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The following is a rev iew art icle .  

Biodegradability of Alkylbenzene Sulfonates 
W.A. Sweeney*  a n d  R.G. Anderson~ 
Chevron Research Company, P.O. Box t627, Richmond, California 94802-0627, and 
~ Orchid Drive, San Rafael, California 94903. 

This article puts  in perspect ive  various ques t ions  con- 
cerning the environmental  impact  o f  a lkybenzene  sul- 
fonates  (ABS).  Several  points  which are frequent ly  
over looked or misunders tood  are clarified: 
1. Except  for the  nuisance  aspects  o f  its foaming ten- 
dency, ABS entering the  environment  as a component  
o f  household  sewage  is ins ignif icant  relative to other  
pollutants.  
2. Any negative impact  that ABS has - - foaming ,  possi-  
ble interaction with l iving o r g a n i s m s - - c o m e s  from its 
surface active character. When it b iodegrades  suffi-  
ciently to lose  its  surface active character, it b e c o m e s  
innocuous.  Hence,  only "primary" biodegradat ion 
rates are important.  
3. Linear ABS (LAS) b iodegrades  much faster  than 
highly branched ABS (BAS).  However,  they  both even- 
tually complete ly  degrade in an aerobic environment.  
4. Nei ther  BAS nor LAS degrade w h e n  the  sewage  does  
not  receive adequate  aerobic sewage  treatment  either 
in a treatment  plant or in the  receiving water. There- 
fore, in local i t ies  without  adequate  aerobic sewage  
treatment,  there is no environmental  incentive to use  
LAS in preference  to BAS. 
5. Realist ic  laboratory tes t s  mirror the  sewage  treat- 
ment  process .  It is not  reasonable ,  except  for screen- 
ing purposes ,  to run biodegradat ion tes ts  in the 
absence  o f  sewage.  
6. Slight variat ions in the  LAS s truc ture - - i somer  dis- 
tribution, modes t  branching- -do  not  af fect  its biodeg- 
radation in realistic tests .  
7. The important criteria for a country contemplat ing a 
switch from BAS to LAS are the concentrat ion of  ABS 
found in receiving waters  and the  adequacy of  sewage  
treatment.  

ABS, first used in the 1930's, has been the major surfac- 
tant  for synthetic household detergents worldwide since 
the 1950's. Approximately 4.5 B lb/yr are presently pro- 
duced. The basic chemistry and properties have long been 
established, but there have been changes from time to 
time in the source of the alkyl group. At. first, chlorinated 
kerosene fractions were used. Now, the two common 
sources of the alkyl side chain are: 
1. Cl1-C15 propylene oligomer. After alkylation and sulfo- 
nation reactions, this provides a highly branched ABS 
called BAS. BAS has sometimes been called TBS (tetra- 
propylene benzene sulfonate) and DBS (dodecyl benzene 
sulfonate). It was originally called ABS for alkylbenzene 
sulfonate. This latter term should only be used as a 
generic name covering all structures. (Note that  ABS can 
be confused with the abbreviation for acrylonitrile/buta- 
diene/styrene plastics.) It was developed in the 1940's, 
but has not been used in the industrial countries since the 
mid-1960's because of environmental concerns based on 
its relatively slow biodegradation rate. Worldwide usage 
is approximately 1.2 B lb/yr. 

*To whom correspondence should be addressed. 

2. C10-C14 n-paraffin. After dehydrogenation or chlorina- 
tion, alkylation, and sulfonation, this forms a linear side 
chain ABS called LAS. Because of its relatively fast biodeg- 
radation rate, it was developed in the 1960's to overcome 
the concerns with BAS. Worldwide usage is approxi- 
mately 3.2 B lb/yr. 

The switch from BAS to LAS in the industrial countries 
resulted from many observations that  BAS was being 
found in sewage t reatment  plants and inland waterways 
at a concentration high enough to cause noticeable foam, 
and that  the BAS did not quickly disappear, i.e., biode- 
grade. 

A very large scientific effort was mounted by govern- 
ment and industry to analyze the problem and seek solu- 
tions. The large amount  of scientific information collected 
has been well documented by R.D. Swisher in 1970 and 
again in 1987 (1). LAS was found to be a completely sat- 
isfactory cure for the problems (2-4). 

LAS is much more quickly degraded by common micro- 
organisms that  BAS. In 1965, the United States detergent 
industry switched from BAS to LAS at an estimated cost 
of $150 MM (5). The foaming problems disappeared. 

During the last 20 years, there has been a t remendous 
increase in concerns, investigations, cleanup operations, 
laws, and regulations in the area of environmental affairs. 
Analytical techniques have grown much more sophisti- 
cated and risk assessment has matured. 

It is very notable that  the first item to gain widespread 
a t tent ion-- the  foaming surfactant-- is  no longer an issue. 
This is because of the success of LAS and realization that  
many other pollutants (pesticide residues, heavy metals, 
fluorocarbons, radon, acid rain, etc.) which are not as 
readily visible as the foaming surfactant  can have a real, 
rather than just a cosmetic, environmental effect. Now 
many prestigious books on pollution and water  quality 
hardly even mention ABS (6-8). 

Nevertheless, the subject of ABS biodegradability is still 
of interest today for two reasons: 
1. BAS is still used in many countries where LAS has not 
been needed. In those countries, the question of switching 
to LAS is reviewed from time to time. In this article, we 
present rational environmental criteria for making this 
decision. 
2. Questions may arise in connection with biodegradabil- 
ity requirements for variations on the LAS structure or 
for LAS itself. 

Therefore, the authors feel that  the present discussion 
is warranted,  even though some of the facts were estab- 
lished over 20 years ago. However, we will not provide 
detail on all the studies which have been covered so well 
by Swisher. Our aim is to discuss the points that  are 
important  in arriving at realistic public policy. 

ABS IN THE ENVIRONMENT 

Source. This discussion is concerned onlywith ABS which 
has been used as a surfactant  in household detergents. 
After use, it always enters the environment--lakes, rivers, 
the ocean- -as  a component  of household sewage. This 
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s i t ua t i on  is ve ry  i m p o r t a n t  because  it m e a n s  t h a t  t he  ABS 
is a lways  m i x e d  wi th  a nox ious  s t r e a m  which  m u s t  be 
t r e a t e d  or  h ighly  d i lu t ed  to  avoid  po l lu t ing  the  receiving 
w a t e r  (9). Of course ,  it  shou ld  be n o t e d  t h a t  ABS could  
e n t e r  t he  e n v i r o n m e n t  f rom o t h e r  sources ;  e.g., f rom 
i n d u s t r i a l  or  a g r i c u l t u r a l  uses.  The  conc lus ions  r e a c h e d  
he re  m a y  no t  a lways  a p p l y  in t hose  cases.  

Observance. The c o n c e n t r a t i o n  of  ABS in h o u s e h o l d  
sewage  is of ten  in t he  r a n g e  of  i to  20 p p m .  The level found  
d e p e n d s  on m a n y  f a c t o r s - - p e r  c a p i t a  w a t e r  usage,  p e r  
c a p i t a  d e t e r g e n t  c o n s u m p t i o n ,  a n d  types  of  d e t e r g e n t  
f o r m u l a t i o n s  used.  

ABS in w a t e r  a t  1 to  20 p p m  will foam when  ag i ta ted .  I t  
was  th is  t e n d e n c y  to foam t h a t  b r o u g h t  a t t e n t i o n  to  BAS 
in receiv ing w a t e r s  in t he  1950's. Previously,  t he  mos t  
c o m m o n l y  used  su r f ac t an t ,  soap ,  was  no t  obse rved  foam-  
ing in sewage  because  s o a p  p r e c i p i t a t e s  wi th  t he  h a r d -  
hess  ions  in t he  w a t e r  a n d  is quickly  deg raded .  

Fate. The mos t  effective w a y  to t r e a t  sewage  is to  p ro -  
m o t e  t he  ox ida t ive  a s s imi la t ion  of  t he  o rgan ic  m a t t e r  by 
mic roo rgan i sms .  Both  an  a d e q u a t e  s u p p l y  of  m ic roo rga -  
n i sms  a n d  oxygen  m u s t  be p rov ided .  M a n - m a d e  o rgan ic  
c o m p o u n d s ,  such  as  ABS or  soap ,  wh ich  a r e  p r e s e n t  in 
d o m e s t i c  sewage  a re  also a s s imi l a t ed  by  the  mic roo rga -  
nisms.  

The to t a l  a s s imi la t ion  of  o rgan ic  c o m p o u n d s  p r o c e e d s  
by  a n u m b e r  of  consecu t ive  enzymat i c  s t eps  which  can  
p r o c e e d  a long va r ious  p a t h w a y s .  The  p a t h w a y  which  fol- 
lows the  f a s t e r  s t eps  is favored .  A n d  the  c o m p o u n d  which  
c o n t a i n s  s t r u c t u r a l  f e a t u r e s  which  a r e  easi ly  a t t a c k e d  is 
a s s imi l a t ed  first.  All  th is  is t r ue  for  ABS molecu les  as  well  
as  for  o t h e r  o rgan ic  c o m p o u n d s .  D e g r a d a t i o n  exper i -  
m e n t s  i nd i ca t e  t h a t  t he  ABS molecu le  is n o r m a l l y  
a t t a c k e d  f i rs t  on the  end  of  t he  alkyl group,  a n d  t hen  s tep-  
by-s tep  the  whole  molecu le  is c o n v e r t e d  into  CO2, wa te r ,  
a n d  su l fa te  ion (10-12).  As d i s cus sed  in g r e a t e r  de ta i l  
below, t he  r a t e  d e p e n d s  on the  specif ic  ABS m o l e c u l a r  
s t ruc tu re .  

Problems. Clearly, ABS or  any  o t h e r  s u r f a c t a n t  c o m p o -  
nen t  of  h o u s e h o l d  sewage  is no t  a s igni f icant  e n v i r o n m e n -  
ta l  p r o b l e m  as long as t he  sewage  i tself  r e m a i n s  p resen t .  
The sewage  is t he  ove r r id ing  p rob lem.  It  c o n t a i n s  p a t h o -  
genic o r g a n i s m s  a n d  possesses  a high biological  oxygen  
d e m a n d  (BOD), which  is h a r m f u l  to  aqua t i c  life. If, how- 
ever, t he  ABS is stil l  p r e s e n t  a f t e r  t he  sewage  has  been  
well  t r e a t e d ,  it m a y  t hen  be a p r o b l e m  if it is found  to be 
h a r m f u l  in some  way. 

This was  t he  s i t ua t i on  wi th  the  use  of  BAS in a n u m b e r  
of  local i t ies  in t he  i n d u s t r i a l  c o u n t r i e s  in t he  la te  1950's 
a n d  ea r ly  1960's (13, 14). In a n u m b e r  of  ins tances ,  
enough  BAS r e m a i n e d  a f t e r  sewage  t r e a t m e n t  to  cause  
foaming  diff icul t ies  in sewage  t r e a t m e n t  p l a n t s  a n d  a t  
t he i r  outfal ls .  General ly ,  t he  c o n c e n t r a t i o n  a t  t h a t  p o i n t  
was  in t he  1-5 p p m  range.  Af t e r  f u r t h e r  d i lu t ion  in the  
receiv ing w a t e r s  be low a b o u t  1 ppm,  foaming  was  no t  
observed.  

Because  of  m a n y  s tud ie s  showing  the  re la t ive ly  innocu-  
ous  tox ico log ica l  n a t u r e  of  ABS, (15, 16) t he  U.S. Publ ic  
Hea l th  Service a l lowed t h e  p r e s e n c e  of  ABS (up  to  0.5 
p p m )  in d r ink ing  w a t e r  which  was  a f fec ted  by  the  
u p s t r e a m  use  of  d e t e r g e n t s  (17). The re  is no effect  on 
t a s t e  f rom ABS when  its c o n c e n t r a t i o n  is be low a b o u t  
16-40 p p m  (18, 19). 

Su r f ac t an t s ,  in genera l ,  do show some  biological  effects  
which  a r e  t he  resu l t  of  t he i r  t e n d e n c y t o  a d s o r b  on biolog- 

ical  m e m b r a n e s .  F o r  e x a m p l e ,  s u r f a c t a n t s  can  p r o d u c e  
m o r b i d i t y  wi th  sens i t ive  fish w h e n  p r e s e n t  a t  t he  1-5 p p m  
level in c lean  w a t e r  (20-22) .  This is no t  an  i m p o r t a n t  
f ac to r  when  the  s u r f a c t a n t  is p r e s e n t  in u n t r e a t e d  house-  
ho ld  sewage  a t  t he  1-5 p p m  level b e c a u s e  t he  sewage  i t se l f  
is in imica l  to  t he  fish. 

As s t a t e d  ear l ier ,  w h e n  s u r f a c t a n t s  b iodegrade ,  t h e y  
a re  c o n v e r t e d  s t epwise  by  o x i d a t i o n  in to  sma l l e r  mole-  
cules  a n d  a re  even tua l ly  fully ass imi la ted .  The  o x i d a t i o n  
i n t e r m e d i a t e s  f rom ABS gene ra l ly  c on t a in  an  ionic car -  
boxyl  g roup  as  well  as  t he  su l fona t e  group.  Because  t h e s e  
molecu les  have  ga ined  the  p o l a r  c a r b o x y l  g roup  a n d  have  
los t  some  of  t he i r  h y d r o p h o b i c  h y d r o c a r b o n  chain ,  t h e y  
have  los t  t he i r  b a l a n c e d  h y d r o p h o b i c / h y d r o p h i l i c  sur fac-  
t a n t  c h a r a c t e r .  They  no longer  r e s p o n d  to s u r f a c t a n t  ana -  
ly t ica l  t es t s  a n d  t h e y  no longer  exh ib i t  s u r f a c t a n t  behav-  
ior. They  do no t  foam. They  will no t  s h o w  the  biological  
effects  of  the  or ig ina l  s u r f a c t a n t  (10). 

Therefore ,  in t e r m s  of  con t ro l l ing  e n v i r o n m e n t a l  p rob -  
lems f rom ABS such  as  foaming,  it is e s sen t i a l  to m e a s u r e  
t he  s u r f a c t a n t  c o n c e n t r a t i o n  itself. I t  is no t  mean ing fu l  to  
m e a s u r e  t he  n o n f o a m i n g  o x i d a t i o n  i n t e r m e d i a t e s  wh ich  
a re  no t  su r f ace  active. There  is no r e a s o n  to  s u s p e c t  t h a t  
t he se  o x i d a t i o n  i n t e r m e d i a t e s  a r e  any  m o r e  t r o u b l e s o m e  
t h a n  the  o t h e r  p a r t i a l l y  ox id ized  o rgan ic  c o m p o u n d s  
f rom the  sewage.  Recently,  t he  p res t ig ious  Br i t i sh  "Stand-  
ing Techn ica l  C o m m i t t e e  on Syn the t i c  Dete rgen ts"  con-  
c luded  t h a t  " there  was  no c a u s e  for  concern"  f rom "the 
p r e s e n c e  of  t r a c e s  of  c h e m i c a l  r e s idues  of  d e t e r g e n t  ori- 
gin" a f te r  sewage  t r e a t m e n t  (23). 

Biodegradation Tests. Many te s t s  have  been  devised  to  
m e a s u r e  t he  r a t e  of  d e c a y  of  su r f a c t a n t s .  Some a re  ba tch ,  
some  con t inuous ,  some  "f i l l -and-draw" s emicon t inuous .  
There  can  be a wide  r ange  of  biological  ac t iv i ty  in t he  
tes ts ,  d e p e n d i n g  on the  c o n c e n t r a t i o n  a n d  types  of  orga-  
nisms,  t he  o rgan ic  s u b s t r a t e s  p rev ious ly  a s s i m i l a t e d  by  
the  o rgan i sms ,  a n d  the  r a t e  of  ae ra t ion .  Therefore ,  t e s t  
r e su l t s  (e.g., p e r c e n t  r e m a i n i n g  in c o n t i n u o u s  t e s t s  or  
t ime  r equ i r ed  for  90% r e m o v a l  in b a t c h  t e s t s )  a re  no t  
me a n ing fu l  un less  t e s t  c ond i t i ons  a r e  specif ied.  When  
c o m p a r i n g  two  s u r f a c t a n t s ,  it  is e s sen t i a l  to  run  the  s a m e  
t e s t  on both .  

The bes t  t e s t s  a re  t hose  which  s imu la t e  w h a t  w o u l d  
ac tua l l y  h a p p e n  to t he  s u r f a c t a n t  as  a c o m p o n e n t  of  sew- 
age, i.e., wh ich  s i m u l a t e  sewage  t r e a t m e n t .  The s u r f a c t a n t  
shou ld  be d isso lved  in r ea l  o r  s i m u l a t e d  sewage  a t  t he  
c o n c e n t r a t i o n  a t  wh ich  it w o u l d  be found  in use. The mix-  
t u r e  shou ld  be t r e a t e d  in a rea l i s t ic  way. Usually,  th is  
m e a n s  s imu la t i ng  a wel l - run  s e c o n d a r y  t r e a t m e n t  sys t em 
using r e t a i n e d  a c t i v a t e d  s ludge.  

Such a c t i v a t e d  s ludge  tes ts ,  however ,  a r e  re la t ive ly  
c o m p l i c a t e d  to  run ,  a n d  ve ry  of ten  s imple  b a t c h  "die- 
away" t e s t s  a r e  run  ins tead .  These  d i e - a w a y  t e s t s  a r e  ve ry  
useful  s c reen ing  tes ts ,  bu t  t he  r e su l t s  shou ld  be t r e a t e d  
wi th  cau t ion .  If  t he  biological  sys t em is no t  fully acc l ima-  
t ized or  is too  di lute,  t he  t e s t  m a y  show d i f fe rences  
be tw e e n  s u r f a c t a n t s  t h a t  a r e  no t  seen  in a rea l  s i tua t ion .  
Because  of  b a c t e r i a l  inhib i t ion  o r  lack  of  acc l ima t i za t ion ,  
one  m a y  see no d e c a y  for  long per iods ,  w h e r e a s  wi th  an  
ac t ive  b a c t e r i a l  sys tem,  t he  s a m e  s u r f a c t a n t  will r a p i d l y  
d e c a y  (24). One can  even see a r eve r sa l  in re la t ive  r a t e s  of  
d e c a y  of  s u r f a c t a n t s  in t hese  w e a k  sys tems.  In fact,  
Swisher  shows  a t e s t  in wh ich  BAS d e c a y e d  f a s t e r  t h a n  
LAS (25). 

Therefore ,  even in t he  b a t c h  d i e - a w a y  tes ts ,  one  shou ld  
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ensu re  t h a t  an active,  r o b u s t  biological  sys t em is p re sen t .  
This can  eas i ly  be done  by  a d d i n g  a few p e r c e n t  of  second-  
a ry  sewage  t r e a t m e n t  ef f luent  to the  med ium.  Even this,  
however ,  does  no t  avoid  all a cc l ima t i z a t i on  worr ies .  Con- 
ce rns  a b o u t  a cc l ima t i za t i on  a re  a n s w e r e d  by  r u n n i n g  
c o n t i n u o u s  t e s t s  or  by  p r e p a r i n g  the  b a c t e r i a  for  a b a t c h  
t e s t  by  a l lowing t h e m  to d e g r a d e  the  s u r f a c t a n t  in a pre-  
l im ina ry  e x p o s u r e  per iod .  

These  p o i n t s  we re  t a k e n  into  c o n s i d e r a t i o n  when  the  
va r ious  s t a n d a r d  t e s t s  were  d r a w n  up. The ASTM, for 
e x a m p l e ,  de sc r ibes  two tes ts :  a r e la t ive ly  s imple  "shake-  
flask" d i e - a w a y  t e s t  a n d  a m o r e  re l iab le  a c t i v a t e d  s ludge  
sewage  t r e a t m e n t  t e s t  (26). 

Once a re l iab le  t e s t  has  been  run,  t h e r e  is no obvious 
w a y  to dec ide  w h a t  is a s a t i s f a c t o r y  degree  of  removal .  
The dec is ion  is c o m p l e t e l y  a rb i t r a ry .  One cou ld  logical ly  
c o m p a r e  t he  r emova l  wi th  t he  r emova l  of  o t h e r  o rgan ic  
c o m p o n e n t s  of  t he  sewage  itself. One could  co r r e l a t e  wi th  
t he  d e c r e a s e  in Biological  Oxygen D e m a n d  (BOD) or  Ulti- 
m a t e  Oxygen D e m a n d  (UOD) of  the  whole  sewage.  

A m o r e  sens ib le  a p p r o a c h  is to  c o r r e l a t e  l a b o r a t o r y  
tes t s  wi th  behav io r  in t he  field a n d  t h e n  to  es tab l i sh  w h a t  
l a b o r a t o r y  t e s t  r e su l t  c o r r e l a t e s  wi th  a v o i d a n c e  of  envi  
r o n m e n t a l  p rob lems .  This was  done  in the  1960's wi th  
ABS. I t  was  d e t e r m i n e d  t h a t  LAS was  a lmos t  c o m p l e t e l y  
r e m o v e d  by  n o r m a l  s e c o n d a r y  sewage  t r e a t m e n t  in t he  
field (2, 3, 4). BAS was  only  a b o u t  65% r e m o v e d  (12). 

At  t hese  r e m o v a l  levels, enough  BAS r e m a i n e d  to  give 
foaming  difficult ies,  w h e r e a s  t he  lower  a m o u n t  of LAS did  
not.  Therefore ,  t he  l a b o r a t o r y  tes t s  were  des igned  so t h a t  
LAS r emova l  was  a t  leas t  80-90%, while  BAS r emova l  was  
low. 

The pos i t ion  of  r equ i r ing  a b o u t  90% r e m o v a l  of  an  ABS 
fits in well  wi th  t he  n o r m a l  r e m o v a l  of  a b o u t  90% of  t he  
sewage  BOD du r ing  a good  sewage  t r e a t m e n t  p roc e s s  (27, 
28). Fo r  e n v i r o n m e n t a l  p ro tec t ion ,  it is no t  r e a s o n a b l e  to 
r equ i r e  a h ighe r  level of  r e m o v a l  of  an  o rgan ic  p o l l u t a n t  
unless  it is c o n s i d e r e d  m o r e  h a r m f u l  t h a n  the  sewage  
itself. This is no t  t rue  wi th  ABS. 

As d i s cus sed  above,  it  is only  a p p r o p r i a t e  to  use b iode-  
g r a d a b i l i t y  t e s t  m e t h o d s  which  m e a s u r e  t he  a m o u n t  of  

i n t a c t  s u r f a c t a n t .  So-ca l led  "u l t imate"  b i o d e g r a d a b i l i t y  
t es t s  wh ich  m e a s u r e  the  overa l l  conver s ion  to  CO2 a n d  
w a t e r  a r e  no t  a p p r o p r i a t e  b e c a u s e  t he  o x i d a t i o n  in te r -  
m e d i a t e s  p r e s e n t  no p r o b l e m  as t h e y  p r o c e e d  down  the  
p a t h  to  t o t a l  o x i d a t i o n  (10). So, whi le  t he  r a t e  of  loss of  
s u r f a c t a n t  is i m p o r t a n t ,  the  r a t e  of  conver s ion  of  t he  oxi- 
da t i on  i n t e r m e d i a t e s  is not.  

BIODEGRADATION RATES OF ABS 

Biodegradabil i ty  of BAS. As s t a t e d  above,  BAS can  give 
e n v i r o n m e n t a l  foaming  p r o b l e m s  a n d  does  no t  p a s s  labo-  
r a t o r y  b i o d e g r a d a t i o n  tes ts ,  w h e r e a s  LAS cu re s  t hese  
p r o b l e m s  a n d  p a s s e s  t he  tes ts .  Many  peop le  have  mis- 
c o n s t r u e d  this  d i f fe rence  by  saying  LAS i s "b iodegradab le"  
a n d  BAS is "not b iodegradab le . "  Even the  mos t  s cho l a r l y  
a n d  a u t h o r i t a t i v e  so!~rccs occas iona l ly  sl ip in to  th is  mis-  
t a k e n  t e r m i n o l o g y  (29). On the  con t r a ry ,  t h e r e  is wide-  
s p r e a d  a n d  ove rwhehu ing  ev idence  t h a t  all t h e  va r i ous  
ABS s t r u c t u r e s  will fully b iodeg rade ,  given enough  t ime.  
Ear ly  on, S h a r m a n  (30) s h o w e d  this  for  BAS in an  e legan t  
fish t a n k  e x p e r i m e n t .  His d e c a y  curves  for  BAS a n d  LAS 
a re  r e p r o d u c e d  in F igure  1. Robeck et al. ( l l )  who  also 
used  r ad ioac t i ve ly  t agged  BAS s imi la r ly  r e p o r t e d  up  to  
98% re mova l  in soil l y s ime te r  e x p e r i m e n t s .  Even Swisher ' s  
early,  s imple  d i e - a w a y  t e s t s  s h o w e d  a b o u t  85% remova l  in 
30 days  (25). 

BAS is m a d e  f rom p r o p y l e n e  o l igomer  which  cons is t s  of  
h u n d r e d s  of  b r a n c h e d  i somers  a n d  homologs  cen te r ing  
a r o u n d  C12. The highly b r a n c h e d  olefins fo rm BAS mole-  
cules  wh ich  a re  ve ry  s low to deg rade .  The less b r a n c h e d  
ones  fo rm BAS molecu les  wh ich  d e g r a d e  fas ter .  This 
causes  the  d i e - a w a y  curves  for  BAS to be concave  
u p w a r d s ,  as seen in F igure  1. The f a s t e r  c o m p o n e n t s  
d e g r a d e  first.  

In a s econd  ser ies  of  e x p e r i m e n t s ,  S h a r m a n  et al. (31)  
s h o w e d  t h a t  BAS r e m a i n i n g  in s e c o n d a r y  sewage  t r e a t -  
m e n t  p l a n t  eff luent  can  be r e c o v e r e d  by  a foam s e p a r a -  
t ion p roc e s s  a n d  recyc led  to  t he  a e r a t i o n  zone w h e r e  
m o r e  of  it is d e c o m p o s e d .  In th is  way, the  overa l l  BAS 
r e mova l  was  i n c r e a s e d  f rom a b o u t  65% to 85% dur ing  
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normal sewage treatment.  With higher foaming efficiency 
equipment and modifications in the aeration equipment, 
even higher removals could be obtained. This approach 
was tried on a commercial scale in the United States but 
was not needed after the industry switch to LAS. Again, 
these experiments showed that  all the BAS molecules will 
progressively degrade. 

There were some literature suggestions that  BAS disap- 
pearance came from removal by adsorption rather  than 
biodegradation (32); but a number of studies (33), includ- 
ing Sharman's (31), have shown adsorption to be minor 
effect. 

Therefore, the slow but eventually complete degrada- 
tion of BAS has been well documented. The rate is actu- 
ally comparable to that  of some of the natural  compo- 
nents in sewage. These slower components can be 
measured in a UOD test instead of the usual, five day BOD 
test. After normal sewage treatment,  about 25-30% of the 
UOD is still present (34). 

Biodegradability ofLAS. LAS degrades rapidly during 
sewage treatment  and in reasonable laboratory tests. The 
straight-chain character  allows the fast degradation to 
Oc cur .  

LAS consists of a mixture of relatively few isomers and 
homologs. In certain mild tests, one can see differences in 
degradation rates between these isomers and homologs 
(35); but in more active tests, these differences disappear 
(24). In continuous tests, removals are very high, and in 
die-away tests, the decay curves are almost linear. 

In tests simulating good sewage treatment,  pure, 
straight-chain ABS molecules show very high removal 
values of about 99% (12). Practical LAS products, how- 
ever, do not show removal levels that  are quite as high, 
because these LAS products  contain minor amounts  of 
ABS impurities which are slower to degrade (36). Com- 
mercial LAS products  are usually only 90-97% degraded 
in continuous tests. In batch die-away tests, the decay 
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curves  show an  a p p r e c i a b l e  s l o w d o w n  in r a t e  a t  a b o u t  
5-15% remain ing .  

However ,  t he  p r e s e n c e  of  t he se  m i n o r  a m o u n t s  of  
s lower  d e g r a d i n g  impur i t i e s  in LAS is no t  a p rob lem.  
They, like BAS, will fully b iodegrade ,  given enough  t ime.  
The a m o u n t  is sma l l  enough  so t h a t  a f t e r  sewage  t r e a t -  
ment ,  t he  r e s i d u a l  ABS c o n c e n t r a t i o n  is be low the  level 
wh ich  can  cause  foaming  difficult ies.  

Other A B S  Structures. Many  s tud ies  have  shown  t h a t  
t he  r a t e  of  b iological  o x i d a t i o n  of  an  ABS molecu le  is 
h ighly  d e p e n d e n t  on its s t r uc tu r e .  I t  is gene ra l ly  t r ue  t h a t  
s t r a i g h t - c h a i n  molecu les  d e g r a d e  f a s t e r  t h a n  b r a n c h e d  
ones,  bu t  t h e r e  a r e  sub t l e t i e s  in behav io r  t h a t  a r e  no t  well  
u n d e r s t o o d .  Therefore ,  a n y  new ABS s t r u c t u r e  needs  to  
be t e s t e d  to  d e t e r m i n e  whe the r ,  as  d i s cus sed  above, it  can  
p a s s  t he  t e s t s  e s t a b l i s h e d  in t he  i n d u s t r i a l  coun t r i e s  
w h e r e  sewage  is well  t r e a t e d .  

Tests  r u n  on p u r e  c o m p o u n d s  i l l u s t r a t e  th is  c o m p l e x -  
ity. F igure  2 l ists  p e r c e n t  ABS r e m a i n i n g  for  va r i ous  ABS 
s t r u c t u r e s  in t e s t s  t h a t  p r o v i d e d  good sewage  t r e a t m e n t  
(12). Some of  t h e  r e su l t s  a re  surpr i s ing .  Q u a t e r n a r y  
b ranch ing ,  wh ich  is t h o u g h t  to  i m p e d e  biological  ass imi-  
la t ion,  has  no effect  on s u r f a c t a n t  d i s a p p e a r a n c e  w h e n  it 
is n e x t  to  t he  benzene  r ing  (No. 4 vs No. 3), ha s  on ly  a 
s l ight  effect  w h e n  it is p a r t  w a y  down  the  alkyl  cha in  (No. 
6), a n d  has  a c l ea r  nega t ive  effect  w h e n  it is a t  t he  end  of  
t he  cha in  (No. 7). Note,  however ,  t h a t  C o m p o u n d  No. 7 
d e g r a d e s  f a s t e r  t h a n  BAS. A p p a r e n t l y ,  BAS is s lower  
b e c a u s e  it c o n t a i n s  molecu les  wi th  a h ighe r  degree  of  
b ranch ing ,  l ike C o m p o u n d  No. 8. However ,  even s o m e  
s t r u c t u r e s ,  such  as  No. 11 a n d  No. 12, wh ich  don ' t  a p p e a r  
h ighly  b r a n c h e d  a re  ve ry  s low to degrade .  A p p a r e n t l y ,  
t h e r e  a r e  o t h e r  ve ry  i m p o r t a n t  s t r u c t u r a l  or  s h a p e  fac- 
t o r s  wh ich  inf luence  the  enzymat i c  p roces se s  involved.  I t  
is ve ry  su rp r i s i ng  to  see t he  large  d i f fe rence  be tween  Com- 
p o u n d s  No. 5 a n d  No. 12. 

Overall ,  whi le  one  can  say  t h a t  h ighly  b r a n c h e d  s t ruc -  

t u r e s  a re  poor ,  it  is no t  t r ue  t h a t  all u n b r a n c h e d  s t ruc -  
t u r e s  a re  good  ( C o m p o u n d  No. 12). I t  is t r u e  t h a t  mole-  
cules  wi th  some  b ranch ing ,  p r e f e r a b l y  a w a y  f rom the  end  
of  t he  chain ,  a re  equa l  to c o m m e r c i a l  LAS a n d  will pa s s  
t he  b i o d e g r a d a b i l i t y  tes ts .  New ABS molecu les  m u s t  be 
t e s t e d  to  be sure.  

I t  is also in t e re s t ing  to  no te  t h a t  C o m p o u n d  No. 4, wi th  
b r a n c h i n g  n e x t  to t he  benzene  ring, s h o w e d  a ve ry  high 
convers ion ,  70%, to ino rgan ic  su l fa te  du r ing  the  test .  Inor-  
ganic  su l fa te  a p p e a r s  w h e n  the  molecu le  is c o m p l e t e l y  
deg raded .  The b r a n c h e s  d id  no t  b lock  t h e  s t epwise  com- 
p le te  decompos i t i on .  

CRITERIA FOR CHOICE OF ABS 

This d i scuss ion  has  e m p h a s i z e d  the  s igni f icant  differ-  
ence  in ae rob ic  b i o d e g r a d a b i l i t y  b e t w e e n  BAS a n d  LAS. 
Because  of  th is  di f ference,  LAS is u sed  in t he  i ndus t r i a l -  
ized count r ies .  However ,  a la rge  a m o u n t  of  BAS is stil l  
u sed  wor ldwide .  Does th is  m e a n  t h a t  BAS is caus ing  a 
po l lu t ion  p r o b l e m  in t he  a r e a s  w h e r e  it is used?  

The a n s w e r  in m a n y  cases  is "No, i t  is not,  for  two  s imple  
reasons ."  E i t he r  t he  a m o u n t  being used  is too  low to p ro-  
duce  the  foaming  p r o b l e m  or  t he  sewage  t h a t  it  is f o u n d  in 
is no t  being t r e a t e d  a d e q u a t e l y  before  t he  receiv ing w a t e r  
f lows ou t  to t he  sea. These  two a s p e c t s  a re  i n c o r p o r a t e d  
into  F igure  3, a d i a g r a m  which  sugges t s  t he  c i r c u m s t a n -  
ces u n d e r  wh ich  a given c o u n t r y  might  dec ide  t h a t  LAS 
was  p r e f e r a b l e  to BAS. 

In F igure  3, we see four  q u a d r a n t s .  In bo th  lower  quad -  
r an t s ,  BAS is no t  a po l lu t ion  p r o b l e m  b e c a u s e  the  usage  
level is such  t h a t  t he  c o n c e n t r a t i o n  in t he  receiv ing 
w a t e r s  is be low a b o u t  1 ppm,  t he  foaming  th re sho ld .  

In t he  u p p e r  l e f t - h a n d  q u a d r a n t ,  t h e  c o n c e n t r a t i o n  is 
above  1 ppm,  bu t  a d e q u a t e  sewage  t r e a t m e n t  is no t  
occur r ing ,  e i the r  in t r e a t m e n t  p l a n t s  o r  in t he  r ivers.  The 
i n a d e q u a t e  n a t u r e  of  m a n y  r iver  o r  c a n a l  sys t ems  can  
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often be obseFced by  m e a s u r i n g  the  d isso lved  oxygen  con- 
tent .  I f  it  is low because  of  the  effect  of  a heavy  sewage  
load,  n e i t h e r  BAS nor  LAS will degrade .  Therefore ,  in th is  
q u a d r a n t ,  BAS is st i l l  a c c e p t a b l e  for  use b e c a u s e  the  sew- 
age i tself  is t he  ove r r id ing  po l lu t ion  p rob lem.  

Only in t he  u p p e r  r ight  q u a d r a n t ,  w h e r e  the  sewage  is 
receiving a d e q u a t e  t r e a t m e n t ,  is LAS needed .  This quad -  
r a n t  c o r r e s p o n d s  to t h e  s i t ua t ion  in p a r t s  of  the  Uni ted  
States ,  Europe ,  a n d  J a p a n .  

Despi te  t he  logic of  F igure  3, some  deve lop ing  coun t r i e s  
have  r equ i r ed  the  use of  LAS s imply  because  the  indus -  
t r ia l ized  coun t r i e s  r equ i r e  it. The more  in te l l igent  
a p p r o a c h  has  been to s t u d y  the  local  s i t ua t i on  to see  if 
a n y  se r ious  p r o b l e m  exis t s  wi th  t h e  use  of  BAS a n d  to 
dec ide  w h e t h e r  swi tch ing  f rom BAS to LAS wou ld  p ro -  
duce  a n y  obse rvab le  benefi t .  F o r  example ,  s tud ies  have  
been m a d e  in Indones ia ,  India ,  Malaysia,  Mexico, the  Phi- 
l ippines ,  a n d  T h a i l a n d  (37-39) .  In m a n y  count r ies ,  t he  
conc lus ion  was  to c o n t i n u e  BAS use. A p p a r e n t l y ,  BAS has  
cos t  a n d / o r  p r o p e r t y  a d v a n t a g e s  over  LAS. 

There  is a co ro l l a ry  to the  f inding  t h a t  it is a p p r o p r i a t e  
to use BAS in m a n y  count r ies .  If, in t he  fu ture ,  the  s i tua -  
t ion in a given c o u n t r y  moves  t o w a r d  the  u p p e r  r ight  
q u a d r a n t  of  F igure  3 , tha t  c o u n t r y  could  dec ide  t h a t  t he  
level of  b i o d e g r a d a b i l i t y  r equ i r ed  for  t he  ABS does  no t  
need  to  equa l  t h a t  for  c o u n t r i e s  which  a r e  well in to  t h e  
q u a d r a n t .  Tha t  is to  say, t h e y  could  o p t  for  a BAS/LAS 
m i x t u r e  or  for  some  o t h e r  ABS p r o d u c t  no t  qui te  equal  to 
LAS in b iodegradab i l i ty .  
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ERRATUM 

In  the  ar t ic le ,  " S y n e r g i s t i c  S t a b i l i z a t i o n  of Per f luoro-  
c a rbon -P lu ron i c  F-68 E m u l s i o n  by  P e r f l u o r o a l k y l a t e d  
P o l y h y d r o x y l a t e d  S u r f a c t a n t s , "  which  a p p e a r e d  in the  
O c t o b e r  1989 i s sue  of J A O C S  (pp. 1515-1523} the  t rade-  
m a r k  a p p e a r e d  wi thou t  the  a c c o m p a n y i n g  c o m p a n y  iden- 
t i f ica t ion  of " a  p r o d u c t  of B S A F ,  W y a n d o t t e ,  Mich igan . "  
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