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Since the i d e n t i f i c a t i o n  of p o l y c h l o r i n a t e d  b iphenyl  
(PCB) res idues in the environment in Sweden (Jensen, 
1966) an e f f o r t  has been made to determine the leve l  
and d i s t r i b u t i o n  of these m a t e r i a l s  as wel l  as t h e i r  
e f f e c t s  upon l i v i n g  organisms. The widespread d i s t r i -  
bu t ion  of low but de tec tab le  l e v e l s  of some PCBs in 
the environment is  now wel l  documented and a s u b s t a n t i a l  
amount of  data have been accumulated regard ing  t h e i r  
acute ,  subacute,  and chron ic  t o x i c i t y  (Peakal l  and 
L i n c e r ,  1970; Edwards, 1970). 

While much is  known about the e f f e c t s  of  PCBs on 
l i v i n g  organism~ there is  r e l a t i v e l y  l i t t l e  in fo rma-  
t i o n  a v a i l a b l e  regard ing  the e f f e c t s  t ha t  l i v i n g  
organisms have upon PCBs, i . e .  t h e i r  b i o d e g r a d a b i l i t y .  

The b i o d e g r a d a b i l i t y  or s u s c e p t i b i l i t y  of  an organ ic  
compound to b i o l o g i c a l  deg rada t i on ,  e s p e c i a l l y  by 
b a c t e r i a ,  is  a prime determinant  of i t s  env i ronmenta l  
res idence t ime.  The f i n d i n g  of PCB res idues in the 
envi ronment suggests to many t ha t  PCBs as a c lass of 
compounds are r e s i s t a n t  to m ic rob ia l  deg rada t ion .  
However, in order  to f a i r l y  eva luate  the pe rs i s tence  of 
PCBs i t  must be understood t ha t  PCBs are not a s i n g l e  
e n t i t y ,  but complex mix tu res  made up of many e n t i t i e s  

�9 which may undergo b i o l o g i c a l  degradat ion  at d i f f e r e n t  
r a tes .  

Ch lo r ina ted  b ipheny ls  are commercia l ly  produced by the 
d i r e c t  c h l o r i n a t i o n  of b i p h e n y l .  The r e s u l t a n t  mix-  
tures can t h e o r e t i c a l l y  have as many as 210 d i f f e r e n t  
components con ta i n i ng  0- I0  c h l o r i n e  atoms per b iphenyl  
molecule.  Of the poss ib le  isomers,  103 are considered 
most probable (Widmark, 1968). The comp lex i t y  of  the 
PCBs, t h e r e f o r e ,  compl icates the de te rm ina t i on  of both 
env i ronmenta l  l eve l s  and t h e i r  impact on the b i o t a .  

Environmental  mon i to r i ng  programs have demonstrated 
t h a t ,  w i t h  the excep t ion  of  d i r e c t  high leve l  c o n t r o l l -  
able con tamina t ion  near po in ts  of  manufacture or use, 
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the PCBs g e n e r a l l y  found in the envi ronment  are the more 
h i g h l y  c h l o r i n a t e d  b i p h e n y l s ,  i . e . ,  those c o n t a i n i n g  5 
or more c h l o r i n e  atoms per b ipheny l  molecule (Jensen and 
Widmark, 1967; Holmes, e t  a l ,  1967; Koeman, et  a l ,  19691 
This is  t rue  even though the more h i g h l y  c h l o r i n a t e d  
b ipheny l s  c o n s t i t u t e  on ly  about 35% of a l l  the PCBs manu- 
f a c t u r e d  oNer the years (Monsanto Company, 1971).  This 
is  s t rong  evidence t h a t  the less  c h l o r i n a t e d  m a t e r i a l s  
degrade more r a p i d l y  than the more h i g h l y  c h l o r i n a t e d  
ones. I t  a lso suggests  t h a t  even under c o n d i t i o n s  of  
u n r e s t r i c t e d  use and w i t h o u t  spec ia l  p recau t i ons  to 
p revent  en t r y  i n t o  the env i ronment  t h a t  the less  c h l o r -  
i na ted  m a t e r i a l s  degraded r a p i d l y  enough to p revent  
accumu la t ion .  

I t  is  obv ious ,  t h e r e f o r e ,  t h a t  to ob ta i n  a more com- 
p l e t e  unders tand ing  of the env i ronmenta l  behav io r  of 
PCBs t h a t  i n f o r m a t i o n  concern ing  t h e i r  s u s c e p t i b i l i t y  
to m i c r o b i a l  deg rada t i on  is  needed. 

I t  has been shown t h a t  b ipheny l  can be degraded by 
gram-negat ive  b a c t e r i a  th rough 2 , 3 - d i h y d r o  - 2 , 3 - d i h y -  
d roxyb ipheny l ,  ~ -hyd roxy -$ -pheny lmucon i c  sem i -a l de -  
hyde and phenyl pyruvate  (Lunt  and Evans, 1970) ,  and 
i t  has been repo r ted  t h a t  Pseudomonas pu t i da  o x i d i z e s  
b ipheny l  th rough 2 , 3 - d i h y d r o  - 2 , 3 - d i h y d r o x y b i p h e n y l  
and benzoic  ac id ( C a t e l a n i ,  et  a l ,  1971).  More 
r e c e n t l y  Gibson and co -workers  i s o l a t e d  a bac te r ium,  
t e n t a t i v e l y  i d e n t i f i e d  as a B e i j e r i n c k i a  spec ies from 
a p o l l u t e d  s t ream, capable of u t i l i z i n g  b ipheny l  as a 
so le source of  carbon and energy f o r  growth (Gibson,  
e t  a l ,  1973) and organisms capable of o x i d i z i n g  
b ipheny l  and p - c h l o r o  b ipheny l  have been shown to be 
w ide l y  d i s t r i b u t e d  in the na tu ra l  env i ronment  (Ohmori ,  
et  a l ,  1973).  

Degradat ion  s t u d i e s  have a lso been c a r r i e d  out  on some 
se lec ted  PCB isomers w i th  two spec ies of Achromobacter 
i s o l a t e d  from sewage (Ahmed and Focht ,  1973a,b)  and 
w i th  A r o c l o r  1242 (Ka i se r  and Wong, 1974).  To da te ,  
no work has been repo r ted  on the b i o d e g r a d a t i o n  of 
commercial PCB mix tu res  by a c t i v a t e d  s ludge .  

In the study repo r ted  here,  the s u s c e p t i b i l i t y  of 
commercial p o l y c h l o r i n a t e d  b ipheny l  m ix tu res  to p r i -  
mary deg rada t i on  by a c t i v a t e d  s ludge microorgan isms 
was i n v e s t i g a t e d .  
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METHODS AND MATERIALS 

Polychlorinated Biphenyl Mixtures 

The fol lowing polychlor inated biphenyl mixtures manu- 
factured by Monsanto Company were studied: Aroclor I 
1254, Aroclor 1242, Aroclor lOl6, MCS I043 (not a 
commercial mixture),  and Aroclor 1221. In Table I ,  
the typical  per cent composition of the mixtures 
studied is given in terms of the number of chlor ine 
atoms per biphenyl. 

TABLE I 
TYPICAL % COMPOSITION OF 

POLYCHLORINATED BIPHENYL PRODUCTS* 

# Cl Aroclor MCS Aroclor Aroclor Aroclor 
Bi- 1221 I043 I016 1242 1254 

phenyl (21% Cl) (30% Cl) (41% Cl) (42% CI) ~54% Cl) 

0 I I  O.l <O.l <O.l <O.l 
l 51 22 l l <O.l 
2 32 72 20 16 <0.5 
3 4 6 57 49 l 
4 2 ND 21 25 21 
5 <0.5 ND l 8 48 
6 ND ND <O.l l 23 
7 ND ND ND <O.l 6 
8 ND ND ND ND ND 

*Per cent (w/w) by GC/Mass using area correct ion 
factors.  

ND - None Detected, <0.01% 

Biodegradation Method 

The primary degradation rate of the PCB mixtures was 
determined using the Soap and Detergent Association 
semi-Continuous activated sludge (SCAS) procedure and 
modified feed (S.D.A., 1965, 1969). The sludge uni t  
used was a cy l i nd r i ca l  glass chamber (85 mm O.D.) of 
1500 ml working volume with provisions for  aerat ion,  
magnetic s t i r r i n g ,  sampling and drain ing.  The ac t i -  
vated sludge cul ture was obtained from a local munici- 
pal sewage treatment plant and acclimated on synthet ic 
sewage (300 mg of glucose + 200 mg nut r ien t  broth § 
130 mg KH2P04 per l i t e r )  for  several weeks pr ior  to the 
s ta r t  of actual feeding of the polychlor inated biphenyl 
mixtures. The mixed l iquor  (sludge + aqueous phase) 
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was i n i t i a l l y  adjusted in each sludge unit  to a sus- 
pended solids concentration of about 2500 mg/l i ter and 
during the course of the tests readjusted to this value 
on a weekly basis. 

Each cycle was i n i t i a ted  by the addition of synthetic 
sewage and the PCB being studied. 

Because of the i r  low water s o l u b i l i t y ,  the PCB mixtures 
being tested were fed via syringe inject ion of 200 ~l 
of an ethanol solution. In this manner, homogeneous 
dispersions of the PCBs on the bacterial sludge were 
obtained. 

After about 30 minutes of aeration, a 20 ml aliquot of 
the mixed l iquor was withdrawn and analyzed for the PCB 
mixture in question. Aeration was continued unt i l  the 
end of the cycle when a second 20 ml sample of mixed 
l iquor was withdrawn for analysis. At this point, the 
aeration was stopped and the sludge allowed to set t le .  
After noting the sludge volume, two-thirds (lO00 ml) 
of the supernatant was withdrawn and replaced with tap 
water. Monitoring of the sludge volume and supernatant 
pH provided some indication of sat isfactory operation 
of the uni t .  The units were generally operated on two 
48-hour and one 72-hour cycle per week. 

Analytical Methods 

The PCBs in the mixed l iquor samples were isolated from 
the sample matrix by solvent extraction using either 
nanograde or spectrograde hexane. After concentrating 
in a Kuderna-Danish evaporative concentrator, the ex- 
tracts were analyzed for PCBs by either electron-capture 
gas chromatography (EC/GC) or u l t rav io le t  (UV) spectro- 
photometry. The UV analyses were made with a Cary Model 
14 recording spectrophotometer and matched 2.0 cm quartz 
cel ls.  The gas chromatographic analyses were carried out 
with a Hewlett-Packard 5750 chromatograph equipped with a 
Ni 63 electron-capture detector. A 2m X 4 mm glass col- 
umn packed with 4% XE-60 on 80/I00 mesh Chromosorb W, 
H.P., was employed. The temperatures of the inject ion 
port, column and detector were 220~ 170~176 and 
300~ respectively. Calibration curves were prepared 
using standard solutions of the appropriate PCB mixture. 

In Table I I ,  the wavelength of the absorption maxima 
and absorpt iv i t ies employed in the UV analyses are 
given. Aroclor 1254 did not have su f f i c ien t  UV absorp- 
tion for analytical purposes. 
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TABLE I I  
ULTRAVIOLET ABSORPTION AND RECOVERY DATA FOR 

BIPHENYL AND POLYCHLORINATED BIPHENYL MIXTURES 

Absorpt iv i ty Per Cent 
Material ~ Max.,nm Liters/g-cm Recovery 

Biphenyl 246 llO.9 93 + 3 
Aroclor 1221 245 66.4 96 u l 
MCS I043 244 48.9 95 ~ l 
Aroclor lOl6 246 36.1 92 u l 
Aroclor 1242 245 37.0 84 ~ l 
Aroclor 1254" - 76 u 2 

*Analyzed by EC/GC 

In order to demonstrate the eff ic iency of the extrac- 
tion procedure, samples of activated sludge were spiked 
in duplicate at two levels, 2.5 and 5 ppm, with each of 
the materials and then carried through the entire 
analytical procedure. The recovery data for each PCB 
f lu id  studied are given in Table I I .  No isomer dis- 
t r ibu t ion  changes were observed upon comparison of the 
electron-capture chromatograms of the PCB reference 
materials to those of the spiked sludge extracts. 

In order to show that the PCBswere not i r revers ib ly  ad- 
sorbed on and/or stored within the bacterial cells of 
the activated sludge and therefore not recovered via 
extract ion, a sample of acclimated Aroclor lOl6 mixed 
l iquor was homogenized with a Polytron Sonic Homogen- 
izer to lyse the bacterial cells and then extracted. 
A lO0 ml sample of homogenized mixed l iquor gave a PCB 
level of 0.51 mg compared to 0.58 mg for an identical 
mixed l iquor sample treated in the normal manner. 

RESULTS AND DISCUSSION 

In Figure l ,  the per cent degradation rates and 95% 
confidence l imi ts  obtained in this study are given 
for biphenyl and the PCB f lu ids .  I t  is apparent 
from the plot of degradation rate vs weight per cent 
chlorine that the level of chlorination of the mix- 
ture is the most s ign i f i cant  factor in the re lat ive 
degradabil i ty of the PCBs. 

The degradation rates reported here were obtained after 
the sludge units had been acclimated for about 5 months 
to the appropriate PCB. I n i t i a l l y  the PCB mixtures 
were fed at a rate of l mg per 24-hour cycle, but be- 
cause of the re la t i ve ly  slow rate of degradation 
observed in spot checks, the cycle time was increased 
to 48 hours. 
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I 
"~  ~ Aroclor I 

~ 60- 
g. 

L \ I :~ 40 D_ 
I Biphenyl - I 0 - ~ - -  X A !oc,/or J 
I Aroclor 1221 8 I • 6 ~,u,o I 
I .cs  1043 56 ._16 I 

r, ,  20 h Aroclor 1016 33 -+14 . . . .  " ~ .  J 
o~ J Aroclor 1242 26 +16 ~o lAr~176  
z:~ J Aroclor 1254 15 _+38 j1254 

~:  J Addition role I mcJ/48 hrs J 
t = I = I = I I I i [ I 
0 I0 20 30 40 50 

% Chlorine (W/w) 
F igu re  I .  SCAS p r ima ry  b i o d e g r a d a t i o n  r a t e s  o f  
commercial  PCBs as a f u n c t i o n  o f  the  w e i g h t  per 
cent  c h l o r i n e .  

S ince A r o c l o r  1221 was found to  be q u i t e  d e g r a d a b l e ,  the 
e f f e c t s  o f  both t ime cyc l e  and feed l e v e l  were s t u d i e d  
b r i e f l y .  In Table I I I  d i sappearance  r a t e  data o b t a i n e d  
f o r  24 and 48-hour  t ime cyc les  a t  1 and 5 mg feed l e v e l s  
are g i v e n .  I t  i s  apparen t  t h a t  f o r  A r o c l o r  1221, most 
o f  the  d e g r a d a t i o n  occurs  d u r i n g  the f i r s t  24 hours .  
Th is  can be e x p l a i n e d  by the f a c t  t h a t  the lower  c h l o r -  
i n a t e d  b i p h e n y l s  degrade more r a p i d l y  than the h i g h e r  
c h l o r i n a t e d  b i p h e n y l s .  

To v e r i f y  t h a t  the d i sappearance  o f  the PCBs was due 
p r e d o m i n a n t l y  to  d e g r a d a t i o n  and not  to v o l a t i l i z a t i o n ,  
o f f - g a s e s  from the A r o c l o r  1221, MCS 1043, and A r o c l o r  
1016 u n i t s  were passed th rough  a t r a i n  o f  t h ree  hexane 
sc rubbers  d u r i n g  seve ra l  complete c y c l e s .  At the 0 . I  
cub ic  f o o t  per hour a e r a t i o n  r a t e ,  the d i sappearance  
r a t e s  due to  v o l a t i l i t y  were 4 . 2 ,  6 . 1 ,  and 3.6% f o r  
A r o c l o r  1221, MCS 1043, and A r o c l o r  1016, r e s p e c t i v e l y .  
These losses  are we l l  w i t h i n  the 95% c o n f i d e n c e  l i m i t s  
o f  the o v e r a l l  d i sappearance  r a t e s .  
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TABLE I l l  
EFFECT OF TIME CYCLE AND FEED LEVEL ON 
THE AROCLOR 1221 DISAPPEARANCE RATE 

Disappearance Rate~ % 
Feed Level 24-Hr Cycle 48-Hr Cycle 

l mg 73 + 21 81 + 6 
5 mg 89 u 17 87 T 5 

In order to observe changes in the d is t r ibu t ion  of the 
chlorinated biphenyls in the PCBs mixtures after 
exposure to the activated sludge, selected samples of 
Aroclor 1221, MCS I043, Aroclor lOl6 and Aroclor 1242 
were analyzed by EC/GC. The chromatogram for Aroclor 
1221 is shown in Figure 2. The top trace is a chro- 
matogram of the Aroclor 1221 standard, representative 
of the feed material. The center trace is that of a 
concentrated sludge extract taken at the end of a 
degradation cycle. At the bottom is a trace of an 
Aroclor 1242 standard run under equivalent conditions. 
The numbers above each peak indicate the dominant PCB 
represented by the peak as determined by GC/Mass 
spectrometry. Comparison of the extract chromatograms 
to that of the Aroclor 1242 standard shows that the 
minor components in Aroclor 1221, which do not degrade 
as rapidly, are the major components in Aroclor 1242. 

2 

3 

4 4 4 4~5 

3 4 4 4 ~  

l A I ~ I , I , i , I ~ l i I , I , I A 
0 2 4 6 8 I0 12 14 16 18 

MINUTES 
Figure 2. Typical electron capture chromatograms for 
Aroclor 1221, after exposure to activated sludge for 
24 hours, and Aroclor 1242. 
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I t  is important to note that the electron-capture detec- 
tor does not have the same response for all components. 
With PCBs, the sens i t i v i t y  of the detector generally 
increases as the degree of chlorination increases. From 
the Aroclor 1221 chromatograms, i t  is apparent that the 
dominant monochlorobiphenyl and dichlorobiphenyl compo- 
nents are readily degraded. Once the major components 
of Aroclor 1221 are degraded, the minor more slowly 
degrading components are easily observed after concen- 
t ra t ion of the sludge extracts. 

Similar, less dramatic, alterat ions were noted for MCS 
I043 and Aroclor 1242. No differences were observed in 
the extract and Aroclor 1254 standard chromatograms. 

CONCLUSIONS 

The results of this study demonstrate that commercial 
PCB mixtures which contain predominantly mono- and di -  
chlorobiphenyls readily undergo primary biodegradation 
under the experimental conditions employed. 

The data also i l l us t ra tes  that as the levels of t r i - ,  
te t ra - ,  and pentachlorobiphenyls increase, the degra- 
dation rates decrease accordingly. This resistance 
of the more highly chlorinated biphenyls, par t icu lar ly  
those containing 5 or more chlorine atoms per molecule, 
explains in part the i r  detection as residues in 
weathered biological and environmental samples. 
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