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P e n t a c h l o r o p h e n o l  (PCP) and  i t s  s a l t ,  sod ium p e n t a c h l o r o p h e n a t e  
(NaPCP),  a r e  two o f  t he  mast  v e r s a t i l e  p e s t i c i d e s  now i n  use  i n  t he  
U n i t e d  S t a t e s  and Canada  (CIRELLI 1978, HOSS 1978) .  Because  o f  
t h e i r  e f f e c t i v e n e s s  a g a i n s t  a wide s p e c t r u m  of  t a r g e t  o r g a n i s m s ,  PCP 
and  NaPCP a r e  used  e x t e n s i v e l y  a s  f u n g i c i d e ,  h e r b i c i d e ,  I n s e c t i c i d e ,  
b a c t e r i c i d e ,  and m o l l u s c i c i d e  i n  f o r e s t ,  a g r i c u l t u r e ,  t e x t i l e ,  and 
p a i n t  i n d u s t r i e s .  Wor ldwide  p r o d u c t i o n  o f  PCP has  been  e s t i m a t e d  to  
be a b o u t  200 m i l l i o n  pounds p e r  y e a r  and i s  e x p e c t e d  to  i n c r e a s e  
(DETRICK 1977) .  

As a r e s u l t  o f  i t s  wide a p p l i c a t i o n ,  PCP has  been  d e t e c t e d  i n  human 
and a n i m a l  t i s s u e s  (SHAFIK 1973, BEVENUE & BECKMAN 1967) ,  i n  f i shes  
(LAMDNER e t  a l .  1977)  a s  e l l  a s  i n  a q u a t i c  e n v i r o n m e n t s  (BUB1.F.R e t  
a l .  1973,  HATSUHOTO e t  a l .  1977) ,  i n d i c a t i n g  t h i s  c h e m i c a l ' s  w[de 
d i s t r i b u t i o n  i n  t he  t o t a l  e n v i r o n m e n t .  T h e r e f o r e ,  knowledge  of  i t s  
e n v l r o n m e n t a l  b e h a v i o r  and f a t e  i s  e s s e n t i a l  f o r  e f f e c t i v e  
management  of  i t s  u s a g e  and w a s t e  h a n d l i n g .  

M i c r o b i a l  a c t i v i t y  a f f e c t s  t i le  p e r s i s t e n c e  of  an  o r g a n i c  b l o c l d e  i n  
t h e  n a t u r a l  e n v i r o n m e n t  by means o f  b l o d e g r a d a t l o n  and 
b l o t r a n s f o r m a t l o n .  V a r i o u s  m i c r o o r g a n i s m s  such  as  b a c t e r i a  (REINER 
e t  a l .  1978, WATANABE 1973, SUZUKI 1977) and fungi (CSERJESI & 
30~L~SON 1972) have demonstrated their capability of degrading PCP 
and o t h e r  c h l o r o p h e n o l s .  However ,  some d i s c r e p a n c i e s  a p p e a r  to  
e x i s t  be tween  t h e  d e g r a d a t i o n  pa thways  o b s e r v e d  i n  n a t u r a l  s o i l  and 
t h o s e  o b s e r v e d  i n  i s o l a t e d  m i c r o b i a l  c u l t u r e s  i m p l y i n g  the  
c o m p l e x i t y  i n v o l v e d  i n  t h e  s t u d y  o f  b i o d e g r a d a t i o n  o f  b i o c t d e s .  For  
e x a m p l e ,  w h i l e  PCP m e t a b o l i s m  by i s o l a t e d  s o i l  m i c r o o r g a n i s m s  o c c u r s  
by  o x i d a t i v e  mechan i sms ,  i t s  d e g r a d a t i o n  i n  n a t u r a l  s o i l  was found 
m a i n l y  v i a  r e d u c t t v e  pa thway (EAUFNAN 1978) .  Very  lX mi t e d  
i n f o r m a t i o n  i s  a v a i l a b l e  r e g a r d i n g  PCP b t o d e g r a d a t i o n  in  a q u a t i c  
e c o s y s t e m  and a r e c e n t  s t u d y  by BOYLE e t  a t .  (1980)  i n d i c a t e d  t h a t  
t h e  o x i d a t i v e  pa thway i s  t he  ma jo r  mechanism f o r  PCP d e g r a d a t i o n  i n  
a n i m u l a t e d  L e n t i c  e n v i r o n m e n t .  The p u r p o s e  o f  t h i s  s t u d y  was to  
d e t e r m i n e  the  r a t e  o f  NaPCP b i o d e g r a d a t i o n :  ( 1 )  u n d e r  
a e r o b i c / a n a e r o b i c  c o n d i t i o u s ,  ( 2 )  w i t h / w i t h o u t  c o - m e t a b o l i t e s  and ,  
( 3 )  w l t h  d i f f e r e n t  n i t r o g e n  s o u r c e s ,  i n  l a b o r a t o r y  
e n v l r o n m e n t a l l y - c o n t r o l l e d  f e r s e n t o r s  e m p l o y i n g  an  a c c l l m s t l z e d  
b a c t e r i a l  c u l t u r e  f rom a c t i v a t e d  s l u d g e .  
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MATERIAL AND ~ETHODS 

R e a s e n t s  and Growth Medium. Organ i c  s o l v e n t s  were g l a s s  d i s t i l l e d  
a s  s u p p l i e d  by Caledon  L a b o r a t o r i e s  L t d .  and the  p e n t a c h l o r o p h e n o l  
was o b t a i n e d  from A l d r i c h  C h e m i c a l s ,  I n c . ,  ~t t lwaukee,  WI. The 
growth  medium deve loped  by NATAN~E (1973)  was used t h r o u g h o u t  the  
e x p e r i m e n t s  wi th  minor  m o d i f i c a t i o n s  as f o l l o w s :  NAN03, 0 . 5  g ;  
K2HP04, 0 . 5  g;  NgSO4.7H20 , 0 . 2  g;  FeSO4-TH20 , 0 .01 g;  NaPCP, 2 rag; 
d i s t i l l e d  wa t e r  1 L. F i n a l  pH o f  the  medium was 1 .0  and the  medium 
was no t  s t e r i l i z e d .  

E n r i c h m e n t  T e c h n i q u e .  A f t e r  many f u t i l e  a t t e m p t s  to o b t a i n  an 
a c t i v e  PCP-degrad ing  b a c t e r i a l  c u l t u r e  by d i r e c t l y  u s i n g  f r e s h  
a c t i v a t e d  s l u d g e  as the  i n o c u l u m ,  an  e n r i c h m e n t  c u l t u r e  was s t a r t e d  
u t i l i z i n g  I L of  a c t i v a t e d  s l u d g e  (HISS 5500 ppm) as  the  s o l e  growth 
medium p l u s  5 ppm of NaPCP and 20 ppm of Na 4 - c h l o r o p h e n a t e  (NaaCP) 
a s  the  i n d u c e r s .  The c u l t u r e  was m a i n t a i n e d  i n  a c y c l o n e  f e r m e n t o r  
(LIU & TOWNSLEY 1912) and p e r i o d i c  e x a m i n a t i o n  of PCP and NCP 
c o n c e n t r a t i o n s  i n  the c u l t u r e  b r o t h  was made by g . c .  a n a l y s i s .  
A f t e r  a p p r o x i m a t e l y  6 months i n c u b a t i o n ,  an a c t i v e  PCP-degrad ing  
b a c t e r i a l  c u l t u r e  had deve loped  which was v e r i f i e d  by r e p e a t e d l y  
a d d i n g  NaPCP (2 ppm) t o  the  f e r m e n t o r  and f o l l o w i n g  i t s  r a p i d  
d i s a p p e a r a n c e  from the  b r o t h .  The c u l t u r e  was s u b s e q u e n t l y  
m a i n t a i n e d  i n  5Z a c t i v a t e d  s l u d g e  w i t h  2 ppm of NaPCP, F i n a l l y ,  the 
a c t i v e  c u l t u r e  was s t u d i e d  u s i n g  the  m i n e r a l  medium d e s c r i b e d  w i th  
~aPCP as  the  s o l e  source  of ca rbon  and ene rgy  as men t ioned  
p r e v i o u s l y .  

E x p e r i m e n t a l  D e s i g n .  Due to  the  many v a r i a b l e s  i n v o l v e d ,  i t  i s  
i m p r a c t i c a l  to  s t u d y  the  b i o d e g r a d a t i o n  of PCP i n  a l l  n a t u r a l  
e n v i r o n m e n t s  and c o n s e q u e n t l y  d e g r a d a t i o n  s t u d i e s  a re  conduc ted  i n  
t he  c y c l o n e  f e r m e n t o r s  unde r  c o n t r o l l e d  l a b o r a t o r y  c o n d i t i o n s  which 
a r e  e n v i r o n m e n t a l l y  r e l e v a n t  such as a e r a t i o n  and anox iao  Because 
a b i o t i c  d e g r a d a t i o n  p r o c e s s e s  such as h y d r o l y s i s  and p h o t o l y s i s  
somet imes  occur  d u r i n g  b i o l o g i c a l  d e g r a d a t i o n ,  c o n t r o l  f e r m e n t o r s  
w i t h  m i c r o b i a l  i n h i b i t o r s  were a l s o  i n c l u d e d  to  a l l o w  f o r  c o r r e c t i o n  
f o r  such p r o c e s s e s .  Thus s i x  f e r m e n t o r s  were used :  t h r e e  were 
o p e r a t e d  under  a e r o b i c  c o n d i t i o n s  and t h r e e  o t h e r s  i n  an a n a e r o b i c  
e n v i r o n m e n t .  Under each of t he se  two b a s i c  c o n d i t i o n s ,  PCP was 
s i m u l t a n e o u s l y  s u b j e c t e d  to m e t a b o l i c  (PCP as  s o l e  ca rbon  and ene rgy  
s o u r c e ) ,  c o - m e t a b o l i c  ( w i t h  the  more e a s i l y  b i o d e g r a d a b l e  ~ P )  and 
a b i o t i c  d e g r a d a t i o n s  i u  s e p a r a t e  f e r m e n t o r s .  The a b i o t i c  sys t em was 
a c c o m p l i s h e d  by u s i n g  m i c r o b i a l  i n h i b i t o r s  as f o l l o w s :  HgC12, 100 
ppm; KCN and  NaN 3 a t  5 m mole L -1 e a c h .  The f e r m e n t o r s  were 
o p e r a t e d  a t  22~ w i t h  a s t e a d y  s u p p l y  of a i r  ( a e r o b i c )  and n i t r o g e n  
( a n a e r o b i c )  a t  20 mL mtn - 1 .  The c o n c e n t r a t i o n s  of PCP and HCP used  
were 2 and 5 ppm, r e s p e c t i v e l y ,  w i t h  m i n e r a l  medium d e s c r i b e d  above 
a s  the  growth b r o t h .  

E x t r a c t ! o n  and A n a l y s i s .  At v a r i o u s  t ime i n t e r v a l s ,  50 mL of  
c u l t u r e  b r o t h  were wi thdrawn from the  f e r m e n t o r s  and mixed f o r  1.O h 
w i t h  50 mL of  0 .1  N K2CO 3,  5 mL o f  a c e t i c  a n h y d r i d e ,  and 2 mL of  
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n - h e x a n e  i n  a 125-mL na r row mouth E r l e n m y e r  f l a s k  on a m a g n e t i c  
s t i r r e r .  The hexane  l a y e r  was a n a l y z e d  f o r  t he  p h e n o l i c  a c e t a t e s  on 
a gas  c h r o m a t o g r a p h  e q u i p p e d  w i t h  d u a l  FID.  The dua l  180 cm x 2 mm 
i . d .  s t a i n l e s s  s t e e l  columns c o n t a i n e d  10% OV-I on 80 /100  mesh 
Chromosorb  W (AW-DMCS). The i n j e c t i o n  p o r t  and the  d e t e c t o r  were 
m a i n t a i n e d  a t  250 t o  300"C, r e s p e c t i v e l y ~  w h i l e  t he  oven was 
p r o g r a u e d  f rom 150 t o  250~ a t  8~ min - t .  The c a r r i e r  gas was 
nitrogen at a flow rate of 30 mL min -1. Low resolution mass spectra 
were used for confirmation using a Flnnigan 3200 GC/MS system 
i n t e r f a c e d  w i t h  PDP 8 / e  compute r  and a 180 cm x 2 mm i . d .  g l a s s  
column (3% OV-I on Chromosorb W). Mass s p e c t r o m e t e r  c o n d i t i o n s  
w e r e :  e l e c t r o n  e n e r g y  70 eV; t e m p e r a t u r e  of  i on  s o u r c e  and 
t r a n s f e r  l i n e  175~ 

Measurement  o f  B i o d e g r a d a c i o n  R a t e .  PCP b i o d e g r a d a t i o n  was measured 
i n  t e rms  of  p r ima ry  d e g r a d a t i o n ,  i . e . ,  by f o l l o w i n g  the  
d i s a p p e a r a n c e  of  PCP f rom the  f e r m e n t o r  b r o t h  a f t e r  c o r r e c t i o n  from 
l o s s  due to  a b i o t i c  p r o c e s s .  Rate  c o n s t a n t s  (k )  were  d e t e r m i n e d  f o r  
t h e  assumed f i r s t - o r d e r  p r o c e s s  i n  which 

dcs 
-- 0 kt (integrated form: in C s /C s = -kt) 

dt 

where  C s = c o n c e n t r a t i o n  of  PCP and the  s u p e r s c r i p t  "o"  r e f e r s  to  
t i m e  z e r o .  The h a l f - l i v e s  a r e  d e t e r m i n e d  f rom the  e x p r e s s i o n  t�89 
0 . 6 9 3 / k .  For  a l l  o f  t h e s e  c a l c u l a t i o n s ,  o n l y  v a l u e s  g r e a t e r  than  
10% o f  c o n t r o l  were employed .  Where a l a g  phase  was n o t e d ,  t h e s e  
d a t a  were  a l s o  o m i t t e d  f o r  the  c a l c u l a t i o n s .  

RESULTS AND DISCUSSIONS 

Various environmental factors, notably the availability of oxygen 
and organic nutrients among others, may affect or limit the 
capability of microorganisms degrading a bioclde in aquatic 
e n v i r o n m e n t .  Th i s  phenomenon of e n v i r o n m e n t - b a c t e r i a - b i o c i d e  
i n t e r a c t i o n  was o b s e r v e d  i n  the  p r e s e n t  i n v e s t i g a t i o n  ( T a b l e  11. 
Among the  f a c t o r s  s t u d i e d ,  o x y g e n a t i o n  i n  t e rms  of  a e r o b i c  o r  
a n a e r o b i c  c o n d i t i o n  i n  t he  growth  medium was found to  have a 
p r o f o u n d  e f f e c t  on the  r a t e  of  PCP d e g r a d a t i o n  ( F i g u r e  11. A f t e r  3 
d a y s ,  t he  c o n c e n t r a t i o n  o f  PCP i n  t he  a e r o b i c  f e r m e n t o r  had 
d e c r e a s e d  to  a u e g l i g i b l e  amount ,  w h i l e  100% o f  the  added PCP 
r e m a i n e d  unchanged i n  t he  a n a e r o b i c  f e r m e n t o r .  F u r t h e r  i n c u b a t i o n  
o f  the  l a t t e r  to  28 days  r e s u l t e d  i n  o n l y  51 d e g r a d a t i o n ,  i n d i c a t i n g  
t h e  i n h e r e n t  p e r s i s t e n c e  o f  PCP u n d e r  a n a e r o b i c  e n v i r o n m e n t s .  The 
h a l f - l i v e s  of  PCP c o n c e n t r a t i o n s  i n  a e r o b i c  and a n a e r o b i c  m e t a b o l i c  
f e r m e u t o r s  were c a l c u l a t e d  to  be 0 .36  and 192 d a y s ,  r e s p e c t i v e l y .  

In view of the complexity involved in the determination of a 
b i o c i d e ' s  b i o d e g r a d a b i l i t y ,  ou r  r e s u l t s  c o u l d  be c o n s i d e r e d  i n  
agreement qualitatively w i t h  those of BOYLE e t  al. (19801. These 
authors indicated that PCP had a shorter half-life (t�89 = 19 days) in 
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t h e  o x y g e n a t e d  w a t e r  column than  t h a t  i n  w a t e r  d e p l e t e d  o f  oxgyeo 
( t �89 = 80 d a y s )  i n  t h e i r  s i m u l a t e d  l e n t i c  e n v i r o n m e n t .  The 
d i f f e r e n c e  be tween  our  r e s u l t s  and t h e i r  d a t a  may be a t  l e a s t  
p a r t i a l l y  e x p l a i n e d  by the  f a c t  t h a t  we used the  a c c l i m a t i z e d  
c u l t u r e  w h i l e  n a t u r a l  pond w a t e r  was employed i n  t h e i r  s t u d y .  
N e v e r t h e l e s s ,  t he  r o l e  o f  a e r o b i c  and a n a e r o b i c  e n v i r o n m e n t s  i n  
d e t e r m i n i n g  the  p e r t i s t e n c e / b i o d e g r a d a b i l i t y  of  PCP i s  c l e a r l y  
d e m o n s t r a t e d  i n  t he  p r e s e n t  s t u d y .  

I n  Canada ,  as  e l s e w h e r e ,  t he  a s s e s s m e n t  o f  b i o d e g r a d a b i l i t y  of  
o r g a n i c  s u b s t a n c e s  i n  f r e s h  w a t e r s  i s  of  p a r t i c u l a r  c o n c e r n .  I t  i s  
o u r  e x p e r i e n c e ,  and t h a t  of  o t h e r s  (JUNGCLAUS e t  a t .  1978) ,  t h a t  
many of  the  o r g a n i c  s u b s t a n c e s  of  e n v i r o n m e n t a l  c o n c e r n  a r e  
u l t i m a t e l y  found i n  t he  s e d i m e n t s  of  l a k e s  and r i v e r s .  I t  i s  a l s o  
t r u e  t h a t  many of  t h o s e  ( s e d i m e n t )  e n v i r o n m e n t s  a r e  a n a e r o b i c  which 
t e n d s  to  r e t a r d  d e g r a d a t i o n  of  some of  t h e s e  o r g a n i c  c o n t a m i n a n t s .  
Thus i t  i s  not  s u r p r i s i n g  t h a t  h i g h  c o n c e n t r a t i o n s  ( 0 . 1  - 10 ppm) of  
PCP have  been d e t e c t e d  i n  r i v e r  sediments(FOUNTAINE e t  a l .  1976) and 
i n  l a k e  s e d i m e n t s  (up to  1 .2  ppm), w h i l e  the  same l a k e  w a t e r  had a 
l e v e l  of  o n l y  10 - 30 ppb (PIERCE e t  a t .  1977) .  

I t  may be of  i n t e r e s t  to  n o t e  t h a t  d u r i n g  the  p r o c e s s  of  PCP 
d e g r a d a t i o n ,  ~I3P, the  c o - m e t a h o l i t e ,  was found to  b i o d e g r a d e  under  
b o t h  a e r o b i c  ( t �89 ffi 0 .29  day)  and a n a e r o b i c  c o n d i t i o n s  ( t �89 ffi 5 .8  
d a y s ) .  Th i s  o b s e r v a t i o n  a l s o  i n d i c a t e s  t h a t  even  the  low 
c h l o r i n a t e d  p h e n o l s  a r e  s u s c e p t i b l e  t o  c o n d i t i o n s  of  o x y g e n a t i o n  i n  
t h e  n a t u r a l  e n v i r o n m e n t .  Th i s  o b s e r v a t i o n  a l s o  i l l u s t r a t e s  the  
d i f f i c u l t y  o f  p r e d i c t i n g  the  e n v i r o n m e n t a l  b e h a v i o r  of  the  new 
c h e m i c a l s  f rom o t h e r  "bench mark" c h e m i c a l s  - t h e  r a t i o  of  20:1  f o r  
a n a e r o b i c ;  a e r o b i c  d e g r a d a t i o n  f o r  HCP would  o b v i o u s l y  ne t  be 
a p p l i c a b l e  to  P C P ( 5 3 : l ) .  

To further examine the impact of co-metabollsm on PCP 
biodegradability, glucose (500 mg L -1) was added to the aerobic 
fermeotors as co-metabolite (Figure 2). Both glucose and HCP were 
found to suppress the rate of PCP degradation. Glucose at I00 pm 
has  been r e p o r t e d  to  r e t a r d  PCP b i o d e g r a d a t i o n  (WATANABE 1973) .  
However ,  t he  r e p r e s s i o n  of  PCP d e g r a d a t i o n  by NCP i s  r a t h e r  
s u r p r i s i n g  s i n c e  low c h l o r i n a t e d  p h e n o l s  such as NCP were  e x p e c t e d  
t o  s t i m u l a t e  PCP d e g r a d a t i o n  as was the  case  w i t h  PCB c o g e n e r  
d e g r a d a t i o n  (BAXTER e t  a t .  1975) .  At t h i s  moment t he  r e a s o n  f o r  
t h a t  i s  unknown. 

The e f f e c t  o f  n i t r o g e n  s o u r c e  i n  t he  g rowth  medium on PCP 
d e g r a d a t i o n  was a l s o  i n v e s t i g a t e d  ( T a b l e  1 ) .  Among t h o s e  examined ,  
y e a s t  e x t r a c t  showed a d i s t i n c t  s t i m u l a t i o n  e f f e c t o n  PCP d e g r a d a t i o n  
which  a g r e e d  w i t h  the  l i t e r a t u r e  r e p o r t s  (WATANABE 1973, SUZUKI 
1977) .  P e p t o n e ,  however ,  t ended  to  have some i n h i b i t o r y  e f f e c t  on 
PCP b i o d e g r a d a b i l i t y .  Ammonium s u l f a t e ,  ammonium n i t r a t e  and u r e a  
d i d  no t  e x h i b i t  any s i g n i f i c a n t  s t i m u l a t i o n  o r  i n h i b i t i o n  e f f e c t  
when compared w i t h  sodium n i t r a t e  which  was the  n i t r o g e n  s o u r c e  in  
o u r  basal medium. 
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Table  1 .  D e g r a d a t i o n  o f  PCP and MCP i n  Fermentors  

R e a c t i o n  I n d u c t i o n  
C o n d i t i o n s  P e r i o d  

( d a y )  
D e s r a d a t i o n  

t � 8 9  k ( h - i ) x l 0 2  

A e r o b i c  m e t a b o l i s m  PCP 2 .1  0 . 3 6  7 . 4  
A e r o b i c  c o - m e t a b o l l s m  PCP 2 . 5  0 . 5 2  5 . I  

MCP 1 .3  0 . 2 9  9 . 1  
A n a e r o b i c  metabolism PCP 1 3 . 0  190 0.014 

2 0 . 0  A n a e r o b i c  c o - m e t a b o l i s m  PCP >200 

MCP 3 . 9  5 . 8  

Nitrogen source* 
NaNO 3 1.2 0.63 4.2 
(Wa4)2SO 4 ! .2 0.75 3.5 
NH4NO 3 1.2 0.8 5 3. I 
Urea 1.2 0.61 1.9 
Peptone  1 �9 9 1 .2  2 . 3  
Yeast e x t r a c t  1 . 2  0 . 3 6  7 . 3  

* Experiments were carried out under 
aerobic metabolism conditions 
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We wish  to  e m p h a s i z e  h e r e  t h a t  ou r  l a b o r a t o r y  b i o d e g r a d a t i o n  s y s t e m  
dues  no t  p r e t e n d  to  be a n a t u r a l  a q u a t i c  e c o s y s t e m .  I t  d o e s ,  
h o w e v e r ,  o f f e r  a t o o l  f o r  i n v e s t i g a t i n g  the  complex i n t e r a c t i o n s  
be tween  c h e m i c a l s  and d i f f e r e n t  e n v i r o n m e n t a l  c o n d i t i o n s  where  r i g i d  
c o n t r o l s  a r e  needed  i n  o r d e r  to  d i f f e r e n t i a t e  d e g r a d a t i o n  
mechanisms. 
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