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Abstract 
A wide range of nonionic surfactants was 

studied in an extensive inter-laboratory biode- 
gradability testing program carried out by mem- 
ber companies of The Soap and Detergent As- 
sociation over a three year period. The objectives 
were to determine the biodegradability of a 
variety of nonionie surfactants, and to develop 
a reliable laboratory scale test method which 
could be used to evaluate the biodegradability 
of new candidate materials. The results of this 
research and testing confirm that the primary 
and secondary alcohol ethoxylates, the alkyl 
alkanolamides, and the alkyl amine oxides are 
all highly biodegradable. These materials repre- 
sent the important classes of nonionics used in 
household and institutional synthetic detergents. 
The removal of these materials under conditions 
of normal secondary wastewater treatment can 
be anticipated. The diversity of structures rep- 
resented in the complete nonionic surfaetant 
spectrum, and the problems of residue analysis 
imposed serious obstacles in the development of 
a single standard laboratory procedure which 
will correlate well with the limited field data 
presently available. The objective of establishing 
a standard test for all nonionics was not achieved. 
Residues of nonionic surfactants from household 
and institutional synthetic detergents do not ap- 
pear to contribute to esthetic water pollution or 
to interfere with waste treatment processes. A 
variety of biodegradability assessment procedures, 
applicable to specific nonionics or nonionic groups 
are currently available and should assure that 
their residues will not adversely affect the quality 
of receiving waters. The Subcommittee plans to 
maintain a program for continued research in 
nonionic biodegradability testing. 

Introduction 
The interest of the detergency industry in biode- 

gradability testing developed in the late 1940's and 
early 1950's when a possible relationship was first 
established linking detergent surfactant residues with 
some foaming incidents in sewage treatment plants 
and, occasionally, in natural waters. With the com- 
mitment of the industry to develop, manufacture and 
market more biodegradable detergents which would 
largely eliminate these problems, it appeared desirable 
to have effective test procedures and standards against 
which the many candidate materials under considera- 
tion could be evaluated. In 1961, The Soap and 
Detergent Association (SDA), through its Technical 
Advisory Committee, established a Subcommittee on 
Biodegradation Test Methods composed of representa- 
tives from most of the principal detergent manu- 
facturers and raw material suppliers. This group 
was charged with the responsibility of evaluating 
methods then being used to determine the biode- 
gradability of surface active agents, and if necessary, 

1 Prepared under the auspices of The Subcommittee on Biodegrada- 
tion Test Methods of The Soap and Detergent Association. 
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developing as soon as possible, methods and standards, 
which would meet the particular needs of the deter- 
gent industry in this country. 

Since the use of alkyl benzene sulfonate (ABS) far 
exceeded that of all other surfactants in household 
detergent formulations, initial emphasis was placed 
on the development of test methods for anionic ma- 
terials of that type. As the research progressed, data 
were obtained for both branched chain ABS and the 
new, highly biodegradable linear alkylate sulfonate 
(LAS), which replaced ABS in household detergents. 
This phase of the work was completed with the pub- 
lication, in late 1965, of The Soap and Detergent 
Association's two-step procedure for the determina- 
tion of ABS/LAS biodegradability (1). Publication 
of the method closely coincided with the completion 
of the detergent industry's voluntary conversion to 
LAS and other biodegradable surfactants in mid- 
1965. The procedure has since been adopted by 
governmental and private groups such as the Depart- 
ment of Defense and The American Society for Test- 
ing and Materials. 

Although not nearly as important from a volume 
standpoint, nonionic surfactants are also used in the 
formulation of household and institutional detergents. 
Upon completion of the studies on ABS and LAS, 
the Subcommittee was charged with the development 
of biodegradability methods and standards applicable 
to a broad range of nonionics. 

This paper describes the activities of the Subcom- 
mittee in this specific area, its progress and achieve- 
ments to date, inherent problems that have been 
encountered, and the current state of the art in 
nonionic biodegradability testing. 

Definition and Current Use of Nonionic Surfactants 
In general, surfactants are divided into four major 

categories: anionics, nonionics, cationics, and am- 
photerics. Schick (2) describes nonionic surfactants 
as being chiefly polyoxyethylene and polyoxypropylene 
derivatives but also including such other materials 
as anhydrohexitoI derivatives, sugar and glycol esters, 
alkyl alkanolamides and alkyl amine oxides. Some 
typical nonionics are shown below, demonstrating 
some of the variable structures which can exist. 

In recent years, nonionics have played an im- 
portant role in the formulation of tow-sudsing heavy- 

Some Typical Nonionic Surfactants 
1. R 0 ( C 2 I t 4 0 ) n H  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Primary alcohol ethoxylate 

R 
I 

2. H C 0 ( C 2 H 4 0 ) n } t  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Secondary alcohol ethoxylate 
t 

CH8 

3. R - O - 0  (C2H40)  nH .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Alkylphenol ethoxylate 

O H  
III 

4. R - C - N C 2 H 4 0 H  .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Alkyl monoethanolamide 
0 
II 

5. R - C - N ( C ~ I - I ~ 0 H ) 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Alky l  diethanolamide 
CI-Ia 

I 
6. R - N  ~ 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Alkyl dimethyl amine oxide 

I 
CHs  

Note : R --~ Cs - -  C~  a l k y l  chain 
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duty detergents and sulfated derivatives of nonionics 
are extensively used in light-duty dishwashing com- 
pounds. Nonionics also have a variety of non- 
detergent applications including cosmetics, agricul- 
tural chemicals, paints, textiles, paper making, and 
in other products and processes where their 
dispersing, emulsifying, wetting and foaming prop- 
erties are needed. 

Data on surfactant production and sales are pub- 
lished annually by the U.S. Tariff Commission. The 
Tariff Commission report for 1966 indicated that 686 
million pounds of nonionics of all types were pro- 
duced in the United States (3). Based on this in- 
formation, nonionics accounted for about 20% of the 
total surfactant production in 1966, second only to 
that of the anionics. For comparison, it is estimated 
that about 75% of the U.S. surfactant production 
was of anionic materials. 

However, it is not possible to determine the actual 
use of nonionic surfactants in U.S. household and 
institutional synthetic detergents from the Tariff 
Commission reports, since nonionics find application 
in a broad range of commercial and domestic prod- 
acts, they are often modified chemically so that their 
original identity is lost, or they may be exported. 
Data were needed so that the efforts of the group 
working on biodegradability test procedures could be 
concentrated on those nonionic surfactants which 
were extensively used by the detergent industry. 
Therefore, a special committee was given the respon- 
sibility of resolving this question and concluded that 
a national survey of all detergent manufacturers was 
needed to supplement published data. A survey form 
was sent to over 350 companies, both members and 
non-members of The Soap and Detergent Association. 
Information was requested on the use of six classes 
of nonionics in 1.965 and 1966. All data were handled 
on a confidential basis. I t  was estimated that non- 
ionic use by the companies responding to the survey 
constituted between 80% and 90% of the total non- 
ionic use by the detergent industry in household and 
institutional cleaning products. The survey indicated 
that in 1965, over 80% of the nonionics used fell into 
four categories: primary alcohol ethoxylates, secon- 
dary alcohol ethoxylates, alkyl ethanolamides and 
alkyl amine oxides. 

The remaining types of nonionics make up less than 
4-% of the total surfaetants used in household clean- 
ing applications. Because this fraction is small and 
represented by so many diverse structures, The Soap 
and Detergent Association's Sub-Committee on Bio- 
degradation Test Methods has, since 1967, concen- 
trated its research efforts on the four major classes 
of material. 

Biodegradabi l i ty  T e s t i n g - - B a c k g r o u n d ,  
Theoret ical  and Pract ica l  Considerat ions  

Since a great deal of experience had been gained 
through the development of the ABS/LAS procedure, 
the Subcommittee program was initially concerned 
with the application of these methods, where possible, 
to the testing of nonionic surfactants. This previous 
work had been limited to a specific class of materials. 
Therefore, broad concepts which relate to the biode- 
gradability of all organic compounds had not been 
developed. Until recently, no single, accepted defini- 
tion of biodegradability existed. Even today the 
definition proposed by a committee of the Water 
Pollution Control Federation (4) is in fact a three 
part definition, with specific limitations as to the 

applicability of each portion. This group has sug- 
gested three criteria of biodegradability: 

(a) Primary biodegradation: Biodegradation to 
the minimum extent necessary to change the identity 
of the compound. (b) Environmentally acceptable 
biodegradation: Biodegradatlon to the minimum ex- 
tent necessary to remove undesirable properties of 
the compound such as foaminess or toxicity. (c) 
Ultimate biodegradation : Biodegradation to inorganic 
end products. 

To be meaningful, biodegradability of compounds 
and end products must be assessed in terms of their 
effect on the environment. To insure that a specific 
compound will not adversely affect the environment 
in which it is used normally requires that its bio- 
degradability exceed the primary level but does not 
require ultimate biodegradability. Thus, the concept 
of Environmentally Acceptable Biodegradation is 
suggested. This is further defined as "susceptability 
to biodegradation yielding end products which are 
totally acceptable to the receiving environment which 
includes air, soil and water, although principal in- 
terest may lie in treatability in waste disposal 
facilities." 

This basic concept has guided the industry in the 
development of procedures and standards for sur- 
factant biodegradability. Product residues after use 
and proper waste treatment should not contribute to 
foam nor should their presence have any other ad- 
verse effect on waste treatment processes or on the 
quality of receiving waters. 

Most household and institutional detergent residues 
find their way into sewers and ultimately into natural 
waters. Production and use data would indicate that 
nonionic surfactant residues from such products 
would not create a significant water quality problem 
simply because their use is not that extensive. So 
while no problem may exist insofar as nonionic 
residues from household and institutional detergents 
are concerned, it was necessary to develop methods 
which relate to the degradation of these compounds 
under actual conditions of treatment and to demon- 
strate their rapid biodegradability to innocuous end 
products. 

In developing such procedures, the industry Sub- 
committee postulated general principles which were 
applicable to all phases of their activities. The more 
significant of these include the factors discussed 
below : 

1. While bench-scale simulation of actual sewage 
treatment plants is not essential, it is imperative that 
results obtained in laboratory tests correlate with 
those experienced in such plants. To accomplish this, 
the test procedure must be sensitive enough so that 
differences in biodegradability resulting from chem- 
ical structure can be observed. This, in turn, requires 
the availability of accurate and sensitive analytical 
methods. 

2. Besides the basic chemical structure of the com- 
pound under test, some other factors affecting bio- 
degradability in nature are opportunity for bacterial 
acclimation, bacterial concentration, concentration of 
the test compound, temperature and contact time. All 
of these factors were considered by the Subcommittee 
in their studies. Where possible, other conditions such 
as dissolved oxygen levels, pH, nutrients, mixing, 
etc. should be kept at near optimum conditions to 
keep the number of variables within recognized and 
controllable limits. 

3. Natural waters, soil, sewage and even air can 
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serve as the source of the microbiological cultm'es 
used in biodegradability testing. These cultures can 
be sustained on both degradable organic compounds 
and on inorganic nutrients. 

4. Generally speaking, test surfactants are fed to 
cultures at gradually increasing levels to allow 
adaptation to occur prior to the start of the test itself. 
Once tile degradability of a specific material has been 
established, these acclimated cultures can be used to 
measure both the extent and rate of degradation of 
a homologous series over a wide range of conditions. 
When testing materials of unknown degradability, 
the use of cultures developed from domestic activated 
sludge seems more desirable. In any event, the test 
period should be limited to preclude the development 
of a predominant, atypical culture and to limit the 
cost and inconvenience of lengthy testing. At tile 
present state of the art, the choice of test period is 
necessarily arbitrary. 

5. Materials which are known to be degradable to 
acceptable levels, such as LAS, should be evaluated 
along with the actual test material. Also, it is often 
useful to include a difficult-to-degrade material so 
that a range of values is obtained. In all cases, a 
control system, operated identically to the actual 
test unit except for the absence of the test surfaetant, 
should be maintained to provide a base line of 
physical, biological and chemical properties for com- 
parison purposes. 

6. As with all biological testing, constant attention 
to detail is required if meaningful results are to be 
obtained. As an example, particular care must be 
taken to assure the maintenance of test materials in 
a dissolved state at all times. Other factors which 
deserve consideration include the degree of adsorp- 
tion of the test material on biological growths, the 
need for replicate testing to assure statistically valid 
results, and the determination of differences which 
can develop between operators and laboratories. 

B i o d e g r a d a b i l i t y  Tes t  M e t h o d o l o g y  

Over the last decade a relatively wide range of 
biological systems has been proposed and evaluated, 
both here and abroad, for the measurement of sur- 
factant biodegradability. In some cases, methods have 
been officially adopted by law (5) and in others, 
while not official in the legal sense (6) they have 
the weight of government approval. 

The tests which have been developed differ 
significantly in approach, in operational complexity 
and in extent to which they simulate actual waste 
treatment conditions. Six of these procedures which 
were examined in depth by the Subcommittee are 
briefly described below to give some indication of the 
variations involved. 

Since the activated sludge process and its variants 
appeared to be the waste treatment system of choice 
by most pollution control authorities, a laboratory 
test method which gave results similar to those ob- 
served in this type of plant seemed most desirable. 
Also, from a volume standpoint, the majority of 
wastes receiving secondary treatment are treated by 
this process making a test of this type even more 
meaningful (7). Although procedures which could 
be correlated with other field conditions were con- 
sidered, e.g., Bench-ScMe Trickling Filters, River 
Die-Away Tests, etc., the bulk of the research corn 
ducted by the Subcommittee concerned itself with 
activated sludge performance. 
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SDA Procedure for ABS and LAS (1) 

The SDA procedure for determining the biode~ 
gradability of ABS and LAS is a two stage method 
combining two independent microbiological tests. The 
component tests are complementary. Due to their 
different biological features, they provide both rapid 
laboratory screening and reliable evaluation of the 
performance to be expected in activated-sludge type 
sewage plants. The procedure is versatile and com- 
prehensive for ABS and LAS types of surfactants. 
I t  has reportedly also been successfully applied to 
other anionic surfactants. 

The Official German Test for Anionic Surfactant 
Biodegradability (5) 

This procedure is of the Continuous Activated 
Sludge type. I t  typifies several published methods 
which simulate the operating schemes of the activated- 
sludge type of sewage treatment plants. The equip- 
ment, operating procedures and criteria of adequate 
biodegradability to be applied in this test are all 
specified by German law. 

A special feature of the German procedure is the 
development of the culture (activated sludge) in each 
test by spontaneous inoculation from the air. This 
lengthens the duration of the tests, not only for the 
development of an adequate sludge, but also for its 
acclimation. The acclimation period varies from test 
to test and is a characteristic of each test product. 

The principal disadvantages of the method are 
the relatively long and uncertain duration of tests, 
the bulkiness of the equipment when it is necessary 
to test a large number of samples, the large volumes 
of surfactant and sewage which must be fed, and the 
high cost, primarily for labor. 

The River Die-Away Method (8) 

This is one of the earliest methods used to measure 
the biodegradability of synthetic surfactants. I t  in- 
volves simply the incubation of the test substance 
in actual river water under aerobic conditions, and 
the periodic analysis of the system for the material 
being tested. I t  has been discussed in many papers, 
and its advantages of convenience, economy of ma- 
terials and effort, and modest equipment require- 
ments are well known. Also widely recognized are 
its serious shortcomings as a standard test: the 
variations from time to time in bacterial count be- 
tween different rivers, between different points in the 
same river, and even at the same point in a given 
river. These variations in inocula and the equally 
serious fluctuations in nutrients and toxins can cause 
variable results between laboratories studying the 
biodegradability of the same material. 

The Standard Method for Anionic Surfactants 
in the United Kingdom (6) 

This method, adopted in 1966 by the British Stand- 
ing Technical Committee on Synthetic Detergents, 
is a modification of the River Die-Away Test. By 
using a standard seed and medium, some of the dis- 
advantages of the River Die-Away Test are over- 
come. 

Publications by Patterson et al. (9,10) discuss the 
applicability of this procedure to nonionics using 
both chromatographic and foam measurement 
techniques. 

The Bunch-Chambers Method (11) 

Determination of biodegradability by this method 
involves a series of four consecutive die-away tests, 
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Cooperative study 

1 2 3 4 

Standard 
procedure 

for 
sn ionics  
m g / l i t e r  

Glucose 130 300 130 300 300 
i~utrient broth 130 200 130 200 200 
Beef extract 130 ...... 1B0 . . . . . . . . . . . .  
Dipotasslum hydrogen  

phosphate  130 130 500 130 a 130 a 
A m m o n i u m  sulfate  25 ...... 25 . . . . . . . . . . . .  

a This  concent ra t ion  could be raised if acidic conditions were 
encountered. 

each of one week duration. This feature is intended 
to provide opportunity for acclimation to occur. The 
method is designed to be suitable for determining the 
biodegradability of any organic compound. Neither 
the method of analysis nor criteria of biodegradability 
are specified since they are dependent upon the 
specific material under test. 

T h e  W a r b u r g  M e t h o d  o f  D e t e r m i n i n g  B i o d e g r a d a b i l i t y  ( 1 2 )  

The ~Varburg manometric technique was frequently 
used in early studies of the biodegradability of sur- 
factants, and it has been fully described in the litera- 
ture. With the development of more specific biode- 
gradability methods which are more readily 
correlatable with practical biodegradability, Warburg 
use has sharply declined. I t  is generally not applied 
today if another biodegradation procedure is suitable 
for the material under study. 

Methods and Modifications Used in SDA 
Biodegradation Studies of Nonionic Surfactants 

A total of 17 company laboratories and one labora- 
tory of the Federal Water Pollution Control Ad- 
ministration participated in these studies during the 
three years of cooperative research by the Subcom- 
mittee. Biodegradation tests were performed upon 
several different types of nonionic surfactants using 
four of the test procedures described above. The four 
approaches employed were the Shake Flask, the Semi- 
Continuous Activated Sludge, the Bunch-Chambers, 
and the River Die-Away tests. These methods span 
the full range of current biodegradability method- 
ology, with the exception that no continuous test was 
used. This exception was not considered to be an 
important limitation since, based on an evaluation 
of field data, it has been shown that the Semi- 
Continuous Activated Sludge Test can be operated 
to achieve the same results (and at considerably less 
effort) as those obtained by continuous test 
procedures. 

No modifications were made in the microbiological 
aspects of either the Bunch-Chambers or River Die- 
Away procedures. The Shake Flask method for 
anionic surfaetants was modified in that the duration 
of the test was extended to 15 days and the extent 
of biodegradation was measured on days 11 and 15 
as well as days 0, 7 and 8. 

In the earliest series of Subcommittee cooperative 
tests of nonionics, the Semi-Continuous Activated 
Sludge procedure was judged to offer the greatest 
promise as the basis for developing a suitable method 
for this class of surfaetants. This procedure gave 
more consistent results in inter-laboratory compari- 
sons and the biodegradability data which it yielded 
were more compatible with other laboratory results 
and the limited field data available. Therefore, 
greater effort was made to modify it so as to achieve 

a satisfactory laboratory test procedure in as short 
a time as possible. 

Some of the cooperating laboratories reported poor 
cell growth and pH decline in the latter stages of 
some of their Semi-Continuous Activated Sludge 
tests. In extreme cases of pH drift, values as low 
as 6.3 were noted. Various changes were made in 
the nutrient medium in an effort to provide adequate 
cell growth and to avoid pH decline in any labora- 
tory. These are summarized in Table 1. The pH 
control was improved by increasing the amount of 
buffer in the formula, as in test series No. 2 (see 
Table I) .  However, better pH stability was achieved 
with the medium used in test series No. 1, 3 and 4. 

A study was made of the effect of residence time 
in the Semi-Continuous Activated Sludge Test upon 
the biodegradation of the nonionic surfactants. Aera- 
tion times of 5, 6, 17 and 23 hr were evaluated at 
initial surfaetant concentrations of 10 mg/liter and 
20 rag/liter. 

One of the burdensome features of any method 
requiring daily care is the necessity of weekend feed- 
ing. Some cooperating laboratories serviced their 
Semi-Continuous Activated Sludge units daily from 
Mondays through Fridays but omitted weekend care. 
This, of course, led to abnormal conditions in the 
tests on Mondays and to a lesser extent on Tuesday. 
However, by collecting data on Wednesdays, Thurs- 
days and Fridays only, those laboratories omitting 
weekend care obtained data comparable to those pro- 
viding daily care. Consequently, in later tests, all 
laboratories took data only on Wednesdays, Thurs- 
days and Fridays of the second, third and fourth 
weeks of the tests, regardless of the feeding schedule. 

Analytical MeasurementsmMethods 
Used in Cooperative Studies 

Concurrent with studies on biodegradation, The 
Surfactant Analytical Subcommittee of SDA studied 
and evaluated all known available methods which 
might be useful in estimating the degree of surfactant 
removal. The wide range of nonionic surfactant types, 
their limited reactivity, plus the need for sensitive 
and accurate measurements pose a severe if not in- 
surmountable barrier to a single universal test. A 
review of analytical procedures considered to date 
is included in a forthcoming publication of the SDA 
(13). The three procedures used in the biodegrad- 
ability testing program are discussed below. 

The colorimetric extractive procedure, in which 
the intensity of blue color formed by complexing 
ethoxytate surfaetants with ammonium cobaltothio- 
cyanate is measured, was used in the early phase 
of testing. Although it was found that this procedure 
gave reproducible results, its inherent shortcoming 
of poor correlation with loss of foaming potential and 
surface tension depression precluded its use as a 
standard analytical procedure, and other methods 
were sought. 

The general ability of surfactants to reduce the 
surface tension of water was evaluated as a means 
of following the biodegradability of nonionics utiliz- 
ing a standardized procedure and a du Noiiy tensiom- 
eter. Interferences prevented reproducible results 
and this method was also considered unsatisfactory. 

Failure of extensive efforts to produce a suitable 
chemical analytical method and the inherent short- 
comings of surface tension measurements for routine 
testing led to the direct measurement of loss of 
foaming ability. Although this method also has 
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TABLE I I  
Fi rs t  Cooperative Screening Study 

Surfaetants tested 

River  die-away median degradations b Semi-continuous 
activated-sludge 

degradat i°na CTAS- Surface 
Foam loss, )~BAS tension, 

Residual CTAS- % loss, % dynes /  
effluent )/IBAS cm 2 
foam, loss, 

m l / 5 0 m l  % W k 2  W k 4  W k 2  W k 4  W k 2  W k 4  

Shake culture median degradations using 
initially unacclimated seed c 

Surface 
CTAS- tension, Foam loss, MBAS 

% loss, % dynes/  
am u 

Day Day  Day Day  Day Day 
7 14 7 14 7 14 

Linear  alkylate sulfonate 
Commercial composite 0.0 • 
Dodeeene-1 -derived 0.0 

Tetr  apropylene-derived ABS 3.5 
Linear p r i mar y  alcohol ethoxylate 0.0 
L inear  secondary alcohol ethoxylate 1.8 
Random linear  nonylphenol 5.0 

ethoxylate 
Nonrandom l inear decylphenol 2.4 

ethoxylate 
p,t-Ootylphenoxynonaethoxyethanol 15.0 
Branched tridecyl alcohol ethoxylate 4.0 
Tripropylene-derived nonylphenot 4.8" 

ethoxylate 
Tetr  apropylene-derived dodecylpbenol 2.0 

ethoxylate 

97 99 10O 91 93 70 72 88 91 97 95 60 66 
Init ially 100 100 100 99 99 72 71 90 10O 96 99 58 70 

20 ml 66 80 93 68 68 59 69 10 7 17 19 42 41 
100 100 100 1OO 100 70 71 98 1O0 100 100 70 71 
94 81 98 93 100 63 71 50 62 88 93 60 61 

Init ially 94 58 92 77 100 47 59 0 0 57 68 42 42 

15 ml 99 85 99 96 100 63 70 6 6 74 87 50 55 

95 43 80 81 100 48 52 0 0 15 44 40 44 
63 10 91 87 10O 56 65 0 0 18 81 41 45 

Ini~al ly 95 92 92 93 98 45 49 0 0 3 19 39 40 

9 ml 96 55 87 16 98 39 47 8 15 3 0 30 38 

a Laboratory activated-sludge unite were operated on a 23 hr  aeration cycle with degradat ion measured by cobaltothlocyanate (OTAS) 
and  methylene blue (~M:BAS) eolorimetric procedures and reduction in foaming  character  of clarified unit  effluent. The surfactant  and synthetic 
food were  added at the same time in this study. ~£edlan data dur ing  the fourth operat ing week are reported. Init ial  foams were estimated 
from average of die-away (10 rag/ l i ter)  and shake-flask (30 rag/ l i te r )  initial levels. 

b Ini t ia l  and weekly samples of the die-away systems were analyzed by the eolorimetric, foam and surfaCe-tension techniques. The 
surface tension value reported compares to an initial  median value of 43 dynes/era 2. Test concentration was  10 mg/l i ter .  

c Seed was  obtained from domestic activated-sludge t reatment  plants and given two adaptive t ransfers  prior to the test period. Surfactant  
test concentration was 80 rag/l i ter .  

several limitations, it was believed that, overall, it 
produced the most meaningful results and was there- 
fore used in later phases of the cooperative biodegrad- 
ability testing. In the course of the cooperative 
studies a closely standardized procedure was evolved. 

Results Obtained From 
Cooperative Studies 

During the cooperative test program, three distinct 
phases evolved. These could be categorized as an 
initial screening phase; a phase in which efforts were 
concentrated on optimizing the Semi-Continuous 
Activated Sludge method for nonionic testing; and 
a final phase in which specific nonionics used ex- 
tensively in detergents were studied. In all, four 
cooperative, round robin tests were conducted. 

P h a s e  1. P r e l i m i n a r y  A s s e s s m e n t  o f  A l t e r n a t i v e  M e t h o d s  o f  
B i o d e g r a d a t i o n  T e s t i n g  an¢l  A n a l y s i s  

Initial plans for the cooperative test phase of the 
study were prepared in May 1965. The test methods 
selected for evaluation were the Shake Flask Test, 
the Semi-Continuous Activated Sludge Test, and the 
River Die-Away Test. Degradation was followed by 
the three analytical procedures indicated above. In 
all, i1 materials of different structure were tested. 
Eight were nonionics, and three anionics (ABS, LAS 
and a dodeeene-1 derived LAS) were used for con- 
trol purposes. The eight nonionics, which are de- 
scribed more fully in Appendix A were as follows: 

(a) Linear Primary Alcohol Ethoxylate 
(b) Linear Secondary Alcohol Ethoxylate 
(c) Random Linear C9 Phenol Ethoxylate 
(d) Nonrandom Linear Clo) Phenol Ethoxylate 
(e) p , t - O c t y l p h e n o x y n o n a e t h o x y e t h a n o l  (A1- 

kylphenol Ethoxylate) 
(f)  Tripropylene-derived Alkylphenol Ethoxylate 
(g) Tetrapropylene-derived Alkylphenol Ethoxy- 

late 
(h) Branched Tridecyl Alcohol Ethoxylate 

Results from this initial round robin study in which 
11 laboratories took part indicated that the primary 
alcohol ethoxylate was highly biodegradable under 
all test and analytical conditions (Table II) .  Slightly 
lower degradation was observed for the secondary 

alcohol ethoxylate and for the non-random decyl- 
phenol ethoxylate. Under the specific test conditions 
established, the branched-chain alkylphenol ethoxy- 
lares (e, f and g), the random linear nonylphenol 
ethoxylate and the tridecyl alcohol ethoxylate showed 
the lowest rates of biodegradation. With the excep- 
tion of the primary alcohol ethoxylates, foam loss for 
nonionics in the Shake Flask test was fair, at best. 

Throughout this test series, poor correlation of sur- 
face activity loss with cobaltothioeyanate response 
was found. This was particularly true in the case of 
the Semi-Continuous Activated Sludge method. In 
some cases, no foam loss could be observed even though 
cobaltothiocyanate analysis indicated 95% degrada- 
tion. Surface tension data were erratic in all cases 
and, while useful in a qualitative sense, did not ap- 
pear to warrant further effort to develop this tech- 
nique as a primary analytical method. 

In each of the test methods, the anionic control 
materials performed about as expected based on pre- 
vious experience with these compounds. 

P h a s e  2. S t u d y  o f  T e s t  V a r i a b l e s  i n  t h e  S e m i - C o n t i n u o u s  
A c t i v a t e d  S l u d g e  T e s t  

After reviewing results obtained in the first round- 
robin study, revisions in test methodology were pro- 

TABLE III 
Summary  Of Bunch-Chambers Die-away Test Data  From 

Third Cooperative Study a 

Surfactant  tested 

l~edian 4th Number of laboratories 
week foam reporting specified foam 
(or MBAS) (or ~IBAS) loss level 

lees, % < 8 0  % 80-90 % --~90 % 

Linear  alkylate 
sulfonate (LAS)  94 (91) 0 (0) 0 (2)  4, (3) 

Tetrapropylene- 
de r i ve dABS < 6 0  (35) 2 (5) 0 (0) 2 (0) 

Linear  secondary 
alcohol ethoxylate 85 b 1 3 1 

Nonrandom linear  CIo 
phenol ethoxylate 75 3 1 0 

p,t-Octylphenoxy- 
nonaethoxyethanol < 6 0  4 0 0 

a Bunch-Chambers ( F W P C A )  dle-away test system consisted of 
20 mg/ l i t e r  sur fac tant  and 50 rag/ l i ter  yeast  extract diluted in a 
90/10 mixture  of B 0 D  dilution water  and settled sewage. After  
incubating for seven days, the mixture  was  analyzed and sub-cultures 
were set up in fresh media and recharged surfactants .  The above 
data were collected at the completion of the fourth die-away period. 

b Data reported by one laboratory show that higher removals can 
be obtained by reducing the yeast concentration to 25 rag/l i ter  or 

reducing the surfactant level to 10 mg/Uter .  
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TABLE IV 
Second Cooperative Semi-Continuous Activated Sludge Study a 

Surfactants tested 

M A U S N E R  E T  A L . :  B I O D E G R A D A B I L I T Y  O F  S U R F A C T A N T S  

2 4 ~  

Median foam Number of laboratories 
loss reported reporting specified 

by cooperating foam-loss levels 
laboratories, 

% ~ 8 0 %  8 0 - 9 0 %  ~ 9 0 %  

L i n e a r  a lkylate  
sulfonate ( L A S )  96 b 0 4 10 

Te t rapr  opylen e~ 
derived ABS ~ 6 0  10 1 1 

Linear p r i m a r y  alcohol 
ethoxylate  99 0 0 13 

Linear secondary alcohol 
ethoxylate 93 b 1 4 8 

l~onrandom linear Clo 
phenol ethoxylate 83 b 4 7 0 

p,t-Octylphonoxy- 
nonaethoxyethanol  ~ 6 0  9 2 0 

~:ethyI branched  l inear  p r i m a r y  
alcohol ethoxylate 99 0 1 7 

a Laboratory activated-sludge units were operated on a 23 hr  
aeration cycle with degradation monitored by reduction in foaming 
character of the clarified unit  effluent af ter  5 and 17 hr. The 17 hr  
data are  reported in this Table. The surfactant  and synthetic food 
were added at the same time in this study. 

bFoam_loss values for these materials were lower in the 5 hr 
detention tests; several laboratories reported values below 80%.  

20 

16 

¥ 

- 1 2  
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posed to improve discrimination among various test 
compounds. In the case of the Semi-Continuous 
Activated Sludge method, this was attempted by 
lowering the total aeration time from the previously 
used 23 hr. In addition, it was agreed to devote 
more effort to the application of foam loss as a mea- 
sure of biodegradation. To put foam measurement 
on a quantitative basis, the Subcommittee accepted 
the concept of estimating biodegradability by com- 
paring foam volume of the effluent with foam value 
of a reference effluent containing known quantities 
of added surfactant. As a material underwent de- 
gradation additional foam measurements were made 
and compared to a blank reference effluent to which 
known amounts of surfactant had been added. For 
example, if a test effluent which had started with 
10 rag/liter of surfactant gave a foam volume equiva- 
lent to a control effluent spiked with 1 rag/liter of 
that surfactant, then degradation of test sample 
would be said to have proceeded to 90% as measured 
by foam loss. 

Although other biodegradability test procedures 
were evaluated during Phase 2, e.g., tlle Bunch- 
Chambers method (Table I I I ) ,  primary emphasis 
was placed on the Semi-Continuous Activated Sludge 
method since it seemed to offer the most promise from 
the standpoint of reproducibility and discrimination. 
During the course of this work, the method was 
evaluated at aeration detention times of 5, 6 and 17 
hr. The source of the sludge inoculum was recognized 
as a critical factor. It  was stipulated that sludge 
should be obtained from a plant treating pre- 
dominantly domestic sewage since the test was being 
developed to measure the degradability of cleaning 
products. The initial surfactant concentration was 
also recognized as a parameter requiring careful con- 
sideration. Evaluations were carried out at starting 
levels of 10 rag/liter and 20 rag/liter during this 
phase of the study. These nonionie levels are many 
times higher than those encountered in domestic 
sewage except under highly unusual conditions. 
Nevertheless, it was found necessary to work with 
these concentrations in order to assure meaningful 
and reproducible analytical measurements since many 
nonionies have foam thresholds between 0.5 mg/liter 
and 1.0 rag/liter. The high initial concentrations 
coupled with the shock-feed conditions, tend to com- 
pensate for the relatively long detention times used. 
In a separate set of experiments, the Subcommittee 
confirmed that acceptable results could be obtained 

Data obtained with a linear 
prYnary-alcahol ethoxytate 
in tests by l0  cooperating 
laboratories. Some laboratories 
made replicate runs. 
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by comparing foam levels from a surfactant sample 
undergoing degradation with a sample containing 
]/10 of the initial surfactant concentration. The sur- 
factants investigated during this phase of the study 
included two anionics (ABS and LAS) which again 
served as references. Three nonionics were deleted 
because they lacked broad commercial application 
and one new nonionic surfactant was added. The 
three materials deleted were the tripropylene and 
tetrapropylene alkylphenol ethoxylates and the 
branched tridecyl alcohol ethoxylate. The new ma- 
terial was a primary alcohol ethoxylate in which the 
alcohol contained approximately 25% methyl groups 
in the beta position (Appendix A). 

When the Semi-Continuous Activated Sludge 
method was operated at a 5 hr aeration detention 
time, findings indicated that this test condition was 
too restrictive to yield generally useful biodegrad- 
ability data. Results obtained with the units oper- 
ating at a 17 hr detention time are shown in Table 
IV. In this procedure, the diluted synthetic sewage 
was added to the settled sludge and the mixture was 
then aerated. After a specified period of time, the 
test surfactant was added to the aerating mixture. 
It was hoped, that in so doing, the organisms would 
be in a semi-starved condition at the time of sur- 
factant addition and that results, more consistent 
with field experience, would be obtained. However, 
the desired effect was not observed. 

Operational difficulties were also encountered. 
Several participating laboratories reported a signi- 
ficant decline in pH throughout the test. Others re- 
ported problems with maintaining a uniform sludge 
solids level, and with drifting pH. Still other dif- 
ficulties developed with respect to feeding and in the 
measurement of foam. In this latter situation, wide 
variations were reported for the same, known sur- 
factant concentration. All of these factors pointed 
to the fact that a single, reproducible and generally 

0 " " 
0 4 8 12 16 2O 

Surfactant Concentration, mg/I 

FIG. 1. T y p i c a l  f o a m  cal ibrat ion~ c u r v e s .  
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T A B L E  V 
Third  Cooperative Semi-Continuous Activated Sludge S t u d y  a 

S u r f a c t a n t s  tested 

Median 
foam 

(or MBAS)  Number  of laboratories 
loss  r e p o r t i n g  specif ied foam 

reported (or MBAS) loss 
by 

cooperating ~ 8 0  % 80-90 % ~ 9 0  % 
laboratories, %b 

Linear  alkylate 
sulfonate (LAS) 99 (96) 0 (0) 0 (0) 9 (9) 

Tetrapropylene- 
de r ivedABS 85 (76) 3 (4) 4 (2) 2 (0) 

Linear  secondary 
alcohol ethoxyiate 96 0 2 8 

Nonrandom linear Cm 
phenol ethoxy~ate 90 1 4 4 

p,t-Octylphenoxy- 
nonacthoxyethanol ~ 6 0  10 0 0 

a Laboratory activated-sludge units were  operated on a delayed 
surfactant-feeding basis, yielding per cent degradation values for 6 
and 17 hr  detention periods. The 17 hr data with 10 rag/l i ter  sur- 
factant  dosage are shown in this Table; the 6 hr  degradation levels 
were considerably lower. The diluted s y n t h e t i c  w a s t e  (yeast, glucose, 
buf fer )  w a s  added to the settled biomass, and the mixture  w a s  aerated  
for an appropriate period before the surfactant  solution was added. 
The de layed  s u r f a c t a n t  addition allowed the food supply to be reduced 
by the organisms before they were exposed to t h e  sur fae tants .  

b Per  cent degradation was  obtained by comparing unit-effluent 
foam values with foam measurements  on surfactant  spikes (1 and 2 
mg/ l i t e r )  added to the blank unit  effluent. Methylene-blue-active 
substances (MBAS) were calculated f rom determinations of feed and 
effluent values. Data  used were collected 16 to 32 d a y s  after  startup. 

applicable test method was still not in hand. The 
results obtained did not entirely correlate with avail- 
able field test data. Field studies had been carried 
out on the removal of ABS, LAS, secondary alcohol 
ethoxylates, and p,t-octylphenoxynonaethoxyethanol 
in sewage t reatment  plants. In the case of the last 
material, considerably higher degradation was ob- 
served in the sewage t reatment  plant  studied in the 
field test than was found in the laboratory conditions 
discussed above (14), since the specific field environ- 
ment is often most resourceful in bringing about the 
degradation of synthetic chemicals (4). Laboratory  
data obtained during this phase of the cooperative 
s tudy are summarized in Table V. 

Phase 3. Application to Nonionics Extensively 
Used in Detergents 

In  order to bring within controllable proportions 
the problem of developing a test procedure, the Sub- 
committee, upon completion of Phase 2 of the co- 
operative study, elected to concentrate its efforts on 
those surfactants which were most widely used in 
household and institutional detergents. As described 
previously these were found to be pr imary  alcohol 
ethoxylates, secondary alcohol ethoxylates, alkanol- 
amides and amine oxides. The representative samples 
tested are described more ful ly  in Appendix A. In 
addition, ABS and LAS were retained as controls. 
Operational conditions established for  the Semi- 
Continuous Activated Sludge Test, which now ap- 
peared to be the method of choice, included the 
following: 23 hr aeration detention time, maximum 
durat ion of the test, 32 days, and weekend feeding 
preferred.  The first four or five days of the test were 
set aside for incremental build-up of the surfaetant  
concentration and a maximum of two weeks was al- 
lowed for sludge to reach the desired concentration 
and pH.  

Each of the 11 cooperating company laboratories 
ran the test unti l  level operation was achieved. Level 
operation was defined as six days of data  collection 
in which the difference in average per cent removal 
for the first three days and for the last three days 
was no more than 3 %. 

Foam calibration curves were prepared in each 
laboratory so that  foam measurements made during 
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Fxo. 2. Statistical analysis of biodegradation results (Phase 
3). LAS, linear alkylate s~llfolmte; ABS, tetrapropylene- 
derived. 

the test could be converted directly into per cent 
degradation. These measurements were generally the 
responsibility of one individual in each laboratory 
so that  a high degree of reproducibil i ty could be 
assured. F igure  1 demonstrates some of the inherent 
variabili ty in foam measurements between labora- 
tories. The individual curves are based on data sub- 
mitted by individual laboratories dur ing the evalua- 
tion of p r imary  alcohol ethoxylate biodegradability, 
which was one of the more uniform correlations. 
Even though variations in absolute foam volume mea- 
surements can be fair ly large from person to person 
or laboratory to laboratory, reproducible and reliable 
biodegradabili ty information was developed from such 
data (Table VI) .  These data have also been plotted 
in terms of statistical probabili ty as shown in Figure  2. 

A description of the statistical methodology used 
in evaluating collected data is included as Appendix 
B of this report.  Confidence in the statisticaI analysis 
is high even though one of the cooperating labora- 
tories had difficulty in meeting the requirement of 
six days of level operation. 

A p p l i c a b i l i t y  o f  P r o c e d u r e  

Throughout  these studies, it became increasingly 
evident tha t  biodegradabili ty testing of this type is 
extremely complex because of the sensitive biological 
systems involved and the inherent  variabil i ty of foam 
measurement techniques. 

Thus, while a valuable procedure was developed, 
it  has application only in the hands of skilled and 
experienced investigators and should not be viewed as 
a universal method for the determination of nonionic 
biodegradability. However, the procedure is con- 
sidered to be of the "fail-safe" type, that  is, i f  a 
nonionic material  is found to be highly degradable 
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TABLE VI  
Biodegradation Test Results With Modified SemLContinuous Activated 

Sludge Test, Fourth Cooperative Study a 

Sur fac tan t  Degradation,  % 

Linear pr imary  alcohol ethoxylate 99.7 
Linear secondary alcohol ethoxylate 96.2 
Diethanolamide 99.8 
Amine oxide 99.6 
LAS 97.5 
ABS 70.3 

a Laboratory activated-sludge units  were operated on a 23 hr- 
aera t ion/1  hr-settling cycle at 2500 ( ~ 5 0 0 )  rag/l i ter  solids con- 
centration. Degradat ion of the nonimlics was monitored by reduction 
in foaming character  of the clarified unit  effluent. The degradation 
of LAS and ABS is presented in terms of MBAS reduction. The 
sur fac tant  (20 rag/liter) and synthetic food (300 rag/ l i ter  glucose, 
200 mg/ l i t e r  nutr ient  broth, and 130 rag/l i ter  I~HPO~)  were added 
to the settled sludge at  the same time in this study. Units  were  
started with biological solids from domestic activated-sludge plants;  
the test duration was Iimited to 32 days. 

in the test, it can be expected to be so in nature as 
well. I f  field and laboratory data lead to conflicting 
conclusions, experience indicates that greater reliance 
should be placed on field test results under the in- 
tended use conditions. Even when data from sewage 
treatment plants are available, care must be taken in 
their interpretation due to wide variations which may 
exist in field conditions, e.g., aeration detention time, 
activated sludge concentrations, acclimation of the 
microorganisms. 

No field studies on nonionics were carried out under 
Subcommittee sponsorship; however, individual com- 
panies have conducted such research on several of the 
materials evaluated during Phases 2 and 3. Good 
correlation with laboratory test results was observed 
for linear alcohol ethoxylate and for the control 
anionics. In the case of p,t-octylphenoxynonaethoxy- 
ethanol, the Subcommittee's test data did not show 
comparable correlation. 

Although these field studies have been described 
in the literature (14,15,16) a brief discussion of the 
principal findings is warranted. The biodegradability 
of secondary alcohol ethoxylate under field conditions 
was evaluated in an extended aeration activated 
sludge plant (15). Overall removal was in the order 
of 94% with an initial surfaetant concentration of 
22 rag/liter. This level of biodegradability compares 
favorably with that found in the laboratory during 
the cooperative studies. 

Conversely, in a field trial in which the biode- 
gradability of p,t-octylphenoxynonaethoxyethanoI was 
studied, significantly higher biodegradability was ob- 
served than was noted in cooperative laboratory 
testing (14). An extended aeration type sewage treat- 
ment plant was also used in this study. Initial sur- 
factant concentrations of 5.3 rag/liter, 9.5 rag/liter 
and 11.0 mg/liter were used in various phases of tile 
test. 0veralI degradation exceeded 90% under the 
three test conditions as determined by various chem- 
ical and physical analytical methods. B0D removal 
approximated 95% in all cases. This paper also de- 
scribes laboratory conditions under which the test 
material's biodegradability correlates with the cited 
field experience. 

Numerous field studies, involving a variety of 
waste treatment processes, have been conducted on 
the anionic control materials (16). All of these re- 
sults correlated well with the laboratory findings and 
indicated a high level of biodegradability for LAS, 
while significantly lower levels of biodegradability 
were noted in the case of ABS. 

Discussion 
Based on the results of this three year program, it 

would appear that no single, simple, standard method 
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exists at this time to determine the biodegradability 
of all types of nonionic surfactants. However, the 
cooperative study carried out by the SDA's Sub- 
committee on Biodegradation Test Methods, has shown 
that those nonionies which are used extensively in 
household and institutional detergents are highly bio- 
degradable and can be readily removed under con- 
ditions of normal secondary sewage treatment. 

One of the principal problems in developing a uni- 
versally applicable nonionic biodegradability test 
procedure exists in the analytical rather than the 
biological phase of the methodology. The exhaustive 
review by the Subcommittee of the available chemical 
analytical methods indicates that, at present, neither 
a single method nor group of methods is available to 
measure accurately both the original molecule and 
the intermediate degradation products of the many, 
multistructured compounds which are broadly classi- 
fied as nonionic surfactants. For this reason, physical 
techniques such as the measurement of surface tension 
changes and foam loss seem to offer some promise. 
Of the two, greater consistency was achieved through 
the use of a foam loss procedure. However, great 
variability was noted between laboratories and even 
within the same laboratory (when the test was run 
by different operators). This suggests that unless the 
procedure is carried out by experienced technicians, 
misleading results may be encountered. 

Of the many biological procedures evaluated, the 
Semi-Continuous Activated Sludge type, because of 
its high reproducibility and correlation with field 
experience, seems to be the best approach to the 
determination of the biodegradability of the major 
nonionies used in household and institutional deter- 
gent products. 

Before conclusions can be reached regarding the 
biodegradability of other nonionics by using the 
methodology outlined in this report, supporting data, 
preferably that obtained in the field under intended 
use conditions, must be considered in the overall 
evaluation. Even when field test data are available, 
care must be taken in interpreting such findings due 
to the variations which may exist in waste treatment 
plants and in nature. However, the Subcommittee is 
satisfied that the procedures used in Phase 3 are 
inherently of the "fail-safe" type. That is, if a non- 
ionic material is found to be highly degradable in 
the test, it will undoubtedly be so in nature. If, 
however, its biodegradability under laboratory con- 
ditions is doubtful, other supporting information is 
needed to determine its actual biodegradability. 

This report is only a summation of the status of 
nonionic biodegradability testing to the present time 
and should not be considered as a final, definitive 
resolution of the problem. Even though residues of 
nonionie surfaetants emanating from synthetic deter- 
gents do not appear to contribute to esthetic water 
pollution or to interferences with waste treatment 
processes, continued research is planned by the Sub- 
committee. This is planned as a three phase program 
which will concern itself with the refinement of 
existing biological and analytical methods, the evalua- 
tion of new methods as they become available, and 
the examination of nonionic surfactants which may 
be used in household and institutional detergents in 
the future. 
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A p p e n d i x  A 

D e s c r i p t i o n  o f  t h e  V a r i o u s  l q o n i o n i c  S u r f a c t a n t s  U s e d  in  t h e  
T h r e e  Y e a r  C o o p e r a t i v e  B i o d e g r a d a b i l i t y  S t u d y  

Linear Primary Alcohol Ethoxy~ate. A n  average  10 mole 
e thylene  oxide der iva t ive  of  a C~-C~4 p r i m a r y  alcohol of  
n a t u r a l  or igin  der ived f r o m  coconut  oil. The  1 %  aqueous  
cloud po in t  is app rox ima te ly  62.3 C a n d  the  t e s t  m a t e r i a l  ha s  
a hydroxyl  n u m b e r  of  107. 

Linear Secondary Aleoho~ Ethaxytate. A n  average  9 mole 
e thoxyla te  C n - C ~  r a n d o m  secondary  a lcoho l  The  s u r f a c t a n t  
was  derived by  e thoxy la t lon  of  i someric  secondary  alcohols. 
W i t h  the  except ion o f  t h e  t e rmina l  carbons ,  the  a t t a c h m e n t  
was r a n d o m  a long the  a lkyl  chain.  The  0 .5% cloud po in t  is  
62 C a n d  the  Specific Grav i ty  a t  20/20 C is 1.013. The average  
hydroxy l  molecular  w e i g h t  is  594. 

Random Linear Co Phenol l~thoxylate. An average  9 mole 
e thoxyla te  which  was  m a d e  by  a lky la t ing  phenol  wi th  a close 
c u t  m i x t u r e  o f  a l p h a  olefins a v e r a g i n g  C9. Th i s  resu l ted  in 
a side cha in  a t t ached  to the  r ing  a t  a (2, 3, 4 pos i t ion)  
secondary  carbon.  I t  was  e thoxyla ted  to a cloud po in t  of  54 C. 

hronrandom Linear C~o ~heno~ Ethoxyla~e. A n  e thoxyla ted  
Co-C~o l inear  a lkylphenol  con ta in ing  a n  ave rage  of  10.4 e thylene  
oxide uni ts .  This  m a t e r i a l  has  an  Mkyl cha in  l e n g t h  distr i-  
b u t i o n  o f  70% decyl a n d  30% nonyl .  The  p u r i t y  o f  the  
s t a r t i n g  a lkylphenol  was  g r e a t e r  t h a n  95%.  The posi t ion 
of  the  phenol  r ing  (ma in ly  p - subs t i t u t ed )  a long the  a lkyl  
cha in  is  as fol lows:  

1 11% 
2 85% 
3 2% 

4,5 2 %  

Alkyl  b r a n c h i n g  was  less  t h a n  5 % .  
p,t.OctylphenoxynonaethoxyethanoL Ar~ average  10 mole 

e thoxy la ted  b r a n c h e d  cha in  alkylphenol .  This  ma te r i a l  has  a 
molecu la r  we igh t  o f  647 of  which  the  e thy lene  oxide cons t i tu tes  
68%.  T h e  aqueous  cloud po in t  was  65 C. 

Tripropy~ene-de~ved Alkylpheno~ Jgthoxylate. A branched  
cha in  nonyl  ( 9 0 - 9 5 %  p a r a )  phenol  which  was  m a d e  b y  u s ing  
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a m i x t u r e  o f  isomeric  b r anched  cha in  t r imer s  of  propylene.  
I t  was  e thoxy la t ed  to a c loud po in t  o f  55 C and  the molecular  
we igh t  i s  620. The  m a t e r i a l  con ta ins  a n  ave rage  o f  9.1 mo~es 
of  e thy lene  oxide. 

Tetrapropy~ene-derived Al~ylphenol Etho~ylate. A te t ra-  
p ropy lene  der ived dodccylphenol  con ta in ing  a n  average  of  10 
e thylene  oxide uni ts .  The  ma te r i a l  was  m a d e  f rom dist i l led 
a lkylphenol ,  thus  be ing  p r edominan t l y  the  monododeeyl  deri- 
vat ive.  Typica l ly ,  t h i s  compound  is  85% p a r a  a n d  15% ortho. 

Branched Tridecyl Alcohol Ethoxy~ate. A n  average  9 mole 
e thylene oxide der ivat ive  of  a C~3 oxo alcohol derived f r o m  
te t r ap ropy lene .  This  compound  finds app l i ca t ion  in  indus t r i a l  
p roduc t s  and  i ts  1% aqueous  cloud po in t  is approx imate ly  
6O C. 

Methy~ Branched Linear P~'imary Atvohot Ethozylate. An  
average  9 mole e thoxyla te  of  C~-Cu p r i m a r y  alcohol. The 
p r i m a r y  alcohol conta ined  approx ima te ly  25% branch ing ,  pre-  
d o m i n a n t l y  the  2-methyl  i somer .  The  1 %  aqueous  cloud po in t  
is 75 G and  the  ma te r i a l  ha s  a hydroxyl  n u m b e r  of  92. The 
9 mole e thoxy]a te  h a s  an  ave rage  molecular  we igh t  of  603. 

Alkyl Diethanelamide. A commercia l  l au r ie  d le thanolamide  
based  upon  a 90% laur ie  acid chain  and  con ta in ing  5 %  excess 
d ie thanolamine .  

Alky~ Amine Oxide. Coco d ime thy lamine  oxide derived f ro m  
dist i l led coco amine  and  hav ing  a molecular  we igh t  of  244. 
The  compound  is  a 30% act ive aqueous  solut ion.  

A p p e n d i x  B 

S t a t i s t i c a l  M e t h o d o l o g y  E m p l o y e d  

The da ta ,  as received f r o m  the p a r t i c i p a t i n g  laborator ies ,  
were expressed  in  mil l i l i ters  o f  foam.  F o a m  cal ibra t ion  d a t a  
( f o a m  h e i g h t  vs. r ag / l i t e r  s u r f a c t a n t )  were also avai lable fo r  
each product .  These  ca l ib ra t ion  curves  di f fered s ignif icant ly 
f r o m  l abora to ry  to l abora to ry .  The  p rope r  p roduc t - l abora to ry  
curve was  appl ied  in t r a n s l a t i n g  the  r aw f o a m  da t a  to per  
cent  o f  s u r f a c t a n t  removed in  each ins tance .  

E x a m i n a t i o n  o f  the  d a t a  expressed  as  pe r  cen t  of  s u r f a c t a n t  
removal  revealed t h a t  the  var iance  wi th in  r u n s  or between 
runs  wi th in  labora tor ies  was  a func t ion  of  per  cent  removed.  
Smal l  va r i ances  were assoc ia ted  wi th  l a rge  pe r  cent  removals  
This  is  typ ica l  of  d a t a  b o u n d e d  by  some l imit ,  such as 100% 
removed.  The  classical  ana lys i s  of  var iance  techniques  does 
no t  app ly  in  th i s  ins tance .  Therefore ,  the  pe r  cent  removal  
d a t a  were t r a n s f o r m e d  to a new scale X,  where  

X = V 100.1 - -  % D e g r a d e d  

This  t r a n s f o r m a t i o n  removed the bu lk  of  the  cited defect .  
All  subsequen t  ana lyses  were in  t e rms  o f  X,  wi th  a final 
t r a n s f o r m a t i o n  of  tolerance l imi ts  back to pe r  cen t  degraded.  

All  of  the  avai lable  d a t a  were t r ea ted  in  an  unba lanced  
nes ted  ana lys i s  o f  var iance .  The  levels considered were:  

1. L a b o r a t o r y  to l abora to ry  (between labora tor ies  wi th in  
p r o d u c t s ) .  

2. R u n  to r un  wi th  l abora tor ies  (be tween  runs  wi th in  
l abora to r i e s ) .  

3. D a y  to day wi th in  r u n s  (between days  wi th in  r u n s ) .  

A " r u n "  is defined here  as the  con t inu ing  deg rada t ion  of  a 
p roduc t  wi th  a s ingle  l abo ra to ry  sys tem.  

General ly ,  the  va r i a t i on  be tween r u n s  wi th in  a l abora to ry  
was  of  the  same  m a g n i t u d e  ( a t  the  0.10 level of  significance) 
as the  va r i a t ion  wi th in  runs .  Such d a t a  were then  pooled 
into two levels,  wi th  the  app rop r i a t e  degrees  o f  f r eedom esti-  
m a t e d  by  Sa t t e r thwa i t e ' s  (17)  approx imat ion .  

S ta t i s t i ca l  tolerance l imi t s  ( 9 5 % )  were computed  in  the  
usua l  f a sh ion ,  u s i n g  app rop r i a t e  va lues  o f  k f r o m  publ i shed  
Tables .  These  l imi ts  were t r a n s f o r m e d  f r o m  the  X-scale to 
per  cen t  o f  s u r f a e t a n t  removed.  

T r a n s l a t i o n  o f  the  r a w  f o a m  d a t a  to pe r  cen t  of  s u r f a c t a n t  
removed was  accompl ished wi th  g r a p h  paper .  T r a n s f o r m a t i o n  
to the  X-scale  and  all  subsequen t  ana lyses  were pe r fo rm ed  wi th  
the  a id  o f  d ig i ta l  computers .  


