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R e c e n t l y ,  o r g a n i c  c h l o r i d e s  w h i c h  a r e  p r o d u c e d  d u r i n g  
c h l o r i n a t i o n  i n  d r i n k i n g w a t e r  s u p p l y  t r e a t m e n t  o r  
w a s t e w a t e r  t r e a t m e n t  a r e  b e c o m i n g  a w o r l d - w i d e  p r o b l e m .  
Some c h } 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 ( B e l l a r  
e t  a l .  1 9 7 4 ;  I s h i k a w a  e t  a l .  1 9 8 6 ;  P e r e i r a  e t  a l .  1 9 7 3 ;  
R o o k  1 9 7 4 ;  S a k u r a i  a n d  S a w a m u r a  1 9 8 3 ;  S a y a t o  e t  a l .  
1 9 8 2 )  a n d  t h e i r  t o x i c i t y  h a v e  b e e n  a l s o  c o n f i r m e d ( K a d a  
a n d  I s h i d a t e  1 9 8 1 ) ,  b u t  i t  i s  a s p e c t e d  t h a t  t h e r e  w o u l d  
be much  o f  o t h e r  t o x i c  p r o d u c t s .  T h e r e � 8  i t  i s  
n e c e s s a r y  t o  e x a m i n e  t h e  c h l o r i n a t i o n  o f  o r g a n i c  
p o l l u t a n t s  a n d  c h e m i c a l s  w h i c h  e x i s t  i n  n a t u r a l  w a t e r s  
o r  w a s t e w a t e r s .  

O r g a n i c  p h o s p h a t e  e s t e r s ( O P E s )  a r e  w i d e l y  u s e d  a s  
p l a s t i c i z e r s ,  i n d u s t r i a l  h y d r a u l i c  f l u i d s ,  a n d  
l u b r i c a n t  a d d i t i v e s  a n d  s e v e r a l  k l n d s  o f  OPEs h a v e  b e e n  
d e t e c t e d  i n  e n v i r o n m e n t a l  w a t e r s ,  s e d i m e n t s ( I s h i k a w a  e t  
a i .  1 9 8 5 b ) ,  i n d u s t r i a l  w a s t e w a t e r s ,  a n d  d o m e s t i c  
w a s t e w a t e r s ( I s h i k a w a  e t  a l .  1 9 8 5 a ) .  T h e n  we a r e  
i n t e r e s t e d  i n  t h e  b e h a v i o r s  o f  O P Es ,  a k i n d  o f  
c h e m i c a l s ,  d u r i n g  c h l o r i n a t i o n  i n  w a t e r  t r e a t m e n t s .  We 
s t u d i e d  on  t h e  r e a c t i o n s  o f  7 0 P E s ,  w h i c h  h a d  e v e r  b e e v  
d e t e c t e d ,  w i t h  c h l o r i n e  i n  a q u e o u s  s o l u t i o n .  

MATERIALS AND METHODS 

S e v e n  OPEs w e r e  p u r c h a s e d  f r o m  T o k y o  C h e m i c a l  Co. 
J a p a n .  T r i b u t y l  p h o s p h a t e ( T B P ) ,  T r i s ( 2 - c h l o r o e t h y l )  
p h o s p h a t e  ( T C E P ) ,  t r i o c t y l  p h o s p h a t e ( T O P )  a n d  t r i c r e s y l  
p h o s p h a t e  (TCP) w e r e  p u r i f i e d  by  d i s t i l l a t i o n  u n d e r  
r e d u c e d  p r e s s u r e .  T r i s ( c h l o r o p r o p y l )  p h o s p h a t e ( T C P P )  
a n d  T r i s ( d i c h l o r o p r o p y l )  p h o s p h a t e ( C R P )  w e r e  u s e d  
w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  T r i p h e n y l  p h o s p h a t e ( T P P )  
was  p u r i f i e d  by  z o n e  r e f i n i n g .  The  p u r i t y  o f  t h e s e  
OPEs was  c h e c k e d  b y  g a s  e h r o m a t o g r a p h y ( G C )  a n d  g a s  
e h r o m a t o g r a p h  / m a s s  s p e c t r o m e t r y ( G C / M S ) .  The  TCP was  a 

S e n d  r e p r i n t  r e q u e s t s  t o  S. I s h i k a w a  a t  t h e  a b o v e  
a d r e s s .  
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m i x t u r e  o f  i s o m e r s .  A q u e o u s  s o l u t i o n  o f  OPEs was  
p r e p a r e d ,  d i s s o l v i n g  OPEs i n  p u r i f i e d  w a t e r  by  
v i g o r o u s l y  s h a k i n g  f o r  1 h r .  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  a c e t o n e .  The  w a t e r  w a s  p u r i f i e d  u s i n g  a 
Y a m a t o ,  M o d e l  W A - 7 1 5 ,  a u t o - s t i l l  e q u i p p e d  w i t h  f i l t e r ,  
d i s t i l l e r  a n d  i o n  e x c h a n g e r .  

GC a n a l y s e s  w e r e  c o n d u c t e d  on  a N i h o n  D e n s h i ,  M o d e l  
J G C - 2 0 R ,  GC e q u i p p e d  w i t h  a f l a m e  p h o t o m e t r l c  d e t e c t o r  
(FPD)  h a v i n g  a 526  nm f i l t e r  a n d  w i t h  n i t r o g e n  a s  t h e  
c a r r i e r  g a s  a t  a f l o w  r a t e  o f  20  m l / m i n .  The  2 m x 2 mm 
g l a s s  c o l u m n  was  p a c k e d  w i t h  2% O V - 1 7  + 2% P Z - 1 7 9  on  
U n i p o r t  HPS, 6 0 - 8 0  m e s h .  The  c o l u m n  t e m p e r a t u r e  was  
p r o g r a m m e d  f r o m  2 0 0  to  300  ~  a t  10 ~  f o r  
q u a n t i t a t i o n  a n d  v a r i e d  f r o m  2 1 0  t o  3 0 0 ~  d e p e n d i n g  on  
t h e  OPE f o r  t h e  i d e n t i f i c a t i o n  o f  c h l o r i n a t i o n  
p r o d u c t s .  The  i n j e c t o r  a n d  t h e  d e t e c t o r  t e m p e r a t u r e s  
w e r e  300  ~ .  

GC/MS a n a l y s e s  w e r e  p e r f o r m e d  on  a N i h o n  D e n s h i ,  M o d e l  
JGC-2OKP/JMS-O1SG-2, GC/MS. The  c a r r i e r  g a s  w a s  h e l i u m  
a t  a f l o w  r a t e  o f  20  m l / m i n .  The  o t h e r  GC c o n d i t i o n s  
w e r e  t h e  s ame  a s  a b o v e  d e s c r i b e d .  The i o n i z i n g  e n e r g y  
was  75 eV. 

C h l o r i n e  was  p r e p a r e d  f r o m  c a l c i u m  h y p o c h l o r a t e  a n d  
h y d o c h l o r i c  a c i d ,  a n d  d i s s o l v e d  i n  p u r i f i e d  w a t e r .  The  
e h l o r i n e  c o n c e n t r a t i o n  was  d e t e r m i n e d  i o d o m e t r i c a l l y  
( J a p a n  S o c i e t y  o f  S e w e r a g e  1 9 7 4 ) .  

The m i x e d  s o l u t i o n  o f  O P E s ( e a c h  OPE 0. 1 m g / l )  a n d  
c h l o r i n e ( 3 - 1 0 0 0  m g / l )  w h i c h  h a d  b e e n  a d j u s t e d  a t  e a c h  
pH w i t h  h y d r o c h l o r i c  a c i d  o r  s o d i u m  h y d r o x i d e  was  
s t i r r e d  i n  a 5 0 0  ml o f  s t o p p e r e d  f l a s k  i n  t h e  d a r k  a t  
20  ~ F o r t y  m i l l l t e r s  o f  t h e  s a m p l e  was  w i t h d r a w n  
p e r i o d i c a l l y ,  d e c h l o r i n a t e d  w i t h  s o d i u m  s u l f i t e  a n d  
a d j u s t e d  a t  ptt 5 w i t h  h y d r o c h l o r i c  a c i d  o r  s o d i u m  
h y d r o x i d e .  The  r e m a i n i n g  OPEs w e r e  e x t r a c t e d  w i t h  two 
10 ml p o r t i o n s  o f  d i c h l o r o m e t h a n e  f r o m  t h e  s o l u t i o n .  
The  e x t r a c t s  w e r e  c o m b i n e d ,  d r i e d  o v e r  a n h y d r o u s  s o d i u m  
s u l f a t e ,  c o n c e n t r a t e d  u n t i l  a l m o s t  d r y ,  f i l l e d  up  to  1 
ml w i t h  a c e t o n e  a n d  t h e n  a n a l y z e d  b y  GC o r  GC/MS. The  
b l a n k  t e s t  was  p e r f o r m e d  i n  t h e  s ame  way w i t h o u t  a 
a d d i t i o n  o f  c h l o r i n e .  

RESULTS AND D I S C U S S I O N  

F i g u r e  t s h o w s  t h e  d e c r e a s i n g  r a t i o  o f  OPE v s .  pH a t  
100  m g / 1  o f  c h l o r i n e  c o n c e n t r a t i o n  a f t e r  24 h r .  TOP, 
TPP a n d  TCP d e c r e a s e d  i n  a l l  pH r a n g e s ,  e s p e c i a l l y  
u n d e r  s t r o n g l y  a c i d i c  a n d  s t r o n g l y  a l k a l i n e  c o n d i t i o n s .  
U n d e r  a l k a l i n e  c o n d i t i o n s ,  OPE d e g r a d a t i o n  i n v o l v e s  a 
h y d r o l y s i s  w i t h  s o d i u m  h y d r o x i d e ,  w h i c h  was  c o n f i r m e d  
by  t h e  b l a n k  t e s t ( F i g u r e  2 ) .  B u t  t h e  r e a c t i o n s  o f  TOP, 
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F i g u r e  1. E f f e c t  o f  p]t on  t b e  c h l o r i n a t i o n .  C h l o r i n e  
100 m g / l ,  r e a c t i o n  r i m e  24 h r ,  e a c h  OPE 0. 1 m g / l ,  - O -  
TBP, - ~ -  TCPP, - 0 -  ] 'CEP, - ~ -  TOP, - ~ -  CRP, - A  - 
TPP,  - ~ -  TCP. 
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F i g u r e  2. D e g r a d a t i o n  o f  OPEs w i t h  IIC1 o r  NaOlt. 
R e a c t i o n  t i m e  24 h r ,  e a c h  OPE O. 1 m g / l ,  - 0 -  TBP, - O -  
TCPP, - ~ -  TCEP, - ~ -  TOP, - A -  CRP, - A _  TPP,  - r - ] -  
TcP. 
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F i g u r e  3. R e l a t t o n s h i p  b e t w e e n  OPE d e c r e a s e  a n d  
c h l o r i n e  c o n c e n t r a t i o n  a t  pli 7. R e a c t i o n  r i m e  24 h r ,  
e a c h  OPE 0. 1 m g / l ,  - O -  TBP, - O -  TCPP, - ~ -  TCEP, - ~ -  
TOP, - ~ -  CRP, - A -  TPP,  - [ - ' l -  TCP. 

TPP a n d  TCP w i t h  c h l o r i n e  w e r e  a l s o  p r o c e e d e d  i n  
a l k a l i n e  m e d i a  b e c a u s e  t h e  d e c r e a s i n g  r a t i o  o f  TOP a t  
pH 12 was  a b o u t  10 t t m e s  a s  t h a t  o f  s o d i u m  h y d r o x t d e  
h y d r o l y s i s  a t  t h e  s ame  p•t a n d  b e c a u s e  some c h l o r i n a t e d  
c o m p o u n d s  w e r e  p r o d u c e d  i n  a i l  plt r a n g e s  a s  l a t e r  
d e s c r i b e d .  The  e q u i b i r u m  e q u a t i o n  o f  c h l o r i n e  i n  w a t e r  
i s  s h o w n  i n  e q u a t i o n  l .  A l m o s t  o f  c h l o r i n e  i s  e x t s t e d  
i n  t h e  f o r m  o f  ]tOC1 a t  a pIt b e l o w  6 ( I s o m u r a  1 9 7 1 ) .  The  
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Chtorine 3mg/I, pH 3 Chlorine 3mg II. pli 7 Chlorinel0OOmg/I.pH 7 

r o ,o 21) ~) ,3 ~ o ,o 20 30 40 so o ,o 20 3o 40 50 
rr Ti me, hr 
F i g u r e  4. D e g r a d a t i o n  o f  OPEs aL 3 m g / 1  a n d  1 0 0 0  m g / 1  
o f  c h l o r t n e  c o n c e n t r a t i o n .  E a c h  OPE 0. 1 m g / l ,  - O - T B P ,  

- 0 1 -  TCEP, - O -  TOP, - A -  CRP, - A - T P P ,  -@- TCPp, 
- [ ] -  TCP. 

TPP I \ 
I I I I ~ I I I I I I 
I 2 3 4 6 7 8 9 10 I1 

Retention l ime, rein 
F i g u r e  5. F P D - G C  c h r o m a t o g r a m  o f  c h l o r i n a t l o n  p r o d u c t s  
o f  TPP a t  pl i  3. C h l o r t n e  100 m g / l ,  r e a c t t o n  t t m e  24 h r ,  
TPP 0. I m g / l ,  c o l u m n  2% O V - 1 7  + 2% P Z - 1 7 9  on  U n l p o r t  
HPS,  c o l u m n  t e m p e r a t u r e  3 0 0 ~  

___ " - ' - " 1 2 3  5 6 7 8 9 1 0  

| 

0 ! 2 3 4 5 6 7 
Retention rime, rein 

F i g u r e  B. F P D - G C  c h r o m a t o g r a m  o f  c h l o r i n a t l o n  p r o d u c t s  
o f  TCP a t  pli  ,'3. C h l o r l n e  100 m g / l ,  r e a c t l o n  t t m e  24 h r ,  
TCP O. 1 m g / I ,  c o l u m n  2% O V - 1 7  + 2% P Z - 1 7 9  on  U n t p o r t  
] IPS,  c o l u m n  t e m p e r a t u r e  3 0 0 ~  

d e c r e a s t n g  r a t t o s  o f  TOP, ' rPP  a n d  TCP w e r e  h t g h e r  i n  
C12 + 21120 ~ HOCI + 113OE + CI -  ~ OC1- + |t + + CI - .  . . . .  ( 1 )  

a e t d t c  m e d i a  b e e a u s e  o f  | t s  s t r o n g  o x l d t z l n g  a b l l t t y .  
The  d e c r e a s e s  o f  TCEP a n d  CRP t n  a l k a l l n e  m e d i a  w e r e  
m o s t l y  c a u s e d  by  s o d i u m  h y d r o x t d e  h y d r o l y s t s .  TBP a n d  
TCPP w e r e  s t a b l e  I n  a i l  p l i  r a n g e s .  

T h e  r e l a t t o n s h t p  b e t w e e n  OPE d e c r e a s e  a n d  e h l o r t n e  
c o n c e n t r a t i o n  a t  p l l  7 w a s  s h o w n  I n  F t g u r e  3. E v e n  a t  
l o w e r  c h l o r t n e  c o n c e n t r a t i o n ( 3  m g / l )  w h t e h  t s  a 
c o n c e n t r a t i o n  l e v e l  u s e d  i n  u s u a l  d t s t n f e c t i o n ,  TOP, 
TPP a n d  TCP d e c r e a s e d  I n  t h e  r a t l o s  o f  5, 3 a n d  5% 
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Peak 2 TCP substltuted wlth I chlor alom (mass spectrll of peaksl,3a~:16werealso Ilke 
I001 this one ) 
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Peak 9 TCP substituled wi lh3 chlorine atoms(mass sper of peaks 8andlOwere also like 
I00 this one ) 
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v a f t e r  24  h r ,  r e s p e c t i v e l y .  

F i g u r e  4 s h o w s  t h e  p e r i o d i c a l  d e c r e a s e  o f  OPE u n d e r  t h e  
c o n d i t i o n s :  c h l o r i n e  3 m g / l ,  pH 3 a n d  7 ;  c h l o r i n e  1 0 0 0  
m g / l ,  pH 7. A t  3 m g / 1  o f  c h l o r i n e  c o n c e n t r a t i o n ,  50% 
o f  TOP, 20% o f  TPP ,  a n d  55% o f  TCP a t  pH 3 a n d  10% o f  
TOP, 5% o f  TPP ,  a n d  15% o f  TCP a t  pH 7 d e c r e a s e d  a f t e r  
48  h r .  A t  1 0 0 0  m g / 1  o f  c h l o r i n e  c o n c e n t r a t i o n  a n d  a t  
pH 7, 10% o f  TBP, 5% o f  CRP, 35% o f  TOP, 25% o f  TPP a n d  
80% o f  TCP d e c r e a s e d  f o r  48  h r .  

I n  t h e  c a s e s  o f  TPP  a n d  TCP, new p e a k s  w e r e  o b s e r v e d  o n  
e a c h  F P D - G C  c h r o m a t o g r a m  a f t e r  t h e  c h l o r i n a t i o n ( F i g u r e s  
5 a n d  6 ) .  T h e s e  p e a k s  w e r e  i d e n t i f i e d  b y  GC/MS.  
C o n s i d e r i n g  t h e s e  m a s s  s p e c t r a ,  p e a k s  1 - 3  i n  F i g u r e  5 
a n d  p e a k s  1 - 1 0  i n  F i g u r e  6 w o u l d  b e  t h o s e  o f  
c h l o r i n a t e d  TPP a n d  TCP, r e s p e c t i v e l y ,  w h i c h  b e n z e n e  
r i n g s  w e r e  s u b s t i t u t e d  w i t h  1 - 3  o f  c h l o r i n e  a t o m s .  
T h e s e  m a s s  s p e c t r a  a n d  t h e  e s t i m a t i o n  o f  e a c h  f r a g m e n t  
i o n ( B u d z i k i e w i c z  e t  a l .  1 9 7 3 )  w e r e  s h o w n  i n  F i g u r e s  7 
a n d  8. T h e s e  p e a k s  w e r e  h i g h e r  i n  a c i d i c  r e g i o n  t h a n  
i n  t h e  o t h e r  r e g i o n s .  
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