.

D i s t r i b u t i o n o f I n d i v i d u a l H A A S p e c i e s i n

P r e - o z o n a t e d E x t r a c t s C h l o r i n a t e d a t p H 6 . . 2 1 2

V I X
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L i s t o f F i g u r e s

F i c r u r e P a g e N o

1 . 1 C h e m i c a l s t r u c t u r e s o f t h e h a l o a c e t i c a c i d s 3

2 . 1 P r o p o s e d p a t h w a y s o f H A A f o r m a t i o n 1 3

2 . 2 S p e c i a t i o n o f T H M s a s a f u n c t i o n o f

b r o m i d e / c h l o r i n e ( m g / m g ) r a t i o 1 7

2 . 3 S p e c i a t i o n o f H A A s a s a f u n c t i o n o f

b r o m i d e / c h l o r i n e ( m g / m g ) r a t i o 1 7

3 . 1 E x p e r i m e n t a l d e s i g n 2 7

3 . 2 H a l o a c e t i c a c i d c a l i b r a t i o n c u r v e s 4 0

3 . 3 C h r o m a t o g r a m s o f H A A s t a n d a r d s 4 2

3 . 4 C h r o m a t o g r a m o f a c h l o r i n a t e d P a l m B e a c h s a m p l e . . . . 4 3

4 . 1 F o r m a t i o n o f c h l o r i n a t e d H A A s a s a f u n c t i o n o f

b r o m i d e c o n c e n t r a t i o n d u r i n g c h l o r i n a t i o n a t p H 8 . . 5 0

4 . 2 F o r m a t i o n o f b r o m o - c h l o r o H A A s a s a f u n c t i o n o f

b r o m i d e c o n c e n t r a t i o n d u r i n g c h l o r i n a t i o n a t p H 8 . . 5 1

4 . 3 F o r m a t i o n o f b r o m i n a t e d H A A s a s a f u n c t i o n o f

b r o m i d e c o n c e n t r a t i o n d u r i n g c h l o r i n a t i o n a t p H 8 . . 5 2

4 . 4 D i s t r i b u t i o n o f i n d i v i d u a l H A A s p e c i e s i n

e x t r a c t s c h l o r i n a t e d a t p H 8 5 4

4 . 5 T o t a l H A A f o r m a t i o n i n e x t r a c t s c h l o r i n a t e d
a t p H 8 5 6

4 . 6 S u m o f c h l o r i n a t e d , b r o m o - c h l o r o , a n d b r o m i n a t e d

H A A s p e c i e s i n e x t r a c t s c h l o r i n a t e d a t p H 8 5 7

4 . 7 D i s t r i b u t i o n o f H A A s i n t o m o n o -
, d i -

,
a n d

t r i h a l o g e n a t e d s p e c i e s i n e x t r a c t s c h l o r i n a t e d

a t p H 8 5 9

4 . 8 B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n t o H A A s

i n e x t r a c t s c h l o r i n a t e d a t p H 8 6 1

4
. 9 I n f l u e n c e o f p H o n M C A A f o r m a t i o n i n

c h l o r i n a t e d e x t r a c t s 6 4

4
. 1 0 I n f l u e n c e o f p H o n D C A A f o r m a t i o n i n

c h l o r i n a t e d e x t r a c t s 6 5

4 . 1 1 I n f l u e n c e o f p H o n T C A A f o r m a t i o n i n

c h l o r i n a t e d e x t r a c t s 6 6

V l l l
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4 . 1 2 I n f l u e n c e o f p H o n M B A A f o r m a t i o n i n
c h l o r i n a t e d e x t r a c t s ; 6 7

4 . 1 3 I n f l u e n c e o f p H o n D B A A f o r m a t i o n i n

c h l o r i n a t e d e x t r a c t s 6 8

4 . 1 4 I n f l u e n c e o f p H o n T B A A f o r m a t i o n i n

c h l o r i n a t e d e x t r a c t s 6 9

4 . 1 5 I n f l u e n c e o f p H o n B r C l A A f o r m a t i o n i n

c h l o r i n a t e d e x t r a c t s 7 0

4 . 1 6 I n f l u e n c e o f p H o n B r C l j A A f o r m a t i o n i n

c h l o r i n a t e d e x t r a c t s 7 1

4 . 1 7 I n f l u e n c e o f p H o n B r s C l A A f o r m a t i o n i n
c h l o r i n a t e d e x t r a c t s 7 2

4 . 1 8 I n f l u e n c e o f p H o n t o t a l H A A f o r m a t i o n i n
c h l o r i n a t e d e x t r a c t s 7 4

4 . 1 9 D i s t r i b u t i o n o f i n d i v i d u a l H A A s p e c i e s i n

e x t r a c t s c h l o r i n a t e d a t p H 6 7 5

4 . 2 0 S u m o f c h l o r i n a t e d , b r o m o - c h l o r o , a n d b r o m i n a t e d

H A A s p e c i e s i n e x t r a c t s c h l o r i n a t e d a t p H 6 7 6

4 . 2 1 D i s t r i b u t i o n o f H A A s i n t o m o n o -
,

d i -
,

a n d
t r i h a l o g e n a t e d s p e c i e s i n e x t r a c t s c h l o r i n a t e d

a t p H 6 7 8

4 . 2 2 B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n t o H A A s

i n e x t r a c t s c h l o r i n a t e d a t p H 6 8 0

4 . 2 3 I n f l u e n c e o f o z o n e o n M C A A f o r m a t i o n i n

e x t r a c t s c h l o r i n a t e d a t p H 8 8 1

4 . 2 4 I n f l u e n c e o f o z o n e o n D C A A f o r m a t i o n i n

e x t r a c t s c h l o r i n a t e d a t p H 8 8 2

4 . 2 5 I n f l u e n c e o f o z o n e o n T C A A f o r m a t i o n i n
e x t r a c t s c h l o r i n a t e d a t p H 8 8 3

4 . 2 6 I n f l u e n c e o f o z o n e o n M B A A f o r m a t i o n i n

e x t r a c t s c h l o r i n a t e d a t p H 8 8 4

4 ,
. 2 7 I n f l u e n c e o f o z o n e o n D B A A f o r m a t i o n i n

e x t r a c t s c h l o r i n a t e d a t p H 8 8 5

4 . 2 8 I n f l u e n c e o f o z o n e o n T B A A f o r m a t i o n i n

e x t r a c t s c h l o r i n a t e d a t p H 8 8 6

4 . 2 9 I n f l u e n c e o f o z o n e o n B r C l A A f o r m a t i o n i n
e x t r a c t s c h l o r i n a t e d a t p H 8

'

8 7

3. x
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4 . 3 0 I n f l u e n c e o f o z o n e o n B r C l 2 A A f o r m a t i o n i n

e x t r a c t s c h l o r i n a t e d a t p H 8 8 8

4 . 3 1 I n f l u e n c e o f o z o n e o n B r j C l A A f o r m a t i o n i n
e x t r a c t s c h l o r i n a t e d a t p H 8 8 9

4 . 3 2 E f f e c t o f p r e - o z o n a t i o n o n t o t a l H A A f o r m a t i o n

i n c h l o r i n a t e d e x t r a c t s 9 4

4 . 3 3 D i s t r i b u t i o n o f i n d i v i d u a l H A A s p e c i e s i n

p r e - o z o n a t e d e x t r a c t s c h l o r i n a t e d a t p H 8 9 6

4 . 3 4 S \ i m o f c h l o r i n a t e d , b r o m o - c h l o r o , a n d b r o m i n a t e d

H A A s p e c i e s i n p r e - o z o n a t e d e x t r a c t s

c h l o r i n a t e d a t p H 8 9 8

4 . 3 5 S u m o f c h l o r i n a t e d , b r o m o - c h l o r o , a n d b r o m i n a t e d

H A A s p e c i e s i n p r e - o z o n a t e d e x t r a c t s

c h l o r i n a t e d a t p H 6 9 9

4 . 3 6 D i s t r i b u t i o n o f H A A s i n t o m o n o -
, d i -

, a n d
t r i h a l o g e n a t e d s p e c i e s i n p r e - o z o n a t e d e x t r a c t s

c h l o r i n a t e d a t p H 8 . 1 0 1

4 . 3 7 D i s t r i b u t i o n o f H A A s i n t o m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s i n p r e - o z o n a t e d

e x t r a c t s c h l o r i n a t e d a t p H 6 1 0 2

4 . 3 8 B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n t o H A A s

i n p r e - o z o n a t e d e x t r a c t s c h l o r i n a t e d a t p H 8 1 0 3

4 . 3 9 B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n t o H A A s

i n p r e - o z o n a t e d e x t r a c t s c h l o r i n a t e d a t p H 6 1 0 4

4 . 4 0 E f f e c t o f b r o m i d e i o n o n c h l o r i n e c o n s i om p t i o n

i n c h l o r i n a t e d e x t r a c t s 1 0 6

4 .
4 1 E f f e c t o f b r o m i d e i o n o n c h l o r i n e c o n s i om p t i o n

i n p r e - o z o n a t e d , c h l o r i n a t e d e x t r a c t s 1 0 8

4 . 4 2 D i s t r i b u t i o n o f i n d i v i d u a l H A A s p e c i e s i n

e x t r a c t s c h l o r a m i n a t e d a t p H 8 1 0 9

4 . 4 3 D i s t r i b u t i o n o f H A A s i n t o m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s i n e x t r a c t s c h l o r a m i n a t e d
a t p H 8 I l l

4 . 4 4 B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n t o H A A s

i n e x t r a c t s c h l o r a m i n a t e d a t p H 8 1 1 2

4 . 4 5 I n f l u e n c e o f o z o n e o n M C A A f o r m a t i o n i n e x t r a c t s

c h l o r a m i n a t e d a t p H 8 1 1 4

4 . 4 6 I n f l u e n c e o f o z o n e o n D C A A f o r m a t i o n i n e x t r a c t s

c h l o r a m i n a t e d a t p H 8 1 1 5
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4 . 4 7 I n f l u e n c e o f o z o n e o n M B A A f o r m a t i o n i n e x t r a c t s

c h l o r a m i n a t e d a t p H 8
. 1 1 6

4 . 4 8 I n f l u e n c e o f o z o n e o n D B A A f o r m a t i o n i n e x t r a c t s

c h l o r a m i n a t e d a t p H 8 1 1 7

4 .
4 9 I n f l u e n c e o f o z o n e o n t o t a l H A A f o r m a t i o n

i n c h l o r a m i n a t e d e x t r a c t s 1 1 8

4 . 5 0 D i s t r i b u t i o n o f i n d i v i d u a l H A A s p e c i e s i n

p r e - o z o n a t e d e x t r a c t s c h l o r a m i n a t e d a t p H 8 1 2 0

4 . 5 1 D i s t r i b u t i o n o f H A A s i n t o m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s i n p r e - o z o n a t e d e x t r a c t s

c h l o r a m i n a t e d a t p H 8 1 2 1

4 . 5 2 B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n t o H A A s i n

p r e - o z o n a t e d e x t r a c t s c h l o r a m i n a t e d a t p H 8 1 2 3

X I

NEATPAGEINFO:id=9409D36E-2FF3-4412-A666-ACF6253CE7F8



L i s t o f T a b l e s

T a b l e P a g e N o

3 A M e t h o d d e t e c t i o n l i m i t s o f H A A s p e c i e s 4 5

3 B C o e f f i c i e n t s o f v a r i a t i o n f o r H A A m e a s u r e m e n t s

f r o m d i f f e r e n t e x p e r i m e n t s 4 7

3 C C o e f f i c i e n t s o f v a r i a t i o n f o r H A A m e a s u r e m e n t s

f r o m t h e s a m e e x p e r i m e n t 4 8

4 A B r o m i d e c o n c e n t r a t i o n s o f p e a k f o r m a t i o n o f

b r o m o - c h l o r o s p e c i e s d u r i n g c h l o r i n a t i o n a t p H 8 5 3

4 B B r o m i d e r a n g e s o f p r i n c i p a l s g i e c i e s f o r m e d

i n e x t r a c t s c h l o r i n a t e d a t p H 8 5 8

4 C I n f l u e n c e o f p H o n b r o m i d e r a n g e s o f p r i n c i p a l
s p e c i e s f o r m e d i n c h l o r i n a t e d e x t r a c t s 7 7

4 D R e l a t i v e r a t e s o f h y d r o x y l r a d i c a l s c a v e n g i n g b y

b r o m i d e i o n a t v a r i o u s b r o m i d e c o n c e n t r a t i o n s 9 3

4 E I n f l u e n c e o f p r e - o z o n a t i o n o n b r o m i d e r a n g e s o f

p r i n c i p a l s p e c i e s f o r m e d i n c h l o r i n a t e d e x t r a c t s 9 7

4 F H A A c o n c e n t r a t i o n s a n d d i s t r i b u t i o n s i n

f i n i s h e d d r i n k i n g w a t e r f r o m t h e M e t r o p o l i t a n

W a t e r D i s t r i c t o f S o u t h e r n C a l i f o r n i a 1 2 4

X 3 . 1
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L i s t o f A b b r e v i a t i o n s

B C A A

B r C l A A

B r C l j A A

B r z C l A A

C V

D B A A

D B C A A

D B F s

D C A A

D C B A A

D O B r

D O C

D P D

E I

G C

H A A S

M B A A

M C A A

M C L

M D L

M S

M t B E

N O M

R A

R R
t

T B A A

T C A A

b r o m o c h l o r o a c e t i c a c i d

b r o m o c h l o r o a c e t i c a c i d

b r o m o d i c h l o r o a c e t i c a c i d

d i b r o m o c h l o r o a c e t i c a c i d

c o e f f i c i e n t o f v a r i a t i o n

d i b r o m o a c e t i c a c i d

d i b r o m o c h l o r o a c e t i c a c i d

d i s i n f e c t i o n b y
-
p r o d u c t s

d i c h l o r o a c e t i c a c i d

d i c h l o r o b r o m o a c e t i c a c i d

d i s s o l v e d o r g a n i c b r o m i d e

d i s s o l v e d o r g a n i c c a r b o n

N
,
N - d i e t h y l - l , 4 -

p h e n y l e n e d i a m i n e

e l e c t r o n i m p a c t

g a s c h r o m a t o g r a p h

h a l o a c e t i c a c i d s

b r o m o a c e t i c a c i d

c h l o r o a c e t i c a c i d

m a x i m u m c o n t a m i n a n t l e v e l

m e t h o d d e t e c t i o n l i m i t

m a s s s p e c t r o m e t e r

m e t h y l t e r t i a r y
- b u t y l e t h e r

n a t u r a l o r g a n i c m a t e r i a l

r e l a t i v e a r e a

r e l a t i v e r e t e n t i o n t i m e

t r i b r o m o a c e t i c a c i d

t r i c h l o r o a c e t i c a c i d

X l l l
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T H A A s t o t a l h a l o a c e t i c a c i d s

T H M s t r i h a l o m e t h a n e s

T O C t o t a l o r g a n i c c a r b o n

T O X t o t a l o r g a n i c h a l o g e n

U S E P A U . S . E n v i r o n m e n t a l P r o t e c t i o n A g e n c y

X I V
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A c k n o w l e d g e m e n t s

I a m t h a n k f u l t o D r . P h i l i p C . S i n g e r f o r h i s s u p p o r t

t h r o u g h o u t t h e d u r a t i o n o f t h i s r e s e a r c h . I a m t h a n k f u l t o

D r . W i l l i a m H
. G l a z e a n d D r

.
A v r a m G o l d f o r s e r v i n g o n m y

c o m m i t t e e .

I a m a d d i t i o n a l l y t h a n k f u l t o D r . G o l d , a n d t o H e i d i

V e r m e u l e n
,

f o r s y n t h e s i z i n g b r o m o d i c h l o r o a c e t i c a c i d ; a n d I a m

t h a n k f u l t o D r . Y u e f e n g X i e a t t h e U n i v e r s i t y o f M a s s a c h u s e t t s

f o r s y n t h e s i z i n g d i b r o m o c h l o r o a c e t i c a c i d .

I a m t h a n k f u l t o G r e g W . H a r r i n g t o n f o r h i s w o r k i n

c o l l e c t i o n o f t h e h u m i c s u b s t a n c e s
. D r . H o w a r d S . W e i n b e r g

p r o v i d e d i n v a l u a b l e a d v i c e o n a n a l y t i c a l t e c h n i q u e s t h r o u g h o u t

t h e c o u r s e o f t h i s r e s e a r c h . L o r i J . H a r r i n g t o n , C a r o l y n B
.

M o j o n n i e r , D a n S . S c h e c h t e r , a n d M a r i a E . Sm i t h p r o v i d e d v a l u a b l e

a d v i c e a n d s u p p o r t i n t h e l a b o r a t o r y .

T h i s r e s e a r c h w a s s u p p o r t e d b y a g r a n t f r o m t h e A m e r i c a n

W a t e r W o r k s R e s e a r c h F o u n d a t i o n . I a m a l s o t h a n k f u l t o t h e

G r a d u a t e S c h o o l f o r p r o v i d i n g a f e l l o w s h i p t h a t a l l o w e d m e t o

s t u d y a t t h i s u n i v e r s i t y .

X V
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C h a p t e r 1

I n t r o d u c t i o n

T h e p r e s e n c e o f h a l o g e n a t e d d i s i n f e c t i o n b y
-
p r o d u c t s ( D B P s )

i n d r i n k i n g w a t e r b e c a m e a c o n c e r n i n t h e e a r l y 1 9 7 0 s w h e n

c h l o r o f o r m w a s i d e n t i f i e d i n N e w O r l e a n s f i n i s h e d d r i n k i n g w a t e r .

T h i s d i s c o v e r y p r o m p t e d t h e U . S . E n v i r o n m e n t a l P r o t e c t i o n A g e n c y

( U S E P A ) t o c o n d u c t t h e N a t i o n a l O r g a n i c s R e c o n n a i s s a n c e S u r v e y o f

r a w w a t e r s a n d f i n i s h e d d r i n k i n g w a t e r s f o r t h e p u r p o s e o f

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

i n t h e w a t e r s . T h i s s t u d y i n c l u d e d e i g h t y w a t e r t r e a t m e n t

f a c i l i t i e s c h o s e n t o r e p r e s e n t a v a r i e t y o f s o u r c e w a t e r

q u a l i t i e s a n d w a t e r t r e a t m e n t p r a c t i c e s , a n d t h e r e s u l t s o f t h e

s t u d y i n d i c a t e d a w i d e s p r e a d o c c u r r e n c e o f h a l o g e n a t e d o r g a n i c s

i n f i n i s h e d d r i n k i n g w a t e r ( 1 ) .

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

b y r e a c t i o n o f t h e c h e m i c a l d i s i n f e c t a n t ( c h l o r i n e
,

c h l o r a m i n e
,

o z o n e , e t c . ) w i t h n a t u r a l o r g a n i c m a t e r i a l ( N OM ) ,
o f w h i c h h u m i c

s u b s t a n c e s a r e t h e p r i n c i p a l c o m p o n e n t . M u c h o f t h e i n i t i a l

r e s e a r c h o n D B P s f o c u s e d o n t h e t r i h a l o m e t h a n e s ( T H M s ) ; h o w e v e r ,

s e v e r a l o t h e r g r o u p s o f D B P s h a v e b e e n i d e n t i f i e d a n d a r e

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

( H A A s ) , h a l o a c e t o n i t r i l e s , h a l o k e t o n e s , h a l o p i c r i n s , c y a n o g e n

h a l i d e s , c h l o r a l h y d r a t e , a n d b r o m a t e . S o m e o f t h e f a c t o r s t h a t

a f f e c t t h e f o r m a t i o n o f D B P s a r e d i s i n f e c t a n t t y p e , d o s e a n d

r e s i d u a l ; t e m p e r a t u r e , p H , r e a c t i o n t i m e , n a t u r e a n d

c o n c e n t r a t i o n o f t o t a l o r g a n i c c a r b o n ( T O G ) , a n d b r o m i d e i o n

c o n c e n t r a t i o n .

T h e r e a r e n i n e s p e c i e s o f h a l o a c e t i c a c i d s c o n t a i n i n g
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c h l o r i n e a n d b r o m i n e . T h e s e s p e c i e s a r e t h e s u b j e c t o f t h e

p r e s e n t r e s e a r c h a n d a r e s h o w n i n F i g u r e 1 . 1 . T h e t o x i c o l o g i c a l

p r o p e r t i e s o f t h e s e c o mp o u n d s a r e n o t w e l l u n d e r s t o o d , b u t t h e y

a r e o f c o n c e r n t o p u b l i c h e a l t h b e c a u s e o f s u s p e c t e d

c a r c i n o g e n i c i t y , a s w e l l a s d e v e l o p m e n t a l , r e p r o d u c t i v e
,

a n d

h e p a t i c t o x i c i t y . D i c h l o r o a c e t i c a c i d ( D C A A ) a n d t r i c h l o r o a c e t i c

a c i d ( T C A A ) h a v e b e e n s t u d i e d m o r e e x t e n s i v e l y t h a n t h e o t h e r

H A A s , a n d t h e y h a v e b e e n i d e n t i f i e d a s m a j o r h a l o g e n a t e d s p e c i e s

b o t h i n l a b o r a t o r y c h l o r i n a t i o n s o f a q u a t i c h u m i c m a t e r i a l s ( 2 - 4 )

a n d i n c h l o r i n a t e d d r i n k i n g w a t e r ( 5 - 6 ) . B r o m i n a t e d H A A s ,

p r i m a r i l y b r o m o a c e t i c a c i d ( M B A A ) a n d d i b r o m o a c e t i c a c i d ( D B A A ) ,

h a v e b e e n i d e n t i f i e d i n w a t e r s c o n t a i n i n g h i g h c o n c e n t r a t i o n s o f

b r o m i d e ( 6 ) . O n l y m i n i m a l s t u d y h a s b e e n c o n d u c t e d o n t h e H A A

s p e c i e s c o n t a i n i n g b o t h c h l o r i n e a n d b r o m i n e ( m i x e d s p e c i e s ) d u e

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

t h i s r e s e a r c h , s t a n d a r d s f o r b r o m o d i c h l o r o a c e t i c a c i d ( B r C l j A A )

a n d d i b r o m o c h l o r o a c e t i c a c i d ( B r j C l A A ) w e r e n o t c o mm e r c i a l l y

a v a i l a b l e b u t h a d b e e n s y n t h e s i z e d a t t h e U n i v e r s i t y o f N o r t h

C a r o l i n a a n d t h e U n i v e r s i t y o f M a s s a c h u s e t t s ; b r o m o c h l o r o a c e t i c

a c i d ( B r C l A A ) h a d r e c e n t l y b e c o m e c o mm e r c i a l l y a v a i l a b l e p r i o r t o

i n i t i a t i o n o f t h i s w o r k .

H a l o a c e t i c a c i d s i n d r i n k i n g w a t e r a r e p r e s e n t l y n o t

r e g u l a t e d , b u t i t i s e x p e c t e d t h a t t h e y w i l l b e i n c l u d e d i n t h e

D i s i n f e c t a n t s / D i s i n f e c t i o n B y
- P r o d u c t s R u l e t o b e p r o p o s e d b y t h e

U S E P A i n 1 9 9 4 . A m a x i m u m c o n t a m i n a n t l e v e l ( M C L ) o f 6 0 |X g / L

"

t o t a l
"

H A A s ( T H A A s ) h a s b e e n p r o p o s e d . T h i s f i g u r e i n c l u d e s

o n l y f i v e o f t h e H A A s : c h l o r o a c e t i c a c i d ( M C A A ) , D C A A , T C A A ,

M B A A a n d D B A A .
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B r o m o c h l o r o a c e t i c a c i d B r o m o d i c h l o r o a c e t i c a c i d

( B r C l A A ) ( B r C 1 2 A A )

D i b r c m o c h l o r o a c e t i c a c i d

{ B r 2 C l A A )

F i g u r e 1 . 1 . C h e m i c a l s t r u c t u r e s o f t h e h a l o a c e t i c a c i d s
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I t i s w e l l k n o w n t h a t n a t u r a l l y o c c u r r i n g b r o m i d e i n r a w

w a t e r s i s r e a d i l y i n c o r p o r a t e d i n t o H A A s i n t h e f o r m o f

o r g a n i c a l l y b o u n d b r o m i n e d u r i n g w a t e r c h l o r i n a t i o n . D r i n k i n g

w a t e r s o u r c e s c o n t a i n i n g h i g h b r o m i d e c o n c e n t r a t i o n s a r e

t y p i c a l l y f o u n d i n c o a s t a l a r e a s w h e r e s e a w a t e r i n t r u s i o n m a y b e

o c c u r r i n g . A r e c e n t n a t i o n w i d e s u r v e y o f b r o m i d e c o n c e n t r a t i o n s

i n U . S . d r i n k i n g w a t e r s o u r c e s e s t i m a t e d t h a t t h e m e a n o c c u r r e n c e

l e v e l o f b r o m i d e i s 6 2 |i g / L w i t h a n o v e r a l l o b s e r v e d r a n g e o f

< 5 - 4 2 9 |I g / L ( 7 ) .

O z o n a t i o n a n d c h l o r a m i n a t i o n a r e a l t e r n a t i v e d i s i n f e c t i o n

s t r a t e g i e s t o c h l o r i n a t i o n , a n d t h e s e t r e a t m e n t t e c h n i q u e s a r e

u s e d b y a n \ am b e r o f w a t e r u t i l i t i e s i n t h e U . S . T h e r e i s

p r e s e n t l y g r e a t i n t e r e s t i n b o t h o z o n a t i o n a n d c h l o r a m i n a t i o n a s

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

w e l l a s c o n c e r n r e g a r d i n g t h e i r r e s p e c t i v e b y
-
p r o d u c t s . O z o n e i s

a n e f f i c i e n t d i s i n f e c t a n t ; h o w e v e r , o z o n e r e s i d u a l s d o n o t

p e r s i s t i n d r i n k i n g w a t e r . O z o n a t e d w a t e r s a r e c o mm o n l y t r e a t e d

w i t h c h l o r i n e o r c h l o r a m i n e a s a s e c o n d a r y d i s i n f e c t a n t t o

m a i n t a i n a r e s i d u a l i n t h e d i s t r i b u t i o n s y s t e m .

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

t h e e f f e c t o f b r o m i d e i o n c o n c e n t r a t i o n o n s p e c i a t i o n o f t h e

h a l o a c e t i c a c i d s . I t i s r e a s o n a b l e t o e x p e c t
,

a n d h e a l t h e f f e c t s

s t u d i e s h a v e s u g g e s t e d , t h a t i n d i v i d u a l H A A s p e c i e s a r e o f

v a r y i n g t o x i c o l o g i c a l s i g n i f i c a n c e . F r o m t h i s c o n s i d e r a t i o n i t

i s e v i d e n t t h a t i n o r d e r t o a c c u r a t e l y a s s e s s r i s k t o h u m a n

h e a l t h i t i s n o t s u f f i c i e n t t o k n o w t h e o c c u r r e n c e o f a f e w

s e l e c t e d s p e c i e s , o r e v e n t h e t o t a l c o n c e n t r a t i o n o f H A A s p e c i e s ,

b u t r a t h e r i t i s i m p o r t a n t t o k n o w t h e o c c u r r e n c e l e v e l s o f e a c h
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i n d i v i d u a l s p e c i e s .
F o r t h i s r e a s o n i t i s i m p o r t a n t t o

u n d e r s t a n d t h e f a c t o r s a f f e c t i n g t h e d i s t r i b u t i o n o f H A A s a m o n g

i n d i v i d u a l s p e c i e s . T h e i n c l u s i o n o f a l l n i n e o f t h e H A A s p e c i e s

i n t h i s s t u d y p r o v i d e s a m o r e c o m p l e t e v i e w o f H A A s p e c i a t i o n

t h a n m a n y o f t h e p r e v i o u s s t u d i e s , w h i c h h a v e f o c u s e d p r i m a r i l y

o n o n l y f i v e o f t h e H A A s .

H a l o a c e t i c a c i d s p e c i a t i o n w a s i n v e s t i g a t e d d u r i n g

c h l o r i n a t i o n
,

o z o n a t i o n a n d c h l o r a m i n a t i o n o f m o d e l w a t e r s

p r e p a r e d f r o m e x t r a c t e d a q u a t i c h u m i c s u b s t a n c e s . C h l o r i n a t i o n s

w e r e c o n d u c t e d a t b o t h p H 8 a n d p H 6 , a n d a l l o z o n a t i o n s w e r e

f o l l o w e d b y e i t h e r c h l o r i n a t i o n o r c h l o r a m i n a t i o n . S e c o n d a r y

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

d i f f e r e n t c h e m i c a l t r e a t m e n t t e c h n i q u e s o n q u a n t i t a t i v e f o r m a t i o n

o f e a c h o f t h e n i n e h a l o a c e t i c a c i d s
, a n d c o m p a r i s o n o f t w o

d i f f e r e n t s o u r c e s o f n a t u r a l o r g a n i c m a t e r i a l w i t h r e s p e c t t o H A A

f o r m a t i o n a n d s p e c i a t i o n .

NEATPAGEINFO:id=5F07C886-708A-4093-8762-B125CEC7741E



C h a p t e r 2

L i t e r a t u r e R e v i e w

C h l o r i n a t i o n o f d r i n k i n g w a t e r i s k n o w n t o p r o d u c e b o t h

h a l o g e n a t e d a n d n o n - h a l o g e n a t e d p r o d u c t s , a n d o n l y a f r a c t i o n o f

t h e s e c h l o r i n a t i o n p r o d u c t s h a v e b e e n i d e n t i f i e d a n d

c h a r a c t e r i z e d . I n 1 9 8 0 C h r i s t m a n e t a l . ( 3 ) i d e n t i f i e d s e v e r a l

c h l o r i n a t e d a n d n o n - c h l o r i n a t e d o r g a n i c a c i d s a s p r o d u c t s o f

c h l o r i n a t i o n o f a q u a t i c h u m i c s u b s t a n c e s a t p H 1 2 , a n d t h e s e

r e s e a r c h e r s n o t e d t h a t D C A A a n d T C A A w e r e p a r t i c u l a r l y a b u n d a n t .

T h e s e r e s u l t s w e r e c o n f i r m e d b y a d d i t i o n a l c h l o r i n a t i o n s t u d i e s

o f a q u a t i c h u m i c s u b s t a n c e s b o t h a t p H 1 2 a n d a t n e u t r a l p H

( 2 , 4 ) . I n 1 9 8 3 U d e n a n d M i l l e r ( 5 ) i d e n t i f i e d D C A A a n d T C A A i n

t a p w a t e r a t l e v e l s s i m i l a r t o t h a t o f c h l o r o f o r m ( 3 0 - 1 6 0 |X g / L ) .

A n a t i o n - w i d e s u r v e y o f t h e o c c u r r e n c e o f d i s i n f e c t i o n b y
¬

p r o d u c t s i n U . S . f i n i s h e d d r i n k i n g w a t e r s e s t i m a t e d t h e m e d i a n

c o n c e n t r a t i o n o f
"

t o t a l " h a l o a c e t i c a c i d s p e c i e s t o b e 1 9 p g / L

( 6 ) . T h i s e s t i m a t e i s t h e s i om o f o n l y f i v e o f t h e H A A s p e c i e s :

M C A A , D C A A , T C A A , M B A A a n d D B A A .

H e a l t h e f f e c t s

T h e h e a l t h e f f e c t s o f h a l o a c e t i c a c i d s a r e n o t w e l l

u n d e r s t o o d , a n d m u c h o f w h a t i s k n o w n i s b a s e d o n s t u d i e s o f

l a b o r a t o r y a n i m a l s e x p o s e d t o h i g h c o n c e n t r a t i o n s ( o n t h e o r d e r

o f g / L ) o f i n d i v i d u a l c o mp o u n d s . T h e c h l o r i n a t e d a c e t i c a c i d s

h a v e b e e n s t u d i e d t h e m o s t ; l i m i t e d s t u d y o f M B A A a n d D B A A i n

r e l a t i o n t o r e p r o d u c t i v e a n d d e v e l o p m e n t a l t o x i c i t y h a s r e c e n t l y

b e g u n ( 8 ) .

B o t h D C A A a n d T C A A h a v e b e e n s h o w n t o i n d u c e h e p a t i c t u m o r s

#
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i n m i c e ( 9 - 1 1 ) . B o t h c o mp o u n d s a r e a l s o a s s o c i a t e d w i t h h e p a t i c

t o x i c i t y i n m i c e a n d r a t s , a n d D C A A a p p e a r s t o c a u s e m o r e s e v e r e

e f f e c t s t h a n T C A A ( 1 0 , 1 2 ) . L a r s o n a n d B u l l ( 1 3 ) o b s e r v e d t h a t

D C A A i s m e t a b o l i z e d t o a g r e a t e r e x t e n t t h a n T C A A i n r a t s a n d

m i c e , a n d i t i s e x p e c t e d t h a t t h e t o x i c i t y a n d c a r c i n o g e n i c i t y o f

D C A A r e s u l t f r o m b i o l o g i c a l l y r e a c t i v e m e t a b o l i t e s o f t h i s

c o m p o u n d .

H a l o a c e t i c a c i d s h a v e a l s o b e e n a s s o c i a t e d w i t h

d e v e l o p m e n t a l a n d r e p r o d u c t i v e t o x i c i t y . D C A A a n d T C A A h a v e b o t h

b e e n s h o w n t o i n d u c e a d v e r s e d e v e l o p m e n t a l e f f e c t s i n r a t s ,

p r i n c i p a l l y c a r d i o v a s c u l a r m a l f o r m a t i o n s ( 1 4
,
1 5 ) . I n a d d i t i o n ,

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

D C A A ( 1 6 ) .

A <^ e o u s c h e m i s t r y o f c h l o r i n e a n d b r o m i n e

I t i s t h o u g h t t h a t t h e m a j o r i t y o f h a l o g e n a t e d d i s i n f e c t i o n

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

h \ i m i c s u b s t a n c e s i n d r i n k i n g w a t e r . T h e c h e m i c a l s t r u c t u r e o f

a q u a t i c h u m i c s u b s t a n c e s h a s n o t b e e n e l u c i d a t e d ( a n d i t i s

e x p e c t e d t h a t s t r u c t u r e m a y v a r y f r o m o n e s o u r c e t o t h e n e x t ) ,

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

a r o m a t i c r i n g s , h y d r o x y l g r o u p s , m e t h o x y l g r o u p s , c a r b o x y l

g r o u p s , p h e n o l i c g r o u p s , k e t o n e s a n d a l d e h y d e s .

A q u e o u s c h l o r i n e ( H O C l ) r e a c t s w i t h o r g a n i c c o mp o u n d s

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

s o l u t i o n a n e q u i l i b r i u m i s e s t a b l i s h e d b e t w e e n H O C l a n d O C l
"

,

w i t h H O C l b e i n g t h e m o r e r e a c t i v e o f t h e t w o s p e c i e s :

H O C l ; ^ = = = i H
*

+ O C l
"

p K
a

= 7 . 6 @ 1 5 - 2 0 ° C

NEATPAGEINFO:id=60A1F8C3-5486-4C3F-B2C2-4E46F571D1D5



c h l o r i n e i s k n o w n t o e l e c t r o p h i l i c a l l y a d d t o d o u b l e b o n d s :

R
_

,
R

3
R
i

R
3

.
C - C

, + H O C l ► R
2

- C - C -
R

4
^
2

^
4 c

'

l O H

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

C h l o r i n e i s a l s o k n o w n t o p a r t i c i p a t e i n e l e c t r o p h i l i c

a r o m a t i c s u b s t i t u t i o n ,
a s i n t h e c h l o r i n a t i o n o f p h e n o l :

O * « ° c i —* ■ O
C I

T h e a r o m a t i c r i n g i s a c t i v a t e d b y s u b s t i t u e n t s s u c h a s - O K ,
- O C H

3

a n d - N R j w h i c h c a n d o n a t e e l e c t r o n d e n s i t y t o t h e r i n g ,

s t a b i l i z i n g i n t e r m e d i a t e s . I t i s b e l i e v e d t h a t a c t i v a t e d

a r o m a t i c g r o u p s i n h u m i c s u b s t a n c e s a r e p a r t i c u l a r l y i m p o r t a n t

d i s i n f e c t i o n b y
-
p r o d u c t p r e c u r s o r s ( 1 7 ) .

I n a d d i t i o n , H O C l a n d O C l
"

a r e s t r o n g o x i d a n t s . T h e i r

o x i d a t i o n p o t e n t i a l s a r e :

H O C l + H
*

+ 2 e
-

> C I
"

+ H
j
O E q

= + 1 . 4 9 v o l t s

O C l
"

+ 2 H
*

+ 2 a
'

> C I
"

+ H
j
O E

q
= + 1 . 7 1 v o l t s

H O C l c a n r e a c t w i t h o r g a n i c c o m p o u n d s s i mp l y a s a n o x i d a n t ,

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

t h e o x i d a t i o n o f a n a l d e h y d e t o a c a r b o x y l i c a c i d :

R
-
C - H + H O C l ► R -

C - O H + H + c i
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I n a d d i t i o n
, c h l o r i n e i s c a p a b l e o f o x i d a t i v e l y c l e a v i n g r i n g

s t r u c t u r e s .

H y p o c h l o r o u s a c i d o x i d i z e s b r o m i d e i o n t o h y p o b r o m o u s a c i d .

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

t h e o x i d a t i o n p o t e n t i a l s :

E n ( v o l t s )

H O C l + H
"

+ 2 e
'

> C I
"

+ H j O + 1 . 4 9

B r
"

+ H
j
O > H O B r + H

"

+ 2 e
"

- 1 . 3 3

H O C l + B r
'

> H O B r + C I
'

+ 0 . 1 6

T h i s h a s b e e n s h o w n t o b e a r a p i d r e a c t i o n a t 2 5 ° C , w i t h a r a t e

e x p r e s s i o n o f t h e f o r m d [ H O B r ] / d t = k [ H O C l ] [ B r
'

] a n d a s e c o n d -

o r d e r r a t e c o n s t a n t k = 2 . 9 5 x 1 0
^

M
' ^

s e c
" ^

( 1 8 ) .

T h e r e a c t i o n s o f H O B r a r e s i m i l a r i n m e c h a n i s m t o t h o s e o f

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

s u b s t i t u t i o n a n d o x i d a t i o n . L i k e H O C l , a n e q u i l i b r i u m i s

e s t a b l i s h e d b e t w e e n h y p o b r o m o u s a c i d a n d h y p o b r o m i t e i o n i n

a q u e o u s s o l u t i o n :

H O B r ^
= = = = ^ H

*

+ O B r
"

p K
^

= 8 . 7 @ 1 5 - 2 0 ° C

A g a i n H O B r i s t h e m o r e r e a c t i v e o f t h e t w o s p e c i e s .

S o m e r e s e a r c h e r s ( 1 9 - 2 1 ) h a v e s u g g e s t e d t h a t b r o m i n e a n d

c h l o r i n e s p e c i e s t h a t a r e m o r e e l e c t r o p h i l i c t h a n H O C l a n d H O B r

a r e r e s p o n s i b l e f o r m u c h o f t h e a q u e o u s h a l o g e n a t i o n o f o r g a n i c

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

e l e c t r o p h i l i c s p e c i e s t h a t h a v e b e e n p r o p o s e d i n c l u d e B r C l , B r j ,

C I
2 , H j O B r

*

, H
2
O C I

*

a n d C l j O . I n s t u d y i n g t h e a q u e o u s c h l o r i n a t i o n

a n d b r o m i n a t i o n o f p
- x y l e n e , V o u d r i a s e t a l . ( 2 0 ) o b s e r v e d t h a t

h a l o g e n a t i o n w a s c a t a l y z e d b y H
*

, C I
'

, a n d B r
'

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

B r C l > C I
2

~ C I
2
O > B r

2
> H O B r > H O C l

I n a d d i t i o n , t h e y s u g g e s t e d t h a t H 2 0 B r
*

m a y b e e v e n m o r e r e a c t i v e

t h a n B r C l . E v e n t h o u g h t h e c o n c e n t r a t i o n s o f t h e s e m o r e

e l e c t r o p h i l i c s p e c i e s a r e v e r y s m a l l a t n e a r - n e u t r a l p H , i t h a s

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

o f t h e i r h i g h r e a c t i v i t y .
T h e o r e t i c a l c a l c u l a t i o n s f o r t h e

h a l o g e n a t i o n o f a r o m a t i c c o m p o u n d s a t p H 6 s u g g e s t e d t h a t B r C l i s

t h e m o s t i mp o r t a n t b r o m i n a t i n g s p e c i e s e v e n t h o u g h i t s

c o n c e n t r a t i o n i s f i v e o r d e r s o f m a g n i t u d e l e s s t h a n t h a t o f H O B r

( 2 1 ) . T h e s e c a l c u l a t i o n s p r e d i c t e d t h e i mp o r t a n c e o f

h a l o g e n a t i n g s p e c i e s t o b e i n t h e o r d e r :

B r C l > H 2 0 B r
*

> C l j
> C l j O > H O B r

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

l o w p H ,
a n d i t h a s b e e n o b s e r v e d t h a t t o t a l o r g a n i c h a l o g e n ( T O X )

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

w i t h d e c r e a s i n g p H ( 1 7 , 2 2 ) .

M e c h a n i s m s o f H A A f o r m a t i o n

T h e c h e m i c a l p a t h w a y s b y w h i c h h a l o a c e t i c a c i d s a r e f o r m e d

d u r i n g c h l o r i n a t i o n o f r a w w a t e r s a r e n o t w e l l u n d e r s t o o d
.

U n c e r t a i n t y i n t h e c h e m i c a l s t r u c t u r e o f h u m i c s u b s t a n c e s m a k e s

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

M u c h o f t h e r e s e a r c h i n t h i s a r e a h a s i n v o l v e d c h l o r i n a t i o n o f

m o d e l c o m p o u n d s w i t h s t r u c t u r a l c h a r a c t e r i s t i c s b e l i e v e d t o b e

s i m i l a r t o t h o s e o f h u m i c s u b s t a n c e s . S i n c e a c t i v a t e d a r o m a t i c

c o m p o u n d s t e n d t o b e h i g h l y r e a c t i v e w i t h c h l o r i n e , a n d a c t i v a t e d

a r o m a t i c g r o u p s a r e k n o w n t o b e p r e s e n t i n h u m i c s u b s t a n c e s , i t

1 0
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i s e x p e c t e d t h a t s u c h g r o u p s m a y b e p r e c u r s o r s o f d i s i n f e c t i o n

b y
-
p r o d u c t s w h e n d r i n k i n g w a t e r i s c h l o r i n a t e d . I n a s t u d y o f

t h e c h l o r i n a t i o n o f f u l v i c a c i d s a n d h u m i c a c i d s , R e c k h o w e t a l .

( 1 7 ) o b s e r v e d g r e a t e r y i e l d s o f T O X , C H C I 3 , T C A A a n d D C A A f r o m

t h e h u m i c a c i d f r a c t i o n o f n a t u r a l o r g a n i c m a t e r i a l ; c o m p a r e d t o

t h e f u l v i c a c i d f r a c t i o n , t h e h \ i m i c a c i d s h a d g r e a t e r

a r o m a t i c i t y , g r e a t e r p h e n o l i c c o n t e n t , g r e a t e r U V
2 5 4 a b s o r b a n c e

( a n i n d i c a t o r o f u n s a t u r a t i o n ) , a n d l e s s c a r b o x y l c o n t e n t . I n a

s t u d y o f m o d e l c o m p o u n d s c h l o r i n a t e d a t p H 7 , R e c k h o w a n d

S i n g e r ( 2 2 ) o b s e r v e d r e l a t i v e l y h i g h y i e l d s o f T C A A f r o m t h e

f o l l o w i n g c o m p o u n d s :

C O O H

n o
H C O

p h e n o l v a n i l l i c a c i d s y r i n g e a l d e h y d e

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

s i g n i f i c a n t , y i e l d s o f T C A A :

o
0 0
1 1 I I

H C
-
C
-
C - 0

3

1 , 2 - d i h y d r o x y b e n z e n e
. p y r u v a t e

1 1
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C h l o r i n a t i o n o f e a c h o f t h e s e f i v e c o mp o u n d s a t p H 7 p r o d u c e d

D C A A a s w e l l , b u t i n m u c h s m a l l e r a m o u n t s . A m o n g t h e s e m o d e l

c o m p o u n d s t h e r a t i o o f T C A A / D C A A r a n g e d f r o m 1 4 - 2 0 . A

P- k e t o e s t e r o f t h e f o r m :

O H O
11 I I I

H C - C - C - C -
O C H C H

3
'

2 3

w a s i d e n t i f i e d a s p r o d u c i n g h i g h y i e l d s o f D C A A , w i t h a r a t i o o f

D C A A / T C A A = 4 5 0 . P o s s i b l e r e a c t i o n p a t h w a y s w e r e p r o p o s e d f o r

t h e f o r m a t i o n o f D C A A a n d T C A A f r o m P- d i k e t o n e s a n d f r o m

p y r u v a t e ; t h e s e p a t h w a y s a r e s h o w n i n F i g u r e 2 . 1 .

D e L e e r e t a l . ( 2 3 ) h a v e o b s e r v e d t h e f o r m a t i o n o f s o m e

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

c h l o r i n a t i o n o f t e r r e s t r i a l h u m i c s u b s t a n c e s a t c o n d i t i o n s o f l o w

c h l o r i n e d o s e . T h e i d e n t i f i e d c o m p o u n d s w e r e o f t h e f o r m :

0 O H
11 I

C I c
- c - c = c — C I c

-
c
-

3 1 1 3
'

H

I t h a s b e e n s u g g e s t e d t h a t s u c h c o m p o u n d s m a y b e i n t e r m e d i a t e s i n

t h e f o r m a t i o n o f T C A A a n d C H C I
3 ( 1 7 ) .

F a c t o r s a f f e c t i n g H A A f o r m a t i o n

F a c t o r s t h a t a r e k n o w n t o h a v e a n e f f e c t o n h a l o a c e t i c a c i d

f o r m a t i o n i n c h l o r i n a t e d w a t e r s i n c l u d e c h l o r i n e d o s e , p H o f

1 2
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O H O
I I I I I

R
' — C — C

— C — R
I

H

/S
- d i k e t o n e

H O C l

0 C I o
I I I I I

R
' — C — C

—
C
—

R
1

C I

o o
_ I I I I

H C
—

C
—

C
—

O

2

H OC l

C I O 0
I I I I I

H
—

C
—

C
—

C
—

O
I

H

H O C l

O O
I I I I

H C
—

C
—

C
—

O

3

p y r u v a t e

- H O C l
- * - M C A A C O .

h y d r o l y s i s

I n R = O H , O R

H
—

C
—

C
—

R ►
I

C I

D C A A

C I 0 0
1 I I I I

H
—

C
—

C
-

C
—

0
I

C I

H O C l

H O C l
- > • D C A A + ' ^

H O C l

C I O
I I I

C l
-
C
—

C
—

R

C I

H O C l O H

C I O 0
I I I I I

C l
-
C
—

c
—

c
—

o
I

C I

H O C l O H

T CAJ ^ + C C^ C H C I
3

T C A A C H C l .

F i g u r e 2 . 1 P r o p o s e d p a t h w a y s o f H A A f o r m a t i o n

( f r o m R e c k h o w a n d S i n g e r ( 2 2 ) )

1 3
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•

c h l o r i n a t i o n , r e a c t i o n t i m e ,

" T O C c o n c e n t r a t i o n , b r o m i d e i o n

c o n c e n t r a t i o n , a n d t e m p e r a t u r e . M u c h o f w h a t i s p r e s e n t l y k n o w n

i s b a s e d o n s t u d i e s i n v o l v i n g o n l y M C A A , D C A A , T C A A , M B A A a n d

D B A A . L i t t l e i s k n o w n a b o u t h o w t h e s e f a c t o r s a f f e c t f o r m a t i o n

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

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

M i l l e r a n d U d e n ( 2 4 ) i n v e s t i g a t e d t h e i n f l u e n c e o f c h l o r i n e

d o s e o n D C A A a n d T C A A f o r m a t i o n f r o m s o i l f u l v i c a c i d s , a n d t h e y

o b s e r v e d t h a t t h e f o r m a t i o n o f t h e s e c o mp o u n d s w a s e n h a n c e d b y

h i g h c h l o r i n e d o s e s . I n a d d i t i o n , T C A A a p p e a r e d t o b e m o r e

g r e a t l y a f f e c t e d b y t h e r a t i o o f N a O C l t o o r g a n i c c a r b o n ( C ) t h a n

d i d D C A A . R e l a t i v e f o r m a t i o n o f D C A A c o m p a r e d t o T C A A w a s

d e p e n d e n t o n c h l o r i n e d o s e
.

A t a l o w c h l o r i n e d o s e

(m g N a O C l / m g C = 0 . 5 ) , t h e f o r m a t i o n o f D C A A w a s g r e a t e r t h a n

t h a t o f T C A A ; b u t a t h i g h e r c h l o r i n e d o s e s ( N a O C l / C > 1 ) , T C A A

w a s f o r m e d i n e x c e s s o f D C A A . A t v e r y h i g h c h l o r i n e d o s e s

(N a O C l / C > 5 ) , a f a i r l y c o n s t a n t r a t i o o f T C A A / D C A A = 3 w a s

o b s e r v e d .

S t u d y i n g t h e f o r m a t i o n o f H A A s f r o m c h l o r i n a t i o n o f

c o m m e r c i a l h u m i c a c i d i n t h e p r e s e n c e o f b r o m i d e i o n ,

P o u r m o g h a d d a s e t a l . ( 2 5 ) o b s e r v e d t h a t a h i g h c h l o r i n e d o s e

s l i g h t l y i n c r e a s e d T C A A a n d B r C l A A f o r m a t i o n , g r e a t l y i n c r e a s e d

B r C l
j
A A a n d B r s C l A A f o r m a t i o n

,
a n d d i d n o t s i g n i f i c a n t l y a f f e c t

D C A A f o r m a t i o n . C o n v e r s e l y , D B A A a n d t r i b r o m o a c e t i c a c i d ( T B A A )

w e r e e n h a n c e d b y a l o w e r c h l o r i n e d o s e
.

A g e n e r a l t r e n d o f i n c r e a s i n g H A A f o r m a t i o n w i t h d e c r e a s i n g

p H h a s b e e n o b s e r v e d f o r s e v e r a l o f t h e H A A s p e c i e s . S t u d i e s o f

D C A A a n d T C A A b y M i l l e r a n d U d e n ( 2 4 ) a n d R e c k h o w a n d S i n g e r ( 2 2 )

1 4
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s u g g e s t t h a t a l t h o u g h s u c h a n o v e r a l l t r e n d i s o b s e r v a b l e , t h e

b e h a v i o r o f t h e s e s p e c i e s a s a f u n c t i o n o f p H i s b o t h n o n - l i n e a r

a n d c o m p l e x . I n c h l o r i n a t e d w a t e r s c o n t a i n i n g b r o m i d e i o n i n t h e

p H r a n g e 5 - 9 . 4 , P o u r m o g h a d d a s e t a l . ( 2 5 ) o b s e r v e d t h a t t h e

f o r m a t i o n o f T C A A , B r C l A A , B r C l j A A , B r z C l A A a n d T B A A w a s c l e a r l y

e n h a n c e d a t l o w p H . p H a p p e a r e d t o h a v e l e s s , i f a n y , e f f e c t o n

D C A A , M B A A a n d D B A A f o r m a t i o n
.

F o r m a t i o n o f t h e h a l o a c e t i c a c i d s g e n e r a l l y i n c r e a s e s w i t h

i n c r e a s i n g r e a c t i o n t i m e . D C A A a n d T C A A h a v e b e e n s h o w n t o

e x h i b i t r a p i d i n i t i a l f o r m a t i o n d u r i n g t h e f i r s t f e w m i n u t e s o f

c h l o r i n a t i o n ( 2 4 ,
2 6 ) . D o r e e t a l . ( 2 6 ) a n d Z h u a n d R e c k h o w ( 2 7 )

h a v e o b s e r v e d c o n t i n u e d , s l o w f o r m a t i o n o f t h e s e c o m p o u n d s e v e n

a f t e r 6 d a y s o f r e a c t i o n . P o u r m o g h a d d a s e t a l . ( 2 5 ) d i d o b s e r v e

a s l i g h t d e c r e a s e i n T B A A c o n c e n t r a t i o n a t 1 6 8 h o u r s r e l a t i v e t o

4 8 h o u r s ; t h i s i s l i k e l y d u e t o t h e i n s t a b i l i t y o f t h i s c o m p o u n d
.

C o m p e t i t i o n b e t w e e n c h l o r i n e a n d b r o m i n e i n h a l o g e n a t i o n

r e a c t i o n s w i t h h u m i c s u b s t a n c e s

S e v e r a l r e s e a r c h e r - s h a v e o b s e r v e d t h a t b r o m i n e a p p e a r s t o b e

m o r e r e a c t i v e t h a n c h l o r i n e i n s u b s t i t u t i o n r e a c t i o n s w i t h

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

s u b s t a n c e s i n t h e p r e s e n c e o f b r o m i d e i o n ( 2 0 , 2 1
, 2 8 , 2 9 ) . B r o m i n e

i s e x p e c t e d t o b e m o r e r e a c t i v e t h a n c h l o r i n e i n a d d i t i o n a n d

s u b s t i t u t i o n r e a c t i o n s b e c a u s e i t i s a m o r e p o l a r i z a b l e m o l e c u l e
.

R o o k e t a l . ( 2 8 ) o b s e r v e d a m o l a r r a t i o o f c h l o r i n e t o b r o m i n e

i n c o r p o r a t i o n i n t o T H M s o f C I / B r = 5 . 5 w i t h a m o l a r r a t i o o f

( a d d e d c h l o r i n e ) / B r
"

e q u i v a l e n t t o 4 0 . V o u d r i a s e t a l . ( 2 1 )

o b s e r v e d t h a t t h e c h l o r i n a t i o n d f p
- x y l e n e i n t h e p r e s e n c e o f B r

"

1 5
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p r o d u c e d m u c h g r e a t e r a m o u n t s o f b r o m o -
p

- x y l e n e t h a n c h l o r o -
p

-

x y l e n e e v e n t h o u g h t h e c o n c e n t r a t i o n o f H O C l w a s 3 - 5 x g r e a t e r

t h a n t h a t o f B r
"

. I n a d d i t i o n , S w e e t m a n e t a l . ( 3 0 ) o b s e r v e d

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

w i t h H O C l + B r
"

t h a n f r o m t r e a t m e n t w i t h B r
"
- f r e e H O B r a l o n e .

I t

w a s s u g g e s t e d t h a t s o m e H O B r p a r t i c i p a t e s i n o x i d a t i o n r e a c t i o n s

w i t h p r o d u c t i o n o f B r
"

, a n d t h i s B r
"

c a n b e r e o x i d i z e d t o H O B r

w h e n H O C l i s p r e s e n t . B a s e d o n s t u d i e s o f r e s o r c i n o l r e a c t e d

w i t h e g u i m o l a r H O C l a n d H O B r , R o o k e t a l . ( 2 8 ) c o n c l u d e d t h a t

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

a n d b r o m i n e i n e l e c t r o p h i l i c s u b s t i t u t i o n r e a c t i o n s .

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

c o n c e n t r a t i o n o n T H M f o r m a t i o n a n d s p e c i a t i o n i n c h l o r i n a t e d

w a t e r s ( 2 9 , 3 1
- 3 4 ) . T h e s e s t u d i e s h a v e i d e n t i f i e d b r o m i d e

c o n c e n t r a t i o n a n d T O C c o n c e n t r a t i o n a s i mp o r t a n t f a c t o r s i n T H M

s p e c i a t i o n . I n g e n e r a l , a s b r o m i d e i o n c o n c e n t r a t i o n i n c r e a s e s ,

c h l o r o f o r m f o r m a t i o n d e c r e a s e s , b r o m o f o r m i n c r e a s e s , a n d t h e

m i x e d s p e c i e s (b r o m o d i c h l o r o m e t h a n e a n d d i b r o m o c h l o r o m e t h a n e )

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

F i g u r e 2 . 2
.

A d d i t i o n a l l y ,
s e v e r a l s t u d i e s h a v e s h o w n t h a t t h e |J M

c o n c e n t r a t i o n o f t o t a l T H M s i n c r e a s e s w i t h i n c r e a s i n g b r o m i d e

c o n c e n t r a t i o n ( 2 9 , 3 1 , 3 4 ) ; h o w e v e r . C o o p e r e t a l . ( 3 3 ) d i d n o t

o b s e r v e a d e p e n d e n c e o f t o t a l T H M f o r m a t i o n o n b r o m i d e i o n

c o n c e n t r a t i o n . L u o n g e t a l . ( 3 2 ) d e m o n s t r a t e d t h a t d e c r e a s i n g

T O C c o n c e n t r a t i o n s h i f t s s p e c i a t i o n t o m o r e b r o m i n a t e d T H M s .

T h i s s t u d y a l s o s h o w e d t h a t d e c r e a s i n g t h e c h l o r i n e d o s e f r o m 8

t o 2 m g / L ( T O C = 2 . 5 m g / L ) r e s u l t e d i n d e c r e a s e d t o t a l T H M

f o r m a t i o n b u t d i d n o t s i g n i f i c a n t l y c h a n g e t h e d i s t r i b u t i o n o f
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C H B r
3

C H B r
^
C I

C H B r C I

0 2 0 3 0 4 0 5 0 6 0 7

b r o m i d e / c h l o r in e r a t io

O B 0 9 1 0

F i g u r e 2 . 2
.

S p e c i a t i o n o f T H M s a s a f u n c t i o n o f b r o m i d e / c h l o r i n e

(m g / m g ) r a t i o 2 . 5 m g / L f u l v i c a c i d , 2 5 m g / L c h l o r i n e , p H 7 , 2 0 ° C , 2 4

h o u r s r e a c t i o n t i m e ( f r o m O l i v e r ( 3 4 ) ) .

2 5 0 -
,

T C A A

2 0 0 -

5 1 0 0 -
T B A A

D 8 C A AD C A A

D B A A

D C B A A

B C A A

B r
"

t o C I
2
—m g /m g

F i g u r e 2 . 3 . S p e c i a t i o n o f H A A s a s a f u n c t i o n o f b r o m i d e / c h l o r i n e

(m g / m g ) r a t i o . 2 . 8 3 mg / L h u m i c a c i d , 1 1 . 5 m g / L c h l o r i n e
, p H 7

, 2 5 ° C ,

1 6 8 h o u r s r e a c t i o n t i m e ( f r o m P o u r m o g h a d d a s e t a l . ( 2 5 ) ) .
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s p e c i e s .

P o u r m o g h a d d a s e t a l . ( 2 5 ) h a v e s h o w n t h a t b e h a v i o r o f t h e

H A A s p e c i e s w i t h r e s p e c t t o b r o m i d e c o n c e n t r a t i o n a p p e a r s t o b e

s i m i l a r i n s o m e w a y s t o t h a t o f t h e T H M s . W i t h i n c r e a s i n g

b r o m i d e c o n c e n t r a t i o n , t h e f o r m a t i o n o f D C A A a n d T C A A d e c r e a s e d ,

M B A A , D B A A a n d T B A A i n c r e a s e d , a n d B r C l A A , B r C l
z
A A a n d B r

2
C l A A

p a s s e d t h r o u g h a m a x i m i u n v a l u e ( F i g u r e 2 . 3 ) . I t a p p e a r s t h a t a t

l o w b r o m i d e / c h l o r i n e r a t i o s ( < 0 . 0 5 o n a m g / m g b a s i s ) , t h e

p r i n c i p a l s p e c i e s f o r m e d , i n d e c r e a s i n g o r d e r o f s i g n i f i c a n c e ,

w e r e T C A A , D C A A , B r C l s A A , B r C l A A , B r
j
C l A A , D B A A a n d T B A A . A t t h e

h i g h e s t b r o m i d e - c o n c e n t r a t i o n s t u d i e d ( 4 . 5 m g / L ) , H A A f o r m a t i o n

w a s i n t h e o r d e r :

T B A A > D B A A > B r
j
C l A A > B r C l A A > B r C l j A A , D C A A > T C A A .

A q u e o u s c h e m i s t r y o £ c h l o r a m i n e s

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

c h l o r i n a t i o n w h i c h i s k n o w n t o p r o d u c e l o w e r l e v e l s o f H A A s , T H M s

a n d T O X . I n t y p i c a l w a t e r t r e a t m e n t p r a c t i c e
,

c h l o r a m i n e s a r e

f o r m e d b y r e a c t i n g h y p o c h l o r o u s a c i d ( f r e e c h l o r i n e ) w i t h

a m m o n i a . R e a c t i o n o f f r e e c h l o r i n e w i t h o r g a n i c n i t r o g e n t h a t

m a y b e p r e s e n t i n n a t u r a l w a t e r s p r o d u c e s o r g a n i c c h l o r a m i n e s .

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

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

T h e c h l o r a m i n e s p e c i e s o f p r i n c i p a l i n t e r e s t i n w a t e r

d i s i n f e c t i o n i s m o n o c h l o r a m i n e ( N H
j
C l ) . C o m p a r e d t o f r e e

c h l o r i n e , m o n o c h l o r a m i n e i s a w e a k e r o x i d a n t , a w e a k e r

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

M o n o c h l o r a m i n e i s f o r m e d b y r e a c t i o n o f e q u i m o l a r a m o u n t s o f f r e e
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c h l o r i n e a n d a m m o n i a :

H O C l + N H
3

^
,

N H j C l + H
j
O K

^ g

= 1 . 5 x 1 0
^ ^

( 3 5 )

T h e s e c o n d - o r d e r r a t e c o n s t a n t f o r t h e f o r w a r d r e a c t i o n i s

k = 4 . 2 x l O
^

M
' ^

s e c
"
^

a t 2 5 ° C ( 3 6 ) . T h e r e v e r s e r e a c t i o n , h y d r o l y s i s

o f m o n o c h l o r a m i n e t o f r e e c h l o r i n e a n d a m m o n i a , o c c u r s w i t h a

f i r s t o r d e r r a t e c o n s t a n t o f 2 . 1 x 1 0
"
=

s e c
'
^

a t 2 5
°
C ( 3 6 ) . W h e n

e x c e s s f r e e c h l o r i n e i s p r e s e n t , d i - a n d t r i c h l o r a m i n e s p e c i e s

( N H C l j , N C I 3 ) c a n b e f o r m e d a s w e l l . T h e f o r m a t i o n o f

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

H 0 C 1 : N H 3
< 1 : 1 .

T h e m e c h a n i s m s o f r e a c t i o n s b e t w e e n c h l o r a m i n e s a n d a q u a t i c

h u m i c s u b s t a n c e s a r e n o t w e l l u n d e r s t o o d . I t h a s b e e n s u g g e s t e d

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

t h e a c t i v e c h l o r i n a t i n g s p e c i e s m a y b e t h e s m a l l c o n c e n t r a t i o n s

o f f r e e c h l o r i n e t h a t a r e i n e q u i l i b r i u m w i t h m o n o c h l o r a m i n e

( 3 7 ) .

A q u e o u s c h e m i s t z v o f o z o n e

O z o n e i s a s t r o n g o x i d a n t ,
a n d i t i s h i g h l y r e a c t i v e w i t h

n a t u r a l o r g a n i c m a t e r i a l i n w a t e r . O z o n e i s a l s o k n o w n t o

d e c o mp o s e a u t o c a t a l y t i c a l l y i n a q u e o u s s o l u t i o n , a n d a p a t h w a y

f o r t h e d e c o m p o s i t i o n h a s b e e n d e s c r i b e d b y S t a e h e l i n a n d H o i g n e

( 3 8 ) . T h e d e c o m p o s i t i o n o f o z o n e i s i n t i t i a t e d b y h y d r o x i d e i o n ,

a n d m o l e c u l a r o z o n e i s t h u s l e s s s t a b l e a t e l e v a t e d p H
. A n

i m p o r t a n t p r o d u c t o f o z o n e d e c o mp o s i t i o n i s t h e h y d r o x y l r a d i c a l

C O H ) , w h i c h p r o p a g a t e s t h e r a d i c a l c h a i n d e c o m p o s i t i o n o f o z o n e .

R a d i c a l s c a v e n g e r s s u c h a s c a r b o n a t e a n d b i c a r b o n a t e h e l p t o

s t a b i l i z e m o l e c u l a r o z o n e . H y d r o x y l r a d i c a l s a r e a l s o o x i d a n t
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s p e c i e s a n d g e n e r a l l y r e a c t w i t h o r g a n i c c o mp o u n d s m o r e r a p i d l y

a n d l e s s s e l e c t i v e l y t h a n o z o n e .

K e t o n e s ,
a l d e h y d e s a n d c a r b o x y l i c a c i d s a r e c o mm o n p r o d u c t s

o f t h e o z o n a t i o n o f o r g a n i c c o m p o u n d s . O z o n e t e n d s t o b e h i g h l y

r e a c t i v e w i t h d o u b l e b o n d s , a n d a n e x a m p l e i s t h e o z o n o l y s i s o f

a n a l k e n e :

R
. .

R
3

°
3 R R

^

^
c = c .

►
, C

= 0 + 3 c = o

R
^

H H
^
O R

^ H

O z o n e i s k n o w n t o b e r e a c t i v e w i t h a r o m a t i c c o m p o u n d s a n d i s

c a p a b l e o f c l e a v i n g a r o m a t i c r i n g s . E l e c t r o n - d o n a t i n g

s i i b s t i t u e n t s s u c h a s - O H a n d - O C H 3 a c t i v a t e a r o m a t i c r i n g s t o w a r d

o z o n a t i o n r e a c t i o n s a s w e l l a s c h l o r i n a t i o n r e a c t i o n s . W h e n a n

a r o m a t i c c o m p o u n d c o n t a i n s s i d e c h a i n s , t h e s e s u b s t i t u e n t s a r e

o f t e n m o r e r e a d i l y o x i d i z e d b y o z o n e t h a n i s t h e a r o m a t i c n u c l e u s

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

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

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

s a t u r a t e d o r g a n i c c o mp o u n d s i s h y d r o g e n a b s t r a c t i o n , r e s u l t i n g i n

a r a d i c a l :

H H H

R
-
C
-
C
-
R

'
+

'

O H ► R -
C
-
C -

R ' + H
, 0

H H H H

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

A n o t h e r c o mm o n r e a c t i o n o f
*

0 H i s a d d i t i o n t o a r o m a t i c
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c o m p o u n d s

Q + 2
'

O H ^ \ /^
~

^ ] + H On • '

w i t h r e g a r d t o f o r m a t i o n o f c h l o r i n a t e d d i s i n f e c t i o n b y
¬

p r o d u c t s , R e c k h o w a t a l . ( 3 9 ) a n d L s g u b e e t a l . ( 4 0 ) h a v e

s u g g e s t e d t h a t m o l e c u l a r o z o n e m a y t e n d t o r e a c t w i t h s i t e s o n

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

w h e r e a s h y d r o x y l r a d i c a l s m a y t e n d t o r e a c t w i t h s i t e s t h a t a r e

l e s s r e a c t i v e w i t h c h l o r i n e . B o t h g r o u p s o f r e s e a r c h e r s h a v e

o b s e r v e d t h a t U V a b s o r b a n c e a t 2 7 0 n m ( a n i n d i c a t i o n o f

u n s a t u r a t i o n ) o f a q u a t i c f u l v i c a c i d s i s l o w e r e d b y o z o n a t i o n ,

a n d t h e m a g n i t u d e o f t h i s d e c r e a s e i s g r e a t e r w h e n o z o n a t i o n i s

c a r r i e d o u t i n t h e p r e s e n c e o f b i c a r b o n a t e . T h e y r e a s o n t h a t

o z o n e i s d e s t r o y i n g a r o m a t i c i t y , a n d t h a t m o l e c u l a r o z o n e i s m o r e

e f f i c i e n t a t d e s t r o y i n g a r o m a t i c i t y t h a n i s t h e h y d r o x y l r a d i c a l .

O z o n e - b r o m i d e r e a c t i o n s

O z o n e o x i d i z e s b r o m i d e i o n t o h y p o b r o m i t e a c c o r d i n g t o t h e

r e a c t i o n :

O
3

+ B r
"

> O
2

+ O B r
"

H a r u t a a n d T a k e y a m a ( 4 1 ) a n d H a a g a n d H o i g n e ( 4 2 ) h a v e s t u d i e d

t h e k i n e t i c s o f t h i s r e a c t i o n a n d h a v e f o u n d i t t o b e f i r s t -
o r d e r

i n B r
'

a n d O 3 . H a a g a n d H o i g n e ( 4 2 ) h a v e e v a l u a t e d t h e r a t e

c o n s t a n t t o b e k = 1 6 0 ± 2 0 M
' ^

s e c
" ^

a t 2 0
°
C . I n t h e p r e s e n c e o f
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e x c e s s o z o n e , h y p o b r o m i t e i s o x i d i z e d t o b r o m a t e :

2 O 3
+ O B r

'

> 2 O 2
+ B r 0

3

-

k = 1 0 0 ± 2 0 M
- ^

s e c
" ^ a t 2 0 ° C

T h i s r e a c t i o n i s f a v o r e d b y c o n d i t i o n s o f h i g h p H b e c a u s e H O B r i s

m u c h l e s s r e a c t i v e w i t h o z o n e t h a n i s O B r
"

. I t i s t h u s e x p e c t e d

t h a t o z o n a t i o n o f b r o m i d e -
c o n t a i n i n g w a t e r s a t l o w p H w i l l r e s u l t

i n s i g n i f i c a n t o r g a n i c b r o m i n a t i o n , w h e r e a s a t h i g h p H , b r o m i d e

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

o z o n e p r e s e n t . H a a g a n d H o i g n e ( 4 2 ) h a v e a l s o s u g g e s t e d a

r e a c t i o n b y w h i c h h y p o b r o m i t e i s r e d u c e d b y o z o n e t o b r o m i d e i o n :

O 3
+ O B r

"

> 2 O 2 + B r
'

k = 3 3 0 ± 6 0 M
" ^

s e c
' ^

a t 2 0 ° C

B r o m i d e i s a g a i n a v a i l a b l e f o r o x i d a t i o n t o H O B r / O B r
"

b y o z o n e o r

b y s u b s e q u e n t c h l o r i n a t i o n .

B r o m i d e c a n a l s o a c t a s a h y d r o x y l r a d i c a l s c a v e n g e r

a c c o r d i n g t o t h e r e a c t i o n :

•

O H + B r
'

> H O B r
"

T h i s i s a r a p i d r e a c t i o n w i t h a r a t e c o n s t a n t k = l . l x l O
^ °

M
' ^

s e c
' ^

a t 2 0
°
C ( 4 3 ) . H y p o b r o m i t e a n d h y p o b r o m o u s a c i d w i l l a l s o r e a c t

r a p i d l y w i t h h y d r o x y l r a d i c a l s :

•

O H + B r O
'

> O H
'

+ B r O
'

k = 4 . 2 x l 0
'

M
' ^

s e c
' ^

a t 2 0 ° C

•

Q H + H O B r > B r O
^

+ H
j O k = 2 . 0 x l 0 ' M

' ^
s e c

' ^
a t 2 0 ° C

T h e r a t e c o n s t a n t s f o r B r
"

,
H O B r a n d B r O

'

r e a c t i n g w i t h h y d r o x y l

r a d i c a l s a r e a p p r o x i m a t e l y 1 - 4 o r d e r s o f m a g n i t u d e g r e a t e r t h a n

t h e r a t e c o n s t a n t s f o r t h e r e a c t i o n s o f c a r b o n a t e a n d b i c a r b o n a t e

w i t h h y d r o x y l r a d i c a l s :

•

O H + 0 0 3

' ^
> O H

'

+ C O
j

^
'

k = 3 . 9 x l 0
^
M

' ^
s e c

' ^
a t 2 0 ° C

•

O H + H C O 3

'

> H
2
O + C O 3

"
k = 8 . 5 x l 0

«
M

' ^
s e c

' ^
a t 2 0 ° C

B i c a r b o n a t e h a s b e e n w e l l s t u d i e d a s a r a d i c a l s c a v e n g e r i n

o z o n a t i o n r e a c t i o n s . T h e r a t e c o n s t a n t s s u g g e s t t h a t f o r
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s u f f i c i e n t l y h i g h c o n c e n t r a t i o n s o f b r o m i d e , b r o m i d e i o n m a y b e

a n i m p o r t a n t r a d i c a l s c a v e n g e r i n o z o n a t i o n r e a c t i o n s .

O z o n a t i o n a n d d i s i n f e c t i o n b y
-
p r o d u c t f o r m a t i o n

B e c a u s e o f t h e c o n c e r n a b o u t h a l o g e n a t e d d i s i n f e c t i o n b y
¬

p r o d u c t s , t h e r e h a s b e e n m u c h i n t e r e s t i n u s i n g o z o n e a s a

p r i m a r y d i s i n f e c t a n t . O z o n e r e s i d u a l s d o n o t p e r s i s t i n d r i n k i n g

w a t e r , h o w e v e r , a n d a s e c o n d a r y d i s i n f e c t a n t s u c h a s c h l o r i n e o r

m o n o c h l o r a m i n e i s s u b s e q u e n t l y a p p l i e d t o m a i n t a i n a r e s i d u a l i n

t h e d i s t r i b u t i o n s y s t e m . I t i s t h e r e f o r e i m p o r t a n t t o u n d e r s t a n d

h o w o z o n a t i o n a f f e c t s s u b s e q u e n t f o r m a t i o n o f h a l o g e n a t e d

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

a n d t h i s h a s b e e n t h e s u b j e c t o f s e v e r a l s t u d i e s .
A n o t h e r

i m p o r t a n t i s s u e i s t h e p o t e n t i a l f o r m a t i o n o f b r o m i n a t e d

d i s i n f e c t i o n b y
-
p r o d u c t s f r o m o z o n a t i o n o f b r o m i d e - c o n t a i n i n g

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

d i s i n f e c t i o n b y
-
p r o d u c t s h a s c a u s e d t h i s i s s u e t o b e o f s e r i o u s

c o n c e r n .

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

p r e - o z o n a t e d , c h l o r i n a t e d w a t e r s a p p e a r s t o b e c o mp l e x a n d

i n f l u e n c e d b y o z o n e d o s e , i n o r g a n i c c a r b o n c o n c e n t r a t i o n a n d p H

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

r e g a r d i n g t h e f o r m a t i o n o f D C A A a n d T C A A f o l l o w i n g p r e - o z o n a t i o n

h a v e b e e n o b s e r v a t i o n s t h a t D C A A f o r m a t i o n i s o f t e n e n h a n c e d o r

n o t a f f e c t e d b y p r e -
o z o n a t i o n , w h i l e T C A A f o r m a t i o n i s o f t e n

d e c r e a s e d b y p r e - o z o n a t i o n u n d e r t y p i c a l w a t e r t r e a t m e n t

c o n d i t i o n s ( 2 6 , 2 7 , 3 9 ) .

R e c k h o w e t a l . ( 3 9 ) h a v e d e m o n s t r a t e d t h a t t h e i m p a c t o f
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p r e - o z o n a t i o n o n s u b s e q u e n t H A A f o r m a t i o n i s i n f l u e n c e d b y t h e p H

o f c h l o r i n a t i o n . F o r e x a m p l e , D C A A f o r m a t i o n w a s e n h a n c e d b y

p r e - o z o n a t i o n w h e n c h l o r i n a t i o n s w e r e p e r f o r m e d a t n e u t r a l a n d

h i g h p H v a l u e s ; b u t i t w a s d e c r e a s e d b y p r e - o z o n a t i o n w h e n

c h l o r i n a t i o n s w e r e p e r f o r m e d a t l o w p H ( p H < 4 ) . S i m i l a r t r e n d s

w e r e o b s e r v e d f o r T C A A a n d C H C I 3 .

T h e i m p a c t o f o z o n e o n H A A f o r m a t i o n i s a l s o i n f l u e n c e d b y

o z o n e d o s e a n d b i c a r b o n a t e c o n c e n t r a t i o n . I n p r e - o z o n a t e d

w a t e r s , t h e f o r m a t i o n o f D C A A a n d T C A A g e n e r a l l y d e c r e a s e s w i t h

i n c r e a s i n g o z o n e d o s e ( 3 9 , 4 0 ) . T h e s a m e t r e n d h a s b e e n o b s e r v e d

f o r C H C I
3

a n d T O X f o r m a t i o n i n p r e - o z o n a t e d , c h l o r i n a t e d w a t e r s

( 2 6 , 3 9 ) . I n a d d i t i o n , p r e - o z o n a t i o n i n t h e p r e s e n c e o f

b i c a r b o n a t e i o n a p p e a r s t o d e c r e a s e D C A A , T C A A a n d C H C I 3

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

i o n ( 2 6 , 3 9 , 4 0 ) .

T h e m e c h a n i s m s b y w h i c h p r e - o z o n a t i o n e n h a n c e s o r d e c r e a s e s

H A A f o r m a t i o n i n c h l o r i n a t e d w a t e r s i s n o t w e l l u n d e r s t o o d , a n d

i n d i v i d u a l s p e c i e s m a y b e a f f e c t e d d i f f e r e n t l y .
I t a p p e a r s t h a t

t h e i n f l u e n c e o f p r e - o z o n a t i o n o n s u b s e q u e n t H A A f o r m a t i o n i s

c o mp l e x a n d w i l l b e h i g h l y d e p e n d e n t o n w a t e r q u a l i t y a n d w a t e r

t r e a t m e n t c o n d i t i o n s .

Z h u a n d R e c k h o w ( 2 7 ) r e c e n t l y s t u d i e d t h e b e h a v i o r o f D C A A

a n d T C A A f o r m a t i o n d u r i n g o z o n a t i o n a n d p o s t - c h l o r a m i n a t i o n o f

a q u a t i c h u m i c s u b s t a n c e s i n t h e p r e s e n c e o f 1 mM b i c a r b o n a t e .

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

w a t e r s c o m p a r e d t o w a t e r s r e c e i v i n g c h l o r a m i n e a l o n e . F o r b o t h

t y p e s o f t r e a t m e n t c o n d i t i o n s , D C A A a n d T C A A w e r e o b s e r v e d a t

c o n c e n t r a t i o n s l e s s t h a n 1 0 Mg / L ( T O C = 4 . 1 m g / L ) .
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A n i m p o r t a n t c o n c e r n w i t h o z o n a t i o n i s t h e f o r m a t i o n o f

b r o m i n a t e d b y
-
p r o d u c t s . R o o k e t a l . ( 2 8 ) n o t i c e d e a r l y o n i n t h e

s t u d y o f T H M s t h a t p r e - o z o n a t i o n s h i f t e d T H M s p e c i a t i o n t o w a r d

t h e m o r e h i g h l y b r o m i n a t e d s p e c i e s i n c h l o r i n a t e d w a t e r s , a n d h e

s u g g e s t e d t h a t s o m e o f t h e a c t i v e s i t e s o n T H M p r e c u r s o r s m a y

b e c o m e p a r t i a l l y b r o m i n a t e d d u r i n g o z o n a t i o n . G l a z e e t a l . ( 4 4 )

h a v e o b s e r v e d t h a t d i s s o l v e d o r g a n i c b r o m i d e ( D O B r ) f o r m a t i o n

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

p H a n d l o w a l k a l i n i t y . S p e c i f i c d i s i n f e c t i o n b y
-
p r o d u c t s t h a t

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

M B A A ,
D B A A

,
C H B r

j
a n d B r O

j

"

( 2 6 , 4 0 , 4 2 , 4 4 , 4 5 ) .

S i d d i q u i a n d A m y ( 4 5 ) s t u d i e d t h e e f f e c t s o f p H a n d o z o n e

d o s e o n D B A A f o r m a t i o n f r o m o z o n a t i o n o f r a v ; w a t e r s . T h e y

o b s e r v e d t h a t o v e r t h e p H r a n g e 6 - 8 . 5 , D B A A f o r m a t i o n w a s

e n h a n c e d b y l o w e r p H o f o z o n a t i o n , a n d D B A A f o r m a t i o n i n c r e a s e d

w i t h i n c r e a s i n g o z o n e d o s e u p t o a d o s e o f 4 m g O 3 : 1 m g d i s s o l v e d

o r g a n i c c a r b o n ( D O C ) ; a t h i g h e r o z o n e d o s e s D B A A f o r m a t i o n

d e c l i n e d . H a a g a n d H o i g n e ( 4 2 ) o b s e r v e d a s i m i l a r e f f e c t o f

o z o n e d o s e o n b r o m o f o r m f o r m a t i o n , s h o w i n g t h a t C H B r j f o r m a t i o n

w a s m a x i m \ am a t m o d e r a t e o z o n e d o s e s . S i d d i q u i a n d A m y ( 4 5 ) a l s o

o b s e r v e d t h a t b r o m o f o r m f o r m a t i o n w a s d e p e n d e n t o n D O C

c o n c e n t r a t i o n , w i t h a p e a k f o r m a t i o n w i t h i n t h e r a n g e o f

2 - 9 m g / L D O C T h e y s u g g e s t t h a t d e c l i n e i n C H B r j f o r m a t i o n a t

h i g h D O C c o n c e n t r a t i o n s m a y b e t h e r e s u l t o f o z o n e - D O C r e a c t i o n s

c o m p e t i n g w i t h o z o n e - b r o m i d e r e a c t i o n s .
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*

C h a p t e r 3

M a t e r i a l s a n d M e t h o d s

T h e s t u d y w a s d e s i g n e d t o i n v e s t i g a t e t h e i n f l u e n c e o f

b r o m i d e i o n c o n c e n t r a t i o n o n H A A s p e c i a t i o n a n d t h e i m p a c t o f

v a r i o u s c h e m i c a l t r e a t m e n t t e c h n i q u e s o n t h e s p e c i a t i o n . A l l

e x p e r i m e n t s w e r e c o n d u c t e d o n m o d e l w a t e r s c o n t a i n i n g a q u a t i c

h u m i c s u b s t a n c e s e x t r a c t e d f r o m r a w d r i n k i n g w a t e r s o u r c e s i n

M y r t l e B e a c h , S C a n d P a l m B e a c h C o u n t y , F L . W a t e r s w e r e p r e p a r e d

a t t e n b r o m i d e c o n c e n t r a t i o n s , r a n g i n g f r o m 0 - 2 5 |Ll M ( 0 - 2 m g / L ) .

B r o m i d e c o n c e n t r a t i o n s w e r e c h o s e n t o b e r e p r e s e n t a t i v e o f l o w ,

m o d e r a t e a n d h i g h c o n c e n t r a t i o n s t y p i c a l l y e n c o u n t e r e d i n w a t e r

t r e a t m e n t . C o n c e n t r a t i o n s a t t h e h i g h e n d o f t h e r a n g e ( 1 ,
1 . 5

,

a n d 2 . 0 m g / L B r
"

) a r e e x t r e m e v a l u e s , b u t t h e s e c o n c e n t r a t i o n s d o

s o m e t i m e s o c c u r i n n a t u r a l w a t e r s . E x p e r i m e n t a l w a t e r s w e r e

s u b j e c t e d t o t h e f o l l o w i n g c h e m i c a l t r e a t m e n t s : c h l o r i n a t i o n

(p H 8 a n d p H 6 ) , c h l o r a m i n a t i o n ( p H 8 ) , p r e - o z o n a t i o n ( p H 7 )

f o l l o w e d b y c h l o r i n a t i o n , a n d p r e - o z o n a t i o n ( p H 7 ) f o l l o w e d b y

c h l o r a m i n a t i o n . S a m p l e s w e r e a n a l y z e d f o r a l l n i n e o f t h e H A A

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

d e s i g n i s g i v e n i n F i g u r e 3 . 1 .

P r e p a r a t i o n o f g l a s s w a r e

G l a s s w a r e f o r g e n e r a l l a b o r a t o r y u s e w a s s o a k e d i n A l c o n o x

d e t e r g e n t o v e r n i g h t , r r n s e d w i t h t a p w a t e r , s o a k e d i n 1 0 % n i t r i c

a c i d o v e r n i g h t , s o a k e d i n d i s t i l l e d , d e i o n i z e d w a t e r
, t h e n o v e n -

d r i e d a t 8 5 ° C . G l a s s w a r e u s e d i n m e a s u r e m e n t o f c h l o r i n e a n d

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

b y s o a k i n g i n a c h l o r i n e s o l u t i o n ( a p p r o x i m a t e l y 1 0 0 0 m g / L a s
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M o d e l w a t e r s f r o m M y r t l e B e a c h a n d P a lm B e a c h C o u n ty
T 0 C = 4 m g / L , I n o r g a n ic c a r b o n = 2 m M . p H = 7 0

[B r o m i d e ] = 0
.
0 0 2 5

,
0 0 5

,
0 1

,
0 2 5

,
0 5

,
0 7 5

,
1 0

,
1 5

.
2 0 m g /L

C h lo ri n a t e @ p H 8

C I2 d o s e = 8 m g / L

r e a c t io n t i m e = 2 4 h r s

C h lo ri n a t e @ p H 6

C I2 d o s e = 8 m g /L

r e a c t i o n t i m e = 2 4 h r s

C h lo r a n n i n a t e @ p H 8

N H 2 C I d o s e = 4 m g/ L

r e a c t i o n t lm e = 2 4 h r s

O z o n a t e @ p H 7

0 3 d o s e = 4 m g/ L

r e a c t i o n t i m e
= 2 h r s

M e a s u r e o x id a n t r e s i d u a l s

i\ /1e a s u r e HA A s

M e a s u r e H AA s C h l o ri n a t e @ p H 8

C I2 d o s e = 8 m g / L

r e a c t i o n t im e = 2 4 h r s

C l o r i n a t e @ p H 6

C I2 d o s e = 8 m g /L

r e a c t io n t im e = 2 4 h r s

C h l o r a m i n a t e @ p H 8

N H 2 C I d o s e = 4 m g / L

r e a c t i o n t i m e = 2 4 h r s

M e a s u r e o x id a n t r e s id u a ls

M e a s u r e H AA s

F i g u r e 3 . 1 . E x p e r i m e n t a l d e s i g n
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C l j ) f o r a t l e a s t 1 h r , t h e n r i n s i n g i t w e l l w i t h d e i o n i z e d ,

c h l o r i n e d e m a n d - f r e e w a t e r ( D r a c o r I n c . , D u r h a m , N C ) .

G l a s s b o t t l e s i n w h i c h o z o n a t i o n s ,
c h l o r i n a t i o n s a n d

c h l o r a m i n a t i o n s w e r e p e r f o r m e d w e r e s o a k e d i n d e t e r g e n t

o v e r n i g h t , r i n s e d w i t h t a p w a t e r , s o a k e d i n 1 0 % n i t r i c a c i d

o v e r n i g h t , r i n s e d w i t h d i s t i l l e d
, d e i o n i z e d w a t e r , s o a k e d i n a

c h l o r i n e s o l u t i o n ( a t l e a s t 1 0 m g / L a s C l j ) o v e r n i g h t , r i n s e d

w e l l w i t h d e i o n i z e d ,
c h l o r i n e d e m a n d - f r e e w a t e r , t h e n o v e n - d r i e d

a t 8 5
° C .

A l l 4 0 - m l v i a l s u s e d f o r s a m p l e c o l l e c t i o n , s t o r a g e a n d

e x t r a c t i o n w e r e s o a k e d i n d e t e r g e n t o v e r n i g h t , r i n s e d w i t h t a p

w a t e r , s o a k e d i n a c h r o m i c a c i d s o l u t i o n o v e r n i g h t , s o a k e d i n

d i s t i l l e d , d e i o n i z e d w a t e r , a n d o v e n - d r i e d a t 8 5 ° C . A l l p l a s t i c s

( c a p s , s e p t a , e t c . ) w e r e s o a k e d i n d e t e r g e n t o v e r n i g h t
,

s o a k e d i n

d i s t i l l e d ,
d e i o n i z e d w a t e r

,
t h e n o v e n - d r i e d a t 5 2 ° C .

I s o l a t i o n o f h u m i c s u b s t a n c e s

H i i m i c s u b s t a n c e s w e r e c o l l e c t e d f r o m r a w w a t e r a t t h e M y r t l e

B e a c h , S C a n d P a l m B e a c h C o u n t y , F L d r i n k i n g w a t e r u t i l i t i e s .

T h e d r i n k i n g w a t e r s o u r c e a t M y r t l e B e a c h i s t h e I n t r a c o a s t a l

W a t e r w a y , a n d t h e s o u r c e a t P a l m B e a c h i s t h e F l o r i d a n A q u i f e r .

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

i s o l a t e d b y a d s o r p t i o n o n t o A m b e r l i t e X A D - 8 r e s i n ( R o h m & H a a s )

u s i n g t h e m e t h o d d e s c r i b e d b y T h u r m a n a n d M a l c o l m ( 4 6 ) .
P r i o r t o

s e n d i n g t h e r e s i n t o t h e w a t e r u t i l i t i e s , i t w a s c l e a n e d b y

S o x h l e t e x t r a c t i o n . T h e r e s i n w a s r i n s e d w i t h 0 .
1 N N a O H f o r 5

d a y s t h e n S o x h l e t - e x t r a c t e d w i t h m e t h a n o l ( 2 4 h r s ) ,
d i e t h y l e t h e r

( 2 4 h r s ) , a c e t o n i t r i l e ( 2 4 h r s ) a n d m e t h a n o l ( 2 4 h r s ) . C l e a n
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r e s i n w a s s t o r e d i n m e t h a n o l u n t i l t h e t i m e o f i t s u s e .

C l e a n X A D - 8 r e s i n w a s p a c k e d i n t o a g l a s s c o l u m n i n a t o t a l

v o l u m e o f 3 L o f r e s i n , a n d t h e c o l u m n w a s s h i p p e d t o t h e w a t e r

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

1 . 0 |Jj n h o n e y c o m b f i l t e r f o r r e m o v a l o f p a r t i c u l a t e s
,

a n d t h i s

i n f l u e n t s t r e a m w a s t h e n a c i d i f i e d t o p H 2 w i t h 1 . 0 N H C l p r i o r

t o e n t e r i n g t h e c o l u m n . A t t h e M y r t l e B e a c h u t i l i t y f i l t e r e d ,

a c i d i f i e d r a w w a t e r w a s f e d t o t h e c o l u m n a t a r a t e o f 1 0 0 m l / m i n

f o r a p e r i o d o f a p p r o x i m a t e l y 1 2 0 h r s . B a s e d o n m e a s u r e m e n t s o f

t h e t o t a l o r g a n i c c a r b o n c o n c e n t r a t i o n o f i n f l u e n t a n d e f f l u e n t

s t r e a m s i t w a s e s t i m a t e d t h a t a t o t a l o f a p p r o x i m a t e l y 8 9 4 0 m g o f

T O C w a s a d s o r b e d o n t o t h e r e s i n . A t t h e P a l m B e a c h C o u n t y

u t i l i t y f i l t e r e d , a c i d i f i e d r a w w a t e r w a s f e d t o t h e c o l u m n a t a

r a t e o f 1 0 0 m l / m i n f o r a p p r o x i m a t e l y 1 6 3 h r s . T h e t o t a l a m o u n t

o f T O C a d s o r b e d w a s e s t i m a t e d t o b e a p p r o x i m a t e l y 5 3 0 0 m g .

A f t e r t h e d e s i r e d a m o u n t o f n a t u r a l o r g a n i c m a t e r i a l h a d

b e e n e x t r a c t e d , t h e c o l u m n w a s s h i p p e d b a c k t o U N C f o r e l u t i o n .

T h e c o l u m n w a s i n i t i a l l y r i n s e d i n a d o w n f l o w m o d e w i t h 3 L ( o n e

b e d v o l u m e ) o f d e i o n i z e d , o r g a n i c - f r e e w a t e r , p r i m a r i l y f o r t h e

r e m o v a l o f c h l o r i d e . I n t h e c a s e o f M y r t l e B e a c h h u m i c

s u b s t a n c e s , t h e c o l u m n w a s t h e n b a c k - e l u t e d w i t h a t o t a l v o l u m e

o f 1 4 . 5 L o f 0 . 1 N N a O H a t a r a t e o f 1 0 0 m l / m i n . T h e f i r s t 6 . 5 L

o f e l u a t e w e r e c o l l e c t e d i n 5 0 0 m l f r a c t i o n s ( a t o t a l o f 1 3

f r a c t i o n s ) . T h e f o l l o w i n g 8 L o f e l u a t e w e r e d i s c a r d e d . A f t e r

m e a s u r i n g t h e T O C c o n c e n t r a t i o n o f e a c h f r a c t i o n , f r a c t i o n s # 4 - 9

w e r e c o m b i n e d , p a s s e d t h r o u g h a n A G - M P - 5 0 c a t i o n e x c h a n g e r e s i n

( B i o - R a d L a b o r a t o r i e s
,

R i c h m o n d , C A ) f o r t h e r e m o v a l o f s o d i u m

i o n s , a n d t h e n s t o r e d a t 5
° C f o r e x p e r i m e n t a l u s e . F r a c t i o n s
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# 1 - 3 a n d # 1 0 - 1 3 w e r e d i s c a r d e d . T h e c o n c e n t r a t i o n o f t h e s t o r e d

s o l u t i o n o f h i i m i c s u b s t a n c e s w a s a p p r o x i m a t e l y 1 1 7 0 m g / L T O C . I n

t h e c a s e o f P a l m B e a c h h u m i c s u b s t a n c e s , t h e c o l u m n w a s b a c k -

e l u t e d w i t h a t o t a l v o l u m e o f 2 0 L o f 0 . 1 N N a O H a t a r a t e o f

1 0 0 m l / m i n . T h e f i r s t 1 0 L o f e l u a t e w e r e c o l l e c t e d i n 5 0 0 m l

f r a c t i o n s . A f t e r m e a s u r i n g t h e T O C o f e a c h f r a c t i o n , f r a c t i o n s

# 5 - 1 0 w e r e c o mb i n e d , p a s s e d t h r o u g h a c a t i o n e x c h a n g e r e s i n , a n d

s t o r e d a t 5 ° C f o r f u r t h e r u s e . T h e r e s u l t i n g c o n c e n t r a t i o n o f

t h i s s o l u t i o n w a s a p p r o x i m a t e l y 9 0 0 m g / L T O C .

P r e p a r a t i o n o f m o d e l w a t e r s

M o d e l w a t e r s w e r e p r e p a r e d i n t h e l a b o r a t o r y b y d i l u t i n g t h e

c o n c e n t r a t e d h u m i c m a t e r i a l s i n t o d e i o n i z e d , o r g a n i c
- f r e e D r a c o r

w a t e r a t a f i n a l c o n c e n t r a t i o n o f 4 m g / L T O C . I n o r d e r t o e n s u r e

t h a t t h e h u m i c s u b s t a n c e s d i s s o l v e d c o m p l e t e l y , t h e c o n c e n t r a t e d

h u m i c e x t r a c t w a s i n i t i a l l y a d d e d t o D r a c o r w a t e r a d j u s t e d t o

p H 1 0 . 5 w i t h 1 0 N N a O H . A s p e c i f i e d a m o u n t o f 1 M N a H C O j {
"

B a k e r

A n a l y z e d
"

, J . T , B a k e r I n c . , P h i l l i p s b u r g , N J ) w a s t h e n a d d e d t o

t h e s o l u t i o n r e s u l t i n g i n a n i n o r g a n i c c a r b o n c o n c e n t r a t i o n o f

2 m M . T h e p H o f t h i s s o l u t i o n w a s t h e n l o w e r e d t o p H 7 w i t h

c o n c e n t r a t e d H
2 S O

4 . T h i s o r i g i n a l s o l u t i o n w a s p r e p a r e d a t a

c o n c e n t r a t i o n o f a p p r o x i m a t e l y 5 m g / L T O C . T h e T O C c o n c e n t r a t i o n

o f t h e s o l u t i o n w a s m e a s u r e d w i t h a M o d e l 7 0 0 T O C a n a l y z e r ( O . I .

C o r p o r a t i o n , C o l l e g e S t a t i o n , T X ) . P o r t i o n s o f t h i s s o l u t i o n

w e r e t h e n d i l u t e d w i t h a p p r o p r i a t e a m o u n t s o f l a b o r a t o r y w a t e r

a n d 1 M N a H C O j t o r e s u l t i n m o d e l w a t e r s w i t h t h e f o l l o w i n g
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c h a r a c t e r i s t i c s :

W a t e r t o b e W a t e r t o b e c h l o r i n a t e d

p r e - o z o n a t e d o r c h l o r a m i n a t e d o n l y

T O C = 4 . 6 5 m g / L T O C = 4 . 0 0 m g / L
I n o r g a n i c C = 2 m M I n o r g a n i c C = 2 m M

p H = 7 . 2 p H = 7 . 0

W a t e r i n t e n d e d f o r o z o n a t i o n w a s p r e p a r e d a t 4 . 6 5 m g / L T O C t o

a c c o u n t f o r a s u b s e q u e n t 1 5 % d i l u t i o n w i t h a n o z o n e s o l u t i o n

d u r i n g b a t c h o z o n a t i o n . T h i s w a t e r w a s a l s o p r e p a r e d a t p H 7 . 2

t o c o m p e n s a t e f o r t h e l o w e r i n g o f p H b y 0 . 2 u n i t s u p o n a d d i t i o n

o f a n o z o n e s t o c k s o l u t i o n a t p H 3 . T h e T O C c o n c e n t r a t i o n s o f

t h e m o d e l w a t e r s w e r e m e a s u r e d , a n d t h e s e w a t e r s w e r e s t o r e d i n

c u b i t a i n e r s a t 5 ° C u n t i l u s e ( n o t m o r e t h a n 3 d a y s ) .

O z o n a t i o n p r o c e d u r e

A l l o z o n a t i o n s w e r e p e r f o r m e d i n b a t c h w i t h a n a p p l i e d o z o n e

d o s e o f 4 m g / L ( a 1 : 1 r a t i o o f O 3 d o s e (m g / L ) : T O C (m g / L ) ) .

O z o n e s t o c k s o l u t i o n s w e r e p r e p a r e d a t c o n c e n t r a t i o n s o f

2 0 - 3 0 m g / L o f d i s s o l v e d o z o n e . O z o n e w a s g e n e r a t e d f r o m o x y g e n

w i t h a S a n d e r
'

s M o d e l 2 0 0 o z o n e g e n e r a t o r a n d b u b b l e d i n t o 2 L o f

d e i o n i z e d , o r g a n i c - f r e e w a t e r a d j u s t e d t o p H 3 w i t h 1 M H
2
S O

4 ; t h e

s o l u t i o n w a s m a i n t a i n e d o n i c e d u r i n g p r e p a r a t i o n . D i s s o l v e d

o z o n e c o n c e n t r a t i o n s o f 2 0 - 3 0 m g / L w e r e a c h i e v e d a f t e r 2 - 3 h o u r s

o f o z o n a t i o n . T h e f i n a l c o n c e n t r a t i o n o f t h i s s t o c k s o l u t i o n w a s

d e t e r m i n e d d i r e c t l y b y m e a s u r e m e n t o f U V a b s o r b a n c e a t a

w a v e l e n g t h o f 2 5 8 n m i n a C a r y 2 1 9 s p e c t r o p h o t o m e t e r ( V a r i a n

A s s o c i a t e s , I n c . , P a l o A l t o , C A ) u s i n g a 1 c m c e l l
.
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O z o n e c o n c e n t r a t i o n s w e r e c a l c u l a t e d f r o m

A b s j s g
X 4 8 0 0 0 m g O j / m o l O 3

[ O 3 ] (m g / L ) =

e X {

w h e r e

e = e x t i n c t i o n c o e f f i c i e n t f o r l i q u i d p h a s e o z o n e a t

X = 2 5 8 n m = 2 9 5 0 L / ( m o l *
c m ) ( 4 7 )

{ = p a t h l e n g t h = 1 c m

T h i s s t o c k s o l u t i o n w a s u s e d i mm e d i a t e l y .

P r i o r t o o z o n a t i o n , s o d i \ a m b r o m i d e ( E M S c i e n c e , C h e r r y H i l l ,

N J ) w a s a d d e d t o m o d e l w a t e r s c o n t a i n i n g 4 . 5 5 m g / L T O C t o p r e p a r e

t e n d i f f e r e n t s a m p l e s r a n g i n g i n b r o m i d e c o n c e n t r a t i o n f r o m

0 - 2 5 |J M ( 0 - 2 m g / L ) .
B a t c h o z o n a t i o n s w e r e p e r f o r m e d i n c l e a r

g l a s s b o t t l e s i n a t o t a l v o l u m e o f 3 1 0 m l b y a d d i n g a p p r o p r i a t e

a m o u n t s o f o z o n e s t o c k s o l u t i o n t o a s t i r r e d s a m p l e o f t h e m o d e l

w a t e r s . T h e b o t t l e s w e r e t h e n s t o p p e r e d h e a d s p a c e f r e e a n d

s t o r e d a t r o o m t e mp e r a t u r e f o r 2 h o u r s . I t w a s v e r i f i e d b y t h e

i n d i g o m e t h o d ( 4 7 ) t h a t n o m e a s u r a b l e o z o n e r e s i d u a l p e r s i s t e d

a f t e r 2 h o u r s .

C h l o r i n a t i o n a n d c h l o r a m i n a t l o n p r o c e d u r e s

M o d e l w a t e r s f o r c h l o r i n a t i o n a n d c h l o r a m i n a t l o n s t u d i e s
'

w e r e p r e p a r e d c o n t a i n i n g 0 - 2 5 fl M b r o m i d e .
S e r i e s o f s a m p l e s w e r e

c h l o r i n a t e d a t p H 6 . 0 a n d p H 8 . 0 , a n d c h l o r a m i n a t e d a t p H 8 . 0 .

P r e - o z o n a t e d w a t e r s w e r e s u b j e c t e d t o t h e s a m e c h e m i c a l

t r e a t m e n t s .

C h l o r i n e s o l u t i o n s w e r e p r e p a r e d b y d i l u t i n g 4 - 6 % s o d i u m

h y p o c h l o r i t e ( F i s h e r S c i e n t i f i c , F a i r L a w n , N J ) i n t o d e i o n i z e d ,

c h l o r i n e d e m a n d - f r e e w a t e r a t a f i n a l c o n c e n t r a t i o n o f
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7 5 0 - 1 0 0 0 m g / L a s C l j . S t o c k c o n c e n t r a t i o n s w e r e d e t e r m i n e d b y

t h e i o d o m e t r i c m e t h o d ( S t a n d a r d M e t h o d # 4 5 0 0 - C l B ) ( 4 7 ) . T h i s

s o l u t i o n w a s p r e p a r e d f r e s h o n t h e d a y o f u s e a n d w a s s t o r e d a t

r o o m t e m p e r a t u r e i n a n a m b e r b o t t l e d u r i n g u s e .

C h l o r a m i n a t i o n s w e r e p e r f o r m e d b y t r e a t i n g s a m p l e s w i t h

p r e f o r m e d m o n o c h l o r a m i n e . I n t h e p r e p a r a t i o n o f m o n o c h l o r a m i n e ,

e q u a l v o l u m e s o f a mm o n i u m s u l f a t e ( E M S c i e n c e , G i b b s t o w n , N J ) a n d

c h l o r i n e s o l u t i o n s a d j u s t e d t o p H 9 (w i t h N a O H o r H
2
S O

4 ) w e r e

a d d e d s e q u e n t i a l l y t o a w e l l m i x fe d E h r l e n m e y e r f l a s k o n i c e i n a

c o n c e n t r a t i o n r a t i o o f 4 m g / L a s C l j : 1 m g / L a s N . T h e

r e s u l t i n g s o l u t i o n h a d a t l e a s t 9 6 % c o n v e r s i o n o f f r e e c h l o r i n e

t o m o n o c h l o r a m i n e , a n d n o r e s i d u a l f r e e c h l o r i n e p e r s i s t e d ; t h i s

w a s d e t e r m i n e d b y t h e D P D f e r r o u s t i t r i m e t r i c m e t h o d ( S t a n d a r d

M e t h o d # 4 5 0 0 - C l F ) ( 4 7 ) . T h e c o n c e n t r a t i o n o f m o n o c h l o r a m i n e i n

t h e s e s o l u t i o n s r a n g e d f r o m 5 0 0 - 7 0 0 m g / L a s C I 2 . T h e s o l u t i o n p H

w a s b e t w e e n 1 0 - 1 1
,

a n d t h e s o l u t i o n w a s s t a b l e o v e r 2 4 h o u r s .

M o n o c h l o r a m i n e w a s p r e p a r e d f r e s h o n t h e d a y o f u s e a n d w a s

s t o r e d i n a n E h r l e n m e y e r f l a s k c o v e r e d w i t h a l u m i n u m f o i l d u r i n g

u s e
.

M o d e l w a t e r s w e r e p r e v i o u s l y p r e p a r e d w i t h 4 m g / L o f T O C , a t

p H 7 . 0 a n d w i t h a n i n o r g a n i c c a r b o n c o n c e n t r a t i o n o f 2 mM . P r i o r

t o t r e a t m e n t , s a m p l e s w e r e b u f f e r e d a t p H 8 . 0 w i t h 0 . 0 5 M N a 2 H P 0 4

(M a l l i n c k r o d t S p e c i a l t y C h e m i c a l s C o .

, P a r i s
,

K Y ) a n d a t p H 6 . 0

w i t h 0 . 0 5 M N a H 2 P 0 4 ( E M S c i e n c e ) . W a t e r s w e r e t h e n d i v i d e d i n t o

s e r i e s o f t e n 3 5 0 m l s a m p l e s , a n d s o d i u m b r o m i d e w a s a d d e d t o

e a c h s e r i e s o f s a m p l e s t o p r o d u c e w a t e r s c o n t a i n i n g 0 - 2 5 |J M

b r o m i d e . T h e p H s o f p r e - o z o n a t e d w a t e r s w e r e m e a s u r e d , a n d t h e s e

s a m p l e s w e r e t h e n i n d i v i d u a l l y b u f f e r e d a t p H 8 . 0 a n d p H 6 . 0 w i t h
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0 . 0 5 M p h o s p h a t e .

A l l c h l o r i n a t i o n s a n d c h l o r a m i n a t i o n s w e r e p e r f o r m e d i n

3 0 0 m l c h l o r i n e d e m a n d - f r e e c l e a r g l a s s b o t t l e s . S a m p l e s w e r e

b r o u g h t t o r o o m t e m p e r a t u r e p r i o r t o t r e a t m e n t . A l l c h l o r i n a t e d

s a m p l e s r e c e i v e d a c h l o r i n e d o s e o f 8 m g / L a s C l j a n d a l l

c h l o r a m i n a t e d s a m p l e s r e c e i v e d a m o n o c h l o r a m i n e d o s e o f 4 m g / L a s

C l j . T h e s e d o s e s w e r e c h o s e n t o e n s u r e t h a t a r e s i d u a l w a s

m a i n t a i n e d i n a l l s a m p l e s o v e r a 2 4 h o u r r e a c t i o n p e r i o d . P r e -

o z o n a t e d s a m p l e s w e r e t r e a t e d a p p r o x i m a t e l y 2 h o u r s a f t e r

o z o n a t i o n i n t h e s a m e B O D b o t t l e s i n w h i c h o z o n a t i o n s h a d b e e n

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

w a s a d d e d t o e a c h w e l l - s t i r r e d s a m p l e , a n d s a m p l e s w e r e s t o p p e r e d

h e a d s p a c e - f r e e a f t e r a p p r o x i m a t e l y 3 0 s e c o n d s o f m i x i n g . S a m p l e

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

l e s s t h a n 1 . 2 % . S a m p l e s w e r e t h e n s t o r e d i n t h e d a r k a t 2 0 ° C f o r

2 4 h o u r s . S a m p l e s t h a t h a d n o t b e e n p r e - o z o n a t e d w e r e t r e a t e d i n

t h e s a m e m a n n e r a s t h e p r e -
o z o n a t e d s a m p l e s .

S a m p l e c o l l e c t i o n a n d s t o r a g e

S a m p l e s t o b e a n a l y z e d f o r H A A f o r m a t i o n r e s u l t i n g f r o m

o z o n a t i o n a l o n e w e r e c o l l e c t e d i n d u p l i c a t e 2 h o u r s f o l l o w i n g

o z o n a t i o n . S a m p l e s w e r e c o l l e c t e d h e a d s p a c e - f r e e i n 4 0 - m l g l a s s

v i a l s w i t h p o l y p r o p y l e n e s c r e w c a p s a n d t e f l o n - l i n e d s e p t a . E a c h

v i a l c o n t a i n e d 1 5 0 m g o f a m m o n i u m s u l f a t e t o b e c o n s i s t e n t w i t h

c h l o r i n a t e d s a mp l e s , i n w h i c h a d d i t i o n o f a m m o n i u m s u l f a t e w a s

r e q u i r e d t o q u e n c h f r e e c h l o r i n e . S a mp l e s w e r e s t o r e d a t 5 ° C f o r

n o m o r e t h a n 4 d a y s p r i o r t o H A A a n a l y s i s .

C h l o r i n a t e d a n d c h l o r a m i n a t e d s a mp l e s w e r e c o l l e c t e d i n
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d u p l i c a t e 2 4 h o u r s f o l l o w i n g t r e a t m e n t i n t h e s a m e m a n n e r

d e s c r i b e d a b o v e . A t t h e t i m e o f s a m p l e c o l l e c t i o n , c h l o r i n a t e d

s a m p l e s w e r e a n a l y z e d f o r f r e e c h l o r i n e a n d f r e e b r o m i n e

r e s i d u a l s , a n d c h l o r a m i n a t e d s a m p l e s w e r e a n a l y z e d f o r

m o n o c h l o r a m i n e a n d f r e e b r o m i n e r e s i d u a l s b y t h e D P D f e r r o u s

t i t r i m e t r i c m e t h o d ( 4 7 ) . F r e e b r o m i n e r e s i d u a l s w e r e

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

w h i c h s e l e c t i v e l y q u e n c h e s f r e e c h l o r i n e ,
t o t h e s a mp l e p r i o r t o

D P D a n a l y s i s . A n a l y s i s o f a s e c o n d s a m p l e b y t h e D P D m e t h o d ,

w i t h o u t a d d i t i o n o f g l y c i n e , p r o v i d e d t h e s u m o f f r e e c h l o r i n e

a n d f r e e b r o m i n e r e s i d u a l s . S a m p l e s f o r H A A a n a l y s i s w e r e s t o r e d

a t 5 ° C f o r n o m o r e t h a n 4 d a y s .

A n a l y s i s o f h a l o a c e t i c a c i d s

S a m p l e s w e r e a n a l y z e d f o r H A A s b y a m o d i f i c a t i o n o f t h e

m e t h o d o f M c G u i r e e t a l . ( 4 8 ) . A d e t a i l e d d e s c r i p t i o n o f t h e

p r o c e d u r e i s g i v e n i n A p p e n d i x A . I n g e n e r a l , 2 0 - m l a l i q u o t s o f

a c i d i f i e d , s a l t - c o n t a i n i n g s a m p l e s w e r e e x t r a c t e d w i t h 5 m l

m e t h y l t - b u t y l e t h e r ( M t B E ) . T h e e t h e r l a y e r w a s s e p a r a t e d ,

d e r i v a t i z e d w i t h d i a z o m e t h a n e , a n d s a m p l e s w e r e t h e n a n a l y z e d o n

a n H P - 5 8 9 0 S e r i e s I I g a s c h r o m a t o g r a p h w i t h e l e c t r o n c a p t u r e

d e t e c t o r ( H e w l e t t - P a c k a r d , S a n F e r n a n d o , C A ) .

S t a n d a r d s

H i g h p u r i t y a n a l y t i c a l s t a n d a r d s f o r M C A A , D C A A , T C A A , M B A A ,

D B A A a n d B r C l A A w e r e o b t a i n e d a s a 2 g / L m i x t u r e i n M t B E f r o m

S u p e l c o ( B e l i e f o n t e , P A ) ; T B A A , d i b r o m o p r o p a n e a n d

2 , 3
- d i b r o m o p r o p i o n i c a c i d w e r e o b t a i n e d f r o m A l d r i c h C h e m i c a l
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C o . ( M i l w a u k e e , W I ) . B r C l
j
A A a n d B r

j
C l A A w e r e n o t c o mm e r c i a l l y

a v a i l a b l e . B r C l j A A w a s s y n t h e s i z e d a t t h e U n i v e r s i t y o f N o r t h

C a r o l i n a ,
a n d B r

j
C l A A w a s s y n t h e s i z e d a t t h e U n i v e r s i t y o f

M a s s a c h u s e t t s .

B r o m o d i c h l o r o a c B t i c a c i d

B r C l j A A w a s s y n t h e s i z e d i n t h e l a b o r a t o r y o f D r . A v r a m G o l d

a t t h e U n i v e r s i t y o f N o r t h C a r o l i n a ( C h a p e l H i l l , N C ) , f o l l o w i n g

t h e m e t h o d o f Z i m m e r e t a l . ( 4 9 ) . T h e i d e n t i t y o f t h i s c o mp o u n d

w a s v e r i f i e d b y m a s s s p e c t r a l a n a l y s i s o f t h e m e t h y l e s t e r o n a

S a t u r n I I G C / M S ( V a r i a n C h r o m a t o g r a p h y S y s t e m s , W a l n u t C r e e k ,

C A ) . A 5 m g / L s a m p l e o f t h e s y n t h e s i z e d c o m p o u n d w a s p r e p a r e d i n

M t B E a n d d e r i v a t i z e d w i t h d i a z o m e t h a n e . T h e s a m p l e w a s i n j e c t e d

i n t o t h e G C / M S a n d p a s s e d t h r o u g h a D B - 5 c o l u m n ( J & W S c i e n t i f i c ,

F o l s o m , C A ) f o r g a s c h r o m a t o g r a p h i c s e p a r a t i o n . T h e c o l u m n w a s

3 0 m i n l e n g t h , w i t h a 0 . 2 5 mm i n n e r d i a m e t e r ( I D ) a n d a 0 . 2 5 |J i n

f i l m t h i c k n e s s . T h e t e mp e r a t u r e p r o g r a m w a s :

3 7 ° C > 1 3 6 ° C > 2 3 6 ° C

3 m i n 5 ° C / m i n 3 m i n 2 0 ° C / m i n 3 m i n

i n j e c t o r t e m p e r a t u r e = 1 5 7 ° C , f l o w r a t e = ; 1 m l / m i n ,

i n j e c t i o n v o l u m e = 2 Ji l

T h e m a s s s p e c t r u m o f t h e s a m p l e w a s o b t a i n e d b y e l e c t r o n

i m p a c t ( E I ) w i t h a n i o n t r a p d e t e c t o r . I n s t r u m e n t s e t t i n g s a n d

d a t a a n a l y s i s w e r e c o n t r o l l e d b y S a t u r n R e v i s i o n C s o f t w a r e

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

7 0 e V , t h e i o n t r a p m a n i f o l d t e m p e r a t u r e w a s 2 2 0 ° C , t h e m a s s s c a n

r a n g e w a s 4 0 - 3 0 0 a m u , a n d t h e s c a n r a t e w a s 1 s c a n p e r s e c o n d .
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T h e E I m a s s s p e c t r i om o f t h e B r C l j A A p e a k i s s h o w n i n A p p e n d i x B .

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

r e p o r t e d b y X i e e t a l . ( 5 0 ) .

A f t e r v e r i f y i n g t h e i d e n t i t y o f t h e B r C l
j
A A , i t w a s

n e c e s s a r y t o e s t i m a t e i t s p u r i t y i n o r d e r t o u s e i t a s a

q u a n t i t a t i v e s t a n d a r d . B a s e d o n t h e s y n t h e s i s m e t h o d , i t w a s

e x p e c t e d t h a t i m p u r i t i e s , i f p r e s e n t
, w e r e m o s t l i k e l y t o b e

o t h e r H A A s p e c i e s . S a mp l e s o f 5 0 0 |i g / L B r C l j A A i n M t B E w e r e

d e r i v a t i z e d w i t h d i a z o m e t h a n e t h e n a n a l y z e d o n a n H P - 5 8 9 0 S e r i e s

I I g a s c h r o m a t o g r a p h w i t h e l e c t r o n c a p t u r e d e t e c t o r . C o l u m n

s p e c i f i c a t i o n s a n d t e mp e r a t u r e c o n d i t i o n s w e r e :

C o l \ i m n : D B 1 7 0 1 ( J & W S c i e n t i f i c ) , 3 0 m l e n g t h , 0 . 2 5 mm I D ,

0 . 2 5 |l m f i l m t h i c k n e s s

4 0 ° c > 6 6 ° C > 1 5 0 ° C > 2 1 0 ° C

2 m i n 2 ° C / m i n 6 ° C / m i n 2 m i n 2 0 ° C / m i n 3 m i n

i n j e c t o r t e m p e r a t u r e = 1 5 7 ° C , d e t e c t o r t e m p e r a t u r e = 3 0 0 ° C

f l o w r a t e = 1 m l / m i n , i n j e c t i o n v o l u m e = 2 |J 1

T h r e e m i n o r p e a k s i n a d d i t i o n t o t h e d o m i n a n t B r C l
j
A A m e t h y l

e s t e r p e a k w e r e p r e s e n t . B a s e d o n r e l a t i v e r e t e n t i o n t i m e s t h e s e

t h r e e p e a k s w e r e i d e n t i f i e d , i n o r d e r o f s i g n i f i c a n c e , a s t h e

m e t h y l e s t e r s o f D C A A , B r C l A A , a n d D B A A . T h e c o n c e n t r a t i o n s o f

t h e s e i m p u r i t i e s w e r e d e t e r m i n e d b y r u n n i n g a s e r i e s o f

c a l i b r a t i o n s a m p l e s a l o n g w i t h t h e B r C l s A A s a m p l e . D e t a i l s o f

t h e s e c a l c u l a t i o n s a r e p r e s e n t e d i n A p p e n d i x C . T h e p u r i t y o f

B r C l j A A w a s e s t i m a t e d t o b e 9 7 % .

D i b r o m o c h l o r o a c e t i c a c i d

B r 2 C l A A w a s s y n t h e s i z e d b y D r . Y u e f e n g X i e a t t h e U n i v e r s i t y

o f M a s s a c h u s e t t s (A m h e r s t , MA ) . T h e s y n t h e s i s o f t h i s c o m p o u n d
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w a s b a s e d o n t h e m e t h o d o f
' Z i i ra n e r e t a l . ( 4 9 ) , w i t h t h e

m o d i f i c a t i o n s d e t a i l e d b y X i e e t a l . ( 5 0 ) . T h e e l e c t r o n i m p a c t

a n d p o s i t i v e - i o n c h e m i c a l i o n i z a t i o n ( P C I ) m a s s s p e c t r a o f t h i s

c o m p o u n d w e r e p r e v i o u s l y r e p o r t e d b y X i e e t a l . ( 5 0 ) .

T h e p u r i t y o f B r j C l A A w a s a s s e s s e d i n a m a n n e r s i m i l a r t o

t h a t r e p o r t e d f o r B r C l j A A . S m a l l a m o u n t s o f i m p u r i t i e s w e r e

i d e n t i f i e d , i n o r d e r o f s i g n i f i c a n c e , a s T B A A , B r C l A A a n d D B A A .

T h e p u r i t y w a s e s t i m a t e d t o b e 9 1 % ( A p p e n d i x C ) .

S t o r a g e a n d s t a b i l i t y o f HA A s t a n d a r d s

T h e S u p e l c o H A A m i x t u r e c o n t a i n i n g 2 g / L e a c h o f M C A A ,

D C A A , T C A A , M B A A , D B A A a n d B r C l A A i n M t B E r e c e i v e d f r o m S u p e l c o

w a s s t o r e d a t - 1 5
°
C u n t i l t h e d a y o f u s e . S t a n d a r d s o f T B A A ,

B r C l j A A a n d B r s C l A A w e r e p r e p a r e d i n d i v i d u a l l y i n M t B E a t

c o n c e n t r a t i o n s i n t h e r a n g e 0
,
5 - 1 0 g / L a n d s t o r e d a t - 1 5 ° C u n t i l

u s e .

A c r i t e r i o n w a s d e v e l o p e d t o d e t e r m i n e h o w l o n g t h e s e

p r i m a r y s t o c k s o l u t i o n s c o u l d b e s t o r e d w i t h o u t l o s i n g t h e i r

i n t e g r i t y .
T h e c r i t e r i o n w a s b a s e d o n t r a c k i n g t h e s l o p e s o f t h e

c a l i b r a t i o n c u r v e s f o r e a c h i n d i v i d u a l H A A s p e c i e s . I t w a s

d e c i d e d t h a t a g i v e n s t o c k s o l u t i o n c o u l d b e u s e d u n t i l t h e s l o p e

o f t h e c a l i b r a t i o n c u r v e d e c r e a s e d b y m o r e t h a n 1 0 % f r o m i t s

o r i g i n a l v a l u e ( i . e . , s l o p e f r o m t h e d a t e o f f i r s t u s e o f t h e

f r e s h s t a n d a r d ) .
B a s e d o n t h i s c r i t e r i o n i t w a s d e t e r m i n e d t h a t

t h e S u p e l c o m i x t u r e w a s s t a b l e f o r u p t o 3 m o n t h s ( l e s s t h a n 1 0 %

d e c a y o f e a c h s p e c i e s ) ,
a n d t h a t T B A A , B r C l 2 A A a n d B r j C l A A w e r e

e a c h s t a b l e f o r o n l y 2 w e e k s .
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C a l i b r a t i o n c u r v e s

H A A c o n c e n t r a t i o n s i n t h e c h l o r i n a t e d , c h l o r a m i n a t e d a n d

o z o n a t e d s a m p l e s w e r e c a l c u l a t e d f r o m c a l i b r a t i o n c u r v e s

g e n e r a t e d f r o m s t a n d a r d s . O n t h e d a y o f s a mp l e e x t r a c t i o n t w o

s t a n d a r d s o l u t i o n s w e r e p r e p a r e d i n m e t h a n o l . S o l u t i o n I w a s a

d i l u t i o n o f t h e 2 g / L S u p e l c o m i x t u r e o f t h e m o r e s t a b l e H A A s , t o

a c o n c e n t r a t i o n o f 0 . 1 g / L o f e a c h H A A . S o l u t i o n I I c o n t a i n e d

0 . 1 g / L e a c h o f t h e l e s s s t a b l e H A A s ( T B A A , B r C l z A A a n d B r j C l A A ) .

T h e s e s o l u t i o n s w e r e u s e d t o p r e p a r e t w o i n d e p e n d e n t c a l i b r a t i o n

c u r v e s . E a c h s o l u t i o n w a s d i l u t e d i n t o d e i o n i z e d , o r g a n i c - f r e e

w a t e r i n v a r i o u s c o n c e n t r a t i o n s t o p r o d u c e a s e r i e s o f

c a l i b r a t i o n s a m p l e s ( u s u a l l y 8 - 1 0 p o i n t s ) r a n g i n g i n i n d i v i d u a l

H A A c o n c e n t r a t i o n s f r o m 0 - 1 5 0 |X g / L . T h e s e s t a n d a r d s w e r e

e x t r a c t e d a n d a n a l y z e d a t t h e s a m e t i m e a s e x p e r i m e n t a l s a m p l e s .

T h e m o r e s t a b l e H A A s g e n e r a l l y g a v e l i n e a r r e s p o n s e s o v e r

t h e r a n g e o f c o n c e n t r a t i o n s o f i n t e r e s t i n t h i s s t u d y . T h e

c a l i b r a t i o n c u r v e s f o r T B A A
, B r C l j A A a n d B r 2 C l A A w e r e n o t l i n e a r

o v e r t h e e n t i r e r a n g e o f c o n c e n t r a t i o n s . T h i s w a s a c c o u n t e d f o r

b y e s t i m a t i n g o n e l i n e a r c a l i b r a t i o n c u r v e i n t h e r a n g e 0 - 5 0 (J g / L

a n d a n o t h e r l i n e a r c a l i b r a t i o n c u r v e i n t h e r a n g e 5 0 - 1 5 0 |l g / L .

T y p i c a l . c a l i b r a t i o n c u r v e s f o r T C A A a n d B r C l
z
A A a r e s h o w n i n

F i g u r e 3 . 2 ; r e p r e s e n t a t i v e c a l i b r a t i o n c u r v e s o f e a c h o f t h e n i n e

H A A s p e c i e s a r e p r e s e n t e d i n A p p e n d i x D .

G a s c h r o m a t o g r a p h i c a n a l y s i s

A l l s a m p l e s w e r e a n a l y z e d o n a n H P - 5 8 9 0 S e r i e s I I g a s

c h r o m a t o g r a p h w i t h e l e c t r o n c a p t u r e d e t e c t o r . G C s a m p l e a n a l y s i s

g e n e r a l l y b e g a n a s s o o n a s s a m p l e p r e p a r a t i o n w a s c o m p l e t e d .
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H o w e v e r , w h e n s t o r a g e w a s r e q u i r e d , s a m p l e s w e r e s t o r e d a t - 1 5 ° C

f o r n o t m o r e t h a n 2 d a y s i n 2 - m l g l a s s a u t o v i a l s w i t h a l u m i n u m

c r i m p c a p s a n d P T F E t e f l o n - l i n e d b u t y l r u b b e r s e p t a .

P r e l i m i n a r y c h r o m a t o g r a p h y i n d i c a t e d t h a t T C A A a n d B r C l A A

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

p r e v i o u s l y r e p o r t e d b y M c G u i r e e t a l . ( 4 8 ) w i t h D B - 5 c o l u m n s o f

3 0 m a n d 6 0 m l e n g t h s , 0 . 2 5 mm I D a n d 0 . 2 5 |J m f i l m t h i c k n e s s .

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

G o o d s e p a r a t i o n o f e a c h o f t h e n i n e H A A s p e c i e s w a s a c h i e v e d

b y u s i n g a D B - 1 7 0 1 c o l u m n , w h i c h i s m o r e p o l a r t h a n t h e D B - 5

c o l u m n , a n d a m o d i f i c a t i o n o f a t e m p e r a t u r e p r o g r a m p r e v i o u s l y

r e p o r t e d b y P o u r m o g h a d d a s ( 5 1 ) .
C o l t i m n s p e c i f i c a t i o n s a n d G C

c o n d i t i o n s w e r e :

C o l u m n : D B 1 7 0 1 ( J & W S c i e n t i f i c ) , 3 0 m l e n g t h , 0 . 2 5 mm I D ,

0 . 2 5 |i m f i l m t h i c k n e s s

T e m p e r a t u r e p r o g r a m :

4 0 ° C > 6 6 ° C > 1 5 0 ° C > 2 1 0 ° C

2 m i n 2 o c / m i n 6 ° C / m i n 2 m i n 2 0 ° C / m i n 3 m i n

i n j e c t o r t e m p e r a t u r e = 1 5 7 ° C , d e t e c t o r t e m p e r a t u r e = 3 0 0 ° C

f l o w r a t e = 1 m l / m i n , i n j e c t i o n v o l i j m e = 2 fl l

R e p r e s e n t a t i v e c h r o m a t o g r a m s o f c a l i b r a t i o n s a m p l e s a r e s h o w n i n

F i g u r e 3 . 3 , a n d a c h r o m a t o g r a m o f a n e x p e r i m e n t a l s a m p l e i s s h o w n

i n F i g u r e 3 . 4 .

G C i n f o r m a t i o n w a s c o l l e c t e d a n d o r g a n i z e d b y H P C H E M S t a t i o n

s o f t w a r e w h i c h p r e p a r e d a r e p o r t f o r e a c h s a m p l e . T h e r e p o r t

c o n s i s t e d o f a c h r o m a t o g r a m a n d a d a t a s h e e t c o n t a i n i n g r e t e n t i o n

t i m e , i n t e g r a t e d a r e a , h e i g h t , t y p e , w i d t h , a n d % o f t o t a l p e a k

a r e a f o r e a c h p e a k .
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^
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S O O O

4 0 0 0

3 0 0 0

2 0 0 0

1 O a o

t i m e ( m i n )

( a ) 2 0 Mg / L s t a n d a r d I

1 1 e 4 -

1 O e 4 ^

9 0 0 0

7 - 0 0 0

6 0 0 0

5 0 0 0

4 0 0 0 -

3 0 0 0

a o o o -

05 p
Z2

a )

Eh

1 o a o

t i m e ( m i n )

(b ) 2 0 MS / ^ s t a n d a r d I I

3 0

3 0

F i g u r e 3 . 3 . C h r o m a t o g r a m s o f H AA s t a n d a r d s
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1 1 e 4 - \

1 O e - 4 - l

9 0 0 0 -

|

a o o o H

^ o o o - i

6 0 0 0

5 0 0 0 4

4 0 0 0

3 0 0 0 - I

1 o o o

\ Jl
\J

§ ^

Q

y U l u
#

ll j ^

P a l m B e a c h e x t r a c t

C h l o r i n a t e d 3 p H 8
0 . 5 m g / L B r

~

i ^ c

/

1 o s o

t i me ( m i n )

3 0

F i g u r e 3 . 4 . C h r o m a t o g r a ra o f a c h l o r i n a t e d P a l m B e a c h s a m p l e
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D a t a a n a l y s i s

R e t e n t i o n t i m e a n d p e a k a r e a f o r e a c h H A A s p e c i e s p r e s e n t i n

c a l i b r a t i o n a n d e x p e r i m e n t a l s a m p l e s w e r e e n t e r e d i n t o a Q U A T T R O

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

a n d g r a p h i n g w e r e p e r f o r m e d i n t h i s s p r e a d s h e e t .

A l l s a m p l e s c o n t a i n e d a n i n t e r n a l s t a n d a r d ( d i b r o m o p r o p a n e )

a n d a s u r r o g a t e r e c o v e r y s t a n d a r d ( 2 , 3 - d i b r o m o p r o p i o n i c a c i d ) a t

u n i f o r m c o n c e n t r a t i o n i n e a c h s a m p l e . A l l H A A r e t e n t i o n t i m e s

a n d p e a k a r e a s w e r e c o n v e r t e d t o r e l a t i v e r e t e n t i o n t i m e s ( R R
^ )

a n d r e l a t i v e a r e a s ( RA ) w i t h r e s p e c t t o t h e i n t e r n a l s t a n d a r d

( I S ) . I n d i v i d u a l H A A s p e c i e s w e r e i d e n t i f i e d b y t h e i r r e l a t i v e

r e t e n t i o n t i m e s . T h e r e l a t i v e r e t e n t i o n t i m e o f e a c h o f t h e H A A

s p e c i e s i s g i v e n i n A p p e n d i x A .

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

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

s a m p l e t o s a m p l e . G o o d a g r e e m e n t b e t w e e n s u r r o g a t e r e l a t i v e

a r e a s o f c a l i b r a t i o n s a m p l e s a n d t h o s e o f e x p e r i m e n t a l s a m p l e s

s u g g e s t e d t h a t e x t r a c t i o n o f H A A s f r o m d e i o n i z e d , o r g a n i c - f r e e

w a t e r w a s s i m i l a r t o e x t r a c t i o n f r o m t h e m o d e l w a t e r m a t r i x , a n d

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

m o d e l w a t e r s .

A l l s a m p l e s w e r e a n a l y z e d i n d u p l i c a t e , a n d c o n c e n t r a t i o n s

w e r e d e t e r m i n e d b y c o m p a r i s o n o f r e l a t i v e p e a k a r e a s t o t h e

r e l a t i v e p e a k a r e a s o f t h e c a l i b r a t i o n s t a n d a r d s . T h e a v e r a g e o f

t h e t w o d u p l i c a t e s b e c a m e t h e r e p o r t e d v a l u e f o r a s a m p l e .
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M e t h o d d e t e c t i o n l i m i t s

M e t h o d d e t e c t i o n l i m i t s ( M D L s ) w e r e c a l c u l a t e d b a s e d o n t h e

g u i d e l i n e s d e s c r i b e d b y M c G u i r e e t a l . ( 4 8 ) . S e v e n r e p l i c a t e

s t a n d a r d s w e r e p r e p a r e d i n d e i o n i z e d , o r g a n i c - f r e e w a t e r a t

c o n c e n t r a t i o n s o f 1 p g / L ( M C A A , D C A A , T C A A , M B A A , D B A A , B r C l A A )

o r 2 |X g / L ( T B A A , B r C l j A A , B r j C l A A ) . T h e s e s a m p l e s w e r e c a r r i e d

t h r o u g h t h e e n t i r e m e t h o d o f H A A a n a l y s i s . T h e M D L f o r e a c h

s p e c i e s w a s c a l c u l a t e d f r o m :

M D L = t *
'

s

w h e r e

t = s t u d e n t t v a l u e f o r 6 d e g r e e s o f f r e e d o m a n d a

9 9 % c o n f i d e n c e i n t e r v a l = 3 . 1 4 3

s = s t a n d a r d d e v i a t i o n o f t h e 7 r e p l i c a t e s

T h e m e t h o d d e t e c t i o n l i m i t s a r e s h o w n i n T a b l e 3 A .

T a b l e 3 A . M e t h o d d e t e c t i o n l i m i t s o f H A A s p e c i e s

S p e c i e s

M C A A

D C A A

T C A A

M B A A
D B A A

T B A A

B r C l A A

B r C l j A A

B r j C l A A

M D L ( |l g / L )

0 . 9 1

0 . 5 9

0 . 2 9
0 . 4 0
0 . 2 9

3 . 0 1

0 . 4 8
2 . 2 4

2 . 1 8

T h e d e r i v a t i o n o f t h e s e v a l u e s i s g i v e n i n A p p e n d i x E .

S t a t i s t i c a l t r e a t m e n t o f r e s u l t s

T h e r e s u l t s t h a t w i l l b e p r e s e n t e d w e r e o b t a i n e d f r o m f o u r

p r i m a r y e x p e r i m e n t s , e a c h o f w h i c h c o n t a i n e d s e v e r a l s e r i e s o f

s a m p l e s :
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E x p e r i m e n t 1 :

M y r t l e B e a c h e x t r a c t c h l o r i n a t e d a t p H 8

My r t l e B e a c h e x t r a c t c h l o r i n a t e d a t p H 6

M y r t l e B e a c h e x t r a c t p r e - o z o n a t e d , c h l o r i n a t e d a t p H 8

My r t l e B e a c h e x t r a c t p r e - o z o n a t e d , c h l o r i n a t e d a t p H 6

E x p e r i m e n t 2 :

M y r t l e B e a c h e x t r a c t c h l o r a m i n a t e d a t p H 8

M y r t l e B e a c h e x t r a c t p r e - o z o n a t e d , c h l o r a m i n a t e d a t p H

M y r t l e B e a c h e x t r a c t o z o n a t e d

E x p e r i m e n t 3 :

P a l m B e a c h e x t r a c t c h l o r i n a t e d a t p H 8

P a l m B e a c h e x t r a c t c h l o r i n a t e d a t p H 6

P a l m B e a c h e x t r a c t p r e - o z o n a t e d , c h l o r i n a t e d a t p H 8

P a l m B e a c h e x t r a c t p r e - o z o n a t e d , c h l o r i n a t e d a t p H 6

E x p e r i m e n t 4 :

P a l m B e a c h e x t r a c t c h l o r a m i n a t e d a t p H 8

P a l m B e a c h e x t r a c t p r e - o z o n a t e d , c h l o r a m i n a t e d a t p H 8

P a l m B e a c h e x t r a c t o z o n a t e d

S e r i e s o f s a m p l e s w i t h i n e a c h e x p e r i m e n t w e r e t r e a t e d a n d

a n a l y z e d a t t h e s a m e t i m e t o m i n i m i z e e x p e r i m e n t a l e r r o r .

E x p e r i m e n t 1 w a s r e p e a t e d t o a s s e s s t h e r e p r o d u c i b i l i t y o f

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

o f b r o m i d e i o n c o n c e n t r a t i o n , p H o f c h l o r i n a t i o n , a n d p r e -

o z o n a t i o n o n H A A s p e c i a t i o n a n d f o r m a t i o n . I n a d d i t i o n , t h e r e

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

s p e c i e s . A n a v e r a g e c o e f f i c i e n t o f v a r i a t i o n ( C V ) i s r e p o r t e d

f o r e a c h o f t h e H A A s p e c i e s i n T a b l e 3 B . T h e c o e f f i c i e n t o f

v a r i a t i o n i s d e f i n e d a s :

C V = ( s a m p l e s t a n d a r d d e v i a t i o n ) / ( s a m p l e m e a n ) * 1 0 0 %

I t i s a n i n d i c a t i o n o f t h e u n c e r t a i n t y i n t h e d a t a . F o r e a c h o f

t h e H A A s p e c i e s , t w o s e t s o f d a t a w e r e a v a i l a b l e f o r f o r t y

d i f f e r e n t e x p e r i m e n t a l c o n d i t i o n s . T h e r e p o r t e d c o e f f i c i e n t o f

v a r i a t i o n i s a n a v e r a g e f o r t h e s e f o r t y c o n d i t i o n s .
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T a b l e 3 B . C o e f f i c i e n t s o f v a r i a t i o n f o r H A A m e a s u r e m e n t s

f r o m d i f f e r e n t e x p e r i m e n t s .

H A A

M C A A

D C A A

T C A A

M B A A

D B A A

T B A A

B r C l A A

B r C l ; A A

B r
^
C l A A

C V ( % )

5 . 1

6 . 2

9 . 1

9 . 1

1 1 . 1

2 0 . 9

9 . 3

1 6 . 2

7 . 8

I t w a s e x p e c t e d t h a t t h e v a r i a b i l i t y i n m e a s u r e m e n t s o f H A A

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

v a r i a b i l i t y a m o n g d a t a g e n e r a t e d a t d i f f e r e n t t i m e s . T h e

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

b y c h l o r i n a t i n g f i v e i d e n t i c a l s a m p l e s c o n t a i n i n g 6 |J M B r
"

( a

m i d - r a n g e c o n c e n t r a t i o n t o g e t a p p r e c i a b l e f o r m a t i o n o f e a c h o f

t h e n i n e H A A s p e c i e s ) ; e a c h s a m p l e w a s t h e n a n a l y z e d i n

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

c o mp a r e d , a n d t h e c o e f f i c i e n t s o f v a r i a t i o n a r e r e p o r t e d f o r e a c h

o f t h e H A A s p e c i e s i n T a b l e 3 C . A l l d a t a a r e r e p o r t e d i n

A p p e n d i x F .

T h e r e s u l t s w e r e n o t s u b j e c t e d t o a r i g o r o u s s t a t i s t i c a l

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

g u i d e l i n e s f o r i n t e r p r e t i n g w h e t h e r o r n o t o b s e r v e d d i f f e r e n c e s

w e r e b e y o n d t h e r a n g e o f d a t a v a r i a b i l i t y .
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T a b l e 3 C . C o e f f i c i e n t s o f v a r i a t i o n f o r H A A m e a s u r e m e n t s

f r o m t h e s a m e e x p e r i m e n t .

H A A C V ( % )

M C A A 1 . 5

D C A A 1 . 9

T C A A 1 . 2

M B A A 6 . 5

D B A A 2 . 9

T B A A 2 . 2

B r C l A A 1 . 4

B r C l , A A 1 . 2

B r
,
C l A A 1 . 3
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C h a p t e r 4

R e s u l t s a n d D i s c u s s i o n

T h e r e s u l t s t h a t w i l l b e p r e s e n t e d a s s e s s t h e e f f e c t s o f

b r o m i d e i o n c o n c e n t r a t i o n , p H o f c h l o r i n a t i o n , o z o n a t i o n , a n d

c h l o r a m i n a t i o n o n h a l o a c e t i c a c i d s p e c i a t i o n a n d f o r m a t i o n . A l l

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

r e p o r t e d n t im e r i c a l l y i n A p p e n d i x F .

P a t t e r n s o f H A A s p e c i a t i o n i n e x t r a c t s c h l o r i n a t e d a t p H 8

F o r m a t i o n o f i n d i v i d u a l s p e c i e s

I n c r e a s i n g b r o m i d e c o n c e n t r a t i o n f r o m 0 - 2 5 j l M ( 0 - 2 m g / L )

g r a d u a l l y s h i f t e d H A A s p e c i a t i o n f r o m t h e c h l o r i n a t e d s p e c i e s t o

t h e m i x e d b r o m o - c h l o r o s p e c i e s t o t h e b r o m i n a t e d s p e c i e s d u r i n g

c h l o r i n a t i o n o f t h e h x i m i c e x t r a c t s a t p H 8 . T h e p a t t e r n s o f

f o r m a t i o n o f i n d i v i d u a l s p e c i e s a s f u n c t i o n s o f b r o m i d e i o n

c o n c e n t r a t i o n a r e s h o w n i n F i g u r e s 4 . 1 - 4 . 3 .
T h e t w o w a t e r s s h o w

s i m i l a r p a t t e r n s o f H A A s p e c i a t i o n .

T h e m i x e d b r o m o
-
c h l o r o s p e c i e s a r e p a r t i c u l a r l y i n t e r e s t i n g

b e c a u s e t h e f o r m a t i o n o f e a c h o f t h e s e s p e c i e s e x h i b i t s a p e a k a t

a s p e c i f i c b r o m i d e c o n c e n t r a t i o n . I t i s l i k e l y t h a t t h e b r o m i d e

c o n c e n t r a t i o n s a t w h i c h e a c h o f t h e s p e c i e s p e a k a r e d e p e n d e n t o n

T O C c o n c e n t r a t i o n a n d c h l o r i n e d o s e . T h e r e g i o n s o f b r o m i d e

c o n c e n t r a t i o n s a t w h i c h t h e s p e c i e s p e a k u n d e r t h e c o n d i t i o n s o f

t h e p r e s e n t s t u d y a r e g i v e n i n T a b l e 4 A .
I n b o t h w a t e r s B r C l A A

a n d B r C l j A A , e a c h o f w h i c h c o n t a i n 1 m o l e B r p e r m o l e H A A , r e a c h

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

b r o m i d e c o n c e n t r a t i o n ; B r j C l A A , w h i c h c o n t a i n s 2 m o l e s B r p e r
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0 &

M C A A

D C A A

T C A A

1 0 1 5

B r o m i d e c o n c e n t r a ti o n (u M )

(a ) M y r t l e B e a c h e x t r a c t

M C A A

D CAA

T C A A

0 1 5 -

0 OS -

I D 1 5

B r o m id e c o n c e n tr a t i o n (u lVl )

(b ) P a lm B e a c h e x t r a c t

F i g u r e 4 . 1 . F o r m a t i o n o £ c h l o r i n a t e d H A A s a s a f u n c t i o n o £

b r o m i d e c o n c e n t r a t i o n d u r i n g c h l o r i n a t i o n a t p H 8 .

5 0
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0 4 5 -

B r C IA A

B r a 2 A A

Br S C IA A

5 0 2 5 -

O 0 1 5

1 0 1 5

B r o m id e c o n c e n t r a t i o n (u lV I)

(a ) M y r t l e B e a c h e x t r a c t

B r o m id e c o n c e n t r a t i o n (u lVI )

(b ) P a lm B e a c h e x t r a c t

B r C IA A

B rC !2 A A

0 0 4 -

I

F i g u r e 4 . 2 . F o r m a t i o n o f b r o m o - c h l o r o H A A s a s a f u n c t i o n o f

b r o m i d e c o n c e n t r a t i o n d u r i n g c h l o r i n a t i o n a t p H 8 .

5 1
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0 4 &

M B A A

D B A A
0 3 5 -
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F i g u r e 4 . 3 . F o r m a t i o n o f b r o m i n a t e d H A A s a s a f u n c t i o n o f

b r o m i d e c o n c e n t r a t i o n d u r i n g c h l o r i n a t i o n a t p H 8 .
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■m
mo l e H A A , p e a k s a t a b r o m i d e c o n c e n t r a t i o n a p p r o x i m a t e l y t w o

t i m e s g r e a t e r .

T a b l e 4 A . B r o m i d e c o n c e n t r a t i o n s o f p e a k f o r m a t i o n o f m i x e d
b r o m o - c h l o r o s p e c i e s d u r i n g c h l o r i n a t i o n a t p H 8 .

S a m p l e

M y r t l e B e a c h

P a l m B e a c h

S p e c i e s

B r C l A A

B r C l j A A

B r
j
C l A A

B r C l A A

B r C l j A A

B r , G l A A

[ B r ] a t p e a k

9

9

1 9

7

8

1 3

D i s t r i b u t i o n o f i n d i v i d u a l s p e c i e s

D i s t r i b u t i o n d i a g r a m s o f t h e H A A s p e c i e s a r e p r e s e n t e d i n

F i g u r e 4 . 4 , w h e r e i n d i v i d u a l H A A s p e c i e s a r e p l o t t e d a s m o l e

f r a c t i o n s o f t h e t o t a l m o l a r H A A c o n c e n t r a t i o n . T h e r e i s a

s t r i k i n g s i m i l a r i t y b e t w e e n t h e d i s t r i b u t i o n o f s p e c i e s i n b o t h

w a t e r s . T h e p r i n c i p a l s p e c i e s f o r m e d a t b r o m i d e c o n c e n t r a t i o n s

l e s s t h a n 5 [M i s T C A A , b e t w e e n 5 a n d 1 3 |J M B r
"

t h e d o m i n a n t

s p e c i e s i s B r C l j A A , a n d a t b r o m i d e c o n c e n t r a t i o n s g r e a t e r t h a n

1 6 \l M t h e p r i n c i p a l s p e c i e s i s T B A A . I t i s e v i d e n t f r o m F i g u r e

4 . 4 t h a t t h e b r o m o - c h l o r o s p e c i e s , w h i c h h a v e n o t b e e n w e l l

s t u d i e d , m a y c o n s t i t u t e a s i g n i f i c a n t f r a c t i o n ( a t l e a s t 1 0 % ) o f

t h e t o t a l h a l o a c e t i c a c i d s ( T H A A s ) i n w a t e r s c o n t a i n i n g a s l i t t l e

a s 1 |J M b r o m i d e ; B r C l z A A i s p a r t i c u l a r l y a b u n d a n t . A t f a i r l y l o w

b r o m i d e c o n c e n t r a t i o n s ( < 3 |i M ) s p e c i a t i o n i s g e n e r a l l y i n t h e

o r d e r :

T C A A > D C A A > B r C l s A A > B r C l A A > B r
j C l A A > D B A A > T B A A .
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D B A A

TB A A

B r C lA A
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B r o m id e c o n c e n t r a t io n ( u M )

(a ) M y r t l e B e a c h e x t r a c t

1 0 1 5

B r o m id e c o n c e n t r a t io n (u M )

2 5

D C A A

T C A A

□ B A A

B r C IA A

B r C I2 A A

B r 2 C IA A

2 5

(b ) P a lm B e a c h e x t r a c t

F i g u r e 4 . 4 .
D i s t r i b u t i o n o f i n d i v i d u a l H A A s p e c i e s i n e x t r a c t s

c h l o r i n a t e d a t p H 8 .
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A t t h e h i g h e n d o f t h e b r o m i d e r a n g e s t u d i e d ( > 2 0 \M ) s p e c i a t i o n

i s i n a n e a r l y o p p o s i t e o r d e r :

T B A A > D B A A > B r j C l A A > B r C l j A A > B r C l A A > D C A A , T C A A .

M C A A a n d M B A A
, w h i c h a r e n o t i n c l u d e d i n t h e s e d i a g r a m s

,

i n d i v i d u a l l y c o n s t i t u t e d l e s s t h a n 5 % o f t h e t o t a l m o l a r

c o n c e n t r a t i o n o f H A A s i n a l l c a s e s .

T h e o b s e r v e d p a t t e r n s o f H A A s p e c i a t i o n a r e q u a l i t a t i v e l y

s i m i l a r t o r e s u l t s r e p o r t e d b y P o u r m o g h a d d a s e t a l . ( 2 5 ) f o r t h e

c h l o r i n a t i o n o f h u m i c a c i d i n t h e p r e s e n c e o f b r o m i d e , s h o w n

p r e v i o u s l y i n F i g u r e 2 . 3 .
T h e s p e c i a t i o n m a y b e i n f l u e n c e d b y

T O C c o n c e n t r a t i o n a n d c h l o r i n e d o s e .

T o t a l H A A f o r m a t i o n

T h e d i s t r i b u t i o n o f H A A s p e c i e s i n t h e t w o e x t r a c t s a p p e a r s

s i m i l a r e v e n t h o u g h a b s o l u t e a m o u n t s o f H A A s f o r m e d f r o m M y r t l e

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

f r o m P a l m B e a c h e x t r a c t . T o t a l p M H A A f o r m a t i o n o v e r t h e f u l l

r a n g e o f b r o m i d e c o n c e n t r a t i o n s s t u d i e d i s s h o w n i n F i g u r e 4 . 5 .

T H A A f o r m a t i o n f r o m M y r t l e B e a c h e x t r a c t i s a p p r o x i m a t e l y 2 X

g r e a t e r t h a n t h a t f r o m P a l m B e a c h e x t r a c t s d e s p i t e t h e s a m e

i n i t i a l T O C c o n c e n t r a t i o n ( 4 m g / L ) . T H A A f o r m a t i o n a p p e a r s t o b e

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

T o t a l f o r m a t i o n o f c h l o r i n a t e d , b r o m o - c h l o r o a n d b r o m i n a t e d

s p e d e s

T h e s u m o f t h e c h l o r i n a t e d , b r o m o - c h l o r o a n d b r o m i n a t e d

s p e c i e s a s a f u n c t i o n o f b r o m i d e c o n c e n t r a t i o n i s s h o w n i n

F i g u r e 4 . 6 . I t i s c l e a r t h a t t h e c h l o r i n a t e d s p e c i e s a r e t h e

p r i n c i p a l s p e c i e s f o r m e d a t l o w b r o m i d e c o n c e n t r a t i o n s
,

t h e
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F i g u r e 4
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O i lc r in a te d

B r o m o
-

c n io f o

B r o r rt n a t e d

1 0 1 5

B r o m id e c o n c e n t r a t i o n (u lVI )

(a ) M y r t l e B e a c h e x t r a c t

\

B r o m id e c o n c e n tr a ti o n (u M)

(b ) P a lm B e a c h e x t r a c t

F i g u r e 4 . 6 . S u m o f c h l o r i n a t e d , b r o m o - c h l o r d , a n d b r o m i n a t e d H A A

s p e c i e s i n e x t r a c t s c h l o r i n a t e d a t p H 8 .
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b r o m o - c h l o r o s p e c i e s d o m i n a t e m i d - r a n g e a m o n g t h e b r o m i d e

c o n c e n t r a t i o n s s t u d i e d
,

a n d t h e b r o m i n a t e d s p e c i e s p r e d o m i n a t e a t

t h e h i g h e n d o f t h e b r o m i d e r a n g e . T h e p r i n c i p a l s p e c i e s f o r m e d

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

T a b l e 4 B .

T a b l e 4 B . B r o m i d e r a n g e s o f p r i n c i p a l s p e c i e s f o r m e d i n

e x t r a c t s c h l o r i n a t e d a t p H 8 .

S a m p l e

M y r t l e B e a c h

P a l m B e a c h

S p e c i e s

C h l o r i n a t e d

B r o m o -
c h l o r o

B r o m i n a t e d

C h l o r i n a t e d

B r o m o - c h l o r o

B r o m i n a t e d

[ B r
-

] ( |I M )

0 - 6

6 - 1 9

> 1 9

0 - 4

4 - 1 6

> 1 6

D i s t r i b u t i o n o f HA A s a m o n g m o n o -
, d i -

, a n d t r i h a l o g e n a t e d s p e c i e s

H A A s p e c i a t i o n w a s a l s o a n a l y z e d b y g r o u p i n g t h e H A A s i n t o

m o n o -
, d i -

, a n d t r i h a l o g e n a t e d s p e c i e s . T h i s w a s d o n e b e c a u s e i t

i s l i k e l y t h a t e a c h o f t h e m o n o h a l o g e n a t e d s p e c i e s ( M C A A a n d

M B A A ) a r e f o r m e d t h r o u g h s i m i l a r c h e m i c a l p a t h w a y s , a n d l i k e w i s e

f o r t h e d i h a l o g e n a t e d s p e c i e s ( D C A A , D B A A a n d B r C l A A ) a n d t h e

t r i h a l o g e n a t e d s p e c i e s ( T C A A
,

T B A A
,

B r C l j A A a n d B r 2 C l A A ) . I n

a d d i t i o n , t h e p a t h w a y s o f f o r m a t i o n o f t h e m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s m a y b e r e l a t e d t o o n e a n o t h e r .

I n b o t h w a t e r s t h e t r i h a l o g e n a t e d s p e c i e s c o n s t i t u t e d t h e

g r e a t e s t m o l e f r a c t i o n o f t h e t o t a l H A A s ( 6 1 - 6 7 % ) , t h e

d i h a l o g e n a t e d s p e c i e s m a d e u p 3 0 - 3 6 % o f t h e t o t a l , a n d t h e

m o n o h a l o g e n a t e d s p e c i e s c o n s t i t u t e d 3 - 5 % o f t h e t o t a l

( F i g u r e 4 . 7 ) . T h e f r a c t i o n o f t h e t o t a l H A A s p r e s e n t a s m o n o -
,

d i -
, o r t r i h a l o g e n a t e d s p e c i e s a p p e a r e d t o b e f a i r l y c o n s t a n t
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(a ) M y r t le B e a c h e x t r a c t

1 0 1 5

B r o m id e c o n c e n t r a t i o n (u lM )

2 0

(b ) P a lm B e a c h e x t r a c t

M o n o h a l o g e n a t e d

D i h a l o g e n a t e d

T r i h a l o g e n a t e d

2 5

M o n o h « l o ga n a t * d

2 5

F i g u r e 4 . 7 . D i s t r i b u t i o n o f H A A s i n t o m o n o -
,

d i -
,

a n d

t r i h a l o g e n a t e d s p e c i e s i n e x t r a c t s c h l o r i n a t e d a t p H 8 .
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o v e r t h e r a n g e o f b r o m i d e c o n c e n t r a t i o n s s t u d i e d . T h e t w o

e x t r a c t s s h o w e d s t r i k i n g l y s i m i l a r d i s t r i b u t i o n s d e s p i t e t h e i r

d i f f e r e n c e s i n a b s o l u t e T H A A f o r m a t i o n .

I n w a t e r s c h l o r i n a t e d a t p H 8 i n t h e a b s e n c e o f b r o m i d e ,

r e l a t i v e f o r m a t i o n o f T C A A c o m p a r e d t o D C A A o n a w e i g h t b a s i s

( |l g T C A A / p g D C A A ) w a s a p p r o x i m a t e l y 2 . 4 : 1 (m g C l j / m g T O C = 2 ) .

T h i s i s s i m i l a r t o p r e v i o u s r e s u l t s r e p o r t e d b y M i l l e r a n d U d e n

( 2 4 ) o f a w e i g h t r a t i o o f T C A A / D C A A = 2 . 2 5 a t a c h l o r i n e t o c a r b o n

w e i g h t r a t i o o f 2 . M i l l e r a n d U d e n s h o w e d t h a t r e l a t i v e

f o r m a t i o n o f T C A A a n d D C A A i s d e p e n d e n t o n c h l o r i n e d o s e , w i t h

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

c h l o r i n e d o s e . T h e s e o b s e r v a t i o n s s u g g e s t t h a t t h e s e t w o

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

t h a t c a n e i t h e r b e o x i d i z e d o r h y d r o l y z e d t o D C A A o r f u r t h e r

c h l o r i n a t e d t o f o r m T C A A . T h i s i d e a i s s i m i l a r t o t h e m e c h a n i s m s

p r o p o s e d b y R e c k h o w a n d S i n g e r ( 2 2 ) w h i c h w e r e s h o w n p r e v i o u s l y

i n F i g u r e 2 . 1 .

I n t h e p r e s e n t s t u d y , t h e e f f e c t o f c h l o r i n e d o s e w a s . n o t

i n v e s t i g a t e d ; h o w e v e r
,

i t i s l i k e l y t h a t c h l o r i n e d o s e w o u l d

a f f e c t t h e d i s t r i b u t i o n o f t h e H A A s a m o n g t h e m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s i n t h i s s y s t e m . B r o m i d e i o n

c o n c e n t r a t i o n , h o w e v e r
,

d i d n o t a p p e a r t o a f f e c t t h i s

d i s t r i b u t i o n .

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n

T o t a l b r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n t o t h e H A A s i s

p l o t t e d i n F i g u r e 4 . 8 a s î m o l e s b r o m i n e ( o r [i m o l e s c h l o r i n e )

i n c o r p o r a t e d p e r |l m o l e o f t o t a l H A A s p r o d u c e d a s a f u n c t i o n o f
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(b ) P a lm B e a c h e x t r a c t

F i g u r e 4 . 8 . B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n t o H A A s i n

e x t r a c t s c h l o r i n a t e d a t p H 8 .
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b r o m i d e c o n c e n t r a t i o n . T h e d a t a w a s a d j u s t e d i n t h i s m a n n e r t o

a c c o u n t f o r v a r i a t i o n s i n t h e T H A A c o n c e n t r a t i o n a t d i f f e r e n t

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

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

H A A S . I n M y r t l e B e a c h e x t r a c t b r o m i n e i n c o r p o r a t i o n i s

e q u i v a l e n t t o c h l o r i n e i n c o r p o r a t i o n a t a p p r o x i m a t e l y 1 2 j i M B r
"

,

c o r r e s p o n d i n g t o a r a t i o o f B r
"

t o i n i t i a l a p p l i e d H O C l o f

0 . 1 1 m o l e B r
"

/ m o l e H O C l . B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n

P a l m B e a c h e x t r a c t a r e e q u i v a l e n t a t a p p r o x i m a t e l y 8 |J M B r
"

,

c o r r e s p o n d i n g t o 0 . 0 7 m o l e B r
"

/ m o l e H O C l .

I t i s i n t e r e s t i n g t o n o t i c e i n F i g u r e 4 . 8 t h a t t h e p o i n t s a t

w h i c h b r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n a r e e q u i v a l e n t r e p r e s e n t

a c o mp o s i t i o n o f a p p r o x i m a t e l y 1 . 3 |Ui n o l e s h a l o g e n p e r |J m o l e T H A A .

T h i s m e a n s t h a t t h e a v e r a g e h a l o g e n c o m p o s i t i o n o f a m o l e o f H A A

a t t h i s p o i n t i s a p p r o x i m a t e l y 1 . 3 m o l e s B r a n d 1 . 3 m o l e s C I , o r

2 . 6 m o l e s t o t a l h a l o g e n . I n t h e a b s e n c e o f b r o m i d e , t h e a v e r a g e

c o m p o s i t i o n o f 1 m o l e H A A i s a p p r o x i m a t e l y 2 . 6 m o l e s c h l o r i n e

( t o t a l h a l o g e n ) . I t a p p e a r s t h a t a l t h o u g h m o r e h i g h l y b r o m i n a t e d

s p e c i e s a r e b e i n g f o r m e d a s b r o m i d e c o n c e n t r a t i o n i n c r e a s e s , t h e

a v e r a g e t o t a l h a l o g e n c o n t e n t r e m a i n s f a i r l y c o n s t a n t . T h i s i s

a l s o e x p r e s s e d b y t h e o b s e r v e d u n i f o r m p a r t i t i o n i n g o f H A A

s p e c i e s i n t o m o n o -
, d i -

, a n d t r i h a l o g e n a t e d s p e c i e s . C o n s i d e r i n g

t h e d i s t r i b u t i o n t o a v e r a g e a p p r o x i m a t e l y 6 5 % t r i h a l o g e n a t e d , 3 3 %

d i h a l o g e n a t e d a n d 3 % m o n o h a l o g e n a t e d , a v e r a g e h a l o g e n c o m p o s i t i o n

i s :

0 . 6 5 * ( 3 m o l e s X ) + 0 . 3 3 * ( 2 m o l e s X ) + 0 . 0 3 * ( 1 m o l e X ) =

= 2 . 6 4 m o l e s h a l o g e n p e r m o l e H A A
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E f f e c t o f p H o n H A A f o r m a t i o n a n d s p e c i a t i o n i n c h l o r i n a t e d

w a t e r s

F o r m a t i o n o f i n d i v i d u a l s p e c i e s

T h e e f f e c t o f p H o n H A A f o r m a t i o n w a s i n v e s t i g a t e d b y

c h l o r i n a t i n g w a t e r s b u f f e r e d a t p H 6 a n d p H 8 . I n d i v i d u a l H A A

s p e c i e s r e s p o n d e d d i f f e r e n t l y t o v a r i a t i o n i n t h e p H o f

c h l o r i n a t i o n , a n d f o r s o m e s p e c i e s t h e e f f e c t o f p H a p p e a r e d t o

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

s h o w n g r a p h i c a l l y i n F i g u r e s 4 . 9 - 4 . 1 7 . O n e t h i n g t h a t i s

i m m e d i a t e l y c l e a r i s t h a t t h e t w o e x t r a c t s s h o w s t r i k i n g l y

s i m i l a r b e h a v i o r . T h e f o r m a t i o n o f s e v e r a l s p e c i e s w a s e n h a n c e d

b y l o w e r i n g t h e p H f r o m 8 t o 6 , m o s t n o t a b l y D B A A , B r C l A A ,

B r C l
s
A A a n d B r

j
C l A A . I n g e n e r a l , t h e d i - a n d t r i h a l o g e n a t e d

s p e c i e s c o n t a i n i n g b r o m i n e a p p e a r e d t o b e m o r e g r e a t l y a f f e c t e d

b y p H t h a n t h e i r c h l o r i n a t e d c o u n t e r p a r t s , D C A A a n d T C A A . I n

b o t h w a t e r s M C A A f o r m a t i o n w a s c l e a r l y d e c r e a s e d o n t h e o r d e r o f

3 0 - 5 0 % b y l o w e r i n g t h e p H t o 6 , w h i l e M B A A f o r m a t i o n a p p e a r e d t o

b e l i t t l e a f f e c t e d . T h e b e h a v i o r o f D C A A w i t h r e s p e c t t o

c h l o r i n a t i o n p H a p p e a r e d t o d e p e n d o n b r o m i d e c o n c e n t r a t i o n . I n

b o t h w a t e r s D C A A f o r m a t i o n a p p e a r e d t o b e l i t t l e a f f e c t e d b y p H

a t l o w
_
b r o m i d e c o n c e n t r a t i o n s ( l e s s t h a n 3 |J M ) ; h o w e v e r , i n t h e

r a n g e 6 - 1 9 |J M B r
"

, D C A A f o r m a t i o n a p p e a r e d t o b e e n h a n c e d a t p H 6

b y a p p r o x i m a t e l y 2 0 - 4 0 % .

T o t a l HA A f o r m a t i o n

C o m p a r e d t o p H 8 , c h l o r i n a t i o n a t p H 6 i n c r e a s e d t o t a l |X M

H A A f o r m a t i o n i n M y r t l e B e a c h s a m p l e s o v e r t h e f u l l r a n g e o f

b r o m i d e c o n c e n t r a t i o n b y 7 - 6 0 % . I n P a l m B e a c h s a m p l e s
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c o n t a i n i n g m o r e t h a n 0 . 3 fl M B r
"

, i n c r e a s e s i n T H A A f o r m a t i o n w e r e

o b s e r v e d o n t h e o r d e r o f 8 - 4 0 % . T H A A f o r m a t i o n a t p H 6 a n d p H 8

i s s h o w n i n F i g u r e 4 . 1 8 . I n b o t h w a t e r s c h l o r i n a t e d a t p H 6 ,

t h e r e i s a s i g n i f i c a n t i n c r e a s e i n T H A A c o n c e n t r a t i o n w i t h

i n c r e a s i n g b r o m i d e c o n c e n t r a t i o n u p t o 1 2 \1M B r
"

.

D i s t r i b u t i o n o f i n d i v i d u a l s p e c i e s

T h e d i s t r i b u t i o n o f i n d i v i d u a l H A A s p e c i e s w a s n o t

d r a m a t i c a l l y a f f e c t e d b y l o w e r i n g t h e p H o f c h l o r i n a t i o n f r o m

p H 8 t o p H 6 ; h o w e v e r
, a f e w d i f f e r e n c e s w e r e n o t i c e a b l e .

B r
j
C l A A f o r m a t i o n w a s g r e a t l y i n c r e a s e d b y l o w e r i n g t h e p H o f

c h l o r i n a t i o n , a n d i n b o t h w a t e r s t h i s s p e c i e s c o n s t i t u t e d a

l a r g e r f r a c t i o n o f t h e t o t a l H A A s a t p H 6 t h a n a t p H 8 . I n P a l m

B e a c h e x t r a c t s , i n r e g i o n s o f b r o m i d e c o n c e n t r a t i o n g r e a t e r t h a n

1 2 |I M , a s m a l l e r f r a c t i o n o f t h e t o t a l H A A s w a s p r e s e n t a s T B A A

a t p H 6 c o m p a r e d t o p H 8 , a n d a g r e a t e r f r a c t i o n o f t h e t o t a l w a s

p r e s e n t a s B r C l 2A A . D i s t r i b u t i o n d i a g r a m s s h o w i n g e a c h o f t h e

i n d i v i d u a l H A A s p e c i e s a t p H 6 a r e p r e s e n t e d i n F i g u r e 4 . 1 9 .

T o t a l f o r m a t i o n o f c h l o r i n a t e d , b r o m o - c h l o r o a n d b r o m i n a t e d

s p e c i e s

A c o m p a r i s o n o f t h e s u m s o f c h l o r i n a t e d , b r o m o - c h l o r o a n d

b r o m i n a t e d s p e c i e s f o r m e d a t p H 6 a n d p H 8 r e f l e c t s t h e i n c r e a s e

i n t h e f o r m a t i o n o f b r o m o -
c h l o r o s p e c i e s a t p H 6 . T h e r e s u l t s

f r o m c h l o r i n a t i o n s a t p H 6 a r e s h o w n i n F i g u r e 4 . 2 0 , a n d t h i s

f i g u r e m a y b e c o m p a r e d t o F i g u r e 4 . 6 f o r c h l o r i n a t i o n s a t p H 8 .

I n b o t h w a t e r s t h e r a n g e o f b r o m i d e c o n c e n t r a t i o n s o v e r w h i c h t h e

b r o m o - c h l o r o s p e c i e s w e r e t h e p r i n c i p a l s p e c i e s f o r m e d w a s

g r e a t e r a t p H 6 c o m p a r e d t o p H 8 . A c o mp a r i s o n o f t h e b r o m i d e
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r a n g e s o f p r i n c i p a l s p e c i e s f o r m e d a t p H 6 a n d p H

T a b l e 4 C .

I S g i v e n m

T a b l e 4 C . I n f l u e n c e o f p H o n b r o m i d e r a n g e s o f p r i n c i p a l

s p e c i e s f o r m e d i n c h l o r i n a t e d e x t r a c t s .

S a m p l e S p e c i e s

p H 6

[ B r - ] ( |I M )
p H 8

[ B r - : i m )

M y r t l e B e a c h C h l o r i n a t e d

B r o m o - c h l o r o

B r o m i n a t e d

0 - 6

6 - 2 2

> 2 2

0 - 6

6 - 1 9

> 1 9

P a l m B e a c h C h l o r i n a t e d

B r o m o - c h l o r o

B r o m i n a t e d

0 - 4

4 - 2 2

> 2 2

0 - 4

4 - 1 6

> 1 6

D i s t r i b u t i o n o f H A A s a m o n g m o n o -
, d i -

, a n d t r i h a l o g e n a t e d s p e c i e s

D i s t r i b u t i o n o f t h e H A A s i n t o m o n o -
, d i -

, a n d t r i h a l o g e n a t e d

s p e c i e s a t p H 6 i s s h o w n i n F i g u r e 4 . 2 1 . T h e d i s t r i b u t i o n s a r e

s i m i l a r t o t h o s e o b s e r v e d a t p H 8 . S p e c i a t i o n a m o n g m o n o -
, d i -

,

a n d t r i h a l o g e n a t e d s p e c i e s a g a i n a p p e a r s t o b e i n d e p e n d e n t o f

b r o m i d e c o n c e n t r a t i o n . T h e t w o e x t r a c t s s h o w n e a r l y i d e n t i c a l

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

, a n d

t r i h a l o g e n a t e d s p e c i e s a t p H 6 i s s i m i l a r t o t h a t a t p H 8 : a t

p H 6 , t h e t r i h a l o g e n a t e d s p e c i e s c o n s t i t u t e 6 2 - 7 0 % o f t h e t o t a l

H A A s , t h e d i h a l o g e n a t e d s p e c i e s c o m p r i s e 2 8 - 3 5 % o f t h e t o t a l
,

a n d

t h e m o n o h a l o g e n a t e d s p e c i e s m a k e u p 1 . 8 - 3 . 5 % o f t h e t o t a l .

B a s e d o n p r e v i o u s o b s e r v a t i o n s b y M i l l e r a n d U d e n ( 2 4 ) a n d

R e c k h o w a n d S i n g e r ( 2 2 ) t h a t t h e r a t i o o f T C A A / D C A A t e n d s t o

i n c r e a s e w i t h d e c r e a s i n g p H , o n e m i g h t e x p e c t t o s e e i n c r e a s e d

s p e c i a t i o n o f t h e H A A s i n t o t r i h a l o g e n a t e d s p e c i e s a n d d e c r e a s e d

s p e c i a t i o n i n t o t h e d i h a l o g e n a t e d s p e c i e s a t a l o w e r p H o f

c h l o r i n a t i o n . T h e r e s u l t s p r e s e n t e d i n F i g u r e 4 . 2 1 m a y s u g g e s t
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e -

O ih 4 i o g « n « t » d

T r^ a lo s « n a t * d

p H 3

1 0 1 5

B ro m id e c o n c e n t r a ti o n (u M )

2 0 2 5

(b ) Pa lm B e a c h e x t r a c t

F i g u r e 4 . 2 1 . D i s t r i b u t i o n o f H A A s i n t o m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s i n e x t r a c t s c h l o r i n a t e d a t p H 6 .
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s u c h a n e f f e c t ; h o w e v e r , i t a p p e a r s t h a t t h e r a n g e o f p H s t u d i e d

w a s n o t s u f f i c i e n t l y l a r g e f o r t h e r e s u l t s t o e i t h e r s u p p o r t o r

c o n t r a d i c t t h i s i d e a .

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n t o t h e H A A s i s c o m p a r e d f o r

c h l o r i n a t i o n s a t p H 5 a n d p H 8 i n F i g u r e 4 . 2 2 . I t a p p e a r s t h a t

c h a n g i n g t h e p H o f c h l o r i n a t i o n f r o m 8 t o 6 h a d l i t t l e e f f e c t o n

b r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n p e r m o l e o f T H A A i n b o t h

M y r t l e B e a c h a n d P a l m B e a c h e x t r a c t s .

F o r m a t i o n o f b r o m i n a t e d H A A s f r o m o z o n a t i o n a l o n e

I n b o t h w a t e r s b a t c h o z o n a t i o n o f 4 m g / L T O C a t a d o s e o f

1 m g O 3 : 1 m g T O C r e s u l t e d i n l i t t l e f o r m a t i o n o f b r o m i n a t e d

H A A s . M B A A a n d D B A A w e r e d e t e c t e d i n s a m p l e s c o n t a i n i n g

1 2 - 2 5 [M B r
"

a t c o n c e n t r a t i o n s l e s s t h a n 0 . 0 1 6 MM ( 3 . 4 |X g / L ) .

E f f e c t o f p r e - o z o n a t i o n o n H A A f o r m a t i o n a n d s p e c i a t i o n i n
c h l o r i n a t e d w a t e r s

F o r m a t i o n o f i n d i v i d u a l s p e c i e s

T h e e f f e c t o f o z o n e o n s u b s e q u e n t f o r m a t i o n o f H A A s f r o m

p o s t - c h l o r i n a t i o n w a s i n v e s t i g a t e d b y p r e p a r i n g o z o n a t e d , p o s t -

c h l o r i n a t e d s a m p l e s a l o n g w i t h s a m p l e s t h a t r e c e i v e d c h l o r i n e

a l o n e . T h e e f f e c t s o f p r e - o z o n a t i o n o n i n d i v i d u a l H A A f o r m a t i o n

i n s a m p l e s c h l o r i n a t e d a t p H 8 a r e s h o w n i n F i g u r e s 4 . 2 3 - 4 . 3 1 .

F i g u r e s f o r s a m p l e s c h l o r i n a t e d a t p H 6 a r e c o n t a i n e d i n

A p p e n d i x G .

I n s a m p l e s c h l o r i n a t e d a t p H 8
, p r e - o z o n a t i o n g e n e r a l l y
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(a ) M y r tl e B e a c h e x t r a c t

B r o m in e

C h l o n n e

1 0 1 5

B r o m id e c o n c e n t r a t i o n (u M )

(b ) Pa lm B e a c h e x t r a c t

F i g u r e 4 . 2 2 . B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n t o H A A s i n
e x t r a c t s c h l o r i n a t e d a t p H 6 .
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c h l o r i n a t e d a t p H 8 .
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F i g u r e 4 . 2 4 . I n f l u e n c e o f o z o n e o n D C A A f o r m a t i o n i n e x t r a c t s

c h l o r i n a t e d a t p H 8 .
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e n h a n c e d M C A A a n d M B A A f o r m a t i o n . S i m i l a r r e s u l t s w e r e o b t a i n e d

a t p H 6 , e x c e p t i n t h e c a s e o f M C A A f o r m a t i o n i n M y r t l e B e a c h

s a m p l e s , w h i c h a p p e a r e d t o b e l i t t l e a f f e c t e d b y p r e - o z o n a t i o n a t

p H 6 .

I n M y r t l e B e a c h e x t r a c t s p r e -
o z o n a t i o n l o w e r e d D C A A a n d T C A A

f o r m a t i o n i n a l l c a s e s ,
a n d t h e m a g n i t u d e o f t h e d e c r e a s e

a p p e a r e d t o i n c r e a s e w i t h i n c r e a s i n g b r o m i d e c o n c e n t r a t i o n . F o r

e x a m p l e , a t p H 8 D C A A a n d T C AA d e c r e a s e s w e r e o n t h e o r d e r o f 2 -

1 3 % f o r b r o m i d e c o n c e n t r a t i o n s l e s s t h a n 1 . 2 5 jXM , b u t a t b r o m i d e

c o n c e n t r a t i o n s g r e a t e r t h a n 5 |I M t h e r e d u c t i o n s w e r e o n t h e o r d e r

o f 2 5 - 6 0 % . D C A A a n d T C A A b e h a v i o r i n P a l m B e a c h s a m p l e s w a s m o r e

c o m p l e x . A t p H 8 t h e f o r m a t i o n o f b o t h s p e c i e s w a s e n h a n c e d a t

b r o m i d e c o n c e n t r a t i o n s l e s s t h a n 0 . 3 |a M ( 2 9 % f o r D C A A , 1 0 % f o r

T C A A ) , b u t w a s d e c r e a s e d b y p r e - o z o n a t i o n a t h i g h e r b r o m i d e

c o n c e n t r a t i o n s . T h e p H o f c h l o r i n a t i o n f u r t h e r a f f e c t e d t h e

b e h a v i o r o f t h e s e t w o s p e c i e s . A t p H 6 D C A A f o r m a t i o n w a s

e n h a n c e d b y p r e - o z o n a t i o n a t b o t h l o w a n d h i g h b r o m i d e

c o n c e n t r a t i o n s ( 1 5 - 3 0 % ) , a n d T C A A f o r m a t i o n w a s d e c r e a s e d o v e r

t h e f u l l r a n g e o f b r o m i d e c o n c e n t r a t i o n s ( 2 5 - 7 5 % ) .

I n b o t h w a t e r s t h e m i x e d b r o m o - c h l o r o s p e c i e s a g a i n

e x h i b i t e d a p a t t e r n o f f o r m a t i o n t h a t p e a k e d i n t h e r a n g e o f

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

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

b r o m i d e c o n c e n t r a t i o n s .

I n g e n e r a l , t h e e f f e c t o f p r e -
o z o n a t i o n o n t h e f o r m a t i o n o f

b r o m i n a t e d a n d b r o m o -
c h l o r o s p e c i e s ( e x c l u d i n g M B A A ) a p p e a r e d t o

d e p e n d o n b r o m i d e c o n c e n t r a t i o n . T h e r e s u l t s s u g g e s t t h a t p r e -

o z o n a t i o n g e n e r a l l y e n h a n c e d t h e f o r m a t i o n o f t h e s e s p e c i e s t o
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s o m e d e g r e e a t l o w a n d m o d e r a t e b r o m i d e c o n c e r i t r a t i o n s ( l e s s t h a n

6 |XM B r
'

) , a n d t e n d e d t o s i g n i f i c a n t l y d e c r e a s e t h e f o r m a t i o n o f

t h e s e s p e c i e s a t v e r y h i g h b r o m i d e c o n c e n t r a t i o n s ( g r e a t e r t h a n

1 2 . 5 |J M B r
"

) . T h e s e r e s u l t s w e r e c o n s i s t e n t i n s a m p l e s

c h l o r i n a t e d b o t h a t p H 8 a n d p H 6 . T h e r e w e r e a f e w e x c e p t i o n s

t o t h e s e g e n e r a l p a t t e r n s , m o s t n o t a b l y t h a t D B A A f o r m a t i o n w a s

e n h a n c e d t o a s m a l l e x t e n t b y p r e - o z o n a t i o n o f P a l m B e a c h

e x t r a c t s c o n t a i n i n g b o t h l o w a n d h i g h c o n c e n t r a t i o n s o f b r o m i d e

a t p H 8 a n d p H 6 , a n d B r C l A A f o r m a t i o n w a s e n h a n c e d o v e r a l l

b r o m i d e c o n c e n t r a t i o n s i n P a l m B e a c h e x t r a c t s c h l o r i n a t e d a t

p H 6 .

A p o s s i b l e e x p l a n a t i o n f o r t h e o b s e r v a t i o n t h a t t h e e f f e c t

o f p r e - o z o n a t i o n o n t h e f o r m a t i o n o f b r o m i n e -
c o n t a i n i n g H A A s

d e p e n d s o n i n i t i a l b r o m i d e c o n c e n t r a t i o n m a y c o m e f r o m a n

e x a m i n a t i o n o f t h e p o t e n t i a l r o l e o f b r o m i d e i o n a s a h y d r o x y l

r a d i c a l s c a v e n g e r . I t i s w e l l k n o w n t h a t o z o n e o x i d i z e s B r
"

t o

H O B r , a n d i t i s l i k e l y t h a t t h e o b s e r v e d e n h a n c e m e n t i n b r o m i n e -

c o n t a i n i n g H A A s b y p r e - o z o n a t i o n o f l o w b r o m i d e w a t e r s i s a

r e s u l t o f p a r t i a l b r o m i n a t i o n o f H A A p r e c u r s o r s d u r i n g p r e -

o z o n a t i o n . H o w e v e r , o t h e r f a c t o r s m u s t b e i n v o l v e d i n t h e

o z o n a t i o n o f h i g h b r o m i d e w a t e r s s i n c e i t w a s o b s e r v e d t h a t p r e -

o z o n a t i o n d e c r e a s e d t h e f o r m a t i o n o f b r o m i n e -
c o n t a i n i n g H A A s i n

s u c h w a t e r s .

B i c a r b o n a t e i o n h a s b e e n w e l l - s t u d i e d a s a h y d r o x y l r a d i c a l

s c a v e n g e r . S e v e r a l s t u d i e s ( 2 6 , 3 9 , 4 0 ) h a v e s h o w n t h a t D C A A a n d

T C A A f o r m a t i o n i n c h l o r i n a t e d w a t e r s i s d e c r e a s e d b y p r e -

o z o n a t i o n i n t h e p r e s e n c e o f b i c a r b o n a t e i o n r e l a t i v e t o p r e -

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

H A A p r e c u r s o r s t h a n i s t h e h y d r o x y l r a d i c a l .

T h e l a r g e r a t e c o n s t a n t f o r r e a c t i o n o f B r
"

w i t h t h e

h y d r o x y l r a d i c a l ( k = l . l x l O
"

M
' ^

s e c
"
^

a t 2 0 ° C c o m p a r e d t o

k = 8 . 5 x l 0
^

M
'
^
s e c

" ^
a t 2 0

°
C f o r t h e r e a c t i o n b e t w e e n H C O 3

"

a n d
*

0 H )

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

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

i n c l u d e b i c a r b o n a t e i o n , b r o m i d e i o n a n d t h e n a t u r a l o r g a n i c

m a t e r i a l . R e l a t i v e r a t e s o f h y d r o x y l r a d i c a l s c a v e n g i n g w e r e

c a l c u l a t e d a s k i [ S i ] , w h e r e k i
= r a t e c o n s t a n t o f r e a c t i o n b e t w e e n

s c a v e n g e r a n d
*

0 H a n d S
i
= c o n c e n t r a t i o n o f s c a v e n g e r . T h e

e q u i l i b r i u m c o n c e n t r a t i o n o f H C O 3

"

a t p H 7 w a s d e t e r m i n e d t o b e

1 . 6 1 mM ( f r o m a t o t a l i n o r g a n i c c a r b o n c o n c e n t r a t i o n o f 2 m M ) .

T h e r e m a i n i n g i n o r g a n i c c a r b o n w a s p r e s e n t p r i m a r i l y a s H 2 C O 3 ,

w h i c h d o e s n o t c o n t r i b u t e t o
'

O H s c a v e n g i n g . T h e r a t e c o n s t a n t

f o r r e a c t i o n o f n a t u r a l o r g a n i c m a t e r i a l w i t h
'

O H

( k = 3 . 8 x l 0
^

L (m g D O C )
" ^

s e c
"

M w a s o b t a i n e d f r o m H a a g a n d Y a o ( 5 2 ) .

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

i o n i s g i v e n b y :

k
N O M [ N OM ] = ( 3 . 8 x 1 0

^
L ( m g D O C )

"
^
s e c

" ^
) * ( 4 m g / L T O C )

k
n o M CN OM ] = 1 5 2

,
0 0 0 s e c

"
^

k
H c o 3 - [ H C 0 3

-

] = ( 8 . 5 x 1 0
^
M

- ^
s e c

-

^ * ( 1 . 6 1 x 1 0
- 3

M )
k

H c o 3 . [ H C 0 3

-

] = 1 3 , 6 8 5 s e c
" ^

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

k
B ^ _ [ B r

-

] = ( 1 . 1 x 1 0
"

M
- ^

s e c
-

^ [ B r
-

] . T h e r e l a t i v e r a t e s o f

s c a v e n g i n g b y b r o m i d e a r e g i v e n a t 5 |I M i n c r e m e n t s o f b r o m i d e

c o n c e n t r a t i o n i n T a b l e 4 D .
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T a b l e 4 D . R e l a t i v e r a t e s o f h y d r o x y l r a d i c a l s c a v e n g i n g b y
b r o m i d e i o n a t v a r i o u s b r o m i d e c o n c e n t r a t i o n s .

[ B r
-

] i l l K ) k
B , . [ B r

-

] ( s e c
- ^ )

1

5

1 0

1 5
2 0

2 5

1 1 , 0 0 0

5 5 , 0 0 0

1 1 0 , 0 0 0

1 6 5 , 0 0 0

2 2 0 , 0 0 0

2 7 5 , 0 0 0

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

b y b r o m i d e i o n i s c o mp e t i t i v e w i t h s c a v e n g i n g b y N OM a n d H C O j

"

,

a n d b r o m i d e i o n a p p e a r s t o b e t h e p r i n c i p a l r a d i c a l s c a v e n g e r a t

b r o m i d e c o n c e n t r a t i o n s g r e a t e r t h a n 1 5 [I M . T h i s m a y e x p l a i n t h e

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

b r o m i n e - c o n t a i n i n g H A A s ( a s w e l l a s D C A A a n d T C A A ) i n h i g h

b r o m i d e w a t e r s i f m o l e c u l a r o z o n e i s i n d e e d m o r e e f f i c i e n t a t

d e s t r o y i n g H A A p r e c u r s o r s t h a n i s t h e h y d r o x y l r a d i c a l , a s h a s

b e e n s u g g e s t e d b y R e c k h o w e t a l . ( 3 9 ) a n d L e g u b e e t a l . ( 4 0 ) .

T o t a l H A A f o r m a t i o n

T o t a l h a l o a c e t i c a c i d f o r m a t i o n i n p r e - o z o n a t e d w a t e r s i s

c o m p a r e d t o w a t e r s t r e a t e d -

w i t h c h l o r i n e a l o n e i n F i g u r e 4 . 3 2 .

T h e e f f e c t o f p r e - o z o n a t i o n o n s u b s e q u e n t t o t a l H A A f o r m a t i o n

f r o m c h l o r i n a t i o n a t p H 8 a p p e a r s t o d e p e n d o n b r o m i d e

c o n c e n t r a t i o n . I n M y r t l e B e a c h e x t r a c t s c o n t a i n i n g l e s s t h a n

3 [I M B r
"

, p r e - o z o n a t i o n d o e s n o t a p p e a r t o a f f e c t t o t a l H A A

f o r m a t i o n ; a n d i n P a l m B e a c h e x t r a c t s c o n t a i n i n g l e s s t h a n

3 IM B r
"

, p r e - o z o n a t i o n a p p e a r s t o e n h a n c e t o t a l H A A f o r m a t i o n

c o m p a r e d t o t r e a t m e n t w i t h c h l o r i n e a l o n e . I n w a t e r s c o n t a i n i n g
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c
o

o
c
c
o

<
<
X

0 7 ^ * 1 ,f o ^

1 0 1 5

B r o m id e c o n c e n tr a t i o n (u lW )
( a ) P a s t - c h l o ri n a t e d a t p H 8

2 0

2 4

M y n le B e a c h
,
0 2

My r t le B e a c h
,
0 3 + C 12

P a m Be a c h
,
C I2

- 3 -

P a m B e a c h 0 3 + c :2

1 0 1 5

B r o m id e c o n c e n tr a ti o n (u lVI)
(b ) P o s t - c h l o r i n a t e d a t p H 6

2 5

Mv n ie B e a c h
,
C 12

M yn ie B e a c n , 0 3 + C i2

R a m B e a c h C I2

P a m Be a c h , 0 3 + 0 12

F i g u r e 4 . 3 2 . E f f e c t o f p r e - o z o n a t i o n o n t o t a l H A A f o r m a t i o n i n
c h l o r i n a t e d e x t r a c t s .
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h i g h e r c o n c e n t r a t i o n s o f b r o m i d e , h o w e v e r , t o t a l H A A f o r m a t i o n i s

s i g n i f i c a n t l y d e c r e a s e d b y p r e - o z o n a t i o n . I n b o t h w a t e r s

c h l o r i n a t e d a t p H 6 , p r e - o z o n a t i o n a p p e a r s t o d e c r e a s e t o t a l H A A

f o r m a t i o n r e l a t i v e t o t r e a t m e n t w i t h c h l o r i n e a l o n e o v e r t h e

e n t i r e r a n g e o f b r o m i d e c o n c e n t r a t i o n s s t u d i e d .

D i s t r i b u t i o n o f i n d i v i d u a l s p e c i e s

D i s t r i b u t i o n o f t h e H A A s i n t o i n d i v i d u a l s p e c i e s i n p r e -

o z o n a t e d , c h l o r i n a t e d (p H 8 ) w a t e r s i s s h o w n i n F i g u r e 4 . 3 3 . I n

c o m p a r i s o n t o w a t e r s t r e a t e d w i t h c h l o r i n e a l o n e ( s e e

F i g u r e 4 . 4 ) , e a c h o f t h e H A A s c o n t a i n i n g b r o m i n e ( e x c l u d i n g M B A A )

a p p e a r s t o c o n s t i t u t e a s l i g h t l y l a r g e r f r a c t i o n o f t h e t o t a l

H A A s i n p r e - o z o n a t e d w a t e r s a t l o w b r o m i d e c o n c e n t r a t i o n s

( < 5 |X M ) . A t h i g h b r o m i d e c o n c e n t r a t i o n s
,

s p e c i a t i o n o f t h e H A A s

i n p r e - o z o n a t e d M y r t l e B e a c h e x t r a c t s i s s i m i l a r t o t h e

s p e c i a t i o n o b s e r v e d i n u n o z o n a t e d M y r t l e B e a c h e x t r a c t s ; h o w e v e r ,

i n P a l m B e a c h e x t r a c t s c o n t a i n i n g h i g h c o n c e n t r a t i o n s o f b r o m i d e ,

D B A A b e c o m e s t h e p r i n c i p a l s p e c i e s i n p r e - o z o n a t e d w a t e r s i n

c o n t r a s t t o T B A A b e i n g t h e p r i n c i p a l s p e c i e s i n u n o z o n a t e d

w a t e r s . I n a d d i t i o n , T C A A a p p e a r s t o c o n s t i t u t e a s i g n i f i c a n t l y

s m a l l e r f r a c t i o n o f t h e t o t a l H A A s i n b o t h p r e - o z o n a t e d e x t r a c t s

c o m p a r e d t o u n o z o n a t e d e x t r a c t s . S i m i l a r r e s u l t s w e r e o b s e r v e d

w h e n p o s t - c h l o r i n a t i o n w a s p e r f o r m e d a t p H 6 . D i s t r i b u t i o n s

r e s u l t i n g f r o m p r e - o z o n a t i o n f o l l o w e d b y c h l o r i n a t i o n a t p H 6 a r e

g i v e n i n A p p e n d i x H .
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D C A A

TC A A

D B A A

T B A A

B r C IA A

B r C I 2 A A

1 0 1 5

B r o m ide c o n c e n t r a t i o n ( u lVI)

(a ) M y r t l e B e a c h e x t r a c t

D C A A

TC A A

D B A A

T B A A

B rC lA A

B r C 12 A A
w

B r 2 C IA A

1 0 1 5

B r o m id e c o n c e n t r a t i o n (u M )
2 0 2 5

(b ) P a l m B e a c h e x t r a c t

F i g u r e 4 . 3 3 . D i s t r i b u t i o n o f i n d i v i d u a l H A A s p e c i e s i n p r e -

o z o n a t e d e x t r a c t s c h l o r i n a t e d a t p H 8 .
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T o t a l f o r m a t i o n o f c h l o r i n a t e d
,

b r o m o - c h l o r o a n d b r o m i n a t e d "

s p e d e s

T o t a l f o r m a t i o n o f c h l o r i n a t e d , b r o m o - c h l o r o a n d b r o m i n a t e d

H A A s w a s i n v e s t i g a t e d i n p r e - o z o n a t e d s a m p l e s , a n d t h e r e s u l t s

a r e s h o w n i n F i g u r e s 4 . 3 4 a n d 4
.
3 5 . C o m p a r i s o n o f t h e s e f i g u r e s

t o F i g u r e s 4 . 6 a n d 4 . 2 0 , r e s p e c t i v e l y , s u g g e s t s t h a t s p e c i e s

c o n t a i n i n g b r o m i n e b e c o m e t h e p r i n c i p a l s p e c i e s a t l o w e r b r o m i d e

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

r e c e i v e d c h l o r i n e a l o n e . A c o m p a r i s o n o f t h e r a n g e s o f b r o m i d e

c o n c e n t r a t i o n s o v e r w h i c h e a c h o f t h e s e g r o u p s o f s p e c i e s

d o m i n a t e s i n p r e - o z o n a t e d a n d u n o z o n a t e d e x t r a c t s i s g i v e n i n

T a b l e 4 E .

T a b l e 4 E . I n f l u e n c e o f p r e - o z o n a t i o n o n b r o m i d e r a n g e s o f

p r i n c i p a l s p e c i e s f o r m e d i n c h l o r i n a t e d e x t r a c t s .

S a m p l e S p e c i e s

p r e - o z o n a t e d

[ B r
-

] ( |I M )

u n o z o n a t e d

[ B r
-

] ( |X M )

M y r t l e B e a c h

p H 8

C h l o r i n a t e d

B r o m o - c h l o r o

B r o m i n a t e d

0 - 5

5 - 1 6

> 1 6

0 - 6

6 - 1 9

> 1 9

M y r t l e B e a c h

p H 6
C h l o r i n a t e d
B r o m o - c h l o r o

B r o m i n a t e d

0 - 3

3 - 2 1

n o t o b s e r v e d

0 - 6
6 - 2 2

> 2 2

P a l m B e a c h

p H 8

C h l o r i n a t e d

B r o m o - c h l o r o

B r o m i n a t e d

0 - 4

4 - 1 2

> 1 2

0 - 4

4 - 1 6

> 1 6

P a l m B e a c h

p H 6

C h l o r i n a t e d

B r o m o - c h l o r o

B r o m i n a t e d

0 - 3
3 - 1 6

> 1 6

0 - 4

4 - 2 2

> 2 2
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1 6

2 0 8 -

C h lo ri n a t e d

B r a m a - c h l D r a

B r o m in a t e d

1 0 1 5

B r o m id e c o n c e n tr a ti o n (u lVI)

(a ) M y r t l e B e a c h e x tr a c t

O 0 3

C h l o ri n a t e d

B r o m o - c h l o r o

B r o m i n a t e d

B r o m id e c o n c e n tr a t i o n (u iV !)
(b ) P a lm B e a c h e x t r a c t

F i g u r e 4 . 3 4 . S u m o f c h l o r i n a t e d , b r o m o - c h l o r o
, a n d b r o m i n a t e d

H A A s p e c i e s i n p r e - o z o n a t e d e x t r a c t s c h l o r i n a t e d a t p H 8 .
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2 0 8

1 0 1 5

B r o m i d e c o n c e n t r a t i o n (u M )

(a ) M y r t l e B e a c h e x t r a c t

B r o m id e c o n c e n t r a t i o n ( u M )
(b ) P a lm B e a c h e x t r a c t

Ch lo ri n a t e d

B r o m o - c h l o r o

B r o m i n a t e d

2 5

C h l o ri n a t e d

B r o m o - c h l o r o

B r o m in a t e d

F i g u r e 4 . 3 5 . S i om o f c h l o r i n a t e d ,
b r o m o - c h l o r o , a n d b r o m i n a t e d

H A A s p e c i e s i n p r e - o z o n a t e d e x t r a c t s c h l o r i n a t e d a t p H 6 .
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D i s t r i b u t i o n o f H A A s a m o n g m o n o -
, d i -

, a n d t r i h a l o g e n a t e d s p e c i e s

D i s t r i b u t i o n s o f t h e H A A s i n t o m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s i n p r e - o z o n a t e d e x t r a c t s a r e s h o w n i n

F i g u r e s 4 . 3 6 a n d 4 .
3 7 . I n M y r t l e B e a c h e x t r a c t s , p r e - o z o n a t i o n

d o e s n o t a p p e a r t o s i g n i f i c a n t l y a f f e c t t h i s s p e c i a t i o n . I n

a d d i t i o n , t h e s p e c i a t i o n a g a i n a p p e a r s t o b e i n d e p e n d e n t o f

b r o m i d e c o n c e n t r a t i o n . I n P a l m B e a c h e x t r a c t s ,
h o w e v e r

, p r e -

o z o n a t i o n a p p e a r s t o d e c r e a s e s p e c i a t i o n i n t o t h e t r i h a l o g e n a t e d

s p e c i e s a n d t o i n c r e a s e s p e c i a t i o n i n t o t h e d i h a l o g e n a t e d

s p e c i e s . I n a d d i t i o n . F i g u r e 4 . 3 6 s u g g e s t s t h a t d i s t r i b u t i o n o f

t h e H A A s a m o n g m o n o -
, d i -

, a n d t r i h a l o g e n a t e d s p e c i e s i n p r e -

o z o n a t e d P a l m B e a c h e x t r a c t s c h l o r i n a t e d a t p H 8 m a y b e

i n f l u e n c e d b y b r o m i d e i o n c o n c e n t r a t i o n .

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n w e r e e v a l u a t e d b y

p l o t t i n g p i n o l e s b r o m i n e ( o r [Xm o l e s c h l o r i n e ) i n c o r p o r a t e d p e r

|j m o l e o f t o t a l H A A s . F i g u r e s 4
. 3 8 a n d 4 . 3 9 i n d i c a t e t h a t p r e -

o z o n a t i o n e n h a n c e s b r o m i n e i n c o r p o r a t i o n p e r fi m o l e T H A A a t

b r o m i d e c o n c e n t r a t i o n s l e s s t h a n 2 0 |i M i n M y r t l e B e a c h e x t r a c t s

a n d l e s s t h a n 1 0 - 1 5 jXM i n P a l m B e a c h e x t r a c t s . T h i s i s

c o n s i s t e n t w i t h t h e o b s e r v a t i o n s t h a t p r e - o z o n a t i o n t e n d e d t o

i n c r e a s e t h e d i s t r i b u t i o n o f H A A s i n t o t h e b r o m i n e - c o n t a i n i n g

s p e c i e s . T h e e f f e c t o f o z o n e a t h i g h e r b r o m i d e c o n c e n t r a t i o n s i s

l e s s c l e a r . R o o k e t a l . ( 2 8 ) h a v e o b s e r v e d t h a t p r e - o z o n a t i o n

t e n d s t o s h i f t T H M s p e c i a t i o n t o w a r d t h e m o r e h i g h l y b r o m i n a t e d

s p e c i e s , a n d i t a p p e a r s t h a t p r e - o z o n a t i o n h a s a s i m i l a r e f f e c t

o n H A A s p e c i a t i o n . I t i s l i k e l y t h a t H A A p r e c u r s o r s b e c o m e

1 0 0
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I

o

c
o

o
CO

o

B ro m i d e c o n c e n tr a ti o n (u iVI)
(a ) M y r t le B e a c h e x t r a c t

1 0 1 5

B r o m id e c o n c e n tr a ti o n (u lW)

T
2 0

(b ) P a lm B e a c h e x t r a c t

M o n o n a l o g e n a t e d

Di h a l o g e n a t e d

T r ih a l o g e n a t e d

u n o z o n a t e d

M o n o n a lo g e n a i e d

D it i a l o g e n a t e d

T n h a lo g e n a t e d

u n o z o n a t e d

2 5

F i g u r e 4 . 3 6 . D i s t r i b u t i o n o f H A A s i n t o m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s i n p r e -
o z o n a t e d e x t r a c t s c h l o r i n a t e d a t

p H 8 .

1 0 1
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1 0 1 5

B r o m id e c o n c e n t r a t i o n (u lVt)
(a ) M y rt e B e a c h e x t r a c t

Q 8

1 0 1 5

B r o m id e c o n c e n t r a t i o n (u M )

2 0

(b ) P a lm B e a c h e x t r a c t

M o n o h a io g e n a t e d

s -

D ih a l o g e n a t e d

T r i h a Jo g e n a t e d

u n o z o n a t e d

M o n o h a lo g s n a t e d

D ih a l o g e n a t e d

T r i h a Jo g e n a t e d

u n o z o n a t e d

F i g u r e 4 . 3 7 . D i s t r i b u t i o n o f H A A s i n t o m o n o -
, d i -

, a n d
t r i h a l o g e n a t e d s p e c i e s i n p r e - o z o n a t e d e x t r a c t s c h l o r i n a t e d a t
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p a r t i a l l y b r o m i n a t e d d u r i n g o z o n a t i o n .

P r e - o z o n a t i o n a p p e a r e d t o h a v e l i t t l e e f f e c t o n t h e t o t a l

h a l o g e n c o n t e n t o f t h e H A A s . I n w a t e r s t r e a t e d w i t h c h l o r i n e

a l o n e , e a c h m o l e o f t o t a l H A A s c o n s i s t e n t l y c o n t a i n e d

a p p r o x i m a t e l y 2 . 6 m o l e s o f t o t a l h a l o g e n . I n p r e - o z o n a t e d My r t l e

B e a c h e x t r a c t s , e a c h m o l e o f t o t a l H A A s a g a i n c o n t a i n e d

a p p r o x i m a t e l y 2 . 6 m o l e s o f t o t a l h a l o g e n . I n p r e - o z o n a t e d P a l m

B e a c h e x t r a c t s
,

t h e r e w a s a p p r o x i m a t e l y 2 . 5 m o l e s o f t o t a l

h a l o g e n i n c o r p o r a t e d p e r m o l e o f t o t a l H A A s ; t h i s s l i g h t l y l o w e r

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

t r i h a l o g e n a t e d s p e c i e s a n d i n c r e a s e i n s p e c i a t i o n i n t o

d i h a l o g e n a t e d s p e c i e s .

E f f e c t o f b r o m i d e i o n c o n c e n t r a t i o n o n c h l o r i n e c o n s u m p t i o n

I n s e v e r a l c h l o r i n a t e d w a t e r s t h e r e w a s a n o b s e r v e d t r e n d o f

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

c o n c e n t r a t i o n . B r o m i d e i o n e x e r t s a c h l o r i n e d e m a n d t h r o u g h t h e

r e a c t i o n : H O C l + B r
"

> H O B r + C l
"

. S w e e t m a n e t a l . ( 3 0 )

h a v e s u g g e s t e d t h a t B r
"

m a y b e
"

r e c y c l e d
"

t h r o u g h o x i d a t i o n

r e a c t i o n s . H O B r c a n p a r t i c i p a t e i n o x i d a t i o n r e a c t i o n s t h a t d o

n o t i n v o l v e i n c o r p o r a t i o n o f B r i n t o o r g a n i c s . B r
"

i s a p r o d u c t

o f s u c h r e a c t i o n s .
B r

"

c a n t h e n b e r e o x i d i z e d t o H O B r b y H O C l
,

a n d t h u s 1 m o l e o f B r
"

c a n p o t e n t i a l l y c o n s u m e m o r e t h a n 1 m o l e

o f H O C l .

I n w a t e r s c h l o r i n a t e d b o t h a t p H 8 a n d p H 6 , t h e r e a p p e a r e d

t o b e a l i n e a r i n c r e a s e i n c h l o r i n e c o n s i om p t i o n w i t h i n c r e a s i n g

b r o m i d e i o n c o n c e n t r a t i o n . T h i s i s s h o w n i n F i g u r e 4 . 4 0 .

C h l o r i n e c o n s i o m p t i o n i n p r e - o z o n a t e d , c h l o r i n a t e d e x t r a c t s i s

1 0 5
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B r o m id e c o n c e n t r a ti o n (u lVI)

a o

M y r t l e B e a c h

F a im B e a c h

2 5

N/ ty n Ia B e a c h

P s lm B e a c h

2 5

F i g u r e 4 . 4 0 . E f f e c t o f b r o m i d e i o n o n c h l o r i n e c o n s u m p t i o n i n
c h l o r i n a t e d e x t r a c t s .
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s h o w n i n F i g u r e 4 . 4 1 . I n p r e -
o z o n a t e d M y r t l e B e a c h e x t r a c t ,

c h l o r i n e c o n s i n n p t i o n a g a i n a p p e a r e d t o i n c r e a s e w i t h i n c r e a s i n g

b r o m i d e c o n c e n t r a t i o n ; h o w e v e r
, b r o m i d e i o n a p p e a r e d t o h a v e

l i t t l e e f f e c t o n c h l o r i n e c o n s i i m p t i o n i n p r e - o z o n a t e d P a l m B e a c h

e x t r a c t .

H A A f o n o a t l o n a n d s p e c i a t l o n i n e x t r a c t s c h l o r a m i n a t e d a t p H 8

F o r m a t i o n a n d d i s t r i b u t i o n o f i n d i v i d u a l s p e c i e s

C o m p a r e d t o c h l o r i n a t i o n , c h l o r a m i n a t i o n o f M y r t l e B e a c h a n d

P a l m B e a c h e x t r a c t s a t p H 8 s h o w e d a d r a m a t i c d e c r e a s e i n t o t a l

|i M H A A f o r m a t i o n , o n t h e o r d e r o f 8 8 - 9 5 % . D C A A w a s t h e p r i n c i p a l

s p e c i e s f o r m e d f r o m c h l o r a m i n a t i o n , b u t o b s e r v e d c o n c e n t r a t i o n s

d i d n o t e x c e e d 0 . 0 7 0 |X M ( 9 \i g / L ) . C h l o r a m i n a t i o n d i d p r o d u c e

s o m e o f t h e b r o m i n a t e d s p e c i e s , p r i n c i p a l l y M B A A , D B A A , a n d

B r C l A A . T h e h i g h e s t o b s e r v e d c o n c e n t r a t i o n s o f e a c h o f t h e s e

s p e c i e s w e r e 0 . 0 2 4 ^ M M B A A ( 3 . 3 pi g / L ) , 0 . 0 2 3 \m D B A A ( 5 P g / L ) ,

a n d 0 . 0 2 0 }i M B r C l A A ( 3 . 4 \l g / L ) . I n c o n t r a s t t o i t s b e h a v i o r i n

c h l o r i n a t e d e x t r a c t s , B r C l A A f o r m a t i o n d i d n o t e x h i b i t a p e a k i n

t h e r a n g e 0 - 2 5 |I M B r
"

d u r i n g c h l o r a m i n a t i o n . D i s t r i b u t i o n

d i a g r a m s o f t h e H A A s p e c i e s f o r m e d i n c h l o r a m i n a t e d M y r t l e B e a c h

a n d P a l m B e a c h e x t r a c t s a r e s h o w n i n F i g u r e 4 . 4 2 .

T h e t r i h a l o g e n a t e d H A A s p e c i e s a r e n o t s h o w n i n F i g u r e 4 . 4 2

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

c h l o r a m i n a t i o n . T C A A f o r m a t i o n w a s b e l o w t h e d e t e c t i o n l i m i t o f

0 . 0 0 1 8 \m ( 0 . 2 9 |l g / L ) i n a l l c h l o r a m i n a t e d s a m p l e s . B r
j
C l A A a n d

T B A A w e r e q u a n t i f i a b l e o n l y i n s a m p l e s c o n t a i n i n g g r e a t e r t h a n

1 2 . 5 |J M B r
"

a n d a t c o n c e n t r a t i o n s b e l o w 0 . 0 1 |, l M ( 2 |a g / L ) . B r C l j A A

1 0 7
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2 5
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M B A A

D B A A

B r C IA A

i : 4 0
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B r o m id e c o n c e n t r a t i o n (u M )

(a ) M y r t le B e a c h e x t r a c t

M C A A

D C A A
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B r C lA A

1 0 1 5

B r o m id e c o n c e n tr a t i o n (u M )
2 0 25

(b ) P a l m B e a c h e x t r a c t

F i g u r e 4 . 4 2 .
D i s t r i b u t i o n o f i n d i v i d u a l H A A s p e c i e s i n e x t r a c t s

c h l o r a i t i i n a t e d a t p H 8 .
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w a s a l s o d e t e c t e d o n l y a t c o n c e n t r a t i o n s b e l o w 0 . 0 1 )J M

( 2 . 3 \l g / L ) .

D i s t r i b u t i o n o f HA A s a m o n g m o n o -
, d i ~

,
a n d t r i h a l o g e n a t e d s p e c i e s

D i s t r i b u t i o n o f t h e H A A s a m o n g t h e m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s i s s h o w n i n F i g u r e 4 . 4 3 .
T h e d i s t r i b u t i o n

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

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

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

f o r l e s s t h a n 1 7 % o f t h e t o t a l H A A s i n My r t l e B e a c h e x t r a c t s a n d

l e s s t h a n - 7 % o f t h e t o t a l i n P a l m B e a c h e x t r a c t s . T h i s i s i n

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

c o n s t i t u t e d a p p r o x i m a t e l y 6 5 % o f t h e t o t a l H A A s i n c h l o r i n a t e d

w a t e r s . I n t h e c h l o r a m i n a t e d w a t e r s , t h e d i h a l o g e n a t e d s p e c i e s

( p r i m a r i l y D C A A ) a c c o u n t e d f o r t h e g r e a t e s t f r a c t i o n o f t h e t o t a l

H A A s ( 6 6 - 8 7 % i n My r t l e B e a c h e x t r a c t s a n d 5 7 - 6 5 % i n P a l m B e a c h

e x t r a c t s ) . F o r m a t i o n o f t h e m o n o h a l o g e n a t e d s p e c i e s w a s a l s o

o b s e r v e d , a n d t h e y a c c o u n t e d f o r 1 3 - 1 6 % o f t h e t o t a l H A A s i n

M y r t l e B e a c h e x t r a c t s a n d 3 1 - 4 1 % o f t h e t o t a l i n P a l m B e a c h

e x t r a c t s .

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n

T o t a l b r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n i n t o t h e H A A s i n

c h l o r a m i n a t e d w a t e r s i s s h o w n i n F i g u r e 4 . 4 4 . A l t h o u g h b r o m i n e

i n c o r p o r a t i o n i n c r e a s e s w i t h i n c r e a s i n g b r o m i d e c o n c e n t r a t i o n ,

t o t a l c h l o r i n e i n c o r p o r a t i o n i n t o t h e H A A s i s g r e a t e r t h a t t o t a l

b r o m i n e i n c o r p o r a t i o n o v e r t h e e n t i r e r a n g e o f b r o m i d e

c o n c e n t r a t i o n s s t u d i e d .

1 1 0
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D » i 80 t C > C

F i g u r e 4 . 4 3 . D i s t r i b u t i o n o f H A A s i n t o m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s i n e x t r a c t s c h l o r a i t v i n a t e d a t p H ?

2 5
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I n c o n t r a s t t o c h l o r i n a t e d w a t e r s i n w h i c h e a c h m o l e o f

t o t a l H A A s c o n t a i n e d a p p r o x i m a t e l y 2 . 6 m o l e s o f t o t a l h a l o g e n ,

t h e H A A s p r o d u c e d f r o m c h l o r a m i n a t i o n c o n t a i n e d a p p r o x i m a t e l y

1 . 7 - 1 . 9 m o l e s o f t o t a l h a l o g e n p e r m o l e o f t o t a l H A A s i n t h e

r a n g e o f b r o m i d e c o n c e n t r a t i o n s s t u d i e d . T h i s i s a r e f l e c t i o n o f

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

a n d d i h a l o g e n a t e d s p e c i e s , w h i l e c h l o r a m i n a t i o n f a v o r e d f o r m a t i o n

o f t h e d i - a n d m o n o h a l o g e n a t e d s p e c i e s .

I n f l u e n c e o f p r e - o z o n a t i o n o n H A A f o r m a t i o n a n d s p e c i a t i o n i n
c h l o r a m i n a t e d w a t e r s

F o r m a t i o n o f i n d i v i d u a l s p e c i e s

I n b o t h M y r t l e B e a c h a n d P a l m B e a c h w a t e r s , p r e - o z o n a t i o n

e n h a n c e d t h e f o r m a t i o n o f M C A A a n d D C A A . M B A A f o r m a t i o n w a s

e n h a n c e d b y p r e - o z o n a t i o n a t h i g h b r o m i d e c o n c e n t r a t i o n s ( > 9 |J M )

i n b o t h w a t e r s , a n d D B A A f o r m a t i o n w a s e n h a n c e d i n P a l m B e a c h

s a m p l e s c o n t a i n i n g m o r e t h a n 9 ^ M B r
'

,

- D B A A f o r m a t i o n a p p e a r e d t o

b e u n a f f e c t e d b y p r e - o z o n a t i o n i n M y r t l e B e a c h s a m p l e s . T h e s e

r e s u l t s a r e s h o w n i n F i g u r e s 4 . 4 5 - 4 . 4 8 . I t i s i m p o r t a n t t o n o t e

t h a t a l t h o u g h p r e - o z o n a t i o n e n h a n c e d t h e f o r m a t i o n o f s o m e

s p e c i e s , t h e a b s o l u t e c o n c e n t r a t i o n s o f i n d i v i d u a l s p e c i e s d i d

n o t e x c e e d 0 . 1 |i M ( 1 3 |i g / L ) i n a n y c h l o r a m i n a t e d s a m p l e s .

T o t a l H A A f o r m a t i o n

T o t a l H A A f o r m a t i o n w a s e n h a n c e d b y p r e - o z o n a t i o n i n b o t h

w a t e r s c o m p a r e d t o c h l o r a m i n a t i o n a l o n e . T h e e f f e c t o f p r e -

o z o n a t i o n o n T H A A f o r m a t i o n i n c h l o r a m i n a t e d w a t e r s i s s h o w n i n

F i g u r e 4 . 4 9 . T o t a l H A A f o r m a t i o n i n p r e - o z o n a t e d , c h l o r a m i n a t e d

1 1 3
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7S 0 . 0 2 5
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(a ) M y r t l e B e a c h e x t r a c t
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w a t e r s w a s s t i l l d e c r e a s e d b y a p p r o x i m a t e l y 9 0 % c o m p a r e d t o T H A A

f o r m a t i o n i n c h l o r i n a t e d w a t e r s .

D i s t r i b u t i o n o f i n d i v i d u a l s p e c i e s

D i s t r i b u t i o n s o f i n d i v i d u a l H A A s p e c i e s i n o z o n a t e d , p o s t -

c h l o r a m i n a t e d w a t e r s a r e s h o w n i n F i g u r e 4 . 5 0 . A g a i n , D C A A w a s

t h e p r i n c i p a l s p e c i e s f o r m e d i n n e a r l y a l l c a s e s . M C A A

c o n s t i t u t e d a m o r e s i g n i f i c a n t f r a c t i o n o f t h e t o t a l H A A s i n p r e -

o z o n a t e d s a mp l e s c o m p a r e d t o s a mp l e s t h a t r e c e i v e d c h l o r a m i n e

a l o n e ( s e e F i g u r e 4 . 4 2 ) . P a l m B e a c h e x t r a c t s a p p e a r e d t o b e m o r e

s u s c e p t i b l e t h a n M y r t l e B e a c h e x t r a c t s t o f o r m a t i o n o f b r o m i n a t e d

H A A s , a n d M B A A a n d D B A A i n d i v i d u a l l y c o n s t i t u t e d a p p r o x i m a t e l y

2 0 - 2 5 % o f t h e t o t a l H A A s i n P a l m B e a c h s a m p l e s c o n t a i n i n g h i g h

c o n c e n t r a t i o n s o f b r o m i d e ( > 1 5 |i M ) .

D i s t r i b u t i o n o f HA A s a m o n g m o n o -
, d i -

, a n d t r i h a l o g e n a t e d s p e c i e s

S p e c i a t i o n i n t o d i h a l o g e n a t e d a n d m o n o h a l o g e n a t e d s p e c i e s

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

s t u d i e d . I n M y r t l e B e a c h e x t r a c t s , p r e - o z o n a t i o n a p p e a r e d t o

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

s p e c i e s t o t o t a l H A A s ; h o w e v e r , i n P a l m B e a c h e x t r a c t s , p r e -

o z o n a t i o n d i d n o t h a v e a p r o n o u n c e d e f f e c t o n t h i s s p e c i a t i o n .

S p e c i a t i o n o f t h e H A A s i n t o m o n o , d i a n d t r i h a l o g e n a t e d s p e c i e s

i s s h o w n i n F i g u r e 4 . 5 1 .

B r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n

T h e t w o e x t r a c t s e x h i b i t e d d i f f e r i n g b e h a v i o r i n t e r m s o f

b r o m i n e a n d c h l o r i n e i n c o r p o r a t i o n . I n p l o t t i n g b r o m i n e a n d
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, d i -
, a n d
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p H 8 .
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c h l o r i n e i n c o r p o r a t i o n n o r m a l i z e d f o r t o t a l ji M H A A f o r m a t i o n

( F i g u r e 4 . 5 2 ) , p r e - o z o n a t i o n a p p e a r s t o e n h a n c e b r o m i n e

i n c o r p o r a t i o n i n t o H A A s i n P a l m B e a c h e x t r a c t s c o n t a i n i n g h i g h

c o n c e n t r a t i o n s o f b r o m i d e ( > 1 2 . 5 )I M ) . O n t h e o t h e r h a n d , b r o m i n e

i n c o r p o r a t i o n i n t o t h e H A A s i n c h l o r a m i n a t e d My r t l e B e a c h

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

I m p l i c a t i o n s o f t h e w o r k

H a l o a c e t i c a c i d s i n d r i n k i n g w a t e r a r e c u r r e n t l y n o t

r e g u l a t e d ; h o w e v e r
, t h e r e i s c o n c e r n a b o u t t h e i r r i s k t o h i u n a n

h e a l t h , a n d a m a x i m i om c o n t a m i n a n t l e v e l ( M C L ) f o r "

t o t a l
"

H A A s i s

e x p e c t e d t o b e p a r t o f t h e D i s i n f e c t a n t s / D i s i n f e c t i o n B y
-
p r o d u c t s

R u l e t o b e p r o p o s e d b y t h e U S E P A t h i s y e a r . T h e e x p e c t e d M C L f o r

"

t o t a l
"

H A A s i s 6 0 p g / L , a n d t h i s f i g u r e i n c l u d e s o n l y f i v e o f

t h e H A A s p e c i e s : M C A A , D C A A , T C A A , M B A A a n d D B A A . A n i m p o r t a n t

q u e s t i o n a t t h e o u t s e t o f t h i s r e s e a r c h w a s w h e t h e r o t h e r H A A

s p e c i e s , p a r t i c u l a r l y t h e t h r e e b r o m o - c h l o r o s p e c i e s , m a y b e

i mp o r t a n t s p e c i e s f o r m e d i n c h l o r i n a t e d w a t e r s . T h e o c c u r r e n c e

o f b r o m o
-
c h l o r o s p e c i e s i n f i n i s h e d d r i n k i n g w a t e r s i s p r e s e n t l y

n o t k n o w n p r i m a r i l y b e c a u s e c h e m i c a l s t a n d a r d s f o r B r C l
j
A A a n d

B r j C l A A a r e n o t c o m m e r c i a l l y a v a i l a b l e , a n d a s t a n d a r d f o r B r C l A A

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

s u g g e s t t h a t t h e b r o m o -
c h l o r o s p e c i e s , p a r t i c u l a r l y B r C l

2
A A , m a y

b e a c o n c e r n i n c h l o r i n a t e d w a t e r s c o n t a i n i n g b o t h l o w a n d h i g h

c o n c e n t r a t i o n s o f b r o m i d e . T h e h e a l t h e f f e c t s o f t h e b r o m o -

c h l o r o H A A S a r e p r e s e n t l y n o t k n o w n , a n d t h e f i n d i n g s s u g g e s t

t h a t h e a l t h e f f e c t s s t u d i e s o f t h e s e c o m p o u n d s s h o u l d b e
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c o n d u c t e d .

A n a l y s i s o f f i n i s h e d d r i n k i n g w a t e r s a m p l e s f r o m t h e

M e t r o p o l i t a n W a t e r D i s t r i c t o f S o u t h e r n C a l i f o r n i a s u p p o r t e d

t h e s e l a b o r a t o r y f i n d i n g s . T h e s o u r c e w a t e r a t t h i s p l a n t

c o n t a i n e d 2 . 7 5 ^ M B r
"

( 0 . 2 2 m g / L ) a n d 3 . 3 2 m g / L T O C , a n d t h e

w a t e r w a s t r e a t e d b o t h w i t h c h l o r i n e a n d c h l o r a m i n e s . T h e s u m o f

t h e n i n e H A A s p e c i e s i n t h e f i n i s h e d w a t e r w a s 5 2 . 6 \l g / L . T h e

f i v e H A A s c u r r e n t l y b e i n g c o n s i d e r e d f o r r e g u l a t i o n a c c o u n t e d f o r

o n l y 5 4 % o f t h i s t o t a l o n a w e i g h t b a s i s , w h i l e t h e t h r e e b r o m o -

c h l o r o s p e c i e s a c c o u n t e d f o r 4 6 % o f t h e t o t a l H A A s . T h e s e

r e s u l t s a r e s h o w n i n T a b l e 4 F .

T a b l e 4 F
.

H A A c o n c e n t r a t i o n s a n d d i s t r i b u t i o n s i n f i n i s h e d

d r i n k i n g w a t e r f r o m t h e M e t r o p o l i t a n W a t e r D i s t r i c t o f

S o u t h e r n C a l i f o r n i a

A n a l y t e

M C A A

D C A A

T C A A

M B A A

D B A A

T B A A

B r C l A A

B r C l 2 A A

B r 2 C l A A

T o t a l H A A s

C o n e ( |J g / L )

1 . 1 7

7 . 0 2

5 . 0 7

1 . 7 S

9 . 1 !

B D L

1 0 . 8

1 2 . 2

5 . 3 7

5 2 . 6

M o l e f r a c t i o n

o f t o t a l H A A s

0 . 0 4

0 . 1 9

0 . 1 1

0 . 0 4

0
. 1 4

0
. 2 1

0 . 2 0

0 . 0 7

A l t h o u g h d i s i n f e c t i o n b y
-
p r o d u c t r e g u l a t i o n s a r e c u r r e n t l y
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b a s e d o n c o n c e n t r a t i o n s b y w e i g h t
,

t h i s m a y b e a m i s l e a d i n g

a p p r o a c h s i n c e d i f f e r e n t c o mp o u n d s h a v e d i f f e r e n t w e i g h t s . I n

T a b l e 4 F t h e d i s t r i b u t i o n s o f s p e c i e s m e a s u r e d i n t h e f i n i s h e d

d r i n k i n g w a t e r s a m p l e s a r e a l s o g i v e n i n t e r m s o f m o l e f r a c t i o n s

o f t h e t o t a l H A A s . T h e b r o m o - c h l o r o s p e c i e s c o n s t i t u t e n e a r l y

5 0 % o f t h e t o t a l H A A s o n a m o l a r b a s i s
.

T h e p r e s e n t s t u d y s u g g e s t s t h a t p r e - o z o n a t i o n f o l l o w e d b y

c h l o r i n a t i o n i s n o t l i k e l y t o b e a n e f f e c t i v e m e a n s o f

c o n t r o l l i n g H A A f o r m a t i o n i n w a t e r s t y p i c a l l y e n c o u n t e r e d i n

p r a c t i c e ( c o n t a i n i n g l e s s t h a n 3 |J M B r
'

) . C h l o r a m i n a t i o n a n d

p r e - o z o n a t i o n f o l l o w e d b y c h l o r a m i n a t i o n c l e a r l y a p p e a r t o b e

f a v o r a b l e m e t h o d s f o r m i n i m i z i n g H A A f o r m a t i o n ( t o t a l H A A

d e c r e a s e s o f a p p r o x i m a t e l y 9 0 % w e r e o b s e r v e d r e l a t i v e t o

c h l o r i n a t e d w a t e r s ) .

T h i s r e s e a r c h s u g g e s t s t h a t d i f f e r e n t w a t e r s m a y b e h a v e

s i m i l a r l y w i t h r e s p e c t t o H A A s p e c i a t i o n a s a f u n c t i o n o f b r o m i d e

c o n c e n t r a t i o n . T h i s w o r k , a l o n g w i t h f u r t h e r s t u d y o f t h e

e f f e c t s o f t o t a l o r g a n i c c a r b o n c o n c e n t r a t i o n a n d c h l o r i n e d o s e

o n t h e d i s t r i b u t i o n o f H A A s m a y p r o v i d e a f r a m e w o r k f o r

m a t h e m a t i c a l l y m o d e l i n g H A A s p e c i a t i o n i n c h l o r i n a t e d w a t e r s .

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

p a t h w a y s b y w h i c h H A A s a r e f o r m e d , s u g g e s t i n g t h a t e a c h o f t h e

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

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

p a t h w a y s , a n d e a c h o f t h e m o n o h a l o g e n a t e d s p e c i e s a r e f o r m e d

t h r o u g h t h e s a m e p a t h w a y s . F u r t h e r i n v e s t i g a t i o n s o f t h e e f f e c t s

o f c h l o r i n e d o s e a n d p H o f c h l o r i n a t i o n m a y h e l p t o e l u c i d a t e t h e

r e l a t i o n s h i p s b e t w e e n t h e m o n o -
, d i -

, a n d t r i h a l o g e n a t e d s p e c i e s .
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C h a p t e r 5

C o n c l u s i o n s a n d R e c o m m e n d a t i o n s

C o n c l u s i o n s

T h e p r i m a r y g o a l o f t h i s s t u d y w a s t o a s s e s s h a l o a c e t i c a c i d

s p e c i a t i o n r e s u l t i n g f r o m c h l o r i n a t i o n , o z o n a t i o n a n d

c h l o r a m i n a t i o n o f b r o m i d e - c o n t a i n i n g w a t e r s . S e c o n d a r y g o a l s

i n c l u d e d a s s e s s i n g t h e e f f e c t s o f t h e p H o f c h l o r i n a t i o n a n d t h e

m e t h o d o f c h e m i c a l t r e a t m e n t o n q u a n t i t a t i v e f o r m a t i o n o f e a c h o f

t h e n i n e H A A s p e c i e s , a s w e l l a s i n v e s t i g a t i n g t h e i n f l u e n c e o f

t h e s o u r c e o f n a t u r a l o r g a n i c m a t e r i a l o n H A A f o r m a t i o n a n d

s p e c i a t i o n .

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

c o n c e n t r a t i o n i s a n i m p o r t a n t f a c t o r i n H A A s p e c i a t i o n i n

c h l o r i n a t e d w a t e r s , w i t h h i g h b r o m i d e c o n c e n t r a t i o n s f a v o r i n g

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

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

b r o m i d e -
c o n t a i n i n g w a t e r s , a n d i t a p p e a r s t h a t B r C l 2 A A w i l l b e

t h e m o s t a b u n d a n t o f t h e b r o m o - c h l o r o s p e c i e s f o r m e d i n w a t e r s

t y p i c a l l y e n c o u n t e r e d i n p r a c t i c e ( c o n t a i n i n g l e s s t h a n

1 2 |a M B r
"

) . S i g n i f i c a n t f o r m a t i o n o f t h e b r o m o -
c h l o r o s p e c i e s

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

b r o m i d e ; i n t h i s s t u d y t h e s e s p e c i e s c o n s t i t u t e d a t l e a s t 1 0 % o f

t h e t o t a l H A A s i n w a t e r s c o n t a i n i n g a s l i t t l e a s 1 . 2 |X M B r
'

.

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

, a n d

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

a p p e a r s t o b e i n d e p e n d e n t o f b r o m i d e i o n c o n c e n t r a t i o n . E a c h o f

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

p a t h w a y s , a n d l i k e w i s e f o r t h e m o n o - a n d d i h a l o g e n a t e d s p e c i e s .
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U n d e r t h e c o n d i t i o n s o f t h i s s t u d y , t h e d i s t r i b u t i o n o f s p e c i e s

i n c h l o r i n a t e d w a t e r s w a s a p p r o x i m a t e l y 6 5 % t r i h a l o g e n a t e d

s p e c i e s , 3 3 % d i h a l o g e n a t e d s p e c i e s , a n d 2 % m o n o h a l o g e n a t e d

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

p H 8 a n d i n w a t e r s c h l o r i n a t e d a t p H 6 . T h e a v e r a g e h a l o g e n

c o m p o s i t i o n o f t h e H AA s i n c h l o r i n a t e d w a t e r s w a s a p p r o x i m a t e l y

2 . 6 m o l e s o f h a l o g e n p e r m o l e o f t o t a l H A A s .

C h a n g i n g t h e p H o f c h l o r i n a t i o n f r o m p H 8 t o p H 6 e n h a n c e s

t h e f o r m a t i o n o f s e v e r a l H A A s p e c i e s , m o s t n o t a b l y D B A A , B r C l A A ,

B r C l
j
A A , a n d B r j C l A A . D i s t r i b u t i o n o f t h e H A A s a m o n g i n d i v i d u a l

s p e c i e s i s a l t e r e d o n l y s l i g h t l y , h o w e v e r , b y t h i s c h a n g e i n p H .

I n a d d i t i o n
, b r o m i n e i n c o r p o r a t i o n i n t o t h e H A A s d o e s n o t a p p e a r

t o b e s i g n i f i c a n t l y a f f e c t e d b y l o w e r i n g t h e p H o f c h l o r i n a t i o n

f r o m p H 8 t o p H 6 .

U n d e r t h e c o n d i t i o n s o f t h i s s t u d y ,
o z o n a t i o n a l o n e r e s u l t e d

i n l i t t l e f o r m a t i o n o f b r o m i n a t e d H A A s ; h o w e v e r , p r e - o z o n a t i o n

e n h a n c e d b r o m i n e i n c o r p o r a t i o n i n t o t h e H A A s p r o d u c e d b y

s u b s e q u e n t c h l o r i n a t i o n c o m p a r e d t o c h l o r i n a t i o n a l o n e . I n t h i s

s t u d y p r e - o z o n a t i o n f o l l o w e d b y c h l o r i n a t i o n a t p H 8 w a s n o t a n

e f f e c t i v e m e a n s o f c o n t r o l l i n g H A A f o r m a t i o n i n w a t e r s c o n t a i n i n g

l e s s t h a n 3 \m B r
"

.

T o t a l H A A f o r m a t i o n i s d r a m a t i c a l l y d e c r e a s e d ( - 9 0 % i n t h i s

s t u d y ) i n c h l o r a m i n a t e d w a t e r s c o m p a r e d t o c h l o r i n a t e d w a t e r s ,

b o t h i n t h e p r e s e n c e a n d a b s e n c e o f b r o m i d e i o n . D C A A i s t h e

p r i n c i p a l s p e c i e s f o r m e d i n c h l o r a m i n a t e d w a t e r s . C h l o r a m i n a t i o n

o f b r o m i d e - c o n t a i n i n g w a t e r s r e s u l t s i n s o m e f o r m a t i o n o f s p e c i e s

c o n t a i n i n g b r o m i n e , p r i m a r i l y M B A A , D B A A a n d B r C l A A ; h o w e v e r ,

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

a v e r a g e h a l o g e n c o m p o s i t i o n o f t h e H A A s i n c h l o r a m i n a t e d w a t e r s

i s a p p r o x i m a t e l y 1 . 7 - 1 . 9 m o l e s o f h a l o g e n p e r m o l e o f t o t a l H A A s .

P r e - o z o n a t i o n f o l l o w e d b y c h l o r a m i n a t i o n e n h a n c e s t o t a l H A A

f o r m a t i o n c o m p a r e d t o c h l o r a m i n a t i o n a l o n e ; h o w e v e r , t o t a l H A A

f o r m a t i o n f r o m p r e - o z o n a t i o n f o l l o w e d b y c h l o r a m i n a t i o n i s

d e c r e a s e d b y a p p r o x i m a t e l y 9 0 % c o m p a r e d t o t o t a l H A A f o r m a t i o n

f r o m c h l o r i n a t i o n .

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

d i f f e r e n t a m o u n t s o f t o t a l H A A s , t h e y s h o w s i m i l a r b e h a v i o r w i t h

r e s p e c t t o H A A s p e c i a t i o n , b o t h i n t e r m s o f d i s t r i b u t i o n s a m o n g

i n d i v i d u a l s p e c i e s a n d d i s t r i b u t i o n s a m o n g m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s . T h e e f f e c t o f b r o m i d e i o n o n H A A

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

m a t e r i a l .

R e c o m m e n d a t i o n s f o r f u t u r e r e s e a r c h

B a s e d o n t h e f i n d i n g s t h a t t h e b r o m o -
c h l o r o H A A s

-

m a y b e

i m p o r t a n t s p e c i e s f o r m e d i n c h l o r i n a t e d d r i n k i n g w a t e r s , i t i s

r e c o m m e n d e d t h a t t h e h e a l t h e f f e c t s o f t h e s e c o m p o u n d s s h o u l d b e

i n v e s t i g a t e d . I n a d d i t i o n
, t h e n a t i o n w i d e o c c u r r e n c e o f t h e s e

c o m p o u n d s i n f i n i s h e d d r i n k i n g w a t e r s n e e d s t o b e a s s e s s e d .

I n t h e p r e s e n t s t u d y , a l l e x p e r i m e n t s w e r e c o n d u c t e d a t a

s i n g l e T O C c o n c e n t r a t i o n a n d a s i n g l e c h l o r i n e d o s e . I t i s

e x p e c t e d t h a t t h e r a t i o s o f B r
'

/ T O C a n d B r
"

/ H O C l w i l l i n f l u e n c e

H A A s p e c i a t i o n . T h u s t h e e f f e c t s o f v a r i a t i o n s i n T O C

c o n c e n t r a t i o n a n d c h l o r i n e d o s e o n H A A s p e c i a t i o n i n b r o m i d e -

c o n t a i n i n g w a t e r s s h o u l d b e i n v e s t i g a t e d .
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S o m e s t r i k i n g s i m i l a r i t i e s i n H A A s p e c i a t i o n w e r e o b s e r v e d

b e t w e e n t h e c h l o r i n a t e d M y r t l e B e a c h a n d P a l m B e a c h e x t r a c t s
,

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

o f b r o m i d e i o n c o n c e n t r a t i o n a n d i n t e r m s o f d i s t r i b u t i o n s o f

s p e c i e s a m o n g m o n o -
, d i -

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

e x c i t i n g f i n d i n g s ; h o w e v e r
, a g r e a t e r n i om b e r o f h u m i c s u b s t a n c e s

n e e d t o b e i n v e s t i g a t e d t o a s c e r t a i n w h e t h e r t h e s e d i s t r i b u t i o n s

a r e i n d e p e n d e n t o f t h e s o u r c e o f N OM . I d e n t i f i c a t i o n o f e f f e c t s

t h a t a r e c o n s i s t e n t f r o m o n e w a t e r t o t h e n e x t w i l l p r o v i d e a

b e t t e r u n d e r s t a n d i n g o f h a l o a c e t i c a c i d s .

I n t h i s s t u d y i t w a s o b s e r v e d t h a t b r o m i d e i o n c o n c e n t r a t i o n

d i d n o t a f f e c t t h e d i s t r i b u t i o n o f t h e H A A s a m o n g t h e m o n o -
, d i -

,

a n d t r i h a l o g e n a t e d s p e c i e s i n c h l o r i n a t e d w a t e r s e v e n t h o u g h t h e

d i s t r i b u t i o n s o f i n d i v i d u a l s p e c i e s f o r m e d i n l o w - b r o m i d e w a t e r s

w e r e q u i t e d i f f e r e n t f r o m t h o s e i n h i g h - b r o m i d e w a t e r s . I t i s

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

s a m e c h e m i c a l p a t h w a y s , a n d l i k e w i s e f o r t h e d i - a n d

t r i h a l o g e n a t e d s p e c i e s . P r e v i o u s s t u d i e s h a v e s u g g e s t e d t h a t p H

a n d c h l o r i n e d o s e a f f e c t r e l a t i v e f o r m a t i o n o f D C A A a n d T C A A .

S t u d y i n g t h e e f f e c t o f t h e s e t w o f a c t o r s o n H A A s p e c i a t i o n i n

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

w h e t h e r t h e p a t h w a y s t h r o u g h w h i c h t h e m o n o -
, d i -

, a n d

t r i h a l o g e n a t e d s p e c i e s a r e f o r m e d a r e r e l a t e d t o e a c h o t h e r .
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T e r a t o l o g y . 4 0 : 4 4 5 ( 1 9 8 9 ) .

( 1 5 ) Sm i t h , MK ; R a n d a l l , J L ; R e a d , E J ; a n d S t o b e r ,
J A

.

D e v e l o p m e n t a l T o x i c i t y o f D i c h l o r o a c e t a t e i n t h e R a t .

T e r a t o l o g y . 4 6 : 2 1 7 ( 1 9 9 2 ) .

( 1 6 ) K a t z , R ; T a i , C N ; D i e n e r , R M ; M c C o n n e l l , R F ; a n d S e m o n i c k ,

D E . D i c h l o r o a c e t a t e , S o d i u m : 3 - m o n t h O r a l T o x i c i t y S t u d i e s

i n R a t s a n d D o g s . T o x i c o l . A p p l . P h a r m a c o l . 5 7 : 2 7 3 ( 1 9 8 1 ) .

( 1 7 ) R e c k h o w , D A ; S i n g e r , P C ; a n d M a l c o l m , R L . C h l o r i n a t i o n o f
H u m i c M a t e r i a l s : B y p r o d u c t F o r m a t i o n a n d C h e m i c a l

i n t e r p r e t a t i o n s . E n v i r o n . S c i . T e c h n o l . 2 4 : 1 6 5 5 ( 1 9 9 0 ) .

( 1 8 ) P a r k a s , L ; L e w i n , M ; a n d B l o c h , R . T h e R e a c t i o n B e t w e e n

H y p o c h l o r i t e a n d B r o m i d e s .
J o u r .

Am e r .
C h e m . S a c

. 7 1 : 6 : 1 9 8 8

( 1 9 4 9 ) .

( 1 9 ) S w a i n , C G a n d C r i s t , D R . M e c h a n i s m s o f C h l o r i n a t i o n b y
H y p o c h l o r o u s A c i d . T h e L a s t o f C h l o r i n i u m I o n , C I

*

. J o u r .

A m e r . C h e m . S o c . 9 4 : 9 : 3 1 9 5 ( 1 9 7 2 ) .

( 2 0 ) V o u d r i a s , E A a n d R e i n h a r d , M . R e a c t i v i t i e s o f H y p o c h l o r o u s

a n d H y p o b r o m o u s A c i d , C h l o r i n e M o n o x i d e , H y p o b r o m o u s A c i d i u m

I o n , C h l o r i n e , B r o m i n e a n d B r o m i n e C h l o r i d e i n E l e c t r o p h i l i c
A r o m a t i c S u b s t i t u t i o n R e a c t i o n s w i t h p

- X y l e n e i n W a t e r .

E n v i r o n . S c i . T e c h n o l . 2 2 : 9 : 1 0 4 9 ( 1 9 8 8 ) .

( 2 1 ) V o u d r i a s , E A a n d R e i n h a r d , M . A K i n e t i c M o d e l f o r t h e

H a l o g e n a t i o n o f p
- X y l e n e i n A q u e o u s H O C l S o l u t i o n s

C o n t a i n i n g C I
'

a n d B r
'

. E n v i r o n . S c i . T e c h n o l . 2 2 : 9 : 1 0 5 6

( 1 9 8 8 ) .

( 2 2 ) R e c k h o w , D A a n d S i n g e r , P C . M e c h a n i s m s o f O r g a n i c H a l i d e

F o r m a t i o n D u r i n g F u l v i c A c i d C h l o r i n a t i o n a n d I m p l i c a t i o n s

w i t h R e s p e c t t o P r e - O z o n a t i o n , i n W a t e r C h l o r i n a t i o n :

E n v i r o n m e n t a l I mp a c t a n d H e a l t h E f f e c t s , V o l . 5 ( A n n A r b o r ,

M I : A n n A r b o r S c i e n c e P u b l i s h e r s
,

I n c . , 1 9 8 5 ) p p . 1 2 2 9 - 1 2 5 7
.

( 2 3 ) D e L e e r , E W B ; D a m s t e , J S S ; E r k e l e n s , C ; a n d d e G a l a n , L .

I d e n t i f i c a t i o n o f I n t e r m e d i a t e s L e a d i n g t o C h l o r o f o r m a n d

C - 4 D i a c i d s i n t h e C h l o r i n a t i o n o f H u m i c A c i d . E n v i r o n . S c i .

T e c h n o l . 1 9 : 6 : 5 1 2 ( 1 9 8 5 ) .

1 3 1
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( 2 4 ) M i l l e r , J W a n d U d e n , P C . C h a r a c t e r i z a t i o n o f N o n v o l a t i l e

A q u e o u s C h l o r i n a t i o n P r o d u c t s o f H u m i c S u b s t a n c e s . E n v i r o n .

S c i . T e c h n o l .
1 7 : 3 : 1 5 0 ( 1 9 8 3 ) .

( 2 5 ) P o u r m o g h a d d a s , H . ; S t e v e n s , A A ; K i n m a n , R N ; D r e s s m a n , R C ;

M o o r e , L A ; a n d I r e l a n d , J C . E f f e c t o f B r o m i d e I o n o n

F o r m a t i o n o f H A A s D u r i n g C h l o r i n a t i o n . J o u r . A WWA . 8 5 : 1 : 8 2

( 1 9 9 3 ) .

( 2 6 ) D o r e , M ; M e r l e t , N ; L e g u b e
,

B ; a n d C r o u e , J P h . I n t e r a t i o n s

B e t w e e n O z o n e ,
H a l o g e n s a n d O r g a n i c C o m p o u n d s . O z o n e S c i e n c e

a n d E n g i n e e r i n g . 1 0 : 1 5 3 ( 1 9 8 8 ) .

( 2 7 ) Z h u , Q a n d R e c k h o w , D A . I n v e s t i g a t i o n o f P r e - O z o n a t i o n a n d

C h l o r a m i n a t i o n o n H a l o a c e t i c A c i d F o r m a t i o n . P r o c e e d i n g s o f

t h e A WWA A n n u a l C o n f e r e n c e . ( J u n e 1 9 9 3 ) .

( 2 8 ) R o o k
, J J ; G r a s ,

A A ; v a n d e r H e i j d e n , E G ; a n d d e W e e
,

J .

B r o m i d e O x i d a t i o n a n d O r g a n i c S u b s t i t u t i o n i n W a t e r

T r e a t m e n t .
J o u r . E n v i r o n . S c i . H e a l t h . A 1 3 : 2 : 9 1 ( 1 9 7 8 ) .

( 2 9 ) M i n e a r , R A a n d B i r d , J C . T r i h a l o m e t h a n e s : I m p a c t o f B r o m i d e

I o n C o n c e n t r a t i o n o n Y i e l d , S p e c i e s D i s t r i b u t i o n , R a t e o f

F o r m a t i o n a n d I n f l u e n c e o f O t h e r V a r i a b l e s
,

i n W a t e r

C h l o r i n a t i o n : E n v i r o n m e n t a l I mp a c t a n d H e a l t h E f f e c t s ,

V o l . 3 (A n n A r b o r , M I : A n n A r b o r S c i e n c e P u b l i s h e r s ,
I n c . ,

( 1 9 8 0 ) p p . 1 5 1 - 1 6 0 .

( 3 0 ) S w e e t m a n , J A a n d S i mm o n s , M S .
T h e P r o d u c t i o n o f B r o m o p h e n o l s

R e s u l t i n g f r o m t h e C h l o r i n a t i o n o f W a t e r s C o n t a i n i n g B r o m i d e

I o n a n d P h e n o l . W a t e r R e s . 1 4 : 3 : 2 8 7 ( 1 9 8 0 ) .

( 3 1 ) A m y , G L ; C h a d i k , PA ; a n d K i n g , P H . C h l o r i n e U t i l i z a t i o n

D u r i n g T r i h a l o m e t h a n e F o r m a t i o n i n t h e P r e s e n c e o f A m m o n i a

a n d B r o m i d e . E n v i r o n . S c i . T e c h n o l . 1 8 : 1 0 : 7 8 1 ( 1 9 8 4 ) .

( 3 2 ) L u o n g , T V ; P e t e r s , C J ; a n d P e r r y , R . I n f l u e n c e o f B r o m i d e

a n d A m m o n i a u p o n t h e F o r m a t i o n o f T r i h a l o m e t h a n e s u n d e r

W a t e r - T r e a t m e n t C o n d i t i o n s . E n v i r o n . S c i . T e c h n o l . 1 5 : 8 : 4 7 3

( 1 9 8 2 ) .

( 3 3 ) C o o p e r , W J ; M e y e r
, L M ; B o f i l l , C C ; a n d C o r d a l , E .

Q u a n t i t a t i v e E f f e c t s o f B r o m i n e o n t h e F o r m a t i o n a n d

D i s t r i b u t i o n o f T r i h a l o m e t h a n e s i n G r o u n d w a t e r w i t h a H i g h
O r g a n i c C o n t e n t , i n Wa t e r C h l o r i n a t i o n : E n v i r o n m e n t a l

I mp a c t a n d H e a l t h E f f e c t s , V o l . 4 ,
B o o k 1 ( A n n A r b o r , M I :

A n n A r b o r S c i e n c e P u b l i s h e r s ,
I n c . ,

1 9 8 3 ) p p . 2 8 5 - 2 9 6 .

( 3 4 ) O l i v e r , B G . E f f e c t o f T e m p e r a t u r e , p H a n d B r o m i d e

C o n c e n t r a t i o n o n t h e T r i h a l o m e t h a n e R e a c t i o n o f C h l o r i n e

w i t h A q u a t i c H u m i c M a t e r i a l , i n Wa t e r C h l o r i n a t i o n :

E n v i r o n m e n t a l I mp a c t a n d H e a l t h E f f e c t s , V o l . 3 ( A n n A r b o r ,

M I : A n n A r b o r S c i e n c e P u b l i s h e r s , I n c . , 1 9 8 0 ) p p . 1 4 1 - 1 4 9 .
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( 3 5 ) M a r g e r u m
,

D W ; G r a y , E T , J r . ; a n d H u f f m a n , R P . C h l o r a m i n e

E q u i l i b r i a a n d t h e K i n e t i c s o f D i s p r o p o r t i o n a t i o n i n A q u e o u s

S o l u t i o n , i n O r g a n o m e t a l s a n d t h e O r g a n o m e t a l l o i d s ,

O c c u r r e n c e a n d F a t e i n t h e E n v i r o n m e n t (W a s h i n g t o n , D . C . :

A m e r i c a n C h e m i c a l S o c i e t y , 1 9 7 9 ) p p . 2 6 4 - 2 7 7 .

( 3 6 ) M o r r i s , J C a n d I s a a c ,
R A

. A C r i t i c a l R e v i e w o f K i n e t i c a n d

T h e r m o d y n a m i c C o n s t a n t s f o r t h e A q u e o u s C h l o r i n e - A m m o n i a

S y s t e m , i n W a t e r C h l o r i n a t i o n : E n v i r o n m e n t a l I mp a c t a n d

H e a l t h E f f e c t s , V o l . 4 , B o o k 1 ( A n n A r b o r , M I : A n n A r b o r

S c i e n c e P u b l i s h e r s , I n c . , 1 9 8 3 ) p p .
4 9 - 6 2 .

( 3 7 ) J o l l e y , R L a n d C a r p e n t e r , J H . A R e v i e w o f t h e C h e m i s t r y a n d

E n v i r o n m e n t a l F a t e o f R e a c t i v e O x i d a n t S p e c i e s i n
C h l o r i n a t e d W a t e r , i n W a t e r C h l o r i n a t i o n : E n v i r o z m n e n t a l
I mp a c t a n d H e a l t h E f f e c t s , V o l . 4 , B o o k 1 ( A n n A r b o r , M I :

A n n A r b o r S c i e n c e P u b l i s h e r s , I n c . , 1 9 8 3 ) p p . 3 - 4 8 .

( 3 8 ) S t a e l i e l i n , J a n d H o i g n e , J . D e c o m p o s i t i o n o f O z o n e i n W a t e r

i n t h e P r e s e n c e o f O r g a n i c S o l u t e s A c t i n g a s P r o m o t e r s a n d

I n h i b i t o r s o f R a d i c a l C h a i n R e a c t i o n s . E n v i r o n . S c i .

T e c h n o l . 1 9 : 1 2 0 6 ( 1 9 8 5 ) .

( 3 9 ) R e c k h o w , D A ; L e g u b e , B ; a n d S i n g e r , P C . T h e O z o n a t i o n o f

O r g a n i c H a l i d e P r e c u r s o r s : E f f e c t o f B i c a r b o n a t e
, ^v̂ a t e r

R e s . 2 0 : 8 : 9 8 7 ( 1 9 8 6 ) .

( 4 0 ) L e g u b e , B ; C r o u e , J P ; D e L a a t , J ; a n d D o r e , M . O z o n a t i o n o f

a n E x t r a c t e d A q u a t i c F u l v i c A c i d : T h e o r e t i c a l a n d P r a c t i c a l

A s p e c t s . O z o n e S c i e n c e a n d E n g i n e e r i n g . 1 1 : 6 9 ( 1 9 8 9 ) .

( 4 1 ) H a r u t a , K ; a n d T a k e y a m a
,

T . K i n e t i c s o f O x i d a t i o n o f A q u e o u s

B r o m i d e I o n b y O z o n e . J . P h y s . C h e m . 8 5 : 2 3 8 3 ( 1 9 8 1 ) .

( 4 2 ) H a a g , W R a n d H o i g n e , J . O z o n a t i o n o f B r o m i d e - C o n t a i n i n g
W a t e r s : K i n e t i c s o f F o r m a t i o n o f H y p o b r o m o u s A c i d a n d
B r o m a t e . E n v i r o n . S c i . T e c h n o l . 1 7 : 5 : 2 6 1 ( 1 9 8 3 ) .

( 4 3 ) B u x t o n , G V ; G r e e n s t o c k , C L ; H e l m a n , W P ; a n d R o s s , A B .

C r i t i c a l R e v i e w o f R a t e C o n s t a n t s f o r O x i d a t i o n o f H y d r a t e d

E l e c t r o n s , H y d r o g e n A t o m s , a n d H y d r o x y l R a d i c a l s ( ' O H / * O H
"

)
i n A q u e o u s S o l u t i o n s . J o u r . P h y s . C h e m . R e f . D a t a . 1 7 : 2 : 5 1 3

( 1 9 8 8 ) .

( 4 4 ) G l a z e
,

W H ; W e i n b e r g , H S ; a n d C a v a n a u g h , J E . E v a l u a t i n g t h e

F o r m a t i o n o f B r o m i n a t e d D B P s D u r i n g O z o n a t i o n . J o u r . A WWA .

8 5 : 1 : 9 6 ( 1 9 9 3 ) .

( 4 5 ) S i d d i q u i , M S a n d A m y , G L . F a c t o r s A f f e c t i n g D B P F o r m a t i o n
D u r i n g O z o n e - B r o m i d e R e a c t i o n s . J o u r . A WWA . 8 5 : 1 : 6 3 ( 1 9 9 3 ) .

( 4 6 ) T h u r m a n , E M a n d M a l c o l m , R L . P r e p a r a t i v e I s o l a t i o n o f

A q u a t i c H \ i m i c S u b s t a n c e s . E n v i r o n . S c i . T e c h n o l . 1 5 : 4 : 4 6 3 -

4 6 6 ( 1 9 8 1 ) .
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( 4 7 ) S t a n d a r d M e t h o d s f o r t h e E x a m i n a t i o n o f Wa t e r a n d

Wa s t e w a t e r , 1 7 t h e d . (W a s h i n g t o n , D . C . : A P H A , A WWA a n d W P C F ,

1 9 8 9 ) .

( 4 8 ) M c G u i r e , M J ; K r a s n e r
, S W ; R e a g a n , K M ; A i e t a , E M ; J a c a n g e l o ,

J G ; P a t a n i a ,
N L ; a n d G r a m i t h ,

K M . D i s i n f e c t i o n B y -
p r o d u c t s

i n U n i t e d S t a t e s D r i n k i n g Wa t e r s
,

V o l . 2 . U . S . E P A a n d A M WA

( 1 9 8 9 ) .

( 4 9 ) Z i mm e r , H ; A m e r
,

A ; a n d R a h i , M . O n t h e S y n t h e s i s a n d M a s s
-

S p e c t r o s c o p i c a l I d e n t i f i c a t i o n o f C e r t a i n P o l y h a l o g e n a t e d

A c e t i c A c i d s .
A n a l y t i c a l L e t t e r s . 2 3 : 4 : 7 3 5 - 7 4 6 ( 1 9 9 0 ) .

( 5 0 ) X i e , Y ; R a j a n , R V ; a n d R e c k h o w , D A . M a s s S p e c t r a o f
S y n t h e s i z e d M i x e d B r o m o c h l o r o a c e t i c A c i d s . O r g a n i c M a s s

Sp e c t r o m e t r y . 2 7 : 8 0 7 - 8 1 0 ( 1 9 9 2 ) .

( 5 1 ) P o u r m o g h a d d a s ,
H

. E f f e c t o f B r o m i d e o n C h l o r i n a t i o n B y
¬

p r o d u c t s i n F i n i s h e d D r i n k i n g W a t e r . P h . D . d i s s e r t a t i o n .

U n i v e r s i t y o f C i n c i n n a t i ( 1 9 9 2 ) .

( 5 2 ) H a a g , W R a n d Y a o
,

C C D
. O z o n a t i o n o f U . S . D r i n k i n g W a t e r

S o u r c e s : H 0 » C o n c e n t r a t i o n a n d O x i d a t i o n - C o m p e t i t i o n

V a l u e s . O z o n e i n Wa t e r a n d Wa s t e w a t e r T r e a t m e n t , V o l . 2 .

P r o c e e d i n g s o f t h e E l e v e n t h O z o n e W o r l d C o n g r e s s

( I n t e r n a t i o n a l O z o n e A s s o c i a t i o n , S a n F r a n c i s c o , C A ,

A u g u s t 2 9 - S e p t e m b e r 3 , 1 9 9 3 ) p . S - 1 7 - 1 1 9 - S - 1 7 - 1 2 6 .
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A p p e n d i x A

A n a l y s i s o f H a l o a c e t i c A c i d s

A m o d i f i c a t i o n o f t h e m e t h o d o f M c G u i r e e t a l . ( 4 8 )

H A A s m e a s u r e d : M C A A , D C A A , T C A A , M B A A , D B A A , T B A A , B r C l A A ,

B r C l
j
A A , B r

s
C l A A

I n t e r n a l s t a n d a r d : 1 , 2 - d i b r o m o p r o p a n e

S u r r o g a t e r e c o v e r y s t a n d a r d : 2 , 3
- d i b r o m o p r o p i o n i c a c i d

S o u r c e s a n d p u r i t i e s o f a n a l y t i c a l s t a n d a r d s :

M C A A , D C A A , T C A A ,

M B A A , D B A A ,
B r C l A A : S u p e l c o

"

H a l o a c e t i c A c i d s M i x 5 5 2
"

,

l o t s * L A 3 6 7 2 2 & L A 3 6 7 2 3
, s o l u t i o n c o n t a i n i n g 2 g / L o f e a c h H A A i n

M t B E , 9 7 + % p u r i t y .

T B A A : A l d r i c h , l o t * A X 0 6 9 2 8 P W , c r y s t a l l i n e s o l i d , 9 9 % p u r i t y .

B r C l j A A : S y n t h e s i z e d a t U N C - C H , c r y s t a l l i n e s o l i d , e s t i m a t e d

9 7 % p u r i t y ( s e e A p p e n d i x C ) .

B r
j C l A A : S y n t h e s i z e d a t U n i v e r s i t y o f M a s s a c h u s e t t s , c r y s t a l l i n e

s o l i d , e s t i m a t e d 9 1 % p u r i t y ( s e e A p p e n d i x C ) .

1 ,
2 - d i b r o m o p r o p a n e : A l d r i c h , l o t * 0 2 6 1 4 T T , l i q u i d , 9 7 % p u r i t y .

2
,
3 - d i b r o m o p r o p i o n i c a c i d : A l d r i c h , l o t * A Y 1 1 0 2 5 L X , c r y s t a l l i n e

s o l i d
,

9 9 % p u r i t y .

P r e p a r e s t o c k s o l u t i o n s o f H A A s t a n d a r d s :

G r a v i m e t r i c a l l y p r e p a r e 1 - 1 0 g / L s o l u t i o n s o f T B A A , B r C l j A A

a n d B r
j C l A A i n 2 m l M t B E . S t o r e a t - 1 5 ° C f o r n o l o n g e r t h a n

2 w e e k s . S t o r e 2 g / L S u p e l c o m i x t u r e a t - 1 5 ° C f o r n o l o n g e r

t h a n 3 m o n t h s .

P r e p a r e s t o c k s o l u t i o n s o f s u r r o g a t e a n d i n t e r n a l s t a n d a r d :

G r a v i m e t r i c a l l y p r e p a r e 5 - 1 5 g / L s o l u t i o n s i n 1 0 m l

m e t h a n o l . S t o r e a t - 1 5 ° C .

P r e p a r e H A A c a l i b r a t i o n s o l u t i o n I b y d i l u t i n g 2 g / L Su p e l c o

m i x t u r e t o 0 . 1 g / L i n 2 m l m e t h a n o l .

P r e p a r e H A A c a l i b r a t i o n s o l u t i o n I I b y d i l u t i n g T B A A , B r C l
j
A A a n d

B r
j
C l A A s t o c k s o l u t i o n s t o 0 . 1 g / L i n 2 m l m e t h a n o l .

P r e p a r e d i l u t i o n o f s u r r o g a t e a t 0 . 0 2 g / 1 i n 1 0 m l m e t h a n o l .

P r e p a r e M t B E e x t r a c t i o n s o l v e n t w i t h 3 5 |i g / L i n t e r n a l s t a n d a r d .

1 3 5
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A p p e n d i x A , c o n t .

P r e p a r a t i o n o f d i a z o m e t h a n e :

- - s e t u p M N N G D i a z o m e t h a n e -
g e n e r a t i o n a p p a r a t u s o n i c e

— s e t u p 5 N N a O H b a t h
- - a d d 5 m l c l e a n M t B E t o o u t e r t u b e o f g e n e r a t o r
- - a d d s m a l l a m o u n t ( < 1 5 0 m g ) l - m e t h y l - 3 - n i t r o - l - n i t r o s o -

g u a n i d i n e ( M N N G ) t o i n n e r t u b e o f g e n e r a t o r ( c a u t i o n :

M N N G i s a p o t e n t mu t a g e n )
- - c l a m p g e n e r a t o r , c l o s e s c r e w c a p t o p w i t h t e f l o n - l i n e d

s e p t a , l e t c o o l o n i c e f o r 1 5 m i n .

- - a d d 1 m l 5 N N a O H d r o p
- w i s e t o i n n e r t u b e w i t h g a s t i g h t

s y r i n g e ( b e c a r e f u l o f p r e s s u r e b u i l d u p )
- - a l l o w d i a z o m e t h a n e t o f o r m f o r 3 0 - 4 5 m i n . ( o n i c e )
- -

p u n c t u r e s e p t a w i t h s y r i n g e t o r e l e a s e p r e s s u r e

- - t r a n s f e r d i a z o m e t h a n e t o 4 0 m l v i a l o n i c e , s t o r e i n
e x p l o s i o n -

p r o o f f r e e z e r , p r e f e r r a b l y n o t l o n g e r t h a n

1 d a y
- -

p l a c e a l l d i a z o m e t h a n e g l a s s w a r e a n d MN N G s p a t u l a i n 5 N

N a O H b a t h f o r 3 0 m i n . ( t o d e s t r o y a n y u n r e a c t e d M N N G )

P r e p a r a t i o n o f c a l i b r a t i o n s t a n d a r d s :

- -
p r e p a r e s t a n d a r d s i n 1 0 0 m l d e i o n i z e d ,

o r g a n i c - f r e e w a t e r

- - a d d a p p r o p r i a t e a m o u n t o f H A A c a l i b r a t i o n s o l u t i o n t o

w a t e r t o p r e p a r e a s e r i e s o f 8 - 1 0 s t a n d a r d s r a n g i n g i n
c o n c e n t r a t i o n f r o m 0 - 1 5 0 [i g / h . P r e p a r e t w o s e p a r a t e

s e r i e s o f s t a n d a r d s - o n e f r o m H A A c a l i b r a t i o n s o l u t i o n

I a n d t h e o t h e r f r o m s o l u t i o n I I
- - m e a s u r e 2 0 m l o f s t a n d a r d i n a g r a d u a t e d c y l i n d e r ,

t r a n s f e r t o a 4 0 m l v i a l (p r e p a r e i n d u p l i c a t e o r

t r i p l i c a t e )
- - a d d 2 0 |x l 0 . 0 2 g / L s u r r o g a t e t o e a c h v i a l
- -

p l a c e v i a l s i n r e f r i g e r a t o r f o r a t l e a s t 1 5 m i n .

P r e p a r a t i o n o f s a m p l e s :

- - m e a s u r e o u t 2 0 m l s a m p l e
,

t r a n s f e r t o 4 0 m l v i a l
- - a d d 2 0 |J 1 0 . 0 2 g / L s u r r o g a t e t o e a c h v i a l
- -

p l a c e v i a l s i n r e f r i g e r a t o r f o r a t l e a s t 1 5 m i n .

E x t r a c t i o n :

- - a d d 1 m l c o n c e n t r a t e d H
2 S O 4

t o e a c h v i a l
- - a d d 5 m l M t B E ( c o n t a i n i n g i n t e r n a l s t a n d a r d ) t o e a c h v i a l
- - a d d 6 g s o d i u m s u l f a t e ( p r e v i o u s l y b a k e d a t 5 0 0 ° C f o r 2 4

h r s ) t o e a c h v i a l
- - v o r t e x e a c h v i a l 1 m i n .

1 3 6
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A p p e n d i x A , c o n t .

D e r i v a t i z a t i o n :

F o r e a c h s a mp l e :

- - t r a n s f e r 2 m l o f t h e e t h e r l a y e r t o a 2 m l v o l u m e t r i c

f l a s k
- -

p l a c e v o l u m e t r i c f l a s k s o n i c e

- - a d d 1 7 5 |J 1 c o l d d i a z o m e t h a n e t o e a c h v o l u m e t r i c f l a s k
- - a l l o w d i a z o m e t h a n e t o r e a c t f o r 3 0 m i n . ( o n i c e )
- - a d d a f e w c r y s t a l s o f s i l i c a g e l ( p r e v i o u s l y a c t i v a t e d b y

h e a t i n g a t 1 8 0 ° C f o r 2 4 h r s ) t o q u e n c h e x c e s s

d i a z o m e t h a n e
- - i f v o l u m e t r i c f l a s k s h a v e t o b e r e u s e d , r i n s e w i t h

m e t h a n o l , a c e t o n e , m e t h a n o l

T r a n s f e r s a mp l e s t o a u t o v i a l s .

Q u e n c h l e f t - o v e r d i a z o m e t h a n e r e a g e n t w i t h g l a c i a l a c e t i c a c i d .

A n a l y z e o n H P - 5 8 9 0 S e r i e s I I g a s c h r o m a t o g r a p h w i t h e l e c t r o n

c a p t u r e d e t e c t o r .

C o l u m n : D B 1 7 0 1 ( J & W S c i e n t i f i c ) , 3 0 m l e n g t h , 0 . 2 5 m m I D ,

0 . 2 5 \i m f i l m t h i c k n e s s

T e m p e r a t u r e p r o g r a m :

4 0 ° C > 6 6 ° C > 1 5 0 ° C > 2 1 0 ° C

2 m i n 2 ° C / m i n 6 ° C / m i n 2 m i n 2 0 ° C / m i n 3 m i n

i n j e c t o r t e m p e r a t u r e = 1 5 7 ° C , d e t e c t o r t e m p e r a t u r e = 3 0 0 ° C

f l o w r a t e = 1 m l / m i n , i n j e c t i o n v o l u m e = 2 |a l

R e l a t i v e r e t e n t i o n t i m e s :

R R
t

M CA A 0 . 7 7 6

D C A A 1 . 1 2 5

T C A A 1 . 3 9 9

M B A A 1 . 0 6 8

D B A A 1 . 9 0 5

T B A A 2 . 4 3 2

B r C l A A 1
. 5 7 7

B r C l
j A A 1 . 8 4 4

B r
j
C l A A 2 . 1 6 5

1 3 7
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A p p e n d i x B

M a s s S p e c t r u m o £ S y n t h e s i z e d B r o m o d i c h l o r o a c e t i c A c i d M e t h y l E s t e r

i m y .

S MP

- H B K G

5 9

5 8

4 0

1 1

1 6 3

1 1 3

8 2

9 7

6 8 8 8

T ^

1 4 1

1 2 8

ll L ]L J |

a - c -
c

- c c y i -

1

f3 r

2 8 1

2 9 7

1 9 1

1 7 7

, ,
1.1

,
. V l li llim h 4T

2 6 5

2 4 9

2 2 3 2 3 5

1 8 0 1 2 0 1 4 0 1 6 8 1 8 0 2 0 0

m / z

' I ' 1 I I '

2 2 0 2 4 0

V
2 6 0 2 8 0 3 0 0

1 3 8
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A p p e n d i x C

P u r i t y o f B r o m o d i c h l o r o a c e t i c A c i d a n d D i b r o m o c h l o r o a c e t i c A c i d

B r o m o - d i c h l o r o a c e t i c a c i d

P r e p a r e 5 0 0 (X g / L B r C l
j
A A i n M t B E , m e t h y l a t e , a n a l y z e o n G C .

P r e p a r e 0 , 5 0 , 1 0 0 [i g / L H A A s t a n d a r d s i n M t B E , m e t h y l a t e , a n a l y z e .

T h i s a n a l y s i s w a s i n i t i a l l y p e r f o r m e d o n 1 / 3 1 / 9 3 , t h e n r e p e a t e d o n

2 / 2 6 / 9 3 .

R A = r e l a t i v e a r e a

C a l i b r a t i o n c u r v e e q u a t i o n s :

F o r s a mp l e # 1 ( 1 / 3 1 / 9 3 ) :

[ D C A A ] = R A / 0 . 0 2 6 2 1 8

[ B r C l A A ] = R A / 0 . 0 3 4 9 8

[ D B A A ] = R A / 0 . 0 3 4 2 6 8

F o r s a m p l e # 2 ( 2 / 2 6 / 9 3 1

[ D C A A ] = RA / 0 . 0 1 8 9 1 8

[ B r C l A A ] = R A / 0 . 0 3 2 3 0 8

[ D B A A ] = R A / 0 . 0 2 5 6 9 6

I m p u r i t i e s i n 5 0 0 (i g / L B r C l j A A s a m p l e s

R e l a t i v e a r e a

S a mp l e 1

S a mp l e 2

C o n e . ( p g / L )
S a mp l e 1

S a m p l e 2

A v g . c o n e .

% i m p u r i t y i n
5 0 0 |J g / L s a mp l e

D C A A

0 . 3 8 8

0 . 1 6 8

1 4 . 8 0

8 . 8 8

1 1 . 8 4

2 . 3 7

B r C l A A

0

0 . 1 9 3

0 . 0 0

5 . 9 7

2 . 9 9

0 . 6 0

D B A A

0 . 0 2 9 9
0 . 0 4 4 5

0 . 8 7

1 . 7 3

1 . 3 0

0 . 2 6

T o t a l % i m p u r i t i e s = 3 . 2 3

D i b r o m o - c h l o r o a c e t i c a c i d

P r e p a r e 1 0 0 0 |a g / L B r j C l A A i n M t B E , m e t h y l a t e , a n a l y z e o n G C

P r e p a r e 0
,

1 0 0 , 2 5 0 |a g / L H A A s t a n d a r d s i n M t B E , m e t h y l a t e , a n a l y z e

o n G C .

1 3 9
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A p p e n d i x C , c o n t .

T h i s a n a l y s i s w a s i n i t i a l l y p e r f o r m e d o n 1 / 1 / 9 3 , t h e n r e p e a t e d o n

7 / 1 1 / 9 3 .

C a l i b r a t i o n c u r v e e q u a t i o n s :

F o r s a m p l e s # 1 - 2 ( 7 / 7 / 9 3 ) : F o r s a m p l e s # 3 - 4 ( 7 / 1 1 / 9 3 ) :

[ T B A A ] = R A / 0 . 0 0 8 5 8 2 [ T B A A ] = R A / 0 . 0 0 7 7 0 1

[ B r C l A A ] = R A / 0 . 0 4 8 1 4 3 [ B r C l A A ] = R A / 0 . 0 4 7 6 8 9

[ D B A A ] = R A / 0 . 0 5 5 0 8 1 [ D B A A ] = R A / 0 . 0 5 2 2 4 5

I mp u r i t i e s i n 1 0 0 0 }J g / L B r
j
C l A A s a mp l e s

T B A A B r C l A A D B A A

R e l a t i v e a r e a

S a m p l e 1 0 . 5 6 3 1 . 0 6 1 0 . 1 1 0

2 0 . 5 5 9 1 . 2 5 4 0 . 1 2 3

3 0 . 4 1 1 1 . 3 9 7 0 . 1 2 4

4 0 . 4 1 0 1 . 4 9 8 0 .
1 3 7

C o n e . ( fi g / L )
S a m p l e 1 6 5 . 6 2 2 . 0 2 . 0 0

2 6 5 . 1 2 6 . 1 2 . 2 3

3 5 3 . 4 2 9 . 3 2 . 3 7

4 5 3 . 2 3 1 . 4 2 . 6 2

A v g . c o n e . 5 9 . 3 2 7 . 2 2 . 3 1

% i mp u r i t y i n

1 0 0 0 |J g / L s a m p l e 5 . 9 3 2 . 7 2 0 . 2 3

T o t a l % i m p u r i t i e s = 8 . 8 8

1 4 0
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0 . 2 5 -

0 . 2 -

0 . 1 5

CO
0 )

CO

CD
>

I O . H

0 . 0 5 -

A p p e n d i x D

H A A C a l i b r a t i o n C u r v e s

C h l o r o a c e t i c a c i d
C a l i b r a t i o n c u r v e

RA = 0 0 2 1 5 4 * [ M C AA ] + 0 0 0 0 5 S 2

R = 0 9 9 9

C o n c e n t r a t io n (u g / L )

1 4 1
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A p p e n d i x D , c o n t .

D ic h l o r o a c e t ic a c id
C a l ib r a t i o n c u r v e

7

6
RA = 0 1 1 S a i 7 *

[D C AA ] + 0 0 9 1 1 3 4

R = 0 . 9 9 8

CO 3

1 0 1 5 2 0 2 5 3 0 3 5 4 0 4 5 5 0

C o n c e n t r a t io n (u g / L)

1 4 2
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A p p e n d i x D , c o n t

T r ic h l o r o a c e t ic a c id
C a l i b r a t i o n c u r v e

CO
O

CO

0)
>

cr

RA = 0 1 9 S3 3 8 * rT C A A

R = 0 . 9 9 9

1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0

C o n c e n t r a t io n (u g / L)

9 0 1 0 0

1 4 3
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A p p e n d i x D
,

c o n t .

B r o m o a c e t ic a c id
C a l ib r a t io n c u r v e

1 . 2

R A = 0 1 1 5 S5 3 * [ M B A A ] + 0 0 0 3 2 2 3

R = 0 9 9 9

CO 0 . 8

3 4 5 6 7

C o n c e n t r a t i o n (u g / L)

8 1 0

1 4 4
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A p p e n d i x D , c o n t .

D i b r o m o a c e t ic a c i d
C a l ib r a t i o n c u r v e

as
Q)

CO

0)
>

0)

RA = 0 1 5 5 9 1 6 * r D B AA

R = 0 99 9

0 1 0 2 0 3 0 4 0 5 0 6 0

C o n c e n t r a t io n (u g / L)

7 0 8 0

1 4 5
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A p p e n d i x D , c o n t ,

T r ib r o m o a c e t ic a c id
C a l i b r a t i o n c u rv e 0 - 5 0 u g / L

CD
V -

CO

0)
>

CD
a :

1
. 8

.

1 . 6

1 . 4

1 . 2

1

R A = 0 . 0 3 3 1 4 8 *

[ T BA A ] - 0 0 9 1 1 4

R = 0 9 8 9

2 0 3 0 4 0

C o n c e n t r a t i o n (u g / L)

6 0

1 4 6
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A p p e n d i x D , c o n t .

T r i b r o m o a c e t i c a c id
C a l ib r a t io n c u r v e 5 0 - 1 0 0 u g / L

RA = 0 0 5 6 3 6 S * T B A A - 1 2 9 2 8 2

R = 0 9 9 7

CO 3 . 5

1
.
5 ^

5 0 6 0 7 0 8 0 9 0

C o n c e n t r a t i o n (u g / L)

1 0 0 0

1 4 7
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A p p e n d i x D
,

c o n t .

B r o m o - c h lo r o a c e t ic a c id
C a l i b r a t i o n c u r v e

RA = 0 1 6 4 9 5 3 * B r C IA A l

0 9 9 9

1 5 2 0 2 5 3 0 3 5

C o n c e n t r a t io n (u g / L)

4 5 5 0

1 4 8
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A p p e n d i x D , c o n t .

B r o m o d ic h l o r o a c e t ic a c id
C a li b r a t io n c u r v e 0 - 5 0 u g / L

CD

CO

CD
>

1
CD

RA = 0 . 1 1 8 4 a S * [ B r C i2 AA J - 0 . 2 4 4 8 3

0 9 9 3

1 5 2 0 2 5 3 0 3 5 4 0

C o n c e n t r a t io n (u g / L)

1 4 9
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A p p e n d i x D , c o n t ,

B r o m o d i c h lo r o a c e t ic a c i d
C a l ib r a t i o n c u r v e 5 0 - 1 0 0 u g / L

1 4

1 3 H

1 2

CO 1 1 ^

>

RA = 0 . 1 6 2 8 4 9 ' * [ B r C I2 AA ] - a 3 4 8 5 6

R = 0 99 9

5 0 5 5 6 0 6 5 7 0 7 5 8 0 8 5 9 0

C o n c e n t r a t io n (u g / L)

9 5 1 0 0

1 5 0
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A p p e n d i x D , c o n t .

D i b r o m o c h lo r o a c e t ic a c id
C a li b r a t io n c u rv e 0 - 5 0 u g / L

CO
CD
V—

CC

CD
>

CD

4

3 . 5

3

0

R A = 0 0 7 7 6 5 9 * [ B r a C IA A ] - 0 1 5 7 24

R = 0 9 9 2

1 0 1 5 2 0 2 5 3 0 3 5

C o n c e n t r a t i o n (u g / L)

4 0 4 5 5 0

1 5 1
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A p p e n d i x D , c o n t

D ib r o m o c h lo r o a c e t i c a c id
C a l ib r a t io n c u r v e 5 0 - 1 0 0 u g / L

0 )

CO

>

IX

RA = 0 1 2 3 3 7 4 * [B r 2 C IAA ] - 2 . 1 8 1 9 1

0
. 9 9 8

5 0 5 5 6 0 6 5 7 0 7 5 8 0 8 5

C o n c e n t r a t io n (u g / L)

9 0 9 5

1 5 2
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A p p e n d i x E

M e t h o d D e t e c t i o n L i m i t s f o r H A A s

R u n 7 r e p l i c a t e s a m p l e s a t l - 5 x t h e e x p e c t e d M D L
- - 1 |l g / L f o r M C A A , D C A A , T C A A , M B A A , D B A A , B r C l A A
- - 2 |l g / L f o r T B A A , B r C l j A A , B r j C l A A

C a l c u l a t e s t a n d a r d d e v i a t i o n ( s ) o f t h e r e l a t i v e a r e a s o f t h e 7

r e p l i c a t e s

M D L ( r e l a t i v e a r e a ) = 3 . 1 4 3 *
s

C o n v e r t t o M D L ( |a g / L ) b y s u b s t i t u t i n g r e l a t i v e a r e a i n t o

c a l i b r a t i o n c u r v e e q u a t i o n s

C a l i b r a t i o n c u r v e s :

[ M C A A ] ^ R A / 0 . 0 1 2 0 4

[ D C A A ] = R A / 0 . 0 9 9 5 1 8

[ T C A A ] = R A / 0 . 1 8 1 7 7 6

[ M B A A ] = R A / 0 .
0 8 5 0 1

[ D B A A ] = R A / 0 . 1 8 9 3 5

[ T B A A ] = ( R A + 0 . 0 9 1 1 4 ) / O . 0 3 3 1 4 8

[ B r C l A A ] = R A / 0 . 1 1 0 1 4 4

[ B r C l 2 A A ] = ( R A + 0 . 2 4 4 8 2 ) / O . 1 1 8 4 8 8

[ B r 2 C l A A ] = ( R A + O . 1 5 7 2 4 ) / O . 0 7 7 6 5 9

( 2 / 1 9 / 9 3 )
( 2 / 1 9 / 9 3 )
( 2 / 1 9 / 9 3 )
( 2 / 1 9 / 9 3 )
( 2 / 1 9 / 9 3 )
( 9 / 1 4 / 9 3 )
( 2 / 1 9 / 9 3 )
( 9 / 1 4 / 9 3 )
( 9 / 1 4 / 9 3 )

R e p l i c a t e s a mp l e s

M C A A

H A A

a r e a

I S

a r e a

1 7 1 1 3 0 4 3

R A

0 . 0 1 3 1 T C A A

H A A

a r e a

I S

a r e a

1 6 1 1 1 3 0 4 3

R A

0 . 1 2 3 5

2 / 1 9 / 9 3 2 1 7

1 9 1

1 5 7

1 4 7

1 9 5

2 0 6

1 2 1 9 1

1 1 9 6 2

1 3 2 0 1

1 1 6 6 4

9 8 2 4

1 0 5 6 1

0 . 0 1 7 8

0 . 0 1 6 0

0 .
0 1 1 1

0 . 0 1 2 6

0 . 0 1 9 8

0 . 0 1 9 5

2 / 1 9 / 9 3 1 4 7 6

1 3 4 5

1 7 9 9

1 6 7 3

1 5 7 1

1 5 6 3

1 2 1 9 1

1 1 9 6 2

1 3 2 0 1

1 1 6 6 4

9 8 2 4

1 0 5 6 1

0 . 1 2 1 1

0 . 1 1 2 4

0 . 1 3 6 3

0 . 1 4 3 4

0 . 1 5 9 9

0 . 1 4 8 0

D C A A

2 / 1 9 / 9 3
1 4 2 6

1 3 5 5

1 3 3 0

1 4 8 1

1 5 7 9

1 5 0 2

1 5 2 7

1 3 0 4 3

1 2 1 9 1

1 1 9 6 2

1 3 2 0 1

1 1 6 6 4

9 8 2 4

1 0 5 6 1

0 . 1 0 9 3

0 . 1 1 1 1

0 . 1 1 1 2

0 . 1 1 2 2

0 . 1 3 5 4

0 .
1 5 2 9

0 . 1 4 4 6

M B A A

2 / 1 9 / 9 3
9 2 3

9 2 4

9 3 6

9 8 0

9 3 1

9 6 3

1 0 1 5

1 3 0 4 3

1 2 1 9 1

1 1 9 6 2

1 3 2 0 1

1 1 6 6 4

9 8 2 4

1 0 5 6 1

0 . 0 7 0 8

0 . 0 7 5 8

0 . 0 7 8 2

0 . 0 7 4 2

0 . 0 7 9 8

0 . 0 9 8 0

0 . 0 9 6 1

1 5 3
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A p p e n d i x E , c o n t .

D B A A

2 / 1 9 / 9 3

H A A

a r e a

1 3 8 0

1 3 2 7

1 2 5 2

1 7 2 5

1 4 9 5

1 4 1 7

1 5 3 7

I S

a r e a

1 3 0 4 3

1 2 1 9 1

1 1 9 6 2

1 3 2 0 1

1 1 6 6 4

9 8 2 4

1 0 5 6 1

R A

0 . 1 0 5 8

0 . 1 0 8 9

0 . 1 0 4 7

0 . 1 3 0 7

0 . 1 2 8 2

0 . 1 4 4 2

0 . 1 4 5 5

B r C l j A A

9 / 1 4 / 9 3

H A A

a r e a

1 2 4 6

1 0 2 6

1 1 6 1

1 2 8 9

1 2 8 5

1 1 3 3

1 2 8 0

I S

a r e a

1 4 8 3 3

1 4 9 8 8

1 5 4 7 3

1 5 2 1 4

1 4 9 5 2

1 4 8 1 1

1 5 0 1 4

RA

0 . 0 8 4 0

0 . 0 6 8 5

0 . 0 7 5 0

0 . 0 8 4 7

0 . 0 8 5 9

0 . 0 7 6 5

0 . 0 8 5 3

T B A A

9 / 1 4 / 9 3

2 0 5

1 6 9

1 4 8 3 3

1 4 9 8 8

0 . 0 1 3 8

0 . 0 1 1 3

B r 2 C l A A

9 / 1 4 / 9 3

6 1 3

5 0 6

1 4 8 3 3

1 4 9 8 8

0 . 0 4 1 3

0 . 0 3 3 8

3 1 2

2 3 3

2 4 3

2 0 5

2 3 6

1 5 4 7 3

1 5 2 1 4

1 4 9 5 2

1 4 8 1 1

1 5 0 1 4

0 . 0 2 0 2

0 . 0 1 5 3
0 . 0 1 6 2

0 . 0 1 3 8

0 . 0 1 5 7

6 0 3

6 5 8

6 7 6

5 7 9

6 5 7

1 5 4 7 3

1 5 2 1 4

1 4 9 5 2

1 4 8 1 1

1 5 0 1 4

0 . 0 3 9 0

0 . 0 4 3 2

0 . 0 4 5 2

0 . 0 3 9 1

0 . 0 4 3 8

B r C l A A

2 / 1 9 / 9 3

1 2 7 8

1 2 7 2

1 2 4 8

1 6 2 1

1 4 6 7

1 3 6 5

1 4 5 5

1 3 0 4 3

1 2 1 9 1

1 1 9 6 2

1 3 2 0 1

1 1 6 6 4

9 8 2 4

1 0 5 6 1

0 . 0 9 8 0

0 . 1 0 4 3

0 . 1 0 4 3

0 . 1 2 2 8

0 . 1 2 5 8

0 . 1 3 8 9

0 . 1 3 7 8

C a l c u l a t i o n o f MD L s

3 . 1 4 3 * 3 M D L ( U c t / L )

M C A A

D C A A

T C A A

M B A A

D B A A

T B A A

B r C l A A

B r C l j A A

B r
j C l A A

0 . 0 0 3 4 9

0 . 0 1 8 5 5

0 . 0 1 6 8 2

0 . 0 1 0 7 9

0 . 0 1 7 6 3

0 . 0 0 2 7 5

0 . 0 1 6 7 5

0 . 0 0 6 7 1

0 . 0 0 3 8 6

0 . 0 1 0 9 8

0 . 0 5 8 3 0

0 . 0 5 2 8 6

0 . 0 3 3 9 2

0 . 0 5 5 4 1

0 . 0 0 8 6 4

0 . 0 5 2 6 4

0 . 0 2 1 1 0

0 . 0 1 2 1 4

0 . 9 1

0 . 5 9

0 . 2 9

0 . 4 0

0 . 2 9

3 . 0 1

0 . 4 8

2 . 2 4

2 . 1 8

1 5 4
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A p p e n d i x F

N u m e r i c a l D a t a o f H a l o a c e t i c A c i d R e s u l t s

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

t h e r e s u l t s p r e s e n t e d i n C h a p t e r 4 . D a t a i s r e p o r t e d i n t e r m s o f

|a g / L c o n c e n t r a t i o n s , |J M c o n c e n t r a t i o n s , a n d m o l e f r a c t i o n s o f t h e

t o t a l H A A s . C a l c u l a t i o n s r e g a r d i n g t h e s u m s o f c h l o r i n a t e d ,

b r o m o - c h l o r o a n d b r o m i n a t e d s p e c i e s , d i s t r i b u t i o n o f t h e H A A s i n t o

m o n o -
,

d i -
,

a n d t r i h a l o g e n a t e d s p e c i e s
, a n d b r o m i n e a n d c h l o r i n e

i n c o r p o r a t i o n a r e g i v e n a s w e l l .

S a mp l e s a r e n a m e d b y a s y s t e m t h a t g i v e s t h e f o l l o w i n g

i n f o r m a t i o n : s o u r c e o f N OM , p H o f c h l o r i n a t i o n , t y p e o f c h e m i c a l

t r e a t m e n t , a n d c o n c e n t r a t i o n o f b r o m i d e . S o m e e x a m p l e s o f t h e

l a b e l l i n g s y s t e m a r e g i v e n b e l o w :

M B S C L O B r = M y r t l e B e a c h e x t r a c t c h l o r i n a t e d a t p H 8 , 0 m g / L B r
"

M B 6 0 C L 2 . O B r = M y r t l e B e a c h e x t r a c t
,

o z o n a t e d
, p o s t - c h l o r i n a t e d a t

p H 8 , 2 . 0 m g / L B r
"

P B 8 C N 0 . 5 B r = P a l m B e a c h e x t r a c t c h l o r a m i n a t e d a t p H 8 ,

0 . 5 m g / L B r
"

P B 8 O C N 0 B r = P a l m B e a c h e x t r a c t
,

o z o n a t e d
, p o s t - c h l o r a m i n a t e d a t

p H 8 , 0 m g / L B r
"

P B O 0 . 0 2 5 B r = P a l m B e a c h e x t r a c t t r e a t e d w i t h o z o n e a l o n e ,

0 . 0 2 5 m g / L B r
"

1 5 5
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m

8/ 23
M B S O C L OB r

M B 8 O C L 0 0 2 5 B r

M B 8 O C L0 0 5 B r

M B 8 O C L0 1 B r

M B 8 O C L0 2 5 B r

M B 8 O C L0 5 B r

M B 8 O C L0 7 5 B r

M B 8 O C L1 0 B r

M B 8 0 C L 1 . 5 B r

M B 8O C L2 . 0 B r

8 /2 3

M B SC L OB r

M B 8 C L 0 02 5 B r

M B 8 C L 0 . 0 5 B r

M B 8 C L0 . 1 B r

M B 8 C L0 2 5 B r

M B 8 C L0 5 B r

M B 8 C L0 .
7 5 B r

M B 8 C L1 .
0 B r

M B 8 C L1 . 5 B r

M B 8 C L2 . 0 B r

8 / 2 3

M B S O C LOB r

M B 6 O C L0 0 2 5 B r

M B 6 O C L0 0 5 B r

M B 6 0 C L 0 1 B r

M B 6 O C L 0 2 5 B r

M B 6 O C L 0 5 B r

M B 6 O C L 0 7 5 B r

M B 6 O C L1 0 B r

M B 6 0 C L1 5 B r

M B 6 O C L2 . 0 B r

8 / 2 3

M B GC LOB r

M B 6 C L 0 0 2 5 B r

M B 6 C L 0 0 5 B r

M B 6 C L0 1 B r

M B 6 C L0 2 5 B r

M B 6 C L 0 5 B r

M B 6 C L 0 7 5 B r

M B 6 C L 1 0 B r

M B 6 C L 1 5 B r

M B 6 C L 2 0 B r

u g /L

M C AA

6 6 9

6 6 8

6 . 7

6

4 2 9

4 5 5

3 . 4 2

2 . 8 3

1 . 5 7

0 9 4

4 . 3 4

4 1 9

4 3 2

3 9 8

3 . 6 4

3 1 7

2 7 7

2 . 3 2

1 3 6

0 5 6

2 6 9

2 6 9

2 6 1

2 5 9

1 7 6

2

1 5 7

1 . 4 4

1 . 2 1

0 . 8 8

2 6 3

2 5 4

2 4 5

2 3

2 0 2

1 6 6

1 5 1

1 4 1

0 98

0 4 4

u g / L
D CAA

5 6 6

5 7 5

5 4 2

5 0 6

4 2

2 7 9

1 8 . 6

1 1 6

5 7 8

3 .
4 1

6 0 4

5 8 9

5 4 9

5 4

4 5 4

3 3

2 2 . 1

1 5 2

6 9 1

3 0 4

5 7 2

5 6 2

5 3 8

5 0 6

3 7

2 8 9

19 5

1 5 . 4

8 . 9 5

5 3 2

6 0 9

5 9

5 8 1

5 4 .
8

4 6 7

3 6 9

2 7 6

1 9 2

8 7 7

2 0 4

u g / L

T C A A

1 4 3

1 3 4

1 2 2

1 0 9

8 0 7

3 9 9

2 1 4

1 1 . 6

4 8 7

3 .
1 8

1 4 5

1 3 9

13 4

12 2

9 5

5 7 8

3 3 5

1 9 2

6 3 9

3 1 8

1 2 2

1 2 0

1 1 3

10 3

6 9 4

3 8 3

2 0 8

1 2

5 9 6

4 . 1 2

1 6 4

1 6 0

1 5 5

1 4 2

1 1 6

8 1 2

5 0 5

3 0 . 4

9 7 7

2 2

u g / L

M B A A

0

0 4 5

0 6 4

0 . 9

1 8 6

3 1 1

3 9 8

4 7 8

5 7 7

6 . 0 8

0

0 4

0 4 8

0 7 5

1 4 8

2 3 3

3 1 3

3 8 2

5 1

5 1 9

0 3 9

0 7

0 9 7

1 3 7

2 3 9

3 4 8

4 0 6

4 . 3 3

5 2 8

5 8 3

0 3 3

0 5 6

0 7 5

1 . 0 2

1 7 2

2 5 6

3 3 3

3 9

4 5 3

5 2 8

u g /L

D BA A

0 7 8

0
.
9

1 3

2 3 4

6
.
8

1 8 5

2 8 . 6

3 5 . 7

4 3 . 7

4 7 . 1

0 8 2

0 8 5

1 0 7

1 6 6

5 7

1 8 5

3 2 . 8

4 5 1

5 7 4

5 6 1

0 7 8

0 9 8

1 5 9

3 2

1 2 5

2 9 9

4 2 3

5 4 9

6 3 . 4

6 5 1

0 8 6

0 9 9

1 2 6

2 4 8

8 7 9

2 6 1

4 9 2

7 0 2

90 7

8 8

u g /L

T B A A

0

0

0

0

5 2 5

1 2 4

2 6 . 8

5 0

6 9 4

8 5 . 7

0

0

0

0

4 6 3

9 5 5

2 6 2

5 7 9

1 0 9

1 2 9

0

0

0

0

5 5 8

1 5 3

3 8 . 9

6 2 4

9 8

1 1 9

0

0

0

0

5 2 4

1 1 7

3 1 9

6 6

13 0

2 0 3
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A

u g / L u g / L u g / L u g / L

8 /2 3 B r C IA A B r C I2 A A B r 2 C IA A TH AA

M BS O C LOB r 1 4 4 5 3 7 4 2 1 6 2 6

M B 8 O C L 0 . 0 2 5 B r 3 . 5 4 1 1 5 3 8 6 2 1 8 . 4 3

M B 8 O C L0 . 0 5 B r 6 . 5 4 1 9 9 4 4 4 2 1 5 . 7 2

M B 8 O C L 0 1 B r 1 0 9 3 4 6 6 2 1 2 2 0 5 5

M B 8 O C L0 . 2 5 B r 2 0 . 7 7 1 . 3 1 8 . 2 2 5 1 . 1

M B 8 O C L0 . 5 B r 2 6 6 7 3 3 2 . 7 2 3 2 . 3 6

M B 8 O C L0 7 5 B r 2 7 . 1 6 6 7 5 0 . 9 2 4 7 . 5

M B 8O C L 1 0 B r 2 5 4 5 9 8 5 8 4 2 6 0 1 1

M B 8 0 C L 1 5 B r 1 9 6 3 5 9 5 5 5 2 4 2 0 9

M B 8 O C L2 0 B r 1 5 . 6 2 6 9 5 2 . 4 2 4 1 3 1

8 /2 3
M B 8 C L0 B r 0 9 3 3 9 8 3 9 2 2 1 9 3 9

M B 8 C L 0 0 2 5 B r 2 9 5 8 4 7 3 9 3 2 1 8 6 9

M B 8 C L 0 0 5 B r 5 4 2 1 4 9 4 1 6 2 1 9 2 5

M B 8 C L0 1 B r 9 6 7 2 7 5 5 0 5 2 2 4 6 1

M B 8 C L0 2 5 B r 2 0 5 5 8 3 1 1 7 2 4 6 3 5

M B 8 C L0 5 B r 3 0 6 7 9 3 3 9 2 6 7 8 5

M B 8 C L0 7 5 B r 3 2 7 8 2 7 5 7 3 2 9 3 2

M B 8 C L 1 0 B r 3 1 5 7 8 8 7 1 8 3 2 5 6 4

M B 8 C L 1 5 B r 2 3 2 5 2 8 7 5 9 3 3 8 0 6

M B 8 C I_ 2 0 B r 1 5 2 2 9 9 6 2 2 3 0 4 3 7

8 / 2 3

M B 6 O C L0 B r 1 2 8 4 8 9 4 1 7 1 9 3 4

M B 6 O C L 0 0 2 5 B r 5 3 8 1 5 6 4 6 4 2 0 6 1 9

M B 6 O C L 0 0 5 B r 1 0 2 3 0 9 6 2 8 2 19 3 5

M B 6 O C L0 1 B r 1 7 6 5 1 8 1 0 3 2 4 0 4 6

M B 6 O C L0 2 5 B r 3 2 7 7 4 7 3 3 1 2 6 9 1 3

M B 6 O C L0 5 B r 4 3 3 9 4 9 7 4 1 3 3 0 1 8

M B 6 O C L 0 7 5 B r 4 0 3 9 1 5 1 0 1 3 5 9 9 3

M B 6 O C L 1 0 B r 3 9 6 7 9 5 1 1 4 3 8 3 5 7

M B 6 0 C L 1 5 B r 3 4 7 6 7 5 1 2 3 4 0 8

M B 6 0 C l_ 2 0 B r 3 0 . 1 6 3 8 1 1 2 4 0 6 1 5

8 /2 3

M B 6 C L 0 B r 0 9 8 4 3 5 4 4 9 2 3 8 5 4

M B 6 C L0 0 2 5 B r 4 1 2 1 4 1 4 7 3 2 4 6 0 4

M B 6 C L0 . 0 5 B r 7 1 4 2 3 . 5 5 2 2 2 5 3 4 2

M B 6 C L0 . 1 B r 1 4 4 6 4 8 1 2 7 1 1

M B 6 C L 0 2 5 B r 2 7 1 8 2 . 5 2 4 8 3 1 4 8 7

M B 6 C L0 5 B r 4 2 1 1 3 6 2 2 3 7 7 3 2

M B 6 C L 0 7 5 B r 4 9 2 1 2 4 1 0 1 4 3 8 2 4

M B 6 C L1 0 B r 5 1 . 4 1 2 1 1 4 0 5 0 3 5 1

M B 6 C L 1 5 B r 3 9 . 8 8 8 . 9 1 6 3 5 3 6 4 5

M B 6 C L 2 . 0 B r 2 2 5 2 . 6 1 2 0 4 9 5 . 5 6

15 7
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u M u M u M u M u M u M

8 /23 M CAA D CM T CAA M BA A D BAA I BM
M B SO C L O B r 0 0 7 1 0 4 3 9 0 8 7 5 0 . 0 0 0 0 0 0 4 0 0 0 0

M B 8 O C L0 0 2 5 B r 0 0 7 1 0 4 4 6 0 8 2 0 0 , 0 0 3 0 0 0 4 0 0 0 0

M B 8 O C L 0 0 5 B r 0 0 7 1 0 . 4 2 0 0 7 4 7 0
. 0 0 5 0 0 0 6 0 0 0 0

M B 8 O C L 0 1 B r 0 0 6 4 0 3 9 3 0 6 6 7 0 . 0 0 6 0 0 1 1 0 0 0 0

M B 8 O C L0 . 2 5 B r 0 . 0 4 5 0 3 2 6 0 4 9 4 0 . 0 1 3 0 0 3 1 0 0 1 8

M B 8 O C L 0 5 B r 0 . 0 4 8 0 2 1 6 0 . 2 4 4 0 . 0 2 2 0 . 0 8 5 0 0 4 2

M B 8 O C L0 7 5 B r 0 . 0 3 6 0 . 1 4 4 0 . 1 3 1 0 0 2 9 0 1 3 1 0 0 9 0

M B 8 0 C L 1 0 B r 0 0 3 0 0 0 9 0 0 0 7 1 0 . 0 3 4 0 1 6 4 0 1 6 9

M B 8 0 C L 1 5 B r 0 . 0 1 7 0 0 4 5 0 0 3 0 0
. 0 4 2 0 2 0 1 0 2 3 4

M B 8 O C L2 . 0 B r 0 . 0 1 0 0 0 2 6 0 0 1 9 0
,
0 4 4 0 2 1 6 0 2 8 9

8 / 2 3
M B SC LOB r 0 0 4 6 0 4 6 9 0 . 8 8 8 0 . 0 0 0 0 0 0 4 0 0 0 0

M B 8 C L0 0 2 5 B r 0 0 4 4 0 4 5 7 0 8 5 1 0 0 0 3 0 0 0 4 0 0 0 0

M B 8 C L 0 0 5 B r 0 0 4 6 0 4 2 6 0 8 2 0 0 0 0 3 0 0 0 5 0 0 0 0

M B SC LO I B r 0 . 0 4 2 0 . 4 1 9 0 7 4 7 0 0 0 5 0 0 0 8 0 0 0 0

M B 8 C L0 . 2 5 B r 0 0 3 9 0 3 5 2 0 5 8 2 0 0 1 1 0 0 2 6 0 0 1 6

M B 8 C L 0 5 B r 0 0 3 4 0 2 5 6 0 3 5 4 0 0 1 7 0 0 8 5 0 0 3 2

M B 8 C L0 7 5 B r 0 0 2 9 0 1 7 1 0 2 0 5 0 0 2 3 0 1 5 1 0 . 0 8 8

M B 8 C L1 0 B r 0 0 2 5 0 1 1 8 0 1 1 8 0 0 2 8 0 2 0 7 0 1 9 5

M B 8 C L 1 5 B r 0 0 1 4 0 0 5 4 0 . 0 3 9 0 03 7 0 2 6 4 0 3 6 7

M B 8 C L2 0 B r 0 0 0 6 0 0 2 4 0 0 1 9 0 03 7 0 2 5 8 0 4 3 5

8 /2 3

M B 6 O C L0 B r 0 0 2 8 0 4 4 4 0 7 4 7 0 0 0 3 0 0 0 4 0 0 0 0

M B 6 O C L0 0 2 5 B r 0 0 2 8 0 4 3 6 0 7 3 5 0 0 0 5 0 0 0 4 0 0 0 0

M B 6 O C L 0 0 5 B r 0 0 2 8 0 4 1 7 0 6 9 2 0 0 0 7 0 0 0 7 0 0 0 0

M B 6 O C L 0 1 B r 0 0 2 7 0 3 9 3 0 6 3 1 0 0 1 0 0 0 1 5 0 0 0 0

M B 6 O C L 0 2 5 B r 0 0 1 9 0 2 8 7 0 4 2 5 0 0 1 7 0 0 5 7 0 0 1 9

M B 6 O C L 0 5 B r 0 0 2 1 0 2 2 4 0 2 3 4 0 0 2 5 0 1 3 7 0 0 5 2

M B 6 O C L 0 7 5 B r 0 . 0 1 7 0 1 5 1 0 12 7 0 0 2 9 0 1 9 4 0 1 3 1

M B 6 O C L 1 0 B r 0 0 1 5 0 1 1 9 0 0 7 3 0 0 3 1 0 2 5 2 0 2 1 0

M B 60 C L 1 5 B r 0 0 13 0 06 9 0 03 6 0 03 8 0 . 2 9 1 0 , 3 3 0

M B 6O C L2 0 B r 0 . 0 0 9 0 0 4 1 0 0 2 5 0 0 4 2 0 2 9 9 0 4 0 1

8 /2 3

M B 6 C L 0 B r 0 . 0 2 8 0 4 7 2 1 0 0 4 0 0 0 2 0 0 0 4 0 0 0 0

M B 6 C L 0 0 2 5 B r 0
. 0 2 7 0 4 5 8 0 9 7 9 0 0 0 4 0 . 0 0 5 0 . 0 0 0

M B 6 C L 0 0 5 B r 0 . 0 2 6 0 4 5 1 0 9 4 9 0 0 0 5 0 0 0 6 0 0 0 0

M B 6 C L 0 1 B r 0 0 2 4 0 4 2 5 0 8 6 9 0
. 0 0 7 0 0 1 1 0 0 0 0

M B 6 C L 0 2 5 B r 0 0 2 1 0 3 6 2 0 7 1 0 0 0 1 2 0 0 4 0 0 0 1 8

M B 6 C L 0 5 B r 0 0 1 8 0 2 8 6 0 4 9 7 0 0 1 S 0 1 2 0 0 0 3 9

M B 6 C L 0 , 7 5 B r 0 , 0 1 6 0 2 1 4 0 3 0 9 0 0 2 4 0 2 2 6
"

.

0 . 1 0 8

M B 6C L 1 0 B r 0 0 1 5 0 1 4 9 0 186 0 0 28 0 . 3 2 2 0 2 22

M B 6 C L 1 5 B r 0 0 1 0 0 0 6 8 0 0 6 0 0 0 3 3 0 . 4 1 6 0 4 3 8

M B 6 C L2 0 B r 0 . 0 0 5 0 0 1 6 0 0 1 3 0 . 0 3 8 0 4 0 4 0 6 8 4
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u M u M u M u M

8 /2 3 B r C IA A B r C I2 A A B r 2 C IA A T H A A

M B SO C L O B r 0 0 0 6 0 0 2 1 0 0 1 5 1 4 3 1

M B 8 O C L0 0 2 5 B r 0 0 2 0 0 0 5 5 0 0 1 5 1 . 4 3 6

M B BO C LO . OS B r 0 0 3 8 0 0 9 6 0 0 1 8 1 4 0 0

M B SO C L O I B r 0 0 6 3 0 1 6 7 0 0 2 5 1 3 9 5

M B 8 O C L 0 2 5 B r 0 . 1 1 9 0 . 3 4 3 0 0 7 2 1 . 4 6 2

M B 8 O C L0 . 5 B r 0 . 1 5 0 0 3 2 4 0 1 3 0 1 2 6 1

M B 8 O C L 0 7 5 B r 0 1 5 6 0 3 2 1 0 20 2 1 2 4 1

M B 8 O C L 1 0 B r 0 1 4 7 0 2 8 8 0 2 3 2 1 2 2 4

M B 8 0 C L 1 5 B r 0 1 13 0 1 7 3 0 2 2 0 1 0 7 3

M B 8 O C L2 0 B r 0 . 0 9 0 0 1 2 9 0 2 0 8 1 0 3 2

8 /2 3

M B 8 C L 0 B r 0 0 0 5 0 0 1 9 0 0 1 6 1 4 4 6

M B 8 C L 0 0 2 5 B r 0 0 1 7 0 0 4 1 0 0 1 6 1 4 3 2

M B 8 C L0 0 5 B r 0 . 0 3 1 0 0 7 2 0 0 1 6 1 4 2 0

M B 8C L0 1B r 0 . 0 5 6 0 13 2 0 0 2 0 1 4 2 9

M B 8 C L0 2 5 B r 0 1 1 8 0 2 8 1 0 0 4 6 1 4 7 0

M B 8 C L0 5 B r 0 1 7 7 0 3 8 0 0 1 3 4 1 4 6 8

M B 8 C L0 7 5 B r 0 18 9 0 3 9 8 0 22 7 1 4 8 1

M B 8 C L 1 0 B r 0 . 1 8 2 0 3 7 9 0 2 8 5 1 5 3 5

M B 8 C L 1 5 B r 0 1 3 4 0 2 5 4 0 3 0 1 1 4 6 4

M B 8 C L2 0 B r 0 0 8 8 0 1 4 4 0 2 4 7 1 2 5 7

8 /2 3

M B 6 O C L0 B r 0 0 0 7 0 0 2 4 0 0 1 7 1 2 7 3

M B 6 O C L 0 0 2 5 B r 0 . 0 3 1 0 0 7 5 0 0 1 8 1 3 3 3

M B 6 O C L0 0 5 B r 0 0 5 9 0 1 4 9 0 0 2 5 1 3 8 3

M B 6O C L0 1B r 0 . 1 0 2 0 . 2 4 9 0 0 4 1 1 4 6 7

M B 6 O C L 0 2 5 B r 0 1 8 9 0 3 5 9 0 1 3 1 1 5 0 3

M B 6 O C L0 5 B r 0 . 2 5 0 0 4 5 7 0 2 9 4 1 6 9 4

M B 6 O C L 0 7 5 B r 0 . 2 3 2 0 4 4 0 0 4 0 0 1 7 2 3

M B 6 O C L 1 0 B r 0 2 2 8 0 3 8 3 0 . 4 5 2 1 7 6 5

M B 6 0 C L 1 5 B r 0 . 2 0 0 0 3 2 5 0 4 8 8 1 7 9 1

M B 6 O C L 2 0 B r 0 1 7 4 0 3 0 7 0 4 4 4 1 7 4 2

8 /2 3

M B 6 C L0 B r 0
.
0 0 6 0 0 2 1 0 0 1 8 1 5 5 5

M B 6 C L 0 0 2 5 B r 0 0 2 4 0 . 0 6 8 0 0 1 9 1 5 8 3

M B 6 C L0 . 0 5 B r 0 . 0 4 1 0 113 0 . 0 2 1 1 . 6 1 2

M B 6 C L0 1 B r 0 0 8 1 0 2 2 3 0 0 3 2 1 6 7 4

M B 6 C L0 . 2 5 B r 0 1 5 6 0 3 9 7 0 0 9 8 1 8 1 6

M B 6 C L 0 5 B r 0 2 4 2 0 5 4 4 0 . 2 4 7 2 0 1 1

M B 6 C L 0 7 5 B r 0 2 8 4 0 . 5 9 7 0 . 4 0 0 2 1 7 8

M B 6 C L 1 0 B r 0 2 9 7 0 5 8 2 0 5 5 5 2 3 5 7

M B 6C L1 . 5 B r 0 23 0 0 4 2 8 0 6 4 6 2 3 2 9

M B 6 C L2 0 B r 0 1 2 7 0 2 53 0 . 4 7 6 2 0 1 6

) ^
'
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M o le f r a c t io n X i (x 1 0 0 )
8 / 2 3 M C AA D CM TC AA M BAA D BA A T BAA

M BS O C LOB r 4 9 5 3 0 6 9 6 1 1 8 0 . 0 0 0 . 2 5 0 0 0

M B 8 O C L0 0 2 5 B r 4 93 3 1 0 7 5 7 14 0 23 0 29 0 0 0

M B S O C L O O S B r 5 0 7 3 0 0 4 5 3 3 5 0 . 3 3 0 4 3 0 0 0

M B B O C L O I B r 4 5 6 2 8 1 5 4 7 8 5 0 4 6 0 7 7 0 0 0

M B 8 O C L0 2 5 B r 3 . 1 1 2 2 2 8 3 3 . 7 9 0 9 2 2 1 4 1 2 1

M B 8 O C L0 5 B r 3 8 2 1 7 1 6 1 9 3 6 1 7 7 6 7 3 3 3 1

M B 8 O C L 0 . 7 5 B r 2 . 9 2 1 1 6 3 1 0 5 6 2 3 1 1 0 5 8 7 2 8

M BSO C L I O B r 2 4 5 7 3 5 5 8 0 2 8 1 1 3 4 0 1 3 7 7

M B 8 0 C L1 5 B r 1 5 5 4 . 1 8 2 . 7 8 3 8 7 1 8 . 7 0 2 1 . 7 9

M B 8 0 C L2 . 0 B r 0 9 6 2 5 6 1 8 9 4 2 4 2 0 9 6 2 7 9 9

8 / 2 3

M B 8 C L0 B r 3 1 8 3 2 . 4 0 6 1 3 9 0 0 0 0 2 6 0 . 0 0

M B 8 C L0 0 2 5 B r 3 1 0 3 1 9 0 5 9 4 1 0 2 0 0 2 7 0 0 0

M B 8 C L0 0 5 B r 3 2 2 3 0 0 0 5 7 7 8 0 2 4 0 3 5 0 0 0

M B 8 C L 0 . 1 B r 2 . 9 5 2 9 . 3 1 5 2 2 6 0 3 8 0 . 5 3 0 0 0

M B 8 C L0 2 5 B r 2
.
6 2 2 3 . 9 6 3 9 5 6 0 7 2 1 7 8 1 0 6

M B 8 C L0 5 B r 2 2 9 1 7 4 3 2 4 1 0 1 14 5 7 8 2 1 9

M B 8 C L 0 7 5 B r 1 9 8 1 1 5 8 1 3 8 5 1 5 2 1 0 1 7 5 9 6

M B 8 C L 1 0 B r 1 . 6 0 7 6 8 7 6 6 1 7 9 1 3 4 9 1 2 7 1

M B 8 C L 1 . 5 B r 0 9 8 3 6 6 2 6 7 2 5 1 1 8 0 1 2 5 1 0

M B 8 C I_ 2 0 B r 0 4 7 1 8 8 1 5 5 2 9 7 2 0 4 9 3 4 5 9

8 /2 3

M B 6O C L0 B r 2 . 2 4 3 4 8 6 5 8 6 7 0 2 2 0 2 8 0 0 0

M B 6 O C L 0 0 2 5 B r 2 14 3 2 7 0 5 5 1 0 0 3 8 0 3 4 0 0 0

M B 6 O C L 0 0 5 B r 2 0 0 3 0 1 7 5 0 0 0 0 5 0 0 5 3 0 0 0

M B 6 O C L 0 1 B r 1 8 7 2 6 7 6 4 2 9 9 0 6 7 1 0 0 0 0 0

M B 6 O C L 0 2 5 B r 1 2 4 1 9 0 9 2 8 2 6 1 1 4 3 8 2 1 2 5

M B 6 O C L 0 5 B r 1 2 5 1 3 2 4 13 8 4 1 4 8 8 1 0 3 0 4

M B 6 O C L 0 7 5 B r 0 9 6 8 7 8 7 3 9 1 7 0 1 1 2 7 7 6 1

M B 6 0 C L 1 0 B r 0 8 6 6 7 7 4 1 6 1 7 7 1 4 2 8 1 1 9 2

M B 6 0 C L 1 5 B r 0 . 7 2 3 8 8 2 0 4 2 . 1 2 1 6 2 6 1 8 4 4

M B 6 O C L2 0 B r 0 . 5 3 2 . 3 7 1 . 4 5 2 . 4 1 1 7 1 5 2 3 0 2

8 / 2 3

M B 6 C L0 B r 1 7 9 3 0 3 8 6 4 5 6 0 1 5 0 2 5 0 0 0

M B 6 C L 0 . 0 2 5 B r 1 7 0 2 8 9 1 6 1 8 7 0 2 5 0 2 9 0 0 0

M B 6 C L0 0 5 B r 1 6 1 2 7 9 7 5 8 8 7 0 3 4 0 3 6 0 0 0

M B 6 C L0 1 B r 1 4 5 2 5 4 0 5 1 9 4 0 4 4 0 6 8 0 0 0

M B 6 C L 0 2 5 B r 1 1 8 1 9 9 5 3 9 1 1 0 6 8 2 2 2 0 9 7

M B 6 C L0 5 B r 0 8 7 14 2 3 2 4 . 7 2 0 . 9 2 5 9 6 1 9 6

M B 6 C L 0 7 5 B r 0 . 7 3 9 . 8 3 1 4 2 0 1 . 1 0 1 0 . 3 7 4 9 4

M B 6C L 1 0 B r 0 63 6 32 7 9 0 1 19 13 6 8 9 4 4

M B 6 C L 1 5 B r 0 4 5 2 92 2 5 7 1 4 0 1 7 8 8 1 8 8 1

M B 6 C L2 0 B r 0 23 0 7 9 0 6 7 1 . 8 9 2 0 0 4 3 3 9 4
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M o le f r a c t io n X i (x 1 0 0 )
8 /2 3 B r C IA A B r C lZ A A B r 2 C IA A

M B SO C LO B r 0
.
4 0 1 5 0 1 0 4

M B 8 O C L 0 0 2 5 B r 1 4 2 3 8 6 1 0 7

M B 8 O C L0 0 5 B r 2 . 6 9 6 8 4 1 2 6

M B 8 O C L0 1 B r 4 5 1 1 1 9 4 1 7 7

M B 8 O C L0 2 5 B r 8 . 1 7 2 3 4 6 4 9 3

M B SO C L O SB r 1 1 8 9 2 5 6 7 1 0 2 8

M B 8 O C L 0 . 7 5 B r 1 2 . 6 0 2 5 8 7 1 6 2 6

M B SO C L I O B r 1 1 9 7 2 3 5 2 1 8 9 2

M B 8 0 C L 1 . 5 B r 1 0 5 4 1 6 1 0 2 0 5 0

M B 8 O C L2 . 0B r 8 7 2 1 2 5 4 20 1 3

8 /2 3

M B 8 C L0 B r 0 3 7 1 3 2 1 0 7

M B 8 C L0 0 2 5 B r 1 1 9 2 8 5 1 0 9

M B 8 C L 0 0 5 B r 2 2 0 5 0 5 1 1 6

M B 8C L0 1 B r 3 . 9 0 9 2 6 1 4 0

M B 8 C L0 2 5 B r 8 0 5 1 9 0 9 3 1 6

M B 8 C L0 5 B r 1 2 0 2 2 5 8 9 9 1 5

M B 8 C L0 7 5 B r 1 2 . 7 4 2 6 8 7 1 5 3 4

M B 8 C L 1 . 0 B r 1 1 . 8 4 2 4 . 7 0 1 8 5 4

M B 8 C L 1 . 5 B r 9 . 1 4 1 7 3 6 2 0 5 6

M B 8 C L2 . 0 B r 6 . 9 8 1 1 4 5 1 9 6 2

8 /2 3

M B 6 O C L0 B r 0 . 5 8 1 . 8 5 1 . 3 0

M B 6 O C L 0 0 2 5 B r 2 . 3 3 5 6 3 1 3 8

M B 6 O C L0 . 0 5 B r 4 2 5 1 0 . 7 5 1 . 8 0

M B 6 O C L0 . 1B r 6 . 9 2 1 7 . 0 0 2 7 8

M B 6 O C L 0 . 2 5 B r 1 2 . 5 5 2 3 9 1 8 . 7 3

M B 6 O C L0 5 B r 1 4 7 5 2 6 9 6 1 7 3 4

M B 6 O C L0 7 5 B r 1 3 4 9 2 5 5 6 2 3 2 4

M B 6 O C L 1 . 0 B r 1 2 9 5 2 1 6 8 2 5 6 1

M B 6 0 C L1 . 5 B r 1 1 1 8 1 8 1 4 2 7 2 3

M B 6 O C L2 0 B r 9 9 7 1 7 . 6 2 2 5 4 8

8 /2 3

M B 6 C L 0 B r 0 3 6 ^ 1 3 5 1 . 1 4

M B 6 C L 0 0 2 5 B r 1 5 0 4 2 9 1 1 8

M B 6 C L0 0 5 B r 2 . 5 6 7 0 2 1 28

M B 6 C L0 1 B r 4 8 3 13 . 3 4 1 9 2

M B 6 C L0 2 5 B r 8 6 1 2 1 . 8 6 5 4 1

M B 6 C L 0 5 B r 1 2 0 5 2 7 0 4 1 2 2 6

M B 6 C L0 7 5 B r 1 3 . 0 3 2 7 4 0 1 8 3 9

M B 6 C L 1 0 B r 1 2 5 8 2 4 7 1 2 3 5 5

M B 6 C L 1 5 B r 9 8 6 1 8 3 7 2 7 7 4

M B 6 C L2 0 B r 6 3 0 1 2 5 6 23 .
6 0

I L , 1
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B r o m in e a n d c h lo r in e in c o r p o r a t io n

B r o m i n e i n c o r p o r a t io n

u lVI p e r u lV I T HA A

0 0 6 4 0

0 . 1 1 7 9

0 . 1 8 5 2

0 3 0 6 6

0 7 3 5 7

1 0 5 0 8

1 4 4 3 1

1 7 6 5 1

1 8 7 0 4

1 9 7 7 7

0 0 6 3 1

0 0 9 96

0 1 4 9 2

0 2 4 8 8

0 6 0 1 4

1 1 0 8 7

1 . 6 2 9 6

2 1 5 7 3

2 6 5 5 6

2 . 5 8 1 6

0 0 7 3 9

0 1 5 6 9

0 2 7 8 9

0 4 7 1 7

0 9 9 9 0

1 7 4 8 3

2 2 8 4 6

2 . 6 8 1 1

3 1 1 1 3

3 2 1 1 7

0 0 7 2 5

0 1 4 2 2

0 . 2 1 2 6

0 3 9 8 4

0 8 9 6 1

1 6 5 5 6

2 4 7 9 7

3 3 2 8 9

4 1 2 9 7

4 2 3 0 1

0 0 4 4 7

0 0 8 2 1

0 13 2 3

0 2 1 9 8

0 5 0 3 2

0 8 3 3 0

1 1 6 3 0

1 4 4 2 5

1 . 7 4 2 8

1 9 1 6 5

0 0 4 3 7

0 0 6 9 6

0 . 1 0 5 1

0 1 7 4 1

0 4 0 9 1

0 7 5 5 0

1 1 0 0 3

1 4 0 5 1

1 8 1 4 5

2 0 5 4 0

0 0 5 8 1

0 1 1 7 7

0 2 0 1 6

0 3 2 1 6

0 6 6 4 5

1 0 3 2 1

1 3 2 5 9

1 5 1 9 3

1 . 7 3 7 4

1 . 8 4 3 2

0 0 4 6 6

0 08 99

0 1 3 1 9

0 2 3 8 0

0 4 9 3 5

0 8 2 3 2

1 . 13 8 7

1 4 1 2 6

1 7 7 3 2

2 . 0 9 8 3

C h lo r i n e in c o r p o r a t io n

u M p e r u M T HA A

8 /2 3
2 5 4 2 9

2 4 8 7 0

2 4 2 8 2

2 3 4 5 5

2 0 9 0 6

1 6 9 7 4

1 3 8 4 4

1 1 2 5 0

0 8 1 4 7

0 6 5 6 9

3 6 3 8 7

3 5 7 0 3

3 3 9 9 3

3 . 2 7 1 0

3 0 5 7 0

2 . 1 4 12

1 . 7 1 7 9

1 3 7 6 6

0 8 7 4 4

0 . 6 7 7 9

3 7 0 5 3

3 6 2 5 2

3
. 5 4 9 7

3 4 6 1 1

3 2 1 3 4

2 6 7 8 4

2 1 9 9 2

1 8 3 7 8

1 1 8 1 9

0 7 3 3 5

3 2 2 7 6

3 3 0 3 9

3 3 1 8 8

3 3 4 5 1

2 . 9 0 6 1

2 6 2 9 9

2 . 2 1 4 7

1 9 2 0 1

1 . 5 9 8 6

1 3 9 9 2

4 0 5 0 0

4 0 5 9 0

4 06 2 1

4 0 4 2 0

3 . 9 2 5 1

3 6 5 7 8

3 2 4 9 4

2 8 8 7 2

2 0 5 7 3

1 1 8 5 6

M B SO C L OB r

M B 8 O C L0 0 2 5 B r

l\/I B 8O C L0 0 5 B r

M B 8 0 C L 0 1 B r

M B 8 O C L 0 2 5 B r

M B 8 O C L 0 5 B r

M B 8 O C L0 7 5 B r

IVIB SO C L I O B r

M B 8 0 C L 1 . 5 B r

M B 8 O C L2 0 B r

8 /2 3
2 5 6 2 4 M B SC L OB r

2 5 3 0 9 M B 8 C L0 0 2 5 B r

2 . 5 0 0 1 M B 8 C L 0 0 5 B r

2 4 2 1 9 M B 8 C L 0 1 B r

2 1 8 6 1 l\/IB 8 C L 0 2 5 B r

1 8 2 4 0 M B 8 C L0 5 B r

1 4 8 4 9 M B 8 C L 0 7 5 B r

1 1 9 7 0 M B SC L I O B r

0 8 0 7 5 M B 8 C L 1 5 B r

0 5 8 3 6 M B 8C I_ 2 0 B r

8 /2 3
2 . 5 3 5 5 M B 6 O C L0 B r

2 . 4 7 8 3 M B 6 O C L 0 0 2 5 B r

2 . 3 9 8 9 l\/1B 6 O C L0 0 5 B r

2 2 8 0 7 M B 6 O C L0 1 B r

1 . 9 3 3 2 l\/l B 6 O C L 0 2 5 B r

1 . 5 5 2 5 M B 6 O C L0 5 B r

1 2 8 5 4 M B 6 O C L 0 7 5 B r

1 0 8 8 1 l\/1B 6 O C L1 0 B r

0 8 9 2 7 M B 6 0 C L 1 5 B r

0 8 0 3 0 M B 6 O C L2 0 B r

8 /2 3

2 . 6 0 4 5 M B 6 C L 0 B r

2 5 6 4 1 M B 6C L0 02 5 B r

2 5 2 0 4 M B 6 C L0 0 5 B r

2 . 4 1 5 0 M B 6 C L 0 1 B r

2 .
16 1 5 M B 6 C L0 2 5 B r

1 . 8 1 8 7 M B 6 C L0 5 B r

1 4 9 2 2 M B 6 C L 0 . 7 5 B r

1 . 2 2 5 2 M B 6 C L1 0 B r

0 . 8 8 3 3 IV1B 6 C L1 5 B r

0 5 8 8 1 M B 6 C l_ 2 . 0 B r

\U
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S u m o f c h lo r i n a t e d ,

HA A s p e c i e s (u M )
S a m p le

8 / 2 3

M B SO C L OB r

M B 8 O C L 0 0 2 5 B r

M B BO C L O OSB r

M B BO C L O I B r

M B 8 O C L 0 2 5 B r

M B 8 O C L 0 5 B r

M B 8 O C L 0 75 B r

M BSO C L I OB r

M B 8 0 C L 1 5 B r

M B 8 O C L 2 0 B r

8/ 2 3

M B SC L OB r

M B8 C L 0 02 5B r

M B8 C L0 05 B r

M BSC LO I B r

M B8 C L0 2 5 B r

M B8 C L0 5 B r

M B8 C L0 75 B r

M B SC L I OB r

M B 8C L 1 5 B r

M B 8C I_ 2 0 B r

8 / 2 3

M BGO C L OB r

M B6 O C L 0 02 5 B r

M B BO C L O OSB r

M B BO C L O I B r

M B BO C L 0 2 5 B r

M B BO C L O SB r

M B 6 O C L 0 7 5 B r

M B BO C L L OB r

M B BO C L I SB r

M B 6 O C L 2 0 B r

8/ 2 3

M B BC L OB r

M B 6 C L 0 0 2 5 B r

M B BC L O OSB r

M B 6 C L 0 1B r

M B BC L 0 2 5 B r

M B BC L O SB r

M B 6 C L 0 7 5 B r

M B BC L L OB r

M B BC L I SB r

M B 6 C L2 QB r

b r o m o - c h lo r o a n d b r o m in a t e d

C I2

1 3 8 5

1 3 3 7

1 2 3 8

1 12 3

0 8 6 5

0 5 0 9

0 3 12

0 19 1

0 0 9 1

0 0 5 6

1 4 0 2

1 3 5 2

1 2 9 2

1 2 0 8

0 97 2

0 64 3

0 4 0 6

Q 2 6 0

0 1 0 7

0 04 9

1 2 19

1 1 99

1 13 7

1 0 5 1

0 73 1

0 4 8 0

0 2 9 5

0 2 0 8

0 1 1 9

0 0 7 6

1 5 0 4

1 4 6 4

1 4 2 6

1 3 1 9

1 0 9 4

0 8 0 1

0 . 5 3 9

0 3 5 0

0 13 8

0 0 3 4

B r - C I

0 0 4 2

0 0 9 1

0 15 1

0 2 5 4

0 5 3 5

0 6 0 3

0 B7 9

0 6 66

0 5 0 6

0 , 4 2 7

0 0 4 0

0 0 7 3

0 1 19

0 2 0 8

0 4 4 5

0 6 9 1

0 8 14

0 8 4 6

0 6 8 9

0 4 7 8

0 0 4 7

0 1 2 5

0 2 3 2

0 3 9 2

0 6 7 9

1 0 0 0

1 0 7 3

1 0 6 3

1 0 1 3

0 . 9 2 5

0 0 4 4

0 1 10

0 1 7 5

0 3 3 6

0 6 5 2

1 0 3 3

1 2 8 1

1 4 3 4

1 3 0 4

0 8 5 6

B r 2

0 0 04

0 , 0 0 7

0 0 1 1

0 0 1 7

0 . 0 62

0 14 9

0 2 5 0

0 . 3 6 7

0 4 7 6

0 , 5 4 9

0 0 04

0 0 0 7

0 0 0 8

0 0 13

0 0 5 2

0 . 13 4

0 2 6 1

0 4 3 0

0 66 8

0 73 0

0 00 6

0 0 10

0 0 14

0 02 5

0 0 93

0 2 14

0 3 55

0 4 94

0 B59

0 , 74 2

0 0 0 6

0 0 0 9

0 0 1 1

0 0 19

0 0 7 0

0 1 7 8

0 . 3 5 7

0 . 5 73

0 8 8 7

1 1 2 6

D is t r ib u t io n o f H / \ A s i n t o m o n o , d i

a n d t r ih a lo g e n a t e d s p e c i e s

M o l e f r a c t io n o f T H A A s

m o n o l i a j d ih a l

0 0 4 9 5

0 0 5 1 5

0 0 54 0

0 0 5 0 2

0 0 4 0 2

0 0 5 5 9

0 0 5 2 3

0 0 5 2 6

0 0 5 42

0 0 5 2 1

0 0 3 1 8

0 0 3 3 0

0 0 3 4 6

0 0 3 3 3

0 0 3 3 5

0 0 3 4 3

0 0 3 5 0

0 03 3 9

0 03 4 9

0 03 4 4

0 02 4 6

0 0 2 5 1

0 02 5 0

0 02 54

0 02 3 8

0 02 7 3

0 0 2 66

0 02 63

0 0 2 84

0 0 2 94

0 0 1 94

0 0 1 9 5

0 0 1 94

0 0 1 89

0 0 1 8 6

0 0 1 7 9

0 0 1 84

0 0 1 82

0 0 1 8 5

0 0 2 12

0 3 13 4

0 3 2 78

0 33 16

0 33 4 3

0 3 2 58

0 3 5 78

0 3 4 8 1

0 3 2 72

0 33 4 1

0 3 22 4

0 33 04

0 3 3 36

0 3 2 5 5

0 3 3 7 5

0 3 3 7 9

0 3 5 24

0 3 4 4 8

0 3 3 0 0

0 3 0 8 1

0 2 9 3 5

0 3 5 72

0 3 5 3 7

0 3 4 9 5

0 3 4 6 9

0 3 5 4 6

0 3 6 0 8

0 3 3 5 4

0 3 4 0 0

0 3 13 1

0 2 94 9

0 3 10 0

0 3 07 0

0 3 0 8 8

0 3 0 9 1

0 3 07 8

0 3 2 2 4

0 3 3 2 4

0 3 2 5 8

0 3 0 6 6

0 2 7 12

t r ih a l

0 6 3 7 1

0 62 0 6

0 5 14 5

0 6 15 5

0 63 3 9

0 5 8 6 3

0 59 9 6

0 62 0 1

0 6 1 17

0 6 2 5 5

0 63 7 9

0 63 3 4

0 63 9 9

0 62 9 2

0 62 8 7

0 6 13 3

0 62 0 2

0 63 6 1

0 6 5 69

0 6 72 1

0 6 18 2

0 62 12

0 6 25 5

0 6 2 77

0 6 2 16

0 6 1 19

0 6 3 79

0 6 33 7

0 6 5 8 5

0 6 7 5 7

0 6 7 0 6

0 6 7 34

0 , 6 7 17

0 6 72 0

0 6 7 3 6

0 6 5 9 7

0 6 4 92

0 6 5 6 0

0 6 7 4 9

0 7 0 7 6

] U 3
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u g / L c o n c e n t r a t io n s o f H A A s

7 / 1 2
M B S O C LOB r

M B 8 O C L0 0 2 5 B r

M B 8 O C L0 0 5 B r

M B 8 O C L0 1 B r

M B 8 O C L0 . 2 5 B r

M B B O C L O S B r

M B 8 O C L0 . 7 5 B r

M B 8 0 C L 1 0 B r

M B 8 0 C L 1 5 B r

M B 8 O C L2 0 B r

7 / 1 2
M B SC L OB r

M B 8 C L 0 0 2 5 B r

M B 8 C L 0 . 0 5 B r

M B 8 C L0 1 B r

M B 8 C L0 . 2 5 B r

M B 8 e L 0 . 5 B r

M B 8 C L 0 . 7 5 B r

M B 8 C L 1 .
0 B r

M B 8 C L 1 5 B r

M B 8 C L2 0 B r

7 / 1 2
M B 8 O C N 0 B r

M B 8 O C N 0 0 2 5 B r

M B 8 O C N 0 0 5 B r

M B 8 O C N 0 1 B r

M B 8 O C N 0 2 5 B r

M B 8 O C N 0 5 B r

M B 8 O C N 0 7 5 B r

M B 8 O C N 1 . 0B r

u g /L
M C AA

5 8

5 9 8

5 6 5

5 . 7 4

4 8 4

4 5

3 . 4 2

2 . 6

1 5 3

1 0 1

4 . 2 9

4 1 1

4 2

3 9 8

3 6 5

3 2

2 . 6 6

2 3 6

0 9 4

0 5 6

0 2

3 2 2

3 3 9

3 3 7

3 2 8

2 . 8 6

2 4 7

2 . 1 1

u g / L
D C A A

5 5 . 9

5 6 7

5 7 1

5 3 4

4 1 5

2 5 1

1 4 . 3

9 3

4 . 3 5

3 14

6 4 5

6 4 9

6 4 1

6 0 . 6

5 0
. 6

3 6 5

2 4 3

1 5 . 8

6 0 2

2 9 2

5 9 5

1 2
. 2

1 2 4

1 1 7

1 0 9

8 5 9

7 9 7

6 . 9 1

u g / L
T C A A

1 2 9

1 2 2

1 1 6

1 0 3

7 0 2

2 8 7

1 1 7

5 . 1 5

1 2

0 7

1 4 7

1 4 3

1 4 0

1 3 0

10 1

6 0

3 2 3

1 7 8

4 1 9

1 0 8

0

0

0

0

0

0

0

0

u g /L
M BA A

0 3 3

0 . 4 8

0 . 6 4

0 8 6

1 6 2

3 5

4 7 8

5 . 6 9

7 5 8

7 7 1

0

0 4 1

0 5 6

0 7

1 3

2 1

2 8 4

3 . 6 1

4 5 6

5 8 4

0

0 4 9

0 4

0 4 2

0 5 2

1 2 4

1 5 9

2 . 0 2

u g / L
D B A A

0

0

0

0 7 6

5 4 8

1 5 8

2 5 4

3 2 2

4 0 1

4 9 4

0

0

0

0 1

3 7

1 6

3 0 2

4 2 3

5 2 6

5 9 8

0

0

0

0

0 5 3

1 0 4

1 6 2

2 13

u g / L
T B A A

0

0

0

0

0

9 0 2

2 3 9

4 4 4

62 6

8 0 5

0

0

0

0

0

3 9 4

1 8 1

4 8 5

9 1 1

1 1 8

0

0

0

0

0

0

0

0

M B 8 0 C N 1 5 B r

M B 8 O C N 2 . 0 B r

7 / 1 2
M B 8 C N 0 B r

M B 8 C N 0 0 2 5 B r

M B 8 C N 0 0 5 B r

M B 8 C N 0 1 B r

M B 8 C N 0 2 5 B r

M B 8 C N 0 5 B r

M B 8 C N 0 7 5 B r

M B SC N I O B r

M B 8 C N 1 5 B r

M B 8C N 2 . 0 B r

1 9 1

1 . 9 8

0 9 8

0 . 9 5

0 9 9

0 9 7

0 9 6

0 8

0 7 3

0 6 9

0 6 3

0 . 6 9

6 2 4

7 3 1

9 0 7

8 . 5 9

8 4 2

7 5 5

7 2 5

6 6 1

6 3 3

6 2

5 6 7

5 . 5 5

0

0

0

0

0

0

0

0

0

0

0

0

2 8 6

2 . 9 2

0

0

0

0

0

0 6 7

0 9

1 . 1 5

1 4 4

1
. 9 4

3 8 1

4 .
4 3

0

0

0

0

0 2 7

1 2 5

2 3 5

3 1

3 8 6

5 1

0

0 . 7 1

0

0

0

0

0

0

0

0

0 9 1

2 . 0 1
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u g /L c o n c e n t r a t i o n s o f H A A s

u g /L u g / L u g / L u g /L
B r C IA A B r C I2 A A B r 2 C IA A T H A A

7 / 1 2
M B S O C L O B r

M B 8 O C L0 0 2 5 B r

M B 8 O C L0 0 5 B r

M B 8 O C L0 1 B r

M B 8 O C L0 2 5 B r

M B 8 O C L 0 5 B r

M B 8 O C L0 7 5 B r

M B BO C L L OB r

M B 8 0 C L 1 . 5 B r

M B 8 O C L2 . 0 B r

7 / 12
M B S C LO B r

M B 8 C L 0 0 2 5 B r

M B 8 C L0 0 5 B r

M B SC LO I B r

M B 8 C L0 2 5 B r

M B 8 C L0 5 B r

M B 8 C L0 . 7 5 B r

M B 8 C L 1 0 B r

M B 8 C L 1 5 B r

M B 8 C L2 0 B r

7 / 1 2
M B 8 O C N 0 B r

M B 8 O C N 0 0 2 5 B r

M B 8 O C N 0 0 5 B r

M B 8 0 C N 0 1 B r

M B 8 O C N 0 2 5 B r

M B 8 O C N 0 5 B r

M B 8 O C N 0 7 5 B r

M B 8 O C N 1 0 B r

0 3 3

2 6 6

5 . 4 1

9 . 6 1

1 8

2 3 1

2 3 9

2 2 1

1 7 7

1 6 . 3

0 . 1 7

2 0 5

4 6 5

8 3 8

1 9 3

2 9 8

3 2 . 1

3 1 2

2 2 2

1 6 2

0

0 3 6

0 6 6

1 0 4

1 3 6

1 4 9

1 8

1 9 5

1 1 4

8 5 1

1 8 . 9

3 3 8

5 8 5

6 0 . 6

5 4 9

4 7 9

2 5 8

2 2

0 5 7

4 9 8

1 2 2

2 3 5

5 4 5

7 3 1

7 3 . 7

7 1

5 2 8

2 6 6

0

0

0

0

0 3 5

0 7 4

0 9 7

1 1 1

0 . 5 5

0 6 3

1 2 9

3 3 7

1 6

3 8 1

5 0 4

5 4 7

5 2 4

5 3 7

0 . 6 1

0 6 2

0 9

1 6 2

8 2 4

3 4 4

5 6 . 6

7 2 8

7 5 1

6 5

0

0

0

0

0

0

0

0

1 9 3 . 0 5

1 9 6 9 6

2 0 4 99

2 1 0 5 4

2 1 6 1 4

2 0 8 4 2

2 1 2 . 7

2 2 4 . 0 4

2 13 26

2 3 4 4 6

2 1 7 1 4

2 2 0 0 7

2 2 6 6 1

2 2 8 8 8

2 4 2 2 9

2 5 9 0 4

2 7 2 . 8

3 0 5 3 7

3 0 9 5 1

2 96

T H AA

6 1 5

1 6 2 7

1 6 8 5

1 6 5 3

1 6 9 4

1 5 9 6

1 6 4 2

16 23

M B 8 0 C N 1 5 B r

M B 8 O C N 2 0 B r

7 / 1 2
M B 8 C N 0 B r

M B 8 C N 0 . 0 2 5 B r

M B 8C N 0 0 5 B r

M B 8 C N 0 1 B r

M B 8 C N 0 2 5 B r

M B 8 C N 0 5 B r

M B 8 C N 0 7 5 B r

M B SC N I O B r

M B 8 C N 1 5 B r

M B 8C N 2 0 B r

2 6 4

3 2 6

0

0 0 8

0 4 3

0 6

1 2 4

1 8

2 1 8

2 5 3

2 . 7 3

3 4

1 6 4

1 9 6

0

0

0

0

0

0 4 9

0 8

1 0 4

1 5 6

2 2 6

0

0

0

0

0

0

0

0

0

0 1 7

0 3 3

1 1 6

19 1

2 2 . 5 7

1 0 0 5

9 . 6 2

9 84

9 . 1 2

9 7 2

1 1 6 2

1 3 2 9

1 4 8 8

1 7 13

2 2 1 1
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u M c o n c e n t r a t io n s o f H A A s

7 / 1 2
M B S O C L OB r

M B 8O C L0 . 0 2 5 B r

M B 8O C L 0 . 0 5 B r

M B 80 C L 0 1 B r

M B 8O C L 0 2 5 B r

M B BO C L O SB r

M B 8O C L0 . 7 5 B r

M B 8O C L 1 0 B r

M B 80 C L 1 . 5 B r

M B 8 O C L2 . 0 B r

7 / 1 2
M B SC LOB r

M B 8 C L 0 0 2 5 B r

M B 8 C L0 0 5 B r

M B 8 C L0 1B r

M B 8C L0 2 5 B r

M B 8 C L0 5 B r

M B 8 C L0 . 7 5 B r

M B 8 C L 1 0 B r

M B 8 C L 1 5 B r

M B 8 C I_ 2 0 B r

7 / 1 2

M B 8 O C N 0 B r

M B 8 O C N 0 0 2 5 B r

M B 8O C N 0 0 5 B r

M B SO C N O . I B r

M B 8O C N 0 2 5 B r

M B 8 O C N 0 5 B r

M B 8 O C N 0
. 7 5 B r

M B 8O C N 1 0 B r

u M

M CA A

0 0 6 1

0 0 6 3

0 0 6 0

0 0 6 1

0 0 5 1

0 0 4 8

0 . 0 3 6

0 . 0 2 8

0 . 0 1 6

0 0 1 1

0 0 4 5

0 0 4 4

0 0 4 4

0 0 4 2

0 0 3 9

0 0 3 4

0 . 0 2 8

0 0 2 5

0 . 0 1 0

0 0 0 6

0 0 0 2

0 0 3 4

0 0 3 6

0 0 3 6

0 0 3 5

0 0 3 0

0 . 0 2 6

0 0 2 2

u M

D CAA

0 4 3 4

0 4 4 0

0 . 4 4 3

0 4 1 4

0 3 2 2

0 1 9 5

0 1 1 1

0 0 7 2

0 . 0 3 4

0 0 2 4

0 5 0 0

0 5 0 3

0 4 9 7

0 4 7 0

0 3 9 3

0 2 8 3

0 1 8 9

0 1 2 3

0 0 4 7

0 0 2 3

0 0 4 6

0 0 9 5

0 0 9 6

0 0 9 1

0 0 8 5

0 0 6 7

0 . 0 6 2

0 0 5 4

u M

T CA A

0 7 9 0

0 7 4 7

0 7 1 0

0 . 6 3 1

0 4 3 0

0 1 7 6

0 . 0 7 2

0 0 3 2

0 0 0 7

0 0 0 4

0 9 0 0

0 8 7 5

0 8 5 7

0 7 96

0 6 1 8

0 3 6 7

0 . 1 9 8

0 1 0 9

0 0 2 6

0 0 0 7

0 0 0 0

0 . 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

u M

M B A A

0 0 0 2

0 0 0 3

0 0 0 5

0
. 0 0 6

0 0 1 2

0 0 2 5

0 . 0 3 4

0 0 4 1

0 . 0 5 5

0 0 5 6

0 0 0 0

0 0 0 3

0 0 0 4

0 0 0 5

0 . 0 0 9

0 0 1 5

0 . 0 2 0

0 0 2 6

0 0 3 3

0 0 4 2

0 0 0 0

0 0 0 4

0 0 0 3

0 0 0 3

0 0 0 4

0 0 0 9

0 . 0 1 1

0 0 1 5

u M

D BAA

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 3

0 0 2 5

0 0 7 3

0 . 1 1 7

0 1 4 8

0 . 1 8 4

0 2 2 7

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 1 7

0 0 7 3

0 . 1 3 9

0 19 4

0 2 4 2

0 2 7 5

0 0 0 0

0 0 0 0

0 . 0 0 0

0 0 0 0

0 0 02

0 0 0 5

0 . 0 0 7

0 0 1 0

u M

T B A A

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 3 0

0 0 8 1

0 1 5 0

0 . 2 1 1

0 2 7 1

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 1 3

0 . 0 6 1

0 1 6 3

0 3 0 7

0 3 9 8

0 0 0 0

0 0 0 0

0 . 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

%

M B 80 C N 1 5 B r

M B 8 O C N 2 0 B r

7 / 1 2
M B 8 C N 0 B r

M B 8C N 0 0 2 5 B r

M B 8 C N 0 0 5 B r

M B 8C N 0 1 B r

M B 8 C N 0 2 5 B r

M B 8 C N 0 5 B r

M B 8C N 0 7 5 B r

M B 8 C N 1 0 B r

M B 8C N 1 5 B r

M B 8 C N 2 0 B r

0 0 2 0

0 0 2 1

0 0 1 0

0 0 1 0

0 0 1 0

0 0 1 0

0 0 1 0

0 0 0 8

0 0 0 8

0 0 0 7

0 0 0 7

0 0 0 7

0 0 4 8

0 0 5 7

0 0 7 0

0 0 6 7

0 0 6 5

0 0 5 9

0 0 5 6

0 0 5 1

0 0 4 9

0 0 4 8

0 0 4 4

0 0 4 3

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 2 1

0 0 2 1

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 5

0 0 0 6

0 0 0 8

0 0 1 0

0 0 1 4

0 0 1 7

0 0 2 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 . 0 0 1

0 0 0 6

0 0 1 1

0 0 1 4

0 0 1 8

0 0 2 3

0 0 0 0

0 0 0 2

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 3

0 0 0 7

l UL
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u M c o n c e n t r a t i o n s o f H A A s

u M u M u M u M

B r C IAA B r C I2 A A B r 2 C IA A T HM
7 / 1 2
M B B O C LOB r

M B 8 O C L 0 0 2 5 B r

M B 8 O C L 0 0 5 B r

M B 8 0 C L0 . 1 B r

M B 8 O C L0 . 2 5 B r

M B 8 O C L0 5 B r

M B 8 O C L0 . 7 5 B r

M B 8 O C L1 0 B r

M B 8 0 C L 1 5 B r

M B 8 O C L2 . 0 B r

7 / 1 2

M B 8 C L0 B r

M B 8 C L 0 0 2 5 B r

M B 8C L0 . 0 5 B r

M B SC L O I B r

M B 8 C L 0 2 5 B r

M B 8C L0 5 B r

M B 8C L0 7 5 B r

M B 8C L1 0 B r

M B 8 C L1 5 B r

M B 8C L2 0 B r

7 / 1 2
M B 8 O C N 0 B r

M B 8O C N 0 0 2 5 B r

M B S O C N O O SB r

M B 8 O C N 0 l B r

M B 8 O C N 0 2 5 B r

M B 8 O C N 0 5 B r

M B 8 O C N 0 7 5 B r

M BSO C N I O B r

0 .
0 0 2

0 0 1 5

0 0 3 1

0 0 5 5

0 . 1 0 4

0 . 1 3 3

0 . 1 3 8

0 . 12 7

0 . 1 0 2

0 . 0 9 4

0 . 0 0 1

0 . 0 1 2

0 0 2 7

0 . 0 4 8

0 1 1 1

0 1 7 2

0 1 8 5

0 . 1 8 0

0 1 2 8

0 . 0 9 3

0 0 0 0

0 0 0 2

0 . 0 0 4

0 0 0 6

0 . 0 0 8

0 0 0 9

0 . 0 1 0

0 0 1 1

0 0 0 5

0 0 4 1

0 0 9 1

0 1 6 3

0 2 8 2

0 2 9 2

0 2 6 4

0 2 3 1

0 1 2 4

0 . 1 0 6

0 0 0 3

0 0 2 4

0 0 5 9

0 1 1 3

0 2 6 2

0 3 5 2

0 3 5 5

0 . 3 4 2

0 2 5 4

0 12 8

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 2

0 0 0 4

0 0 0 5

0 0 0 5

0 0 0 2

0 0 0 2

0 0 0 5

0 0 1 3

0 0 6 3

0 1 5 1

0 2 0 0

0 2 1 7

0 2 0 8

0 2 1 3

0 . 0 0 2

0 0 0 2

0 0 0 4

0 0 0 6

0 0 3 3

0 1 3 6

0 2 2 4

0 2 8 9

0 2 9 8

0 2 5 8

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

1 2 9 7

1 3 1 2

1 3 4 5

1 3 4 7

1 2 8 9

1 1 2 2

1 0 5 2

1 0 4 5

0 9 4 1

1 0 0 6

1 4 5 2

1 4 6 4

1 4 9 2

1 4 8 1

1 4 8 2

1 4 4 6

1 3 9 9

1 4 5 0

1 . 3 4 4

1 2 2 9

0 0 4 8

0 1 3 4

0 1 3 9

0 13 5

0 13 5

0 1 2 3

0 12 2

0 1 1 7

M B 80 C N 1 5 B r

M B 8 O C N 2 0 B r

7 / 1 2

M B SC N OB r

M B 8C N 0 0 2 5 B r

M B 8 C N 0 0 5 B r

M B 8 C N 0 1 B r

M B 8 C N 0 2 5 B r

M B 8 C N 0 5 B r

M B 8 C N 0 7 5 B r

M B SC N I OB r

M B 8C N 1 5 B r

M B 8 C N 2 0 B r

0 . 0 1 5

0 0 1 9

0 . 0 0 0

0 0 0 0

0 0 0 2

0 0 0 3

0 0 0 7

0 . 0 1 0

0 .
0 13

0 0 1 5

0 0 1 6

0 0 2 0

0 0 0 8

0 0 0 9

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 2

0 0 0 4

0 0 0 5

0 . 0 0 8

0 0 1 1

0 00 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 0

0 0 0 1

0 0 0 1

0 0 0 5

0 13 0

0 1 5 0

0 0 8 1

0 0 7 7

0 0 7 8

0 0 7 2

0 0 7 5

0 0 8 3

0 0 9 1

0 0 9 8

0 10 6

0 1 3 0
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M o l e f r a c t io n s o f in d i v id u a l HA A s p e c ie s

M o le f r a c t io n X i (x 1 0 0 )
M CA A D C AA TC A A M BAA D BAA T B A A

7 / 1 2
M B SO C LOB r 4 7 4 3 3 4 4 6 0 9 0 0 . 1 8 0 0 0 0 0 0

M B 8 O C L 0 . 0 2 5 B r 4 8 2 3 3 5 2 5 6 9 1 0 2 6 0 0 0 0
. 0 0

M B SO C LO . O S B r 4 4 5 3 2 9 4 5 2 8 1 0 3 4 0 0 0 0 0 0

M B S O C LO I B r 4 5 1 3 0 7 6 4 6 8 2 0 4 6 0 . 2 6 0 0 0

M B 8 O C L0 2 5 B r 3 . 9 8 2 4 9 9 3 3 3 5 0 9 1 1 9 5 0 0 0

M B 8 O C L 0 5 B r 4 . 2 5 1 7 . 3 5 1 5 6 6 2 2 5 6 4 6 2 7 1

M B 8 O C L 0 7 5 B r 3 . 4 4 1 0 . 5 4 6 8 1 3 . 2 7 1 1 0 8 7 6 6

M B SO C L I OB r 2 6 4 6 9 1 3 0 2 3 9 2 14 . 1 5 1 4 3 3

M B 8 0 C L 1 5 B r 1 7 2 3 5 9 0 7 8 5 8 0 1 9 5 7 2 2 4 2

M B 8 O C L2 0 B r 1 0 6 2 4 2 0 4 3 5 . 5 2 2 2 . 5 5 2 6 9 8

7 / 1 2
M B 8C L QB r 3 1 3 3 4 4 7 6 1 9 8 0 0 0 0 0 0 0 0 0

M B 8 C L 0 0 2 5 B r 2 9 7 3 4 4 0 5 9 8 1 0 2 0 0 0 0 0 0 0

M B 8 C L0 . 0 5 B r 2 . 9 8 3 3 3 3 5 7 4 5 0 2 7 0 0 0 0 0 0

M B 8 C L0 1 B r 2 8 4 3 1 7 3 5 3 7 2 0 3 4 0 03 0 0 0

M B 8 C L0 2 5 B r 2 6 1 2 6 4 9 4 1 7 2 0 6 3 1 1 5 0 0 0

M B 8 C L0 . 5 B r 2 3 4 1 9 5 8 2 5 4 0 1 0 5 5 . 0 8 0 9 2

M B 8 C L0 7 5 B r 2 . 0 1 13 4 8 1 4 1 4 1 4 6 9 9 1 4 3 6

M B 8 C L1 0 B r 1 7 2 8 4 5 7 5 1 1 7 9 1 3 3 9 1 1 2 7

M B 8 C L 1 5 B r 0 7 4 3 4 8 1 9 1 2 4 4 1 7 9 8 2 2 . 8 5

M B 8 C L2 0 B r 0 4 8 1 8 4 0 5 4 3 4 2 2 2 . 3 5 3 2 3 7

7 / 1 2
M B 8 O C N 0 B r 4 3 9 9 5 6 1 0 0 0 0 0 0 0 0 0 0 0 0

M B 8 O C N 0 0 2 5 B r 2 5 3 8 7 0 4 5 0 0 0 2 6 3 0 0 0 0 0 0

M B 8 O C N 0 0 5 B r 2 5 8 6 6 9 3 2 0 0 0 2 0 8 0 0 0 0 0 0

M B 8 O C N 0 1B r 2 6 3 4 6 7 0 0 0 . 0 0 2 2 3 0 0 0 0 . 0 0

M B 8 O C N 0 . 2 5 B r 2 5 7 2 6 2 6 4 0 0 0 2 . 7 7 1 . 8 0 0 0 0

M B 8 O C N 0 5 B r 2 4 6 6 5 4 2 8 0 0 0 7 2 7 3 8 9 0 0 0

M B 8 O C N 0 7 5 B r 2 1 4 5 5 0 7 1 0 0 0 9 3 9 6 1 0 0 0 0

M B 8 0 C N 1 0 B r 1 9 1 2 4 5 8 7 0 0 0 1 2 4 4 8 3 7 0 0 0

M B 8 0 C N 1 . 5 B r 1 5 5 8 3 7 2 8 0 0 0 1 5 8 6 1 3 4 7 0 . 0 0

M B 8 O C N 2 . 0 B r 1 4 0 1 3 7 8 9 0 0 0 1 4 0 5 13 . 5 9 1 6 0

7 / 1 2
M B SC N OB r 12 8 5 8 7 1 5 0 . 0 0 0 0 0 O iDO 0 0 0

M B 8C N 0 . 0 2 5 B r 1 3 0 4 86 3 7 0 0 0 0 0 0 0 0 0 0 0 0

M B 8 C N 0 0 5 B r 1 3 3 9 8 3 4 4 0 0 0 0 0 0 0 0 0 0 0 0

M B 8 C N 0 1 B r 14 2 0 8 1 0 1 0 0 0 0 0 0 0 . 0 0 0 . 0 0

M B 8 C N 0 2 5 B r 1 3 5 9 7 5 1 9 0 0 0 0 0 0 1 6 6 0 0 0

M B 8 C N 0 5 B r 1 0 2 0 6 1 7 4 0 0 0 5 8 1 6 9 1 0 0 0

M B 8 C N 0 7 5 B r 8 5 4 5 4 2 4 0 0 0 7 1 6 1 1 9 2 0 0 0

M B 8 C N 1 . 0 B r 7 4 4 4 8 9 9 0 0 0 8 4 3 14 5 0 0 0 0

M B 8 C N 1 5 B r 6 2 7 4 1 3 5 0 0 0 9 7 5 1 6 6 6 2 8 8

M B 8 C N 2 0 B r 5 6 4 3 3 2 2 0 0 0 1 0 7 8 1 8 . 0 7 5 . 2 3

\ 'o 2
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M o le f r a c t io n s o f i n d iv id u a l HA A s p e c ie s

M o le f r a c t io n X i (x 1 0 0 )
B r C IA A B r C I2 A A B r 2 C IA A

7 / 1 2
M B S O C LO B r 0 . 1 5 0 . 4 2 0 . 1 7

M B 8 O C L 0 0 2 5 B r 1 1 7 3 1 2 0 . 1 9

M B 8 O C L 0 . 0 5 B r 2 3 2 6 . 7 6 0 3 8

M B 8 0 C L0 1 B r 4 1 2 1 2 0 8 0 9 9

M B 8 O C L0 2 5 B r 8 0 6 2 1 8 5 4 9 2

M B 8 O C L 0 5 B r 1 1 8 8 2 5 . 9 9 1 3 4 6

M B 8 O C L 0 . 7 5 B r 1 3 . 1 0 2 5 1 1 1 8 9 9

M BSO C L I O B r 1 2 . 2 1 2 2 0 7 2 0 . 7 6

M B SO C L I S B r 1 0 . 8 5 1 3 . 1 9 2 2 . 0 8

M B 8O C L2 . 0 B r 9 3 5 1 0 5 3 2 1 1 7

7 / 1 2
M B 8 C L0 B r 0 0 7 0 . 1 9 0 . 1 7

M B 8 C L0 0 2 5 B r 0 8 1 1 6 4 0 1 7

M B 8 C L 0 . 0 5 B r 1 . 8 0 3 . 9 4 0 2 4

M B 8 C L0 1 B r 3 2 6 7 6 3 0 4 3

M B 8 C L0 2 5 B r 7 5 1 1 7 7 0 2 2 0

M B 8 C L 0 5 B r 1 1 8 9 2 4 3 2 9 4 3

M B 8 C L0 7 5 B r 1 3 2 4 2 5 3 6 1 6 0 4

M B 8 C L 1 0B r 12 4 1 2 3 5 6 1 9 90

M B 8 C L 1 5 B r 9 5 3 1 8 9 1 2 2 1 6

M B 8 C L2 0 B r 7 6 1 1 0 4 2 2 0 . 9 7

7 / 1 2

M B 8 O C N 0 B r 0 0 0 0 0 0 0 0 0

M B 8 O C N 0 0 2 5 B r 1 5 5 0 0 0 0 0 0

M B 8O C N 0 . 0 5 B r 2 7 4 0 0 0 0 0 0

M B 8 O C N 0 1 B r 4 4 3 0 0 0 0 0 0

M B 8 O C N 0 2 5 B r 5 8 1 1 2 5 0 0 0

M B 8 O C N 0 5 B r 7 0 0 2 9 0 0 0 0

M B 8 O C N 0 7 5 B r 8 5 2 3 8 3 0 0 0

M BSO C N I O B r 9 6 3 4 5 7 0 0 0

M BBO C N I S B r 1 1 7 3 6 0 8 0 0 0

M B 8 O C N 2 0 B r 1 2 . 5 7 6 3 0 0 0 0

7 / 1 2
M B 8 C N 0 B r 0 . 0 0 0 0 0 0 . 0 0

M B 8 C N 0 0 2 5 B r 0 6 0 0 0 0 0 0 0

M B 8 C N 0 0 5 B r 3 1 7 0 0 0 0 0 0

M B 8 C N 0 1 B r 4 7 9 0 0 0 0 0 0

M B 8 C N 0 2 5 B r 9 5 6 0 0 0 0 0 0

M B 8 C N 0 5 B r 1 2 5 0 2 8 4 0 0 0

M B 8 C N 0 7 5 B r 13 8 9 4 2 5 0 0 0

M B 8 C N 1 0 B r 1 4 8 6 5 1 0 0 6 9

M B 8C N 1 5 B r 14 80 7 0 6 1 23

M B 8 C N 2 0 B r 1 5 1 3 8 3 9 3 5 5
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B r o m i n e i n c o r p o r a t i o n

u iVI p e r u M T H A A

0 . 0 0 0 0

0
. 0 0 5 6

0 . 0 0 6 7

0 0 0 9 0

0 . 0 1 8 1

0 0 3 0 6

0 0 4 14

0 . 0 5 0 7

0 . 0 0 0 0

0 . 0 4 1 7

0 . 0 4 8 2

0 0 6 6 6

0 . 1 3 4 4

0 2 4 9 5

0 . 3 3 9 4

0 4 3 3 8

C h l o r in e i n c o r p o r a t io n

u M

0 . 0 9 4 4

0 . 2 2 5 5

0 . 2 3 2 1

0 2 2 3 2

0 . 2 1 5 1

0 . 1 7 9 3

0 . 1 6 9 5

0 . 1 5 15

p e r u iVI T HA A

1 9 5 6 1

1 6 7 8 3

1 . 6 7 2 4

1 6 4 7 7

1 . 5 9 3 1

1
.
4 6 0 2

1 3 9 0 5

1 2 9 6 3

l\/ 1B 8 O C N 0 B r

l\/ l B 8 O C N 0 .
0 2 5 B r

M B 8 O C N 0 .
0 5 B r

l\/1B 8 O C N 0 1 B r

IVIB 8 O C N 0 2 5 B r

i\ /I B 8 O C N 0 . 5 B r

!\/1B 8 O C N 0 7 5 B r

IVIB 8 0 C N 1 . O B r

0 0 7 8 7

0 . 0 9 7 1

0 .
0 0 0 0

0 . 0 0 0 5

0 . 0 0 2 5

0 . 0 0 3 5

0 . 0 0 9 6

0 . 0 2 9 0

0 . 0 4 4 5

0 . 0 5 7 7

0 0 8 0 9

0 . 1 2 0 8

0 . 6 0 6 1

0 . 6 4 8 9

0 . 0 0 0 0

0 . 0 0 6 0

0 0 3 1 7

0 . 0 4 7 9

0 . 1 2 8 8

0 3 4 9 7

0 . 4 9 1 4

0 . 5 8 7 6

0 . 7 6 0 4

0 . 9 3 2 1

0 . 1 4 8 1

0 . 1 7 2 1

0 15 1 1

0 . 1 4 3 8

0 . 1 4 3 6

0 . 1 3 0 9

0 . 1 2 9 8

0 12 6 1

0 . 12 6 2

0 . 1 2 8 8

0 . 1 2 6 7

0 . 1 3 9 4

1 . 1 4 0 3

1 . 1 4 9 6

1 . 8 7 1 5

1 . 8 6 3 7

1 . 8 3 4 4

1 . 8 1 0 1

1 . 7 3 5 3

1 . 5 1 8 6

1 . 3 9 42

1 . 3 1 1 6

1 . 1 9 1 2

1 . 0 7 5 4

l\/ I B 8 0 C N 1 5 B r

iVIB 8 O C N 2 .
0 B r

7 / 1 2

l\/ I B 8 C N 0 B r

i\/ I B 8 C N 0 0 2 5 B r

M B 8 C N 0 . 0 5 B r

M B 8 C N 0 . 1 B r

l\/ ! B 8 C N 0 . 2 5 B r

l\/ l B 8 C N 0 . 5 B r

IVIB 8 C N 0 . 7 5 B r

IVIB 8 C N 1 . 0 B r

l\/ ! B 8 C N 1 . 5 B r

l\/ I B 8 C N 2 . 0 B r

1 7 0
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f \T T ' e / ^ i > ' X ^
I

<
"

' ^ ^ ' t ,

M o l e f r a c t io n o f m o n o
,
d i

,
t r ih a lo g e n a t e d s p e c ie s

M B SO C N OB r

IVIB 8 O C N 0 . 0 2 5 B r

M B 8 O C N 0 , 0 5 B r

M B SO C N O. I B r

l\ /I B 8 O C N 0 . 2 5 B r

iVIB B O C N O.
S B r

l\ /I B 8 O C N 0 . 7 5 B r

IVIB S O C N I . O B r

m o n o

0 . 0 4 4

0 . 2 8 0

0 . 2 7 9

0 2 8 6

0
. 2 8 5

0 3 1 9

0 3 0 8

0 . 3 1 6

d i

0 . 9 5 6

0 . 7 2 0

0 . 7 2 1

0 . 7 1 4

0 . 7 0 3

0 . 6 5 2

0 . 6 5 3

0 6 3 9

t r i

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 0 1 2

0 . 0 2 9

0 . 0 3 8

0 0 4 6

u iVI B r -

0 0 0

0 . 2 7

0 5 4

1 . 0 8

2 6 9

5 3 8

8 0 8

10 . 7 7

l\ /1B 8 0 C N 1 . 5 B r

l\ / I B 8 O C N 2 . 0 B r

7 / 1 2

M B S C N O B r

l\/ I B 8 C N 0 . 0 2 5 B r

M B 8 C N 0 . 0 5 B r

IVIB 8 C N 0 . 1 B r

!\/ I B 8 C N 0 . 2 5 B r

l\/1B 8 C N 0 . 5 B r

i\ /i B 8 C N 0 . 7 5 B r

iVl B SC N I O B r

l\ /l B 8 C N 1 . 5 B r

M B 8 C N 2 . 0 B r

0 . 3 1 4

0 . 2 8 1

m o n o

0 . 1 2 9

0 . 1 3 0

0 . 1 3 4

0
. 1 4 2

0 . 1 3 6

0 . 1 6 0

0 . 1 5 7

0 . 1 5 9

0 . 1 6 0

0 1 6 4

d i

0 . 6 2 5

0 . 6 4 0

0 . 8 7 1

0 . 8 7 0

0 . 8 6 6

0
. 8 5 8

0 . 8 6 4

0 . 8 1 2

0 . 8 0 1

0 . 7 8 3

0 . 7 2 8

0 6 6 4

t r i

0 . 0 6 1

0 . 0 7 9

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 0 0 0

0 . 0 0 0

0 . 0 2 8

0 . 0 4 3

0 . 0 5 8

0 . 1 1 2

0 . 1 7 2

1 6 . 1 4

2 1 . 5 0

u lVI B r -

0

0 . 3 1

0 . 6 3

1 . 2 5

3 . 1 3

6 2 6

9 3 9

12 . 5 2

18 . 7 7

2 5

n i
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u g / L c o n c e n t r a t io n s o f H A A s p e c ie s

7 /2 1

M B 6 O C L 0 B r

M B 6 O C L 0 . 0 2 5 B r

M B 6 O C L 0 0 5 B r

M B 6 O C L0 . 1 B r

l\/ I B 6 O C L 0 . 2 5 B r

M B 6 O C L0 . 5 B r

M B 6 O C L 0 . 7 5 B r

M B 6 0 C L1 . OB r

M B 6 0 C L 1
.
5 B r

M B 6 O C I_ 2 . 0 B r

7 / 2 1

M B 6 C L 0 B r

l\ /l B 6 C L0 . 0 2 5 B r

M B 6 C L0 . 0 5 B r

M B 6 C L 0 . 1 B r

M B 6 C L 0 . 2 5 B r

M B 6 C L 0 5 B r

M B 6 C L 0 . 7 5 B r

M B 6 C L1 . 0 B r

M B 6 C L 1 . 5 B r

M B 6 C L2 . 0 B r

u g / L

U C fKk

2 5 7

2 . 4 2

2 . 3 9

2 . 2 9

1 9 7

1 6 5

1 . 5 5

1 . 2 6

1 . 0 3

0 . 8 2

2 . 5 5

2 3 9

2 . 3 4

2 . 1 6

1 . 9 5

1 . 3 7

1 . 3 3

1 . 2

0 . 7

0 . 6 7

u g / L

D C A A

6 3 . 4

6 1

5 8

5 3 . 9

4 1 . 2

2 8 . 7

1 9 . 3

1 3 . 4

6 . 7

4 . 4 8

6 2 . 4

6 1
. 6

6 0 . 5

5 6 9

4 9

3 6 . 3

2 6 . 4

1 8 . 8

8 . 5 2

4 5 1

u g / L

T C A A

12 6

1 2 4

1 1 2

10 1

6 6 . 9

3 1 . 6

1 4 . 6

6 . 9 5

2 . 7

1 . 5 3

16 4

15 7

15 3

1 4 1

1 15

7 5 . 1

4 5 . 4

2 5 . 2

7 . 2 6

3 . 2 2

u g / L

M BA A

0 . 3 7

0 . 5 9

0 8 1

1 . 2 4

2 . 1 2

3 1 9

3 . 7 8

4 . 0 6

4 . 9

5 6 9

0

0 . 4 4

0 . 6 7

0 . 8 3

1 . 4 3

2 1

2 . 7 8

3 . 2 4

3 . 5 8

4 . 3 6

u g / L

D B A A

0

0 . 2 1

0 . 5 5

2 . 1 7

9 , 6 9

2 7 2

4 0 . 8

4 4 . 5

4 7 8

5 0 3

0

0 . 2 2

0 . 4 3

1 3

6 . 3 1

2 2 . 9

4 3

6 0 6

7 7 . 7

8 3 . 8

u g / L

T BA A

0

0

0

0

3 . 3

1 0 4

2 4 . 4

3 8 4

6 1 6

7 6 7

0

0

0

0

2 9 5

8 2 2

2 0 . 8

4 2 . 2

9 1 . 7

1 4 3

/ 7 Z
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u g / L c o n c e n t r a t io n s o f H A A s p e c ie s

u g / L u g / L u g / L u g / L
B r C IA A B r C i2 A A B r2 C IA A T H A A

7 / 2 1

M B 6 O C L 0 B r 0 . 7 1 2 . 8 4 2 1 9 7 . 8 9

M B 6 O C L 0 . 0 2 5 B r 4 . 3 7 1 1 . 5 2 . 3 6 2 0 6 . 4 5

M B 6 O C L 0 . 0 5 B r 8 . 0 6 2 0 . 6 3 . 4 2 0 5 . 8 1

M B 6 O C L 0 . 1 B r 1 6 . 7 4 0 . 3 8 . 1 2 2 5 . 7

M B 6 O C L 0 .
2 5 B r 3 0 . 1 6 5 . 7 3 0 . 3 2 5 1 . 2 8

M B 6 O C L 0 . 5 B r 3 9 . 4 7 3 8 6 6 . 5 2 8 2 . 4 4

M B 6 O C L 0 . 7 5 B r 4 0 . 2 6 5 . 7 8 9 . 3 2 9 9 . 6 3

M B 6O CL 1 . 0 B r 3 4 . 1 5 1 . 7 9 1 . 9 2 8 6 . 2 7

M B 6 0 C L 1 . 5 B r 2 5 . 1 3 5 8 4 . 5 2 6 9 . 3 3

M B 6O C L 2 . 0 B r 2 0 . 7 2 7 . 5 7 5 . 9 2 6 3 . 6 2

7 / 2 1
M B 6 C L 0 B r 0 . 4 1 2 . 3 2 . 3 2 2 3 3 . 9 8

M B 6C L 0 . 0 2 5 B r 2 . 9 4 9 . 2 3 2 . 4 6 2 3 6 . 2 8

M B 6C L 0 . 0 5 B r 5 . 4 9 16 . 7 2 . 9 7 2 4 2 . 1

M B 6C L 0 . 1 B r 1 1 3 3 . 2 5 . 1 3 2 5 1 . 5 2

M B 6C L 0 . 2 5 B r 2 3 . 6 6 5 . 4 1 8 .
7 2 8 4 . 3 4

M B 6C L 0 . 5 B r 3 7 . 1 9 4 . 3 5 7 . 1 3 3 4 . 4 9

M B 6C L 0 . 7 5 B r 4 4 . 1 1 0 0 9 3 . 7 3 7 7 . 5 1

M B 6C L 1 . 0 B r 4 2 . 3 9 2 . 1 1 2 3 4 0 8 . 6 4

M B 6C L 1 . 5 B r 3 2 . 5 6 3 . 7 1 4 2 4 2 7 6 6

M B 6C L 2 . 0 B r 2 4 . 9 4 8 . 9 1 3 6 4 4 9 . 3 6

7 3
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u M c o n c e n t r a t io n s o f H A A s p e c ie s

7 / 2 1

IVIB 6 O C L0 B r

M B 6 O C L0 0 2 5 B r

M B 6 O C L 0 . 0 5 B r

M B 6 0 C L0 . 1 B r

M B 6 O C L0 . 2 5 B r

M B 6 O C L 0 . 5 B r

M B 6 O C L0 . 7 5 B r

M B 6 O C L 1 . 0 B r

iVIB 6 0 C L 1 . 5 B r

M B 6 O C L2 . 0 B r

7 /2 1

IV!B 6 C L0 B r

IVIB 6 C L0 . 0 2 5 B r

M B 6 C L0 . 0 5 B r

M B 6 C L0 . 1 B r

i\/ I B 6 C L0 2 5 B r

M B 6 C L0 . 5 B r

M B 6 C L0 . 7 5 B r

M B 6 C L 1 . 0 B r

M B 6 C L 1 . 5 B r

M B 6 C L2 0 B r

u iVI

IVIC A A

0 0 2 7

0 . 0 2 6

0 . 0 2 5

0 . 0 2 4

0 . 0 2 1

0 . 0 1 7

0 . 0 1 6

0 . 0 1 3

0 0 1 1

0 . 0 0 9

0 . 0 2 7

0 . 0 2 5

0 . 0 2 5

0 0 2 3

0 0 2 1

0 . 0 1 5

0 . 0 1 4

0 . 0 1 3

0
. 0 0 7

0 00 7

u lVI

D C AA

0 4 9 2

0 . 4 7 3

0 . 4 5 0

0 . 4 1 8

0 . 3 2 0

0 . 2 2 3

0 . 1 5 0

0 1 0 4

0 . 0 5 2

0 . 0 3 5

0 . 4 8 4

0 4 7 8

0 . 4 6 9

0
. 4 4 1

0 3 8 0

0 . 2 8 2

0 . 2 0 5

0 1 4 6

0 . 0 6 6

0 0 3 5

u lVl

T C A A

0 . 7 7 1

0 . 7 5 9

0 . 6 8 6

0 . 6 1 8

0 . 4 1 0

0 . 1 9 3

0 0 8 9

0 . 0 4 3

0 . 0 1 7

0 . 0 0 9

1 . 0 0 4

0 . 9 6 1

0
.
9 3 7

0
. 8 6 3

0 7 0 4

0 . 4 6 0

0 . 2 7 8

0 1 5 4

0 . 0 4 4

0 . 0 2 0

u lVl

M B A A

0 . 0 0 3

0 . 0 0 4

0 . 0 0 6

0 . 0 0 9

0 . 0 1 5

0 . 0 2 3

0 02 7

0 . 0 2 9

0 . 0 3 5

0 . 0 4 1

0 . 0 0 0

0 . 0 0 3

0 . 0 0 5

0 0 0 6

0 0 1 0

0 . 0 1 5

0 . 0 2 0

0 . 0 2 3

0 . 0 2 6

0 . 0 3 1

u M

D B A A

0 . 0 0 0

0 . 0 0 1

0 . 0 0 3

0 . 0 1 0

0 . 0 4 4

0 . 1 2 5

0 1 8 7

0 . 2 0 4

0 . 2 1 9

0 . 2 3 1

0 . 0 0 0

0 . 0 0 1

0 . 0 0 2

0 . 0 0 6

0 0 2 9

0 . 1 0 5

0 . 1 9 7

0 . 2 7 8

0 . 3 5 7

0 . 3 8 5

u M

J B k k

0 . 0 0 0

0 0 0 0

0 . 0 0 0

0 . 0 0 0

0 0 1 1

0 . 0 3 5

0 0 8 2

0 . 1 2 9

0 2 0 8

0 . 2 5 9

0 . 0 0 0

0 0 0 0

0 . 0 0 0

0 0 0 0

0 . 0 1 0

0 0 2 8

0 . 0 7 0

0 1 4 2

0 . 3 0 9

0 4 82

/ 7 V
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u M c o n c e n t r a t io n s o f H A A s p e c i e s

u M u M u M u M

7 / 2 1 B r C IA A B r C I2 A A B r2 C iA A T H A A

M B SO C LOB r 0 . 0 0 4 0 . 0 1 4 0 . 0 0 8 1 . 3 1 9

M B 6 O C L 0 . 0 2 5 B r 0 . 0 2 5 0 . 0 5 5 0 . 0 0 9 1 . 3 5 3

M B 6 O C L 0 . 0 5 B r 0 . 0 4 6 0 . 0 9 9 0 . 0 1 3 1
. 3 2 8

JVIB S O C LO. I B r 0 . 0 9 6 0 . 19 4 0 . 0 3 2 1 . 4 0 2

M B 6 O C L 0 . 2 5 B r 0 . 1 7 4 0 . 3 1 6 0 . 1 2 0 1
. 4 3 1

M B 6 O C L 0 . 5 B r 0 . 2 2 7 0 . 3 5 5 0 . 2 6 4 1 . 4 6 3

M B 6 O C L 0 . 7 5 B r 0 . 2 3 2 0 . 3 1 6 0 . 3 5 4 1
. 4 5 4

M B 6 O C L 1 . 0 B r 0 . 1 9 7 0 . 2 4 9 0 . 3 6 4 1 . 3 3 3

M B 6 0 C L 1 . 5 B r 0 . 1 4 5 0 . 16 8 0 . 3 3 5 1 . 1 9 0

M B 6O C L 2 . 0 B r 0 . 1 1 9 0 . 1 3 2 0 3 0 1 1 . 1 3 6

7 /2 1
M B 6C L 0 B r 0 . 0 0 2 0 . 0 1 1 0 . 0 0 9 1 . 5 3 8

M B 6C L 0 . 0 2 5 B r 0 . 0 1 7 0 . 0 4 4 0 0 10 1 . 5 4 0

M B 6C L 0 . 0 5 B r 0 . 0 3 2 0 . 0 8 0 0 . 0 12 1 . 5 6 1

M B 6C L 0 . 1 B r 0 . 0 6 3 0 . 1 6 0 0 . 0 2 0 1 . 5 8 3

M B 6C L 0 . 2 5 B r 0 . 1 3 6 0 . 3 15 0 . 0 7 4 1 . 6 7 9

M B 6 C L 0 . 5 B r 0 . 2 1 4 0 . 4 5 4 0 . 2 2 6 1
. 7 9 8

M B 6 C L 0 . 7 5 B r 0 . 2 5 4 0 . 4 8 1 0 . 3 7 1 1 . 8 9 1

M B 6 C L 1 . 0 B r 0 . 2 4 4 0 . 4 4 3 0 . 4 8 8 1 . 9 3 1

M B 6 C L 1 . 5 B r 0 . 1 8 7 0 . 3 0 7 0 . 5 6 3 1 8 6 7

M B 6 C L 2 . 0 B r 0 . 1 4 4 0 . 2 3 5 0 . 5 3 9 1 . 8 7 8

n s
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M o le f r a c t io n s o f in d iv id u a l H A A s p e c ie s

M o le f r a c t io n X i (x 1 0 0 )
7 / 2 1 M C A A D C A A T C A A M BA A D B A A T BA A

M B SO C LO B r 2 . 0 6 3 7 . 3 0 5 8 . 4 9 0 2 0 0 0 0 0 . 0 0

M B 6 O C L0 . 0 2 5 B r 1 . 8 9 3 4 . 9 7 5 6 . 1 0 0 . 3 1 0 0 7 0 . 0 0

M B 6 O C L0 . 0 5 B r 1 . 9 0 3 3 . 8 7 5 1 . 6 2 0 . 4 4 0 19 0 0 0

M BS O C L O. I B r 1 7 3 2 9 8 3 4 4 . 1 0 0
.
6 4 0 .

7 1 0 0 0

M B 6 O C L 0 . 2 5 B r 1 . 4 6 2 2 . 3 4 2 8 . 6 2 1 . 0 7 3 . 1 1 0 . 7 8

M B 6 O C L0 . 5 B r 1 1 9 1 5 2 2 1 3 2 3 1 5 7 8 5 4 2 4 0

M B 6 O C L0 . 7 5 B r 1 . 1 3 1 0 . 2 9 6 . 1 5 1 . 8 7 12 . 8 8 5 . 6 5

M B 6 0 C L1 . 0 B r 1 . 0 0 7 . 8 0 3 . 1 9 2 . 1 9 1 5 .
3 3 9 . 7 1

M B 6 0 C L1 . 5 B r 0 . 9 2 4 . 3 7 1 . 3 9 2 . 9 6 18 . 4 4 1 7 4 5

M B 6 O C L2 . 0 B r 0 7 6 3 . 0 6 0 8 2 3 . 6 1 2 0 3 3 2 2 . 7 6

7 / 2 1

M B 6 C L GB r 1 . 7 6 3 1 . 4 8 6 5 . 2 9 0 0 0 0 . 0 0 0 0 0

M B 6 C L 0 . 0 2 5 B r 1 . 6 4 3 1 . 0 4 6 2 . 4 3 0 . 2 1 0 . 0 7 0 . 0 0

M B 6 C L 0 . 0 5 B r 1 . 5 9 3 0 . 0 6 5 9 . 9 9 0 . 3 1 0 1 3 0 0 0

M B 6 C L 0 1 B r 1 . 4 4 2 7 . 8 9 5 4 . 5 3 0 . 3 8 0 . 3 8 0 0 0

M B 6 C L 0 . 2 5 B r 1 . 2 3 2 2 . 6 4 4 1 . 9 3 0 . 6 1 1 . 7 3 0 . 5 9

M B 6 C L 0 . 5 B r 0 . 8 1 1 5 . 6 6 2 5 5 7 0 . 8 4 5 . 8 5 1 5 4

M B 6 C L 0 . 7 5 B r 0 . 7 4 1 0 . 8 3 14 . 6 9 1 . 0 6 10 .
4 4 3 . 7 1

M B 6 C L 1 . 0 B r 0 . 6 6 7 5 5 7 9 9 1 .2 1 1 4 . 4 1 7 3 6

M B 6 C L 1 . 5 B r 0 . 4 0 3 . 5 4 2 . 3 8 1 . 3 8 19 .
1 1 16 5 6

M B 6 C l_ 2 . 0 B r 0 . 3 8 1 . 8 6 1 . 0 5 1 . 6 7 2 0 . 4 9 2 5 . 6 6

J 7 ^
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M o le f r a c t i o n s o f i n d iv id u a l H A A s p e c ie s

M o le f r a c t io n X i (x 1 0 0 )
7 / 2 1 B r C IA A B r C I2 A A B r2 C IA A

M B 6 O C L 0 B r 0 . 3 1 1 . 0 4 0 . 6 0

M B 6 O C L 0 . 0 2 5 B r 1 . 8 6 4 . 0 9 0 . 6 9

M B 6 O C L 0 . 0 5 B r 3 . 5 0 7 . 4 6 1 . 0 1

M B 6 O C L 0 . 1 B r 6 . 8 7 13 . 8 3 2 . 2 9
.

M B 6 O C L 0 . 2 5 B r 1 2 . 1 4 2 2 . 10 8 . 4 0

M B 6O C L 0 . 5 B r 1 5 . 5 4 2 4 . 2 8 1 8 . 0 3

M B 6O CL 0 . 7 5 B r 1 5 . 9 4 2 1 . 7 4 2 4 . 3 4

M B 6 O C L 1 . 0 B r 1 4 . 7 6 1 8 . 6 7 2 7 . 3 4

M B 6 0 C L 1 . 5 B r 1 2 . 1 7 1 4 . 15 2 8 . 1 5

M B 6 O C L2 . 0 B r 1 0 . 5 1 1 1 . 6 5 2 6 . 4 9

7 / 2 1

M B 6 C L 0 B r 0 . 1 5 0 . 7 2 0 . 6 0

M B 6 C L 0 . 0 2 5 B r 1 . 1 0 2 . 8 8 0 . 6 3

M B 6 C L 0 . 0 5 B r 2 . 0 3 5 . 1 5 0 . 7 5

M B 6 C L 0 . 1 B r 4
. 0 1 1 0 . 0 9 1 . 2 8

M B 6 C L 0 . 2 5 B r 8 . 1 1 1 8 . 7 4 4 . 4 2

M B 6 C L 0 . 5 B r 1 1 . 9 0 2 5 . 2 4 1 2 . 5 9

M B 6 C L 0 . 7 5 B r 1 3 . 4 5 2 5 . 4 4 19 . 6 4

M B 6 C L 1 . 0 B r 1 2 . 6 3 2 2 . 9 5 2 5 . 2 5

M B 6C L 1 . 5 B r 1 0 . 0 4 16 . 4 2 3 0 . 1 6

M B 6C L 2 . 0 B r 7 6 5 12 . 5 3 2 8 .
7 1

' 7 7

NEATPAGEINFO:id=24F88AE2-E58B-4C06-B5D1-C284D7F6E31E



u g / L c o n c e n t r a t io n o f H A A s i n o z o n a t e d s a m p le s

7 / 7

IVI B SO

M B 8 0

M B 8 0

IVI B SO

M B 8 0

IVI B BO

M B 8 0

M B 8 0

M B 8 0

M B 8 0

O B r

0 . 0 2 5 B r

O . OS B r

0 . 1 B r

0 . 2 5 B r

0 . 5 B r

0 . 7 5 B r

1 . 0 B r

1 5 B r

2 . 0 B r

M C A A

0

0

0

0

0

0

0

0

0

0

D C A A

0

0

0

0

0

0

0

0

0

0

T C A A

0

0

0

0

0

0

0

0 1 7

0

0 1 7

M BA A

0

0

0

0

0

0

0

0 3 4

0 3 9

0 . 5 9

D BA A

0

0

0

0

0

0

0

0

0 . 2 4
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P B 6 C L0 0 5 B r 0 0 2 1 0 0 4 8 0 0 1 2 0 7 4 6

P B 6 C L0 1 B r 0 0 4 0 0 0 8 8 0 0 1 8 0 7 6 0

P B 6 C L0 2 5 B r 0 0 8 0 0 1 7 6 0 0 5 2 0 8 1 0

P B 6 C L0 5 B r 0 . 1 1 9 0 2 3 9 0 14 4 0 8 8 8

P B 6 C L0 7 5 B r 0 13 3 0 2 5 1 0 2 3 4 0 9 9 3

P B 6 C L 1 0 B r 0 1 2 9 0 2 3 1 0 2 7 1 1 0 4 4

P B B C L I . SB r 0 1 0 1 0 1 7 4 0 2 8 3 1 . 0 4 9

P B 6 C L2 0 B r 0 0 8 0 0 1 4 6 0 2 6 3 1 0 4 2
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M o le f r a c t io n s o f i n d iv id u a l HA A s

M o le f r a c t io n X i (x 1 0 0 )
9 / 1 4 M C A A D C A A T C A A M B A A D B A A T B A A

P BSO C LOB r 6 9 8 3 3 1 4 5 9 8 9 0 0 0 0 0 0 0 0 0

P B 8 O C L0 . 0 2 5 B r 6 . 4 6 3 4 . 4 5 5 3 . 3 8 0 . 3 5 0 . 0 0 0 0 0

P B 8O C L0 0 5 B r 6 3 4 3 2 8 5 4 8 . 0 1 0 . 5 5 0 3 4 0 0 0

P B 8O C L0 1 B r 6 3 8 3 1 2 7 4 1 0 0 0 7 6 0 9 6 0 0 0

P B 8 O C L 0 2 5 B r 6 . 1 7 2 4 . 3 8 2 3 . 8 3 1 . 6 1 3 8 1 1 . 9 6

P B 8 O C L0 5 B r 5 5 9 1 5 5 6 9 9 2 3 1 4 9 6 5 4 6 5

P B 8 O C L 0 7 5 B r 5 4 8 10 2 1 4 5 7 5 0 5 1 4 9 1 8 3 1

P BBO C L I O B r 3 8 8 6 2 6 2 . 5 2 6 4 9 1 9 9 0 1 2 4 2

P B 8 0 C L1 5 B r 2 6 6 3 . 4 9 1 3 2 8 7 0 2 9 0 3 1 9 2 6

P B 8 O C L2 0 B r 2 0 1 2 1 1 0 8 8 1 0 1 1 3 4 9 1 2 6 2 0

9 / 1 4
P B S C LOB r 4 1 5 3 2 1 7 6 3 6 8 0 0 0 0 0 0 0 0 0

P B 8 C L0 . 0 2 5 B r 4 4 7 3 1 . 4 4 6 0 0 0 0 . 0 0 0 0 0 0 0 0

P B 8 C L0 0 5 B r 3 5 2 3 0 9 8 5 8 0 1
'

0 3 5 0 0 0 0 0 0

P B S C LO I B r 3 2 3 2 8 6 5 5 1 3 6 0 5 8 0 4 4 0 0 0

P B 8 C L 0 2 5 B r 2 . 6 6 2 1 6 5 3 3 1 0 1 0 9 2 7 1 1 6 9

P B 8 C L0 . 5 B r 2 4 1 1 2 5 6 1 4 7 8 1 5 8 9 0 7 4 2 9

P B 8 C L0 7 5 B r 2 . 0 6 6 82 6 7 1 2 0 1 1 3 9 6 10 4 7

P B S C L I OB r 1 3 7 3 9 2 3 6 3 2 6 0 1 6 7 6 1 8 2 8

P B 8C L 1 5 B r 0 . 6 0 2 14 2 1 1 3 93 2 1 7 4 2 8 7 9

P B 8 C L 2 0 B r 0 2 4 1 4 3 1 4 0 4 4 6 2 3 3 1 3 5 0 2

9 / 1 4
P B 6 O C L0 B r 3 5 4 4 1 7 8 5 4 2 6 0 4 2 0 0 0 0 0 0

P B 6 O C L 0 0 2 5 B r 3 6 8 3 8 6 4 4 9 1 2 0 5 8 0 0 0 0 0 0

P B 6 O C L0 0 5 B r 3 3 4 3 5 0 7 4 3 8 0 0 8 7 0 3 7 0 0 0

P B 6 0 C L0 . 1 B r 3 3 2 3 1 1 8 3 5 4 7 1 2 3 1 0 7 0 0 0

P B 6 O C L 0 2 5 B r 3 0 9 2 2 1 9 1 9 4 2 1 9 5 4 2 6 1 7 2

P B 6O C L 0 5 B r 2 3 8 1 5 4 2 7 9 6 2 3 1 10 1 0 3 7 4

P B 6 O C L 0 7 5 B r 2 1 6 1 1 0 8 3 8 3 3 6 2 13 9 9 6 8 2

PB 6 O C L 1 0 B r 1 6 1 7 4 2 2 2 8 4 0 4 18 4 0 1 0 . 8 1

P B 6 0 C L 1 5 B r 1 2 6 4 9 6 1 1 8 5 6 3 2 4 1 0 1 6 2 2

P B 6O C L2 . 0 B r 1 0 2 3 . 5 2 0 . 7 4 6 1 0 2 8 . 0 1 1 9 . 8 8

9 / 1 4
P B 6 C L 0 B r 1 9 3

"

3 0 3 8 6 7 6 9 0 0 0 0 0 0 0 0 0

P B 6 C L 0 0 2 5 B r 1 9 7 2 9 2 6 6 2 8 4 0 5 2 0 0 0 0 0 0

P B 6 C L0 . 0 5 B r 1 . 8 2 2 7 . 5 6 5 9 1 7 0 5 5 0 . 2 0 0 0 0

P B 6 C L0 . 1 B r 1 6 2 2 5 2 1 5 2 4 3 0 . 7 2 0 7 1 0 . 0 0

P B 6 C L0 2 5 B r 1 1 9 19 0 7 3 6 5 2 1 0 0 2 8 8 1 4 2

P B 6 C L0 5 B r 0 9 9 12 0 6 1 8 0 0 1 3 3 8 5 8 2 5 5

P B 6 C L0 7 5 B r 0 6 2 7 2 7 8 8 2 1 3 6 1 3 8 3 5 8 4

P B 6 C L 1 0 B r 0 6 3 4 6 9 4 8 2 1 8 8 1 7 2 4 1 0 3 0

P B 6 C L 1 5 B r 0 3 8 2 1 3 2 0 1 2 4 0 2 0 7 9 1 9 1 5

P B 6 C I_ 2 0 B r 0 2 5 1 0 1 1 . 1 2 3 12 2 2 5 2 2 5 0 1

/ 2 £
'
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M o l e f r a c t io n s o f in d iv id u a l H A A s

M o le f r a c t io n X i (x 1 0 0 )
9 / 1 4 B r C IA A B r C I2 A A B r 2 C IA A

P BSO C LO B r 0 0 0 0 0 0 0 0 0

P B 8 O C L0 . 0 2 5 B r 1 . 5 5 3 8 0 0 0 0

P B BO C LO OS B r 3 2 7 7 0 6 1 5 7

P B 80 C L0 1 B r 5 8 5 1 1 3 4 2 . 4 4

P B 8 O C L0 . 2 5 B r 1 1 . 4 3 2 0 3 0 6 5 1

P B 8 O C L 0 5 B r 1 5 . 9 2 2 2 . 4 7 1 3 . 1 0

P B 8 O C L 0 7 5 B r 1 5 8 2 1 9 1 3 1 6 5 2

P B SO C L I OB r 1 3 6 4 1 7 . 2 3 1 7 . 6 6

P B 8 0 C L 1 . 5 B r 1 0 . 6 5 8 3 8 1 6 . 5 1

P B 8O C L2 0 B r 8 2 3 0 0 0 1 5 5 4

9 / 1 4

P B 8C L0 B r 0 0 0 0 0 0 0 0 0

PB 8C L0 0 2 5 B r 0 9 8 3 . 1 1 0 0 0

P B 8C L0 . 0 5 B r 2 0 5 5 . 0 8 0 . 0 0

P B 8 C L0 1 B r 4 2 6 9 5 9 1 8 9

P B 8 C L0 2 5 B r 9 7 3 2 1 7 6 5 6 1

P B 8C L0 5 B r 13 2 8 2 7 3 5 1 4 7 0

P B 8 C L0 7 5 B r 12 2 0 2 4 8 1 2 0 9 6

P B 8 C L 1 0 B r 1 0 2 2 2 1 0 7 2 2 1 5

P B 8 C L 1 5 B r 8 2 8 1 1 0 4 2 1 3 7

P B 8 C l_ 2 0 B r 6 3 3 8 1 2 1 9 6 8

9 / 1 4
P B 6 O C L0 B r 0 . 0 0 0 0 0 0 0 0

P B 6 O C L0 0 2 5 B r 3 . 1 6 4 8 3 0 0 0

P B 6O C L 0 0 5 B r 6 0 4 8 5 4 1 9 8

P B 6 0 C L 0 1 B r 1 0 1 6 1 4 0 4 3 5 3

P B 6 O C L 0 2 5 B r 1 6 6 5 2 1 1 7 9 5 6

P B 6O C L 0 5 B r 1 8 4 6 2 0 7 5 1 8 8 8

P B 6 O C L 0 . 7 5 B r 1 8 0 9 1 7 4 0 2 3 0 1

P B 6 0 C L1 0 B r 1 6 0 1 14 . 7 4 2 4 7 1

P B 6 0 C L 1 5 B r 1 2 8 7 1 1 1 6 2 2 6 3

P B 6 O C I_ 2 . 0 B r 1 0 . 8 2 9 . 2 7 2 0 6 5

9 / 1 4

P B 6 C L 0 B r 0 0 0 0 0 0 0 0 0

P B 6C L 0 0 2 5 B r 1 4 9 3 9 2 0 0 0

P B 6 C L 0 0 5 B r 2 . 7 8 6 3 7 1 5 6

P B 6 C L 0 . 1 B r 5 3 1 1 1 5 9 2 4 1

P B 6 C L0 2 5 B r 9 8 3 2 1 6 9 6 4 1

P B 6 C L0 5 B r 13 4 5 2 6 8 8 16 . 1 6

P B 6 C L0 7 5 B r 13 3 7 2 5 3 0 2 3 6 0

P B 6 C L 1 0 B r 12 . 3 3 2 2 . 1 3 2 5 9 8

P B 6 C L 1 5 B r 9 6 2 16 5 6 2 6 9 5

P B 6 C L2 . 0 B r 7 . 7 0 14 0 0 25 2 7

^ ^
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/ ^ ^ e z / D / j :̂ F c ff ^ ' t ,

B r o m i n e in c o r p o r a t io n

i n t o H A A s

C h lo r in e in c o r p o r a t io n

i n t o H A A s

9 / 1 4
P B SO C L OB r

P B 8 O C L0 0 2 5 B r

P B 8 O C L0 0 5 B r

P B 8 O C L 0 1 B r

P B 8 O C L 0 2 5 B r

P B 8 O C L 0 . 5 B r

P B 8 O C L 0 7 5 B r

P B 8 0 C L 1 . 0 B r

P B 8 0 C L1 . 5 B r

P B 8 0 C L2 0 B r

9 / 1 4
P B 8 C L0 B r

P B 8 C L0 0 2 5 B r

P B 8 C L0 0 5 B r

P B 8 C L0 1 B r

P B 8 C L0 2 5 B r

P B 8 C L0 5 B r

P B 8 C L 0 7 5 B r

P B 8 C L 1 0 B r

P B 8 C L 1 5 B r

P B 8C L2 0 B r

9 / 1 4
P B BO C LOB r

P B 6 O C L0 0 2 5 B r

P B 6 O C L0 . 0 5 B r

P B 6 O C L 0 1 B r

P B 6 O C L 0 2 5 B r

P B 6 O C L0 5 B r

P B 6O C L 0 . 7 5 B r

P B 6 O C L 1 0 B r

u lVi

0 0 0 0 0

0 0 4 9 1

0 1 2 2 3

0 19 2 1

0 4 2 2 8

0 . 6 2 9 3

0 . 7 3 6 0

0 . 8 7 3 9

1 . 0 1 3 7

1 1 6 5 7

0 0 0 0 0

0 0 2 9 0

0 0 5 1 8

0 1 3 1 2

0 3 7 3 4

0 7 2 2 1

1 . 0 7 4 7

1 4 1 8 9

1 4 6 03

1 6 9 1 4

0 0 0 2 9

0 0 5 9 7

0 14 3 0

0 2 5 1 7

0 5 3 2 8

0 88 5 7

1 . 0 5 6 4

1 2 8 2 5

p e r u M T H A A

0 0 0 0 0

0 0 5 7 1

0 1 4 7 1

0 2 4 7 4

0 5 9 8 5

1 . 0 0 9 8

1 . 2 7 7 9

1 . 4 9 7 3

1 7 6 5 9

1 9 7 8 5

0 0 0 0 0

0 0 4 0 9

0 0 7 4 9

0 1 9 0 8

0 5 4 2 7

1 0 2 5 8

1 4 0 2 8

1 6 6 5 4

1 9 5 8 5

2 0 9 9 7

0 0 0 4 2

0 0 8 5 7

0 2 0 1 4

0 3 4 6 4

0 7 2 5 6

1 1 0 7 0

1 3 3 5 6

1 . 5 3 4 2

u M

2 . 1 6 1 3

2 1 0 4 5

1 9 5 4 0

1 7 3 0 7

1 3 0 6 7

0 8 7 5 2

0 . 6 3 4 8

0 . 5 2 3 6

0 3 3 0 2

0 1 9 2 4

1 8 4 6 3

1 8 0 2 5

1 7 4 0 0

1 6 5 0 2

1 4 0 4 3

1 0 8 7 9

0 9 0 8 6

0 . 8 0 6 1

0 . 4 6 93

0 . 3 9 9 3

1 7 1 6 9

1 68 0 0

1 6 3 2 9

1 5 5 3 9

1 2 7 9 7

1
.
0 8 7 5

0 8 8 3 6

0 7 8 1 3

p e r u M T H A A

2 . 5 2 9 1

2 4 4 6 6

2 3 5 0 5

2 . 2 2 8 9

1 8 4 9 6

1 4 0 4 3

1
. 1 0 2 2

0 . 8 9 7 2

0 5 7 5 2

0 3 2 6 5

2 5 9 5 3

2 5 4 5 5

2 5 1 7 3

2 3 9 9 5

2 0 4 13

1 5 4 5 5

1 1 8 6 1

0 9 4 6 1

0 6 2 9 4

0 4 9 5 7

2 4 9 8 8

2 4 1 1 2

2 2 9 9 6

2 1 3 8 5

1 7 4 2 7

1 3 5 9 3

1 1 1 7 2

0 9 3 4 6

P B 6 0 C L1 5 B r

P B 6 O C L 2 . 0 B r

9 / 1 4
P B 6 C L0 B r

P B 6 C L0 0 2 5 B r

P B 6 C L 0 0 5 B r

P B 6 C L0 1B r

P B 6 C L 0 2 5 B r

P B 6 C L 0 5 B r

P B 6 C L0 7 5 B r

P B 6 C L 1 0 B r

P B 6 C L 1 5 B r

P B 6 C L 2 . 0 B f

1 5 7 0 7

1 8 0 7 1

0 0 0 0 0

0 . 0 4 3 4

0 0 9 8 6

0 18 14

0 4 4 8 2

0 8 7 7 2

1 3 1 4 4

1 6 0 4 1

1 9 0 3 9

2 . 0 3 5 8

1 7 1 7 6

1 8 3 1 4

0 0 0 0 0

0 0 5 9 3

0 1 3 2 2

0 2 38 6

0 5 5 3 5

0 9 8 8 0

1 32 4 0

1 5 3 6 9

1 8 1 5 1

1 . 9 5 4 1

0 6 6 3 3

0 . 5 9 4 8

1 9 2 7 5

1 . 8 9 0 2

1 8 7 6 3

1 82 6 0

1 6 8 8 3

1 4 4 2 5

1 2 82 4

1 1 1 7 0

0 8 4 3 1

0 6 9 3 9

0 7 2 5 3

0 6 0 2 8

2 6 5 7 7

2 5 8 3 3

2 5 1 5 1

2 4 0 2 4

2 . 0 8 5 0

1 6 2 4 7

1 2 9 18

1 0 7 0 2

0 8 0 3 8

0 . 6 6 6 0

\ % 1

NEATPAGEINFO:id=81EF2946-921F-4E17-BE73-9151775B6FA8



/ f /0 ^ £
"

A ; p / X f i C e
- A .

S u m o f c h lo r i n a t e d , b r o m i n a t e d , m ix e d s p e c ie s

c o n c e n t r a t io n (u lVI )
C I2

0 8 5 4 6

0 . 8 1 1 1

0 7 2 4 9

0 6 1 0 7

0 . 3 8 4 2

0 1 9 3 6

0 . 1 1 6 7

0 . 0 7 3 9

0 0 4 2 9

0 0 2 9 5

0 7 1 1 4

0 6 7 9 2

0 6 3 9 5

0 5 7 2 5

0 3 9 5 0

0 2 0 9 5

0 1 1 9 4

0 0 7 6 0

0 0 3 6 2

0 0 2 4 7

0 68 4 2

0 6 3 7 0

0 5 8 3 7

0 5 0 8 4

0 3 2 8 2

0 2 0 6 1

0 . 13 5 0

0 0 9 4 5

B r 2

0 0 0 0 0

0 0 0 3 0

0 . 0 0 7 4

0 0 1 3 3

0 0 5 2 1

0 1 0 8 7

0 1 6 2 8

0 2 2 6 5

0 3 2 7 2

0 4 1 9 6

0 0 0 0 0

0 . 0 0 0 0

0 0 0 2 4

0 0 0 7 0

0 0 3 7 7

0 1 0 5 1

0 2 0 2 6

0 3 2 0 7

0 4 0 6 1

0 5 0 5 8

0 0 0 2 9

0 0 0 4 0

0 0 0 8 8

0 0 1 6 7

0 0 5 8 2

0 1 2 9 2

0 1 9 3 2

0 2 7 7 9

IVI ix e d

0 0 0 0 0

0 0 4 6 0

0 0 9 9 0

0 1 5 2 4

0 2 7 0 2

0 3 2 0 9

0 2 9 6 5

0 . 2 8 3 3

0 2 0 4 0

0 1 4 0 1

0 0 0 0 0

0 0 2 9 0

0 0 4 9 3

0 1 0 8 2

0 2 5 5 2

0 3 8 9 4

0 4 4 4 1

0 4 5 5 3

0 3 0 3 4

0 2 7 5 0

0 0 0 0 0

0 . 0 5 5 7

0 1 1 7 5

0 2 0 1 5

0 3 4 7 9

0 4 6 4 7

0 4 6 2 7

0 4 6 3 6

9 / 1 4
P B SO C LOB r

P B 8O C L0 0 2 5 B r

P B 8 O C L 0 0 5 B r

P B 8 O C L0 1 B r

P B 8 O C L0 2 5 B r

P B a O C L O S B r

P B 8 O C L 0 7 5 B r

P B 8 O C L 1 . 0 B r

P B 8 0 C L 1 5 B r

P B 8 O C L2 0 B r

9 /1 4

P B S C LOB r

P B 8 C L0 . 0 2 5 B r

P B 8 C L 0 0 5 B r

P B 8 C L0 1 B r

P B 8 C L0 2 5 B r

P B 8 C L0 5 B r

P B 8 C L0 7 5 B r

P B 8 C L 1 0 B r

P B 8 C L 1 5 B r

P B 8 C L2 . 0 B r

9 / 1 4
P B 6 O C L0 B r

P B 6 O C L0 0 2 5 B r

P B 6 O C L0 0 5 B r

P B 6 O C L0 1 B r

P B 6 O C L 0 2 5 B r

P B 6 O C L0 5 B r

P B 6 O C L0 . 7 5 B r

P B 6 O C L 1 0 B r

0 0 6 7 7

0 0 5 2 1

0 7 2 5 3

0 6 8 8 3

0 6 6 0 5

0 6 0 2 4

0 . 4 5 9 7

0 2 7 5 6

0 1 6 5 8

0 1 0 5 8

0 0 4 7 5

0 . 0 2 4 9

0 4 2 0 2

0 5 3 2 7

0 0 0 0 0

0 0 0 3 8

0 0 0 5 6

0 0 1 0 8

0 0 4 2 8

0 1 1 0 6

0 2 0 8 7

0 3 0 7 2

0 4 4 4 1

0 5 2 7 7

0 4 2 6 6

0 4 0 1 9

0 0 0 0 0

0 0 3 9 6

0 0 7 9 9

0 14 6 8

0 . 3 0 7 2

0 5 0 1 6

0 6 1 8 2

0 63 0 8

0 5 5 7 3

0 4 8 9 2

P B 6 0 C L1 5 B r

P B 6 O C I_ 2 0 B r

9 / 1 4
P B 6 C L0 B r

P B 6 C L0 0 2 5 B r

P B 6 C L 0 0 5 B r

P B 6 C L 0 1 B r

P B 6 C L0 2 5 B r

P B 6C L0 5 B r

P B 6 C L0 7 5 B r

P B 6 C L 1 0 B r

P B 6 C L 1 5 B r

P B 6 C L2 . 0 B r

1^ 2
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9 / 14
P B S O C LOB r

P B 8O C L0 0 2 5 B r

P B 8 O C L0 0 5 B r

P B 8 O C L0 1 B r

P B 8 O C L 0 2 5 B r

P B 8 O C L 0 5 B r

P B 8 O C L 0 7 5 B r

P B 8 O C L 1 . 0 B r

P B 8 0 C L 1 5 B r

P B 8 O C L2 0 B r

9 / 1 4

P B 8 C L0 B r

P B 8 C L0 .
0 2 5 B r

P B 8 C L 0 0 5 B r

P B B C LO I B r

P B 8 C L 0 2 5 B r

P B 8 C L0 5 B r

P B 8 C L0 7 5 B r

P B 8 C L 1 0 B r

P B 8 C L 1 5 B r

P B 8 C L 2 . 0 B r

9 / 1 4
P B SO C L OB r

P B 6 O C L 0 0 2 5 B r

P B 6 O C L 0 0 5 B r

P B 6 0 C L 0 1 B r

P B 6 O C L 0 . 2 5 B r

P B 6 O C L 0 5 B r

P B 6 O C L0 7 5 B r

P B 6 0 C L 1 0 B r

M o le f r a c t io n s o f m o n o
,
d i a n d

t r ih a lo g e n a t e d s p e c ie s

m o n o h a l d ih a l t r ih a l

0 0 6 9 8 0 3 3 1 4 0 5 9 8 9

0 . 0 6 8 1 0 3 6 0 0 0 5 7 1 8

0 0 6 9 0 0 3 6 4 5 0 5 6 6 5

0 0 7 1 4 0 3 8 0 8 0 5 4 7 7

0 0 7 7 8 0 3 9 6 2 0 5 2 6 0

0 0 8 7 3 0 4 1 1 3 0 5 0 1 4

0 1 0 5 3 0 4 0 9 4 0 4 8 5 3

0 1 0 3 7 0 3 9 8 0 0 4 9 8 3

0 1 1 3 6 0 4 3 1 7 0 4 5 4 7

0 12 12 0 4 5 2 5 0 4 2 6 3

0 0 4 1 5

0 0 4 4 7

0 0 3 8 8

0 0 3 8 1

0 0 3 7 5

0 . 0 3 9 8

0 . 0 4 0 7

0 0 3 9 7

0 0 4 5 3

0 0 4 7 0

0 0 3 9 6

0 0 4 2 6

0 0 4 2 1

0 0 4 5 5

0 0 5 0 4

0 0 4 6 9

0 0 5 7 8

0 0 5 6 5

0 3 2 1 7

0 3 2 4 2

0 3 3 0 3

0 3 3 3 6

0 3 4 0 9

0 . 3 4 9 1

0 3 2 9 8

0 3 0 9 1

0 3 2 1 6

0 3 1 0 8

0 4 1 7 8

0 4 1 8 0

0 4 1 4 8

0 4 2 4 1

0 4 3 1 0

0 4 3 9 8

0 4 3 1 6

0 4 1 8 2

0 63 6 8

0 6 3 1 1

0 63 0 9

0 6 2 8 4

0 6 2 1 6

0 6 1 1 1

0 6 2 9 5

0 6 5 12

0 6 3 3 1

0 6 4 2 3

0 5 4 2 6

0 5 3 9 4

0 5 4 3 1

0 5 3 0 4

0 5 1 8 7

0 . 5 1 3 3

0 5 1 06

0 5 2 5 3

P B 6 0 C L 1 5 B r

P B 6 0 C L2 0 B r

9 / 1 4
P B 6 C L0 B r

P B 6 C L0 0 2 5 B r

P B 6 C L 0 . 0 5 B r

P B 6 C L 0 . 1 B r

P B 6 C L 0 2 5 B r

P B 6 C L0 5 B r

P B 6 C L 0 .
7 5 B r

P B 6 C L 1 0 B r

P B 6 C L 1 5 B r

P B 6 C L2 . 0 B r

0 0 6 8 9

0 0 7 12

0 0 1 9 3

0 0 2 4 9

0 0 2 3 7

0 . 0 2 3 4

0 0 2 1 9

0 0 2 3 2

0 0 1 9 7

0 0 2 5 1

0 0 2 7 8

0 0 3 3 8

0 4 1 9 3

0 4 23 5

0 3 0 3 8

0 3 0 7 5

0 . 3 0 5 4

0 . 3 1 2 3

0 3 1 7 8

0 3 4 0 9

0 3 4 4 6

0 3 4 2 6

0 3 2 5 5

0 . 3 1 2 3

0 5 1 1 8

0 5 0 5 3

0 6 7 6 9

0 6 6 7 6

0 6 7 1 0

0 6 6 4 3

0 6 6 0 4

0 6 3 5 9

0 6 3 5 6

0 6 3 2 3

0 . 6 4 6 7

0 . 6 5 3 9

/ g ?
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u g / L c o n c e n t r a t io n s o f HA A s

u g / L u g / L u g / L u g / L u g / L u g / L

9 / 3 0 M C A A D C A A T C A A M BA A D B AA T BA A

P BS O C N OB r 4 . 0 6 8 . 5 6 0
.
4 5 1 . 1 5 0

. 3 7 0

P B 8 O C N 0 . 0 2 5 B r 3 . 2 1 8 . 3 0 . 4 0 . 5 4 0 0

P B 8 O C N 0 . 0 5 B r 3 . 1 6 8 . 0 1 0 0 . 5 6 0 2 9 0

P B 8 0 C N 0 . 1 B r 2 . 9 6 7 5 8 0 0 4 2 0 . 6 1 0

P B 8 O C N 0 . 2 5 B r 2 . 7 4 6 . 9 3 0 0 . 4 6 1 . 0 6 0

P B 8 O C N 0 . 5 B r 2 . 4 7 6 0 1 0 1 . 1 5 1 .
4 3 0

P B 8 O C N 0 . 7 5 B r 2 . 6 5 5 . 6 9 0 2 . 0 2 1 . 9 3 0

P B 8 O C N 1 . 0 B r 1 . 9 4 . 4 1 0 2 . 3 3 2 . 5 5 0

P B 8 0 C N 1 5 B r 2 . 0 7 5 . 2 5 0 4 . 5 4 5 . 4 6 0

P B 8 O C N 2 . 0 B r 2 . 3 3 3 7 2 0 . 7 9 4 . 4 2 8 . 7 8 4 . 5 3

9 /3 0

P B 8 C N 0 B r 1 . 4 9 4 . 9 9 0 .
4 6 0 . 5 4 0 0

P B 8 C N 0 . 0 2 5 B r 1 . 4 3 5 . 0 3 0 4 2 0 . 5 2 0 0

P B 8 C N 0 .
0 5 B r 1 . 6 4 5 0 7 0 . 6 7 0 . 8 3 0 . 4 7 0

P B 8 C N 0 . 1 B r 1 . 8 4 5 . 0 6 0 . 8 5 1 . 0 1 0 . 7 1 0

PB 8 C N 0 . 2 5 B r 1 . 3 1 4 2 0 5 8 1 . 0 1 0 . 9 4 0

P B 8 C N 0 . 5 B r 1 .
6 9 4 . 4 5 0 . 7 3 1 . 6 5 1 . 6 6 0

P B 8 C N 0 . 7 5 B r 1 . 5 4 3 . 9 0 5 3 1 . 7 9 1 . 9 1 0

P B 8 C N 1 . 0 B r 1 . 1 3 6 8 0 4 9 2 . 3 6 2 1 4 0

P B 8 C N 1 .
5 B r 1 . 2 3 . 3 3 0 . 3 4 2 . 9 6 2 . 1 1 0

P B 8 C N 2 0 B r 0 3 . 0 7 0 . 3 6 3 . 3 8 2 .
4 0

9 / 3 0

P B O OB r 0 0 0 0 0 0

P B O 0 . 0 2 5 B r 0 0 0 0 0 0

P B O 0
. 0 5 B r 0 0 0 0 0 0

P B O O . I B r 0 0 0 0 0 0

P B O 0
. 2 5 B r 0 0 0 0 0 . 3 4 0

P B 0 0 . 5 B r 0 0 0 0 . 4 1 0 . 2 6 0

P B O 0 7 5 B r 0 0 0 0 4 7 0 . 5 0

P B O I OB r 0 0 0 0 . 5 8 1 . 0 2 0

P B 0 1 5 B r 0 0 0 0 . 9 4 3 . 4 1 0

P B O 2 . 0 B r 0 0 0 0 . 8 3 3 . 2 8 0

/ ?^
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u g / L c o n c e n t r a t io n s o f H A A s

9 / 3 0

P B SO C N OB r

P B 8 O C N 0 . 0 2 5 B r

P B 8 O C N 0 . 0 5 B r

P B SO C N O. I B r

P B 8 O C N 0 . 2 5 B r

P B BO C N O. S B r

P B 8 O C N 0 7 5 B r

P B 8 O C N 1 . 0 B r

P B 8 0 C N 1 . 5 B r

P B 8 O C N 2 . 0 B r

9 / 3 0
P B 8C N 0 B r

P B 8 C N 0 . 0 2 5 B r

P B 8 C N 0 . 0 5 B r

P B 8C N 0 . 1 B r

P B 8 C N 0 . 2 5 B r

P B 8C N 0 . 5 B r

P B 8C N 0 . 7 5 B r

P B 8C N 1 . 0 B r

P B 8C N 1 . 5 B r

P B 8 C N 2 . 0 B r

9 / 3 0
P BO OB r

P BO 0 . 0 2 5 B r

P B O O. OS B r

P B O 0 . 1 B r

P B O 0 . 2 5 B r

P B O 0 . 5 B r

P B O 0 . 7 5 B r

P B O 1 . OB r

P B 0 1 . 5 B r

P B O 2 . 0 B r

u g / L
B r C IA A

0

0 . 6

0 . 8 4

0 . 9 8

1 . 2 6

1 . 5 7

1 . 9 8

2 . 0 1

2 . 4 2

2 . 9 7

0

0

0 . 8 4

1 . 15

1 . 1 9

1 . 7 5

1 . 8 3

1 . 8 8

1 . 9 8

1 . 9 4

0

0

0

0

0

0

0

0

0

0

u g / L
B r C I2 A A

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

u g / L
B r2 C IA A

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

u g / L
T H A A

1 4 . 5 9

1 3 . 0 5

1 2 . 8 6

1 2 . 5 5

12 . 4 5

12 . 6 3

14 . 2 7

1 3 2

1 9 . 7 4

2 7 . 5 4

7 . 4 8

7 . 4

9 5 2

1 0 . 6 2

9 . 2 3

1 1 . 9 3

1 1 . 5

1 1 . 6 5

1 1 . 9 2

1 1 . 15

0

0

0

0

0 3 4

0 . 6 7

0 . 9 7

1 . 6

4 . 3 5

4 . 1 1

r i l
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u M c o n c e n t r a t io n s o f HA A s

u M u M u M u M u M u M

9 / 3 0 M C AA D C A A T C A A M B A A D BA A T B A A

PB SO C N OB r 0 . 0 4 3 0 . 0 6 6 0 . 0 0 3 0 0 0 8 0 . 0 0 2 0 . 0 0 0

P B 8 O C N 0 0 2 5 B r 0 . 0 3 4 0 .
0 6 4 0 . 0 0 2 0 0 0 4 0 .

0 0 0 0 0 0 0

PB 8 O C N 0 . 0 5 B r 0 . 0 3 3 0 . 0 6 2 0 . 0 0 0 0 . 0 0 4 0 . 0 0 1 0 . 0 0 0

PB 8 O C N 0 . 1 B r 0 . 0 3 1 0 . 0 5 9 0 . 0 0 0 0 0 0 3 0 . 0 0 3 0 . 0 0 0

P B 8 O C N 0 . 2 5 B r 0 . 0 2 9 0 . 0 5 4 0 . 0 0 0 0 . 0 0 3 0 0 0 5 0 0 0 0

PB 8 O C N 0 5 B r 0 . 0 2 6 0 . 0 4 7 0 . 0 0 0 0 0 0 8 0 0 0 7 0 0 0 0

P B 8 O C N 0 . 7 5 B r 0 . 0 2 8 0 . 0 4 4 0 . 0 0 0 0 . 0 1 5 0 . 0 0 9 0 , 0 0 0

P B SO C N I . OB r 0 02 0 0 . 0 3 4 0 . 0 0 0 0 . 0 1 7 0 . 0 1 2 0 . 0 0 0

P B 8 0 C N 1 . 5 B r 0 . 0 2 2 0 . 0 4 1 0 . 0 0 0 0 . 0 3 3 0 . 0 2 5 0 0 0 0

P B 8 O C N 2 . 0 B r 0 . 0 2 5 0 . 0 2 9 0 0 0 5 0 0 3 2 0 . 0 4 0 0 0 1 5

9 / 3 0
P B 8 C N 0 B r 0 0 1 6 0 0 3 9 0 . 0 0 3 0 0 0 4 0 . 0 0 0 0 0 0 0

PB 8 C N 0 0 2 5 B r 0 . 0 1 5 0 . 0 3 9 0 . 0 0 3 0 . 0 0 4 0 . 0 0 0 0 0 0 0

P B 8 C N 0 . 0 5 B r 0
. 0 1 7 0 .

0 3 9 0 . 0 0 4 0 . 0 0 6 0 . 0 0 2 0 . 0 0 0

P B 8 C N 0 . 1 B r 0 . 0 1 9 0 .
0 3 9 0 . 0 0 5 0 . 0 0 7 0 . 0 0 3 0 . 0 0 0

P B 8 C N 0 . 2 5 B r 0 . 0 1 4 0 . 0 3 3 0 . 0 0 4 0 . 0 0 7 0 . 0 0 4 0 . 0 0 0

P B 8 C N 0 . 5 B r 0 . 0 1 8 0 . 0 3 5 0 . 0 0 4 0 . 0 1 2 0 .
0 0 8 0 0 0 0

P B 8 C N 0 . 7 5 B r 0 . 0 1 6 0 0 3 0 0 . 0 0 3 0 0 1 3 0 0 0 9 0 . 0 0 0

P B SC N I . OB r 0 0 12 0 0 2 9 0 0 0 3 0 . 0 1 7 0 . 0 1 0 0 0 0 0

P B 8 C N 1
. 5 B r 0 . 0 1 3 0 . 0 2 6 0 . 0 0 2 0 . 0 2 1 0 . 0 1 0 0 . 0 0 0

P B 8 C N 2 . 0 B r 0 . 0 0 0 0 0 2 4 0 . 0 0 2 0 . 0 2 4 0 . 0 1 1 0 . 0 0 0

9 / 3 0

P B O O B r 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

P B O 0 0 2 5 B r 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

P B O 0 . 0 5 B r 0 . 0 0 0 0 . 0 0 0 0 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0

P B O 0 1 B r 0 . 0 0 0 0 .
0 0 0 0 . 0 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0

P B O 0 . 2 5 B r 0 0 0 0 0 0 0 0 0 . 0 0 0 0 0 0 0 0 .
0 0 2 0 0 0 0

P B O 0 . 5 B r 0 . 0 0 0 0 . 0 0 0 0 0 0 0 0 . 0 0 3 0 . 0 0 1 0 0 0 0

PB 0 0 . 7 5 B r 0 0 0 0 0 0 0 0 0 0 0 0 0 . 0 0 3 0 . 0 0 2 0 . 0 0 0

P B O 1 . OB r 0 0 0 0 0 0 0 0 0 0 0 0 0 . 0 0 4 0 . 0 0 5 0 . 0 0 0

P B 0 l 5 B r 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 7 0 . 0 1 6 0 0 0 0

P B 0 2 . 0 B r 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 6 0 0 1 5 0 . 0 0 0

I 7 Z
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u M c o n c e n t r a t io n s o f H A A s

9 / 3 0
P B SO C N OB r

P B 8O C N 0 . 0 2 5 B r

P B 8O C N 0 . 0 5 B r

P B 8 O C N 0 . 1 B r

P B 8 O C N 0 . 2 5 B r

P B 8O C N 0 . 5 B r

P B 8 O C N 0 . 7 5 B r

P B 8 O C N 1 . 0 B r

P B 8 0 C N 1 . 5 B r

P B 8 O C N2 . 0 B r

9 / 3 0

P B 8 C N 0 B r

P B 8 C N 0 . 0 2 5 B r

P B 8 C N 0 . 0 5 B r

P B 8 C N 0 . 1 B r

P B 8 C N 0 . 2 5 B r

P B 8 C N 0 . 5 B r

P B 8 C N 0 . 7 5 B r

P B 8 C N 1 . 0 B r

P B 8 CN 1 . 5 B r

P B 8 C N 2 . 0 B r

9 / 3 0
P B O OB r

P B O 0 . 0 2 5 B r

P B O O. OS B r

P BO 0 . 1 B r

P B O 0 . 2 5 B r

P B O 0 . 5 B r

P B O 0 . 7 5 B r

P B O 1 . OB r

P B 0 1 . 5 B r

P B O 2 . 0 B r

u M

B r C IA A

0 . 0 0 0

0 . 0 0 3

0 . 0 0 5

0 . 0 0 6

0 . 0 0 7

0 . 0 0 9

0 . 0 1 1

0 . 0 1 2

0 . 0 1 4

0 . 0 1 7

0 . 0 0 0

0 . 0 0 0

0 . 0 0 5

0 . 0 0 7

0 . 0 0 7

0 . 0 1 0

0 . 0 1 1

0 . 0 1 1

0 . 0 1 1

0 . 0 1 1

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

u M

B r C I2 A A

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

u M

B r 2 C IA A

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

u M

T H A A

0 .
1 2 2

0 . 1 0 8

0 . 1 0 6

0 . 1 0 2

0 . 0 9 8

0 . 0 9 7

0 . 1 0 7

0 . 0 9 4

0 . 1 3 4

0 1 6 3

0 . 0 6 1

0 . 0 6 0

0 . 0 7 4

0 0 8 1

0 . 0 6 8

0 . 0 8 6

0 . 0 8 2

0 . 0 8 1

0 . 0 8 3

0 . 0 7 3

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 0

0 . 0 0 2

0 . 0 0 4

0 . 0 0 6

0 . 0 0 9

0 . 0 2 2

0 0 2 1

/ J :
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M o le f r a c t io n s o f in d iv id u a l H A A s pe c ie s

M o l e f r a c t io n X i (x 1 0 0 )
9 / 3 0 M C A A D C A A T C AA M B A A D B A A T B AA

P B SO C N OB r 3 5 . 2 0 5 4 . 3 8 2 . 2 6 6 . 7 8 1 . 3 9 0 . 0 0

P B 8 O C N 0 . 0 2 5 B r 3 1 . 4 2 5 9 . 5 2 2 . 2 6 3 . 5 9 0 . 0 0 0 . 0 0

P B 8 O C N 0 . 0 5 B r 3 1 . 6 2 5 8 . 7 3 0 . 0 0 3 . 8 1 1 . 2 6 0 . 0 0

P B SO C N O. I B r 3 0 . 8 4 5 7 . 8 7 0 . 0 0 2 . 9 8 2
.
7 6 0 0 0

P B 8 O C N 0 . 2 5 B r 2 9 5 4 5 4 7 4 0 0 0 3 3 7 4
.
9 6 0 . 0 0

P B 8 O C N 0 5 B r 2 7 . 0 5 4 8 2 3 0 . 0 0 8 . 5 6 6 . 7 9 0 . 0 0

P B 8 O C N 0 . 7 5 B r 2 6 2 2 4 1 . 2 4 0 . 0 0 13 . 5 9 8 . 2 8 0 . 0 0

P B 8 O C N 1 . 0 B r 2 1 . 3 1 3 6 . 2 4 0 . 0 0 1 7 . 7 7 1 2 . 4 0 0 . 0 0

P B 8 0 C N 1 . 5 B r 1 6 . 3 1 3 0 . 3 1 0 . 0 0 2 4 . 3 3 1 8 . 6 6 0 . 0 0

P B 8 O C N 2 . 0 B r 1 5 . 1 4 1 7 .
7 2 2 . 9 7 1 9 . 5 3 2 4

. 7 5 9 . 3 7

9 / 3 0
P B SC N O B r 2 5 . 7 8 6 3 . 2 6 4 . 6 0 6 . 3 5 0 . 0 0 0 . 0 0

P B 8 C N 0 . 0 2 5 B r 2 5 . 0 3 6 4 .
5 2 4 . 2 5 6 . 1 9 0 . 0 0 0 . 0 0

P B 8 C N 0 . 0 5 B r 2 3 . 5 4 5 3 . 3 1 5 . 5 6 8 10 2 9 2 0 0 0

P B 8 C N 0 . 1 B r 2 4 . 0 2 4 8 .
4 0 6 4 2 8 9 7 4 0 2 0 0 0

P B 8 C N Q. 2 5 B r 2 0 . 2 6 4 7 , 6 0 5 1 9 1 0 . 6 2 6 . 3 0 0 . 0 0

P B 8 C N 0 . 5 B r 2 0 . 6 9 3 9 . 9 2 5 . 1 7 1 3 .
7 4 8 . 8 1 0 . 0 0

P B 8 C N 0 . 7 5 B r 1 9 . 8 8 3 6 . 8 9 3 . 9 6 1 5 . 7 1 1 0 . 6 9 0 0 0

P B SC N I . OB r 1 4 . 4 0 3 5 .
3 1 3 . 7 1 2 1 . 0 1 12 . 1 5 0 . 0 0

P B 8 C N 1 . 5 B r 1 5 3 0 3 1 . 1 1 2 . 5 1 2 5 . 6 6 1 1 . 6 7 0 0 0

P B 8 C N 2 . 0 B r 0 . 0 0 3 2 .
8 2 3 . 0 4 3 3 . 5 3 1 5 . 1 9 0 . 0 0

9 /3 0

P B O O B r

P B O 0 . 0 2 5 B r

P BO 0 0 5 B r

P BO 0 1 B r

P B O 0 . 2 5 B r 0 . 0 0 0 . 0 0 0 0 0 0 . 0 0 1 0 0 . 0 0 0 . 0 0

P B 0 0 . 5 B r 0 0 0 0 . 0 0 . 0 0 0 7 1 . 2 0 2 8 8 0 0 0 0

P B O 0 7 5 B r 0 . 0 0 0 . 0 0 0 . 0 0 5 9 . 5 8 4 0 . 4 2 0 . 0 0

P B 0 1 . OB r 0 . 0 0 0 . 0 0 0 . 0 0 4 7 . 1 4 5 2 . 8 6 0 . 0 0

P B 0 1 . 5 B r 0 . 0 0 0 .
0 0 0 . 0 0 3 0 . 1 8 6 9 . 8 2 0 . 0 0

P B 0 2 . 0 B r 0 . 0 0 0 . 0 0 0 . 0 0 2 8 . 4 1 7 1 . 5 9 0 . 0 0

I H
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M o le f r a c t io n s o f i n d iv id u a l H A A s p e c ie s

M o le f r a c t io n X i (x 1 0 0 )
9 / 3 0 B r C IA A B r C I2 A A B r2 C IA A

P B SO C N OB r 0 . 0 0 0 . 0 0 0 . 0 0

P B 8 O C N 0 . 0 2 5 B r 3 2 0 0 . 0 0 0 . 0 0

P B 8 O C N 0 . 0 5 B r 4 . 5 8 0 . 0 0 0 . 0 0

P B 8 O C N 0 . 1 B r 5 . 5 6 0 . 0 0 0 . 0 0

P B 8 O C N 0 . 2 5 B r 7 . 4 0 0 . 0 0 0 . 0 0

P B 8 O C N 0 . 5 B r 9 . 3 7 0 . 0 0 0 . 0 0

P B 8 O C N 0 . 7 5 B r 1 0 . 6 7 0 . 0 0 0 . 0 0

P B 8 O C N 1 . 0 B r 1 2 . 2 8 0 . 0 0 0 . 0 0

P B 8 0 C N 1 . 5 B r 1 0 . 3 9 0 . 0 0 0 . 0 0

P B 8O C N 2 . 0 B r 10 . 5 2 0 . 0 0 0 . 0 0

9 / 3 0

P B SC N OB r 0 . 0 0 0 0 0 0 . 0 0

P B 8C N 0 . 0 2 5 B r 0 . 0 0 0 . 0 0 0 . 0 0

P B 8C N 0 . 0 5 B r 6 . 5 7 0 . 0 0 0 . 0 0

P B 8C N 0 . 1 B r 8 . 18 0 . 0 0 0 . 0 0

P B 8 C N 0 . 2 5 B r 1 0 . 0 3 0 . 0 0 0 . 0 0

P B 8 C N 0 . 5 B r 1 1 . 6 7 0 0 0 0 . 0 0

P B 8C N 0 . 7 5 B r 1 2 . 8 7 0 . 0 0 0 . 0 0

P B 8 C N 1 . 0 B r 1 3 . 4 1 0 . 0 0 0 . 0 0

P B 8 C N 1 . 5 B r 1 3 . 7 5 0 . 0 0 0 . 0 0

P B 8 C N 2 . 0 B r 1 5 . 4 2 0 . 0 0 0 . 0 0

9 / 3 0

P B O OB r

P B O 0 . 0 2 5 B r

P B O 0 . 0 5 B r

P B O 0 . 1 B r

P B O 0 . 2 5 B r 0 . 0 0 0 . 0 0 0 . 0 0

P B 0 0 . 5 B r 0 . 0 0 0 . 0 0 0 . 0 0

P B O 0 . 7 5 B r 0 . 0 0 0 . 0 0 0 . 0 0

P B O 1 . OB r 0 . 0 0 0 . 0 0 0 . 0 0

P B 0 1 . 5 B r 0 . 0 0 0 . 0 0 0 . 0 0

P BO Z O B r 0 . 0 0 0 . 0 0 0 . 0 0

n ^
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c c » = t ,

B r o m in e i n c o r p o r a t io n

9 / 3 0

P B S O C N OB r

P B 8 O C N 0 . 0 2 5 B r

P B 8 O C N 0 . 0 5 B r

P B 8 O C N 0
.
1 B r

P B 8 O C N 0 .2 5 B r

P B 8 O C N 0 . 5 B r

P B 8 O C N 0 .
7 5 B r

P B 8 O C N 1 . 0 B r

P B 8 0 C N 1 . 5 B r

P B 8 O C N 2 0 B r

9 / 3 0
P B 8 C N 0 B r

P B 8 C N 0 . 0 2 5 B r

P B 8 C N 0 . 0 5 B r

P B SC N O . I B r

P B 8 C N 0 . 2 5 B r

P B 8 C N 0 . 5 B r

P B 8 C N 0 7 5 B r

P B 8 C N 1 . 0 B r

P B 8 C N 1
. 5 B r

P B 8 C N 2 . 0 B r

9 / 3 0

P B O O B r

P B O 0 . 0 2 5 B r

P B O O . OS B r

P B O 0 . 1 B r

P B O 0 . 2 5 B r

P B O 0 . 5 B r

P B O 0 7 5 B r

P B O 1 OB r

P B 0 l . 5 B r

P B O 2 . 0 B r

u lVI

0 . 0 1 1 7

0 . 0 0 7 3

0 . 0 1 15

0 . 0 1 4 3

0 . 0 2 0 3

0 . 0 3 0 5

0 . 0 4 3 7

0 0 5 18

0 . 0 9 6 8

0 17 5 4

0 . 0 0 3 9

0 . 0 0 3 7

0 . 0 1 5 1

0 . 0 2 0 4

0 . 0 2 2 8

0 . 0 3 72

0 0 4 1 0

0 . 0 4 7 5

0 . 0 5 2 1

0 0 5 7 6

0 . 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

0 . 0 0 3 1

0 . 0 0 5 3

0 . 0 0 8 0

0 0 1 3 5

0 0 3 8 1

0 0 3 6 1

p e r u M T H A A

0 . 0 9 5 6

0 . 0 6 7 9

0 . 1 0 9 1

0 . 1 4 0 5

0 2 0 6 8

0 3 15 1

0 4 0 8 2

0 . 5 4 8 5

0 7 2 0 3

1 . 0 7 6 6

0 . 0 6 3 5

0 . 0 6 19

0 . 2 0 5 2

0 . 2 5 18

0 . 3 3 2 6

0 . 4 3 0 4

0 4 9 9 7

0 . 5 8 7 3

0 . 6 2 7 5

0 7 9 3 3

C h lo r i n e i n c o r p o r a t i o n

u lV I

0 . 1 8 4 1

0 . 1 7 3 6

0 . 1 6 2 6

0 1 5 4 6

0 . 1 4 3 8

0
. 1 2 8 5

0 . 1 2 7 8

0 . 1 0 0 1

0 . 1 1 7 3

0 . 1 1 4 0

0 . 1 0 16

0 . 1 0 0 9

0 . 1 1 3 2

0 . 1 2 0 2

0 . 0 9 6 6

0 . 1 1 0 4

0 . 0 9 7 1

0 . 0 8 8 6

0 . 0 8 2 0

0 0 6 5 4

0 . 0 0 0 0

0 . 0 0 0 0

0 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

0 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

p e r U lVI T H A A

1 . 5 0 7 2

1 . 6 0 4 6

1 . 5 3 6 6

1 . 5 2 13

1 4 6 4 1

1 . 3 2 8 7

1 . 1 9 3 8

1 . 0 6 0 7

0 . 8 7 3 3

0 . 7 0 0 0

1 . 6 6 1 1

1 6 6 8 4

1 . 5 3 4 1

1 . 4 8 2 5

1 . 4 1 0 4

1 . 2 7 7 1

1 . 1 8 4 0

1 . 0 9 5 6

0 . 9 8 7 9

0 . 9 0 1 8

/ a /
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M o l e f r a c t io n o f m o n o
, d i a n d t r i h a lo g e n a t e d s p e c ie s

9 / 3 0

P B SO C N OB r

P B 8O C N 0 . 0 2 5 B r

P B 8O C N 0 . 0 5 B r

P B 8 0 C N 0 . 1 B r

P B 8 O C N 0 . 2 5 B r

P B 8 O C N 0 . 5 B r

P B 8 O C N 0 . 7 5 B r

P B 8 O C N 1 . 0 B r

P B 8 0 C N 1 . 5 B r

P B 8 O C N 2 . 0 B r

9 / 3 0

P B SC N OB r

P B 8 C N 0 . 0 2 5 B r

P B 8 C N 0 . 0 5 B r

P B 8 C N 0 . 1 B r

P B 8C N 0 . 2 5 B r

P B 8 C N 0 . 5 B r

P B 8C N 0 . 7 5 B r

P B 8C N 1 . 0 B r

P B 8C N 1 . 5 B r

P B 8 C N 2 . 0 B r

9 / 3 0

P B O O B r

P BO 0 . 0 2 5 B r

P B O O. OS B r

P B O 0 . 1 B r

P B O 0 . 2 5 B r

P B O 0 . 5 B r

P B O 0 . 7 5 B r

P B O 1 . OB r

P B 0 1 . 5 B r

P B O 2 . 0 B r

m o n o h a l

0 . 4 1 9 8

0 . 3 5 0 1

0 . 3 5 4 3

0 . 3 3 8 1

0 . 3 2 9 1

0 . 3 5 6 1

0 . 3 9 8 0

0 . 3 9 0 8

0 . 4 0 6 4

0 . 3 4 6 8

m o n o h a l

0 . 3 2 1 3

0 . 3 12 2

0 . 3 1 6 3

0 . 3 2 9 9

0 . 3 0 8 8

0 . 3 4 4 3

0 . 3 5 5 9

0 . 3 5 4 2

0 . 4 0 9 6

0 . 3 3 5 3

0 . 0 0 0 0

0 . 7 12 0

0 . 5 9 5 8

0 . 4 7 1 4

0 . 3 0 18

0 . 2 8 4 1

d ih a l

0 . 5 5 7 7

0 . 6 2 7 2

0 . 6 4 5 7

0 . 6 6 1 9

0 . 6 7 0 9

0 . 6 4 3 9

0 . 6 0 2 0

0 . 6 0 9 2

0 . 5 9 3 6

0 . 5 2 9 8

d ih a l

0 . 6 3 2 6

0 . 6 4 5 2

0 . 6 2 8 1

0 . 6 0 6 0

0 . 6 3 9 3

0 . 6 0 4 1

0 . 6 0 4 5

0 . 6 0 8 7

0 . 5 6 5 3

0 . 6 3 4 3

t r ih a l

0 . 0 2 2 6

0 0 2 2 6

0 . 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

0 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

0 . 1 2 3 4

t r ih a l

0 . 0 4 6 0

0 . 0 4 2 5

0 . 0 5 5 6

0 . 0 6 4 2

0 . 0 5 1 9

0 . 0 5 1 7

0 . 0 3 9 6

0 . 0 3 7 1

0 . 0 2 5 1

0 . 0 3 0 4

1 . 0 0 0 0

0 . 2 8 8 0

0 . 4 0 4 2

0 . 5 2 8 6

0 . 6 9 8 2

0 . 7 1 5 9

0 . 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

0 . 0 0 0 0

/
'? 7
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H A A d a t a f r o m re p e a t e d c h lo r i n a t io n s

f o r t h e p u r p o s e o f a s s e s s in g r e p r o d u c ib i lity o f r e s u lt s

O c t o b e r 2 8 ,
1 9 9 3

C h lo r in a t e d P a lm B e a c h e x t r a c t s c o n t a in i n g 0 5 m g/ L B r -

S a m p le # M C A A D C A A T CA A M B A A D B A A T B A A

u g / L u g / L u g / L u g / L u g / L u g / L

1 A

1 B

1 C

1 . 5 7 9

1 . 6 0 2

1 . 5 9

1 0 . 4 1 4

1 0 . 5 3 2

1 0 . 4 8 7

1 5 . 1 7 1

1 5 . 5 6

1 5 4 3 1

1 . 5 0 8

1 . 4 6 8

1 . 3 9 1

1 3 . 7 15

1 4 . 1 7 7

1 3 . 9 5 1

7 . 5 3 9

7 7 7 8

7 . 8 4 8

2 A

2 B

2 C

1 . 6 0 3

1 . 6 0 2

1 . 5 7 8

1 0 . 0 1

1 0 . 6 0 6

1 0 . 1 5 3

1 4 . 8 9 9

1 5 . 5 4 9

1 4 . 8 9 6

1 . 4 4 4

1 . 3 6

1 . 1 6 9

1 3 . 6 0 7

12 . 6 9 2

1 2 . 3 6 6

7 . 6 1 6

7 . 3 8 6

7 . 1 7 2

3 A

3 B

3 C

1 . 4 8 1

1 . 5 7 9

1 . 5 9 7

9 . 9 5 9

1 0 . 1 9 6

1 0 . 2 4 4

1 4 . 8 0 1

1 5 . 0 8 9

1 4 . 8 4 3

1 . 5 0 6

1 . 4 7 1

1 3 9 3

1 3 . 4 7 6

1 2 . 8 9 6

1 3 . 0 3 8

7 . 8 4 9

7 . 7 7 3

7 . 4 8 4

4 A

4 B

4 C

1 . 5 2

1 . 6 4 1

1 . 6 0 9

1 0 . 0 4 4

1 0 . 3 3 1

1 0 . 3 4 4

14 . 5 9 2

15 . 3 9 8

15 . 4 3 2

1 . 3 8 9

1 . 4 3 9

1 . 1 4 6

1 2 . 0 1 7

1 3 . 0 3

1 4 . 15 5

7 . 1 3 5

7 . 7 19

7 . 9 6 3

5 A

5 B

5 C

1 . 4 9 2

1 . 5 5 8

1 . 6 0 7

9 . 9 0 4

9 . 9 9 3

10 . 1 9 1

1 4 9 3 7

1 5 . 1 0 3

1 5 . 3 7 1

1 . 1 3 4

1 . 3 2 9

1 . 3 3 7

1 2 . 5 6 6

1 3 . 5 3 2

1 3 . 6 1 9

7 . 2 8 9

7 4 13

7 . 4 2 3

i 7 ^
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#
S a m p le # B r C IA A B r C I2 A A B r2 C IA A

u g / L u g / L u g / L

1 A 14 . 0 5 4 3 6 . 9 4 4 2 0 4 0 5

1 B 14 . 3 5 7 3 8 . 4 2 1 2 1 . 2 3 1

1 C 14 . 2 3 1 3 8 . 0 4 2 2 0 . 9 7 7

2 A 13 . 7 8 1 3 7 . 2 3 9 2 0 . 7 1 6

2 B 14 . 0 9 9 3 6 . 7 0 5 2 0 . 0 5 2

2 C 1 3 . 6 8 3 5 . 9 6 5 1 9 . 7 6

3 A 13 . 7 2 3 3 7 . 2 9 6 2 0 . 8 6 3

3 B 13 . 9 7 5 3 7 . 7 18 2 0 . 9 9 4

3 C 13 . 6 6 4 3 6 . 0 8 5 1 9 . 8 7 8

4 A 13 . 4 0 3 3 5 . 0 4 2 1 9 1 4 5

4 B 14 . 13 9 3 7 . 8 7 2 2 0 . 8 5 2

4 C 14 . 3 3 8 . 8 0 3 2 1 . 5 4 2

5 A 13 . 5 6 1 3 6 . 7 5 9 2 0 . 6 0 1

5 B 1 3 . 7 7 1 3 7 . 5 1 9 2 0 . 8 8 4

5 C 1 3 . 9 17 3 7 . 6 1 6 2 1 . 0 4 8

i Vt
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C h lo r i n e a n d c h lo r a m i n e c o n s u m p t i o n a s a f u n c t i o n o f b r o m id e

m g / L a s C I2

IV Iy r t le B e a c h IVIy r t le B e a c h

C h lo r i n a t e d , p H 8 C h l o r in a t e d , p H 6

[ B r - ]
rn g / î

0

0
. 3 1

0 . 6 3

1
. 2 5

3 . 1 3

6 . 2 6

9 . 3 9

1 2 . 5 2

1 8 . 7 7

2 5

T o t a l

o x id a n t

R e s id u a l

2 . 8

2 . 8

1 . 9

2 . 8 5

2 6 5

2 . 4

2 . 2

1 9 5

1 . 3 5

1 . 1 5

H O B r

R e s id u a l

0 0 5

0 0 5

0 0 5

0 . 0 5

0 . 0 5

0 0 5

0 . 0 5

0 . 0 5

0 . 1

0 . 2 5

C h lo r in e

c o n s u m e d

5 . 2 5

5 2 5

6 1 5

5 . 2

5 4

5 6 5

5 . 8 5

6 . 1

6 7 5

7 1

T o t a l

o x id a n t H O B r

3 3

3 5

3 . 4

3 3

3 2

3

2 . 7 5

2 . 7

2

1 2

0 . 1

0 . 1

0 1

0 . 1

0 1 5

0 1

0 . 1

0 1

0 .
1 5

0 . 4

C h lo r i n e

c o n s u m e d

4 8

4 . 6

4 . 7

4 8

4 9 5

5 1

5 3 5

5 4

6 . 1 5

7 . 2

P a lm B e a c h

C h lo r i n a t e d , p H 8

P a lm B e a c h

C h lo r i n a t e d
, p H 6

[B r - ]
m g / L

T o t a l

o x id a n t H O B r

C h lo r in e

c o n s u m e d

T o t a l

o x id a n t H O B r

C h lo r i n e

c o n s u m e d

0

0
. 3 1

0 . 6 3

1 . 2 5

3 . 1 3

6 2 6

9 . 3 9

12 5 2

18 7 7

2 5

4 . 4

4 . 2

4 . 3

4 . 2

4

3 . 8

3 3

2 . 9 5

2 7 5

2 . 6

0 . 0 5

0 . 0 5

0 . 0 5

0 . 0 5

0 . 0 5

0 0 5

0 . 1

0 1 5

0 . 3 5

0 . 6 5

3 . 6 5

3 8 5

3 7 5

3 . 8 5

4 . 0 5

4
. 2 5

4 8

5 . 2

5 . 6

6 0 5

4 . 4

4 . 6

4 . 6

4 . 5

4 . 2 5

4 . 2

3 . 8 5

3 7

3 . 4

3 . 1

0 . 1 5

0 . 1

0 . 1

0 . 1

0 . 1

0 . 1

0 15

0 . 2

0 , 4

0 . 7

3 . 7 5

3 5

3 5

3 . 6

3 . 8 5

3 9

4 3

4 . 5

5

5 . 6

'

D O
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H p P£ !

M y r t l e B e a c h

O z o n a t e d
,
c h lo r i n a t e d , p H 8

M y rt le B e a c h

O z o n a t e d
,
c h lo r i n a t e d

, p H 6

[ B r - ]
m g / L

0

0 . 2 7

0
. 5 4

1 0 8

2
. 6 9

5 . 3 8

8 . 0 8

1 0 7 7

16 . 1 4

2 1 . 5

T o t a l

o x id a n t

r e s i d u a l

3 5

3 . 8

3
.
5 5

3 . 4

2 . 9

3 . 3

3 . 4

3 . 1

2 . 7

2 . 6 5

H O B r

r e s id u a l

0 . 0 5

0 0 5

0 . 0 5

0 . 0 5

0 . 0 5

0 . 0 5

0 0 5

0 0 5

0
. 1

0 3 5

C h lo r in e

c o n s u m e d

4 5 5

4 . 2 5

4 . 5

4 6 5

5 . 1 5

4 . 7 5

4 . 6 5

4 . 9 5

5 . 4

5 . 7

T o t a l

o x id a n t H O B r

4 . 2

4 . 4

4 . 2

4 . 2

4 1 5

4 1 5

3 . 9 5

3 . 8

3 . 4

2 . 2

0 . 1

0 . 1 5

0 . 1

0 . 1 5

0 .
1 5

0 . 1 5

0 1 5

0 2

0 3

0 . 4

C h lo r i n e

c o n s u m e d

3 . 9

3 7 5

3 9

3 . 9 5

4

4

4 2

4 4

4 9

6 . 2

P a lm B e a c h

O z o n a t e d
,
c h lo r i n a t e d

, p H 8

P a l m B e a c h

O z o n a t e d ,
c h l o r in a t e d , p H 6

[ B r - ] T o t a l C h lo r in e

m g / L o x id a n t H O B r c o n s u m e d

T o t a l

o x id a n t H O B r

C h l o r in e

c o n s u m e d

0

0 . 2 7

0 . 5 4

1 0 8

2 . 6 9

5 3 8

8 . 0 8

1 0 7 7

1 6 1 4

2 1 5

4 . 7

4 4 5

4 .
6 5

4 . 6 5

4 . 9

4 9

4 . 7

5 2

5 1

4 8 5

0 . 1

0 . 0 5

0 . 1

0 . 0 5

0 . 0 5

0 . 1

0 . 1 5

0 2 5

0 4 5

0 . 7

3 . 4

3 . 6

3 . 4 5

3 . 4

3 . 1 5

3 2

3 4 5

3 0 5

3 . 3 5

3 . 8 5

4 9 5

4 . 9

5 1

5 1

5 0 5

5 . 1

5 . 2

5 2

5 . 3

5 . 3

0 1

0
. 1 5

0 . 1 5

0 . 1 5

0 1 5

0 1 5

0 . 2 5

0 . 4

0 . 6

0 8 5

3 . 1 5

3 . 2 5

3 . 0 5

3 0 5

3 . 1

3 . 0 5

3 0 5

3 . 2

3 3

3 . 5 5
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f - ] p F E i ' ) D i y F

M y rt le B e a c h

C h lo r a m in a t e d , p H 8

M y rt l e B e a c h

O z o n a t e d , c h l o r a m in a t e d , p H 8

[B r - ] C h lo r a m in e C h lo r a m in e

m g / L r e s id u a l c o n s u m e d

[B r - ] c h l o r a m in e C h lo r a m in e

m g / L r e s id u a l c o n s u m e d

0

0 3 1

0 63

1 2 5

3 13

6 2 6

9 3 9

12 52

18 77

2 5

3 6 5

3 4 5

3 5 5

3 . 4 5

3 4 5

3 4

3 6

3 5 5

3 5 5

3 5 5

0
. 3 5

0 5 5

0 4 5

0 5 5

0 5 5

0 6

0 4

0 4 5

0 4 5

0 4 5

0

0 2 7

0 5 4

1 .
0 8

2 6 9

5 3 8

8 0 8

10 7 7

16 14

2 1 5

2 3

3

3 2 5

3 2

3 . 1

3 2

3 15

3 2 5

3 4

3 15

1 7

1

0 . 7 5

0 8

0 9

0 8

0 8 5

0 7 5

0 6

0 8 5

P a lm B e a c h

C h lo r a m in a t e d
, p H 8

P a lm B e a c h

O z o n a t e d , c h lo r a m in a t e d , p H 8

[B r - ] C h lo r a m in e C h lo r a m in e

m g / L r e s id u a l c o n s u m e d

[B r - ] c h l o r a m in e C h lo r a m in e

m g / L r e s id u a l c o n s u m e d

0

0 3 1

0 6 3

1 2 5

3 13

6 2 6

9 3 9

12 5 2

18 7 7

2 5

3 9

3 6

3 7 5

3 4

3 4 5

3 5

3 5

3 7

3 7

3 8

0 . 1

0 . 4

0 2 5

0 6

0 5 5

0 5

0 5

0 3

0 3

0 2

0

0 2 7

0 . 5 4

1 0 8

2 6 9

5 3 8

8 . 0 8

10 7 7

16 14

2 1 5

3 5

3 5

3 3

3 3

3 3

3 2 5

3 . 3

3 3

3 3

3 . 3

0 5

0 5

0 7

0 7

0 7

0 7 5

0 7

0 7

0 7

0 7
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A p p e n d i x G

E f f e c t s o f p r e - o z o n a t i o n o n H A A f o r m a t i o n

i n e x t r a c t s c h l o r i n a t e d a t p H 6

In f l u e n c e o f o z o n e o n MC A A f o r m a ti o n

in c h lo r in a t e d e x tr a c t s , p H 6

0 0 3

C
'

2 o n ly

0 0 2 5
0 3 + c ;2

S 0 0 1 5

0 0 0 5

1 0 1 5

B r o m id e c o n c e n tr a t i o n (u iV I)

(a ) M y m e B e a c h e x t r a c t

0 0 3

C !2 o n ly

Q C S 5

S a 0 1 5 - J

0 0 G5 -
1

0 5

(b ) P a Jm B e a c h e x t r a c t

1 0 1 5

B r o m id e c o n c e n t r a t i o n ( u lVI)

2 0 2 5

2 0 3
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A r r e t J t i i x
c V ' t

I n f lu e n c e o f o z o n e o n D C A A f o r m a t io n

in c h l o ri n a t e d e x t r a c t s , p H 6

CI2 o n ly

0 3 + C B

(3 0 1 5

1 0 1 5

B r o m i d e c o n c e n t r a t i o n (u M )

2 0 2 5

(a ) M y r t le B e a c h e x t r a c t

0 3

C I2 o n ly

0 2 5 -

0 3 + C IS

0 0 5 -

0 5

(b ) P a lm B e a c h e x t r a c t

1 0 1 5

B r o m i d e c o n c e n t r a ti o n (u iW)
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(\ ' F f ' £ ^ p / ) t r L n j
C c , : t l

,

O

c

o
c
o
o

O

I n f lu e n c e o f o z o n e o n T C A A f o n n a t io n

in c h lo r in a t e d e x tr a c t s , p H 6

C I2 o n l y

0 3 + C IS

1 0 1 5

B r o m id e c o n c e n t r a t i o n (u M )

2 0 2 5

( a ) M y r tl e B e a c h e x t r a c t

2

o

c

o
c
o

O

C 12 o n lyQ 4 5 -

0 3 + C I2

0 1 5 -

1 0 1 5

B r o m id e c o n c e n t r a t i o n (u M )

(b) P a lm B e a c h e x t r a c t

^ b S
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/ i ^' r - £ K i t > i ) i t - i
j

0 0 4 5 -

I n f lu e n c e o f o z o n e o n M BA A f o r m a t io n

in c h lo r in a t e d e x t r a c t s , p H 6

C 12 o n ly

0 3 + C 120 0 3 5

t : : Q 0 2 5

Q 0 2 -

5 0 0 1 5

0 0 0 5 H

1 0 1 5

B r o m id e c o n c e n tr a t i o n ( u M )

(a ) M y r t le B e a c h e x t r a c t

0 0 7

C i2 o n l y

0 3 + C I2

« 0 0 4

O 0 0 3

(b ) P a lm B e a c h e x tr a c t

1 0 1 5

B r o m id e c o n c e n tr a t i o n (u M )

2 0 2 5
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/ ^ P P £
-

^ ; D I V G / C ^ h T

0 4 5 -
T

5

C
O

C
CD

o
C
o
o

$
m
Q

In f lu e n c e o f o z o n e o n D BA A f o r m a t io n

in c h l o r in a t e d e x t r a c t s , p H 6

C IS o n iy

0 3 + C IS0 3 5 -

0 Q5 -

1 0 1 5

B r o m id e c o n c e n t r a t i o n (u M )

(a ) M y r t l e B e a c h e x t r a c t

C IS o n ly

0 3 + C IS

0 5

(b ) P a lm B e a c h e x t r a c t

B r o m id e c o n c e n t r a t i o n (u M )
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^ P E iJ i > i x Cn
,

C c - X -
,

I n f lu e n c e o f o z o n e o n T B A A f o rm a t io n

in c h lo r in a t e d e x tr a c t s , p H 6

C I2 o n ly

0 3 + C IS

1 0 1 5

B r o m id e c o n c e n t r a t i o n (u iVI)

(a ) M y r t l e B e a c h e x t r a c t

C I2 o n ly

0 2 5 -

0 3 + 0 12

0 5

(b ) Pa lm B e a c h e x t r a c t

1 0 1 5

B ro m id e c o n c e n t r a t i o n (u lVl)

2 0 2 5

Z 0 2
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/ } P P E > J D ( X (- r j j
C a n
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I n f lu e n c e o f o z o n e o n B r C IA A f o r m a t io n

In c h lo r in a t e d e x t r a c t s , p H 6

C i 2 a n iy

0 3 + c ;2

^ 0 2 5 -

1 0 1 5

B r o m i d e c o n c e n tr a ti o n (u M )

2 0 2 5

( a ) M y rt le B e a c h e x t r a c t

0 1 6

C I2 o n ly

0 3 + C I2
0 1 2 -

( u 0 0 8 -

Q 0 6 -

m Q 0 4 H

B r o m id e c o n c e n t r a t i o n (u lVI)
(b ) P a lm B e a c h e x t r a c t

t D
'

l
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n r p e r j v i ' n G] ,
(

In f lu e n c e o f o z o n e o n B r C !2A A f o r m a t i o n

in c tn lo r in a t e d e x t r a c t s
, p H 6

C I S o n ly

□ 3 + C i 2

O 0 2

f
1 0 1 5

B r o m id e c o n c e n tr a t i o n (u M )

(a ) M y r t l e B e a c h e x t r a c t

C I2 o n ly

0 3 + C !2

f

(b ) P a lm B e a c h e x t r a c t

1 0 1 5

B r o m id e c o n c e n t r a ti o n (u M )

2 0 2 5
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C 12 o n ly

0 3 + C IS

^ 0 2
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o
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O
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0 1 5
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B r o m id e c o n c e n t r a t i o n (u M )
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D C A A

TC A A

D B A A

T B A A

- ^
B r C IA A

B r C I2 A A

B ii c iA A

1 0 1 5
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(a ) My r t le B e a c h e x t r a c t

D C A A

TC A A
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