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ABSTRACT 

A q u a t i c  toxicology is becoming increasingly 
important  in assessing the risks from environmental  
contaminat ion by surfactants. Recent work by  the 
Water Research Centre and others is discussed to 
show that:  (a) there is a need for flexibili ty in 
approach even for preliminary screening test proce- 
dures and for toxici ty  tests to be relevant to field 
situations; (b) where linear chain surfactants pass 
through a normal biological t reatment  process these 
are readily biodegraded and reduced in toxici ty ,  and 
in these circumstances toxici ty  tests should be made 
using biodegraded materials; (c) methods of  analysis 
currently used overestimate the acute toxoc i ty  of 
surfactants to fish. 

INTRODUCTION 

The aquatic toxicology of  surfactants has been studied 
for many years and has been reviewed recently by Abel (1). 
While most at tention has been given to the survival, growth, 
and reproduct ion of fish in aqueous concentrations,  and 
there have been advances in the actual testing procedures 
themselves, at tention has turned more recently to the 
uptake, metabolism, and excretion of  surfactants by fish, 
e.g., by Tovell et al. (2). There has also been an increase in 
our understanding of  some of  the interactions between sur- 
factants and the aquatic ecosystem, for example,  from the 
work of  Painter et al. (3) and Matcham et al. (4). Now more 
explicit consideration is being increasingly given to the 
most effective ways of  using such knowledge to evaluate 
the risks from environmental contaminants,  for example by 
Government Departments such as the U.K. Ministry of 
Agriculture, Fisheries and Food  (5), industry (6), and inter- 
national bodies (7,8). 

In developing an approach to this problem, two essential 
interrelated processes are involved. The first is the identifi- 
cation of the different situations and circumstances in 
which aquatic ecosystems or particular target organisms 
within the systems are potent ial ly at risk. This involves an 
estimation of  likely aqueous concentrations and their dura- 
tion bearing in mind relevant physical, chemical, and bio- 
logical factors. This requires quantitative information on 
spatial and temporal  pat terns of usage, disposal, contami- 
nation, and persistence in the environment. The second is 
the choice of tests, or sequences of  tests, appropriate  to 
each particular situation. Such a choice should generally be 
flexible but  would be influenced by socioeconomic con- 
straints as well as toxicological considerations. It is also 
markedly influenced by  the precise purpose that is in mind, 
whether it is the development  of water quali ty criteria, or 
the setting o f  standards, or monitoring. 

These two processes should be carried out in parallel and 
also in such depth and in as many stages as appear to be 
necessary as the overall evaluation proceeds. Essential 
questions relate to the speed and completeness of, and the 
conditions required for, biodegradation,  as well as the 
degree of  toxici ty  of  the original and o f  the degraded 
product  to biological t reatment  processes and aquatic life. 

One can envisage a series of  tests that  might be carried out  
ranging from the simplest respirometric measurements to 
full scale trials involving t reatment  plants and waters re- 
ceiving effluent discharges. Tiffs paper, however, will be 
confined to discussion of  just  a few recent laboratory  
studies by the Water Research Centre (WRC) and others on 
toxici ty  and biodegradabili ty.  

F LEXIBI LITY VS. STANDARDIZATION 
It is recognized that some purposes, such as the legal 

enforcement of  a regulation prescribing toxici ty  or bio- 
degradability, certainly demand some degree of standard- 
ization of  test procedures, but  in general most advances are 
likely to be achieved with a flexible approach using tech- 
niques adapted to the particular circumstances. 

Initial Screening Tests for 
Acute Toxicity to Fish 

The European Inland Fisheries Advisory Commission 
(EIFAC) has considered (9) the extent  to which standard- 
ization is necessary for toxic i ty  testing, and although it 
concluded that  there was a case for standardized test pro- 
cedures for preliminary screening of chemicals, as well as 
for legal tests, it rightly concentrated its a t tent ion upon 
defining the principles that need to be adhered to  rather 
than upon drawing up detailed specifications. It also con- 
cluded that, in the present state of  knowledge, there was no 
commonly accepted alternative to the use of the response 
of the whole living fish to a toxicant  or to choosing death 
as the principal response, although the future possibil i ty of  
using cultured tissues and sublethal responses was not  ruled 
out. 

The International  Standards Organisation, however, has 
drafted a specification for a standard screening procedure 
using fish to measure acute toxici ty ,  and trial tests are being 
made on several substances to compare results obtained by  
workers in different  countries. However, surfactants are not  
included among the test materials. Although in the early 
1970s the European Economic Communi ty  (EEC) explored 
the possibili ty o f  introducing a standard screening toxici ty  
test (using fish) for raw surfactants, its existing proposals 
that all such materials marketed should be 90% biodegrad- 
able make tests on the biodegraded products  generally 
much more relevant, and not  surprisingly the Commission 
did not  pursue the mat ter  further. United Kingdom and 
German Government  Committees concerned with surfac- 
tantsagree that  there is no need for such a s ta tu tory  test 
(10). 

During the course of the discussions within the EEC, 
however, eleven surfactants were tested within the U.K. 
using seven different  procedures (11) which embraced a 
range of water hardness of 20 to 268 mg/1 as CaCO3 and a 
range of  temperature  of  15 to 20 C, and which included 
rates of replacement of  test solution from nil to 50 min per 
volume of test vessel and used five species of  fish. There 
was no great in ter laboratory variation in results for each 
compound,  and all results were grouped within the same 
order of  magnitude of concentration. Somewhat similar 
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findings have been recently reported for several other sur- 
factants using five different procedures and three species of 
fish (12). With results of this kind one questions the need 
for strict standardization even for a preliminary screening 
test in which the data obtained are meant to provide only a 
very rough estimate of the concentration of a substance 
likely to be lethal to aquatic life in order to rank groups of 
substances in an approximate order of their toxicity;  such 
tests certainly should not be used alone for the preparation 
of water quality criteria and for the estimation of concen- 
trations that might not be lethal to aquatic life, though 
they could be used, together with other relevant informa- 
tion, to help select those substances which might or might 
not warrant further investigation. An initial screening test 
for acute lethal toxicity might be followed, for example, 
depending upon the circumstances concerned, by tests on 
other species or communities or organisms under a variety 
of environmental conditions, over a longer period and 
measuring sublethal effects including bioaccumulation, 
metabolism, and excretion. 

A particularly relevant situation, however, for testing of 
a surfactant as sold would be where it was present in a 
formulation of a chemical, often a pesticide, which was 
likely to reach the aquatic environment in its undegraded 
state, since in increasing the efficiency of the chemical it 
might also increase the toxicity of the chemical to aquatic 
life (13). 

RELATIONSHIP BETWEEN TOXICITY 
AND BIODEGRADABI LITY 

Because surfactants are biodegradable and, weight for 
weight, may become less toxic in the process, studies of 
both biodegradability and the accompanying changes in 
chemistry and toxicity are essential in developing water 
quality criteria for these substances, especially where a high 
proportion of the material reaching the aquatic environ- 
ment would first pass through biological sewage treatment 
processes. 

Recent U.S. Work on Linear 
Alkylbenzene Sulfonate 

Most data available for the toxicity and biodegradation 
of surfactants relate to linear alkylbenzene sulfonate (LAS) 
which replaced the poorly degraded branched alkylbenzene 
sulfonate (ABS), and it will be instructive to mention a few 
recent studies [bearing in mind that Weaver and Coughlin 
(14) have pronounced, in the context of verification of the 
facts about bi.odegradation of LAS, that "education 
requires repetit ion"[.  Dolan and Hendrick (15), for exam- 
ple, using an initial concentration of 30 mg/1 of a high 
molecular weight LAS in about 378 liters of tap water con- 

taining a sludge acclimatized to the LAS, showed that 
toxicity to fish, which was reduced and finally eliminated, 
was related to a significant change in the distribution of 
homologs (from the longer to the shorter C chain lengths) 
and of isomers (from the 2- and 3-positions to the 4- to 
7-positions), the longer and the 2C and 3C isomers being 
more readily degraded. Kimerle and Swisher (16) demon- 
strated that pure synthetic models of some of the inter- 
mediate biodegradation products were, as expected, less 
toxic than the intact LAS: using a continuous flow acti- 
vated sludge unit under stress loading of 20 to 200 mg 
LAS/1 or loaded with a pure homolog of 13 carbon atoms. 
They also showed that the acute toxicity of the effluent to 
the water flea (Daphnia magna) decreased with increase in 
biodegradation. Incidentally, reduction in toxicity for the 
homolog was less than for the commercial LAS because 
differences in toxicity between isomers of a given chain 
length are less than those between isomers of different 
lengths; this would point to the danger of relying solely on 
data obtained with synthetic model substances when asses- 
sing biodegradability of materials actually used. 

Water Research Center Results with LAg 

The toxicity of LAS and its degradation in the activated 
sludge process has also been studied at the Water Research 
Centre using four porous-pot activated-sludge units (17,18) 
to treat the surfactant at concentrations of 150 rag/1 and 
two further pots to produce "control"  effluent. 

In one example (19) using a material consisting mainly 
of C11 to C15 isomers, an influent sewage was made up 
from excreta and other ingredients, the total organic carbon 
concentration in the settled sewage being adjusted to 190 
mg/1. Initially, the porous aeration vessel was filled with 
returned activated sludge derived from a plant treating 
domestic sewage, and the suspended solids concentration 
was adjusted to 2.5 g/1 by dilution with tap water. The 
solids were maintained at this level by periodical wastage 
throughout the treatment. The diluted supernatant was 
pumped through each aeration vessel at a rate of about 1 
liter/hr and was continuously aerated with bubbled air to 
give a dissolved oxygen concentration of 2 mg/1 or greater. 
A temperature of 15 C was maintained throughout the 
treatment. Surfactant loss (by loss of foam over the edge of 
the pot) was avoided by smearing silicone grease around 
the upper end of each pot immediately above the liquid 
surface. 

The performance of the activated sludge units in re- 
moving the surfactants is shown in Figure 1. After the full 
loading of 150 mg/1 had been achieved, the concentrat ion 
of methylene blue active substance (MBAS) (20) in the 
effluent fell from 12 rag/l ,  at first rapidly and then more 
slowly, unti l  an equilibrium level (between 3.3 and 1.8 
mg/1) was approached about 20 days after, showing a 
reduction of about 98% in MBAS readings. 

It may be noted that the extremely high levels of surfac- 
rant introduced into the influent (150 rag/1 compared with 
about 15 mg/1 in normal sewage), to ensure that the acute 
toxicity of the effluent would be readily measurable, did 
not appear to impair the efficiency of operation of these 
units. Reduction in BOD was between 91 and 96%, 
reduction in COD was 81 to 86%, removal of organic car- 
bon, 74 to 83% and removal of ammonia, 84 to 98%. [The 
maximum average concentrat ion of ammonia found in the 
effluent was 2.5 mg/1 (as N), a level too low to affect the 
acute toxicity to fish of the effluent to fish (21) and, 
actually none of the fish died in tests on effluent from the 
control units alone.] Between day 53 and day 56 effluent 
was collected daily to obtain a volume sufficient for the 
toxicity tests. This bulk effluent was held at 5 C and was 
found not to change significantly in its concentration of 
MBAS during the period of holding. 

Toxicity tests were made with juvenile rainbow trout 
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(Salmo gairdneri] in l-liter flasks through each of which a 
constant flow of solution was maintained automatically 
(22) at a net rate of about 10 ml/min which was sufficient 
to maintain the dissolved oxygen concentration above 75% 
of the air saturation value. All tests were made using a raw 
natural ground water with a total hardness of about 250 
mr/1 ( -  CaCO3) as diluent. 

Surfactant (untreated) added to detergent-free (control) 
effluent and diluted with hard water had a nominal  4-d 
LC50 to rainbow trout (i.e., concentration lethal to 50% of 
the fish in 4 d a y s ) o f  0.36 mg/1, whereas, after treatment, 
the corresponding value was 29.5 mg/1 expressed in terms 
of the concentration of surfactant ' in  the influent to the 
activated sludge treatment units, a difference of about 
100- fo ld .  

The observed reduction in toxicity brought about by 
treatment reflects and confirms the measured reduction of 
the concentration of MBAS in the treated effluent (Fig. 1). 
However, when median period of survival is plotted against 
measured, rather than nominal, concentrations of surfac- 
tant (measured as MBAS) as in Figure 2, it should be noted 
that although the curves obtained under the two test con- 
ditions are fairly close, in terms of the measured MBAS 
concentration, they do not coincide as might be expected if 
the analysis was measuring compounds with the same 
toxicological properties. Thus, it is evident in these tests, as 
in those already referred to, that the MBAS involved are 
compounds which are toxicologically and therefore, pre- 
sumably, chemically, different. 

General  Conclusions on L A S  

The results demonstrate, therefore, that this type of 
surfactant is readily degraded, to a high degree, by a con- 
ventional sewage treatment process, and that the MBAS in 

the effluent are of low toxicity. The results also highlight 
the fact that methods that involve measurement of MBAS 
to define the toxicity of the residual material and degrada- 
tion products present in aqueous wastes and in river waters 
after secondary treatment of such surfactants overestimate 
toxicity and create problems in trying to set meaningful 
and adequate standards in this way. In this situation the 
toxicity value used in any water quality standard should 
obviously reflect the toxicity of degradation products (plus 
residual surfactant) and not that of the original surfactant. 

Where the MBAS in a surface fresh water, originate in 
the type of material tested here and have reached that 
water after treatment at a sewage works, then the present 
results indicate (within the limits of the conditions in- 
volved) that concentrations tolerable to rainbow trout of 
median (or lesser) sensitivity would be some three to five 
times greater than would be indicated by toxicity data 
obtained from tests on the undegraded material. Water 
quality standards are frequently based on data obtained 
from studies made with rainbow trout and undegraded 
LAS; when this is the case, then an even greater factor will 
be involved for the many species more resistant than rain- 
bow trout. In terms of realistic concentrations of these 
materials in sewage and the degree of treatability shown 
here, it is evident that these wastes do not  directly add 
significantly to the acute lethal toxicity of sewage effluents. 
It is worth noting, however, that undegraded surfactants 
would reach a river in untreated sewage discharges, in which 
circumstances toxicity would be increased by other sub- 
stances such as ammonia and by the effects of BOD. 

N o n i o n i c  Mater ia ls  

The nature and toxicity of the biodegradation products 
of nonionic materials are much less well known than those 
of LAS but, as with anionic materials, a decrease in the 
alkyl chain length of nonionic surfactants is associated with 
a decrease in toxicity to fish. However, a decrease in the 
ethylene oxide chain length appears to increase toxicity 
(23,24) so that there would appear to be the possibility 
that some of the intermediate breakdown products of alkyl- 
phenol ethoxylates might be more toxic than the starting 
material. 

Reiff (25) has recently measured the acute toxicity of 
two linear alcohol ethoxylates and one branched alkyl- 
phenol ethoxylate to rainbow trout and subjected the 
substances to mild biodegradation conditions at an initial 
concentration of 20 mg/1 in 700 liters of river water with 
no bacterial seed deliberately added. The reduction in con- 
cen t r a t i on  of the three materials was estimated by 
measuring surface tension, bismuth iodide active substances 
(BIAS) (26), and time of survival of batches of rainbow 
trout. The toxicity of the branched chain material was 
much lower, and the time lag before any measurable reduc- 
tion in concentration and in toxicity in the river die-away 
test was much longer (40-50 d) than those of the linear 
chain materials. The period within which toxicity was no 
longer measurable was about 10 and 12 weeks, respectively. 
There was, however, no indication that any of the break- 
down products were collectively more toxic than the parent 
materials. 

It may also be noted that during the die-away tests, the 
three surfactants, and particularly the linear chain mater- 
ials, were less toxic than expected from the content  of 
BIAS. Possibly this was partly due to some of the surfac- 
tant being initially absorbed onto the 300 rag/1 of sus- 
pended solids originally present in the sample of river water 
(owing to recent rainfall), although there was a tendency 
for the discrepancy to increase with time, suggesting that 
branched chain components,  present in the linear chain 
material, were responsible. 

Recently the Water Research Centre made trials (27) 
with the same materials used by Reiff (25) but at concen- 
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t r a t i ons  of  up  to 25 mg/1 added  to  S tevenage  d o m e s t i c  
sewage ( w h i c h  a l ready  c o n t a i n e d  BIAS at c o n c e n t r a t i o n s  
b e t w e e n  6 and  8 m g / 1 )  and  suppl ied  to  p i lo t  scale perco-  
l a t ing  filters. T h e  tes ts  were  de l ibe ra te ly  d o n e  d u r i n g  the  
w in te r  because  o f  t h e  poss ib i l i ty  t h a t  b i o d e g r a d a t i o n  m i g h t  
have  b e e n  i n f l u e n c e d  u n f a v o r a b l y  b y  low t e m p e r a t u r e s  in 
t he  f i l ters (5 to  10 C). 

At  least  95% of  the  n o n i o n i c  ma te r i a l  a l ready  p r e sen t  or  
added  appeared  to  b e  r em oved  (as well  as 95 to  97% o f  
MBAS presen t  at  c o n c e n t r a t i o n s  of  28 to  30 m g / 1 )  and  
the re  appeared  to be  l i t t le  or n o  e f fec t  on  the  p e r f o r m a n c e  
o f  t he  filters. T h e  ef f luents ,  a l t h o u g h  t h e y  c o n t a i n e d  con-  
c e n t r a t i o n s  of  0 .74  m g  BIAS/1  ( w h i c h  was a p p r o x i m a t e l y  
equ iva len t  to  t h e  7-d LC50  for  r a i n b o w  t r o u t  o f  e i t h e r  o f  
the  pu re  subs t ances )  were  n o t  l e tha l  to  any  o f  t he  tes t  
r a i n b o w  t r o u t  w i t h i n  a pe r iod  of  7 days. A l t h o u g h  it  is n o t  
poss ible  to  c o n c l u d e  f rom these  tes ts  t ha t  t h e  concen -  
t r a t i ons  at  w h i c h  the  res idues  and  deg r ada t i on  p r o d u c t s  o f  
t he  n o n i o n i c  s u r f a c t a n t s  were p r e s en t  in  the  e f f l uen t  wou ld  
have  n o  long  t e r m  h a r m f u l  effects  o n  t rou t ,  t h e  m a r k e d  
increase  in m e d i a n  per iod  o f  survival  t h a t  a c c o m p a n i e s  a 
smal l  decrease  in c o n c e n t r a t i o n  suggests t h a t  survival  wou ld  
at  least  be  ve ry  p ro longed .  

The  aqua t ic  t o x i c o l o g y  of  s u r f ac t an t s  m a y  well  have  
b e e n  of  lesser i m p o r t a n c e  e n v i r o n m e n t a l l y  in t he  ear ly  
1950s t h a n  was, say, foaming  in sewage t r e a t m e n t  p l an t s  
and  on  surface  waters .  A nd  a l t h o u g h  in those  days  i t  cer- 
ta in ly  was t a k e n  i n t o  cons ide ra t ion ,  i t  has since b e c o m e  o f  
m u c h  grea te r  i m p o r t a n c e  (pa r t ly  because  f o a m i n g  is n o w  
m u c h  less i m p o r t a n t  as a p r o b l e m ) ,  and  it  is n o w  t a k e n  i n t o  
a c c o u n t  m u c h  m o r e  expl ic i t ly  as an essent ia l  e l e m e n t  in the  
safe ty  t e s t ing  of  de te rgen ts .  Cons ide rab le  a t t e n t i o n  has  
b e e n  given to  the  r e s t r i c t i on  and  s t a n d a r d i z a t i o n  o f  t e s t i ng  
t e c h n i q u e s  for  sc reen ing  purposes ,  b u t  these  have  o n l y  a 
very  l imi ted  place  in the  eva lua t ion  o f  the  e n v i r o n m e n t a l  
risks f rom sur fac tan t s ,  pa r t i cu la r ly  if  con f ined  to  t he  raw 
p r o d u c t  r a t h e r  t h a n  the  mate r ia l  a f t e r  it has b e e n  degraded  
biological ly.  

The  few examples  o f  r ecen t  l a b o r a t o r y  work  re fe r red  to  
in  this  pape r  i l lus t ra te  t h a t  l inear  a l ky l benzene  sul fa te  sur- 
f ac t an t s  and  n o n i o n i c  mater ia l s  can  be  readi ly  and  ex ten-  
sively degraded  b io logica l ly  to  less tox ic  mater ia l s  w i t h o u t  
adversely a f fec t ing  the  sewage t r e a t m e n t  process ,  and  t h e y  
serve to emphas i ze  t he  i m p o r t a n c e  o f  tes t ing  the  t o x i c i t y  o f  
degraded  r a t h e r  t h a n  undeg raded  substances .  To t ry  to  
draw more  genera l  conc lus ions  f rom the  few da ta  q u o t e d ,  
however ,  wou ld  b e  to  neglect  the  pr inc ip les  e n u n c i a t e d  
a b o u t  the  i m p o r t a n c e  of  t ak ing  i n to  a c c o u n t  all r e l evan t  
fac tors  in assessing the  risks f rom e n v i r o n m e n t a l  c o n t a m i -  
n a t i o n  in a pa r t i cu la r  s i tua t ion .  However ,  t he  resul ts  c lear ly 
d e m o n s t r a t e  t h a t  m e a s u r e m e n t s  of  su r f ac t an t  c o n c e n t r a t i o n  
based  u p o n  MBAS and  BIAS are qu i te  i n a d e q u a t e  in t h a t  
t hey  ove res t ima te  t he  t ox i c i t y  of  ma te r i a l  t h a t  has  unde r -  
gone  b iodeg rada t ion .  
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