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ABSTRACT 

Environmental water quality evaluations of raw 
materials in consumer products occupy a position of 
critical importance in many industries throughout the 
world. The rapid growth and diversity of the house- 
hold detergent market requires continuous consider- 
ation of new materials needed to meet the demands 
of new, improved and modified products. As house- 
hold cleaning products are normally disposed of as a 
component of domestic sewage, surface active com- 
pounds, including nonionic surfactants, would reach 
surface waters only as a part of a sewage effluent and 
would be subject to the same degree of biological 
treatment as the balance of the waste. For this 
reason, evaluations of such new materials include an 
environmental assessment in which biodegradability 
testing of organic materials is an important first step. 
Biodegradability characteristics of nonionic surfac- 
tants, as a class, are generally more difficult to 
ascertain because of wide structural diversity and a 
usual lack of functional groups. Such determinations 
usually involve intricate and laborious test methods 
which necessitate development of analytical tech- 
niques for each degradation product of a given 
material. A method has been developed, modified and 
used in our laboratory, that provides, after reasonable 
opportunity for biological acclimation, a measure of 
the rate and degree of ultimate biodegradation 
(conversion to CO 2 and H20),  This method, which 
uses simple equipment,  has been used to assess the 
biodegradability of a wide variety of nonionic surfac- 
tants, without necessitating the development of spe- 
cific analytical methods for each surfactant under 
consideration. Additionally, this method can be 
adapted to measure degradation under conditions of 
anaerobiosis or low temperature. 

I NTRODUCTION 

Interest in biodegradability testing is not new. The 
chemical industry began looking toward biodegradability as 
early as the late 1950's, when a link was established 
between detergent surfactant residues and foaming inci- 
dents in sewage treatment plants. The subsequent search for 
a more easily biodegradable surfactant resulted in an 
industry-wide changeover to a material designed to end 
foaming problems. It also signaled the beginning of a period 
in which the property known as "biodegradability" has 
become as important  as the effective performance of 
materials used in consumer products. Environmental water 
quality evaluations of raw materials for use in consumer 
products now occupy a position of increasing importance in 
many industries throughout the world. The rapid growth 
and wide diversity of the household detergent market 
requires continuous consideration of new materials for new, 
improved and modified products. Household cleaning prod- 
ucts are normally disposed of as a component of domestic 
sewage and should be as amenable to treatment as the 
balance of the waste. Evaluations of a major new organic 
material should therefore include biodegradability testing as 
an important  first step in its environmental assessment. 

Biodegradability has been defined in many different 
contexts, the definition depending primarily upon the 
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parameter being utilized for measuring biodegradability. 
The state of biodegradability studies has reached a point 
where more precise definitions are now possible. Swisher 
(27) has indicated definitions for two degrees of biodegra- 
dation: (a) "Primary degradation occurs when the molecule 
has been oxidized, or otherwise altered by bacterial action 
to such an extent that its characteristic properties are no 
longer evident or when it no longer responds to analytical 
procedures more or less specific for detecting the original 
surfactant; and (b) ultimate degradation is defined as the 
complete conversion of the surfactant molecule to carbon 
dioxide, inorganic salts, and products associated with the 
normal metabolic processes of the bacteria." 

In general, surfactants may be conveniently divided into 
four major categories, which include: (a) anionics, such as 
LAS and ABS; (b) cationics, such as quaternary ammonium 
derivatives; (c) amphoterics, such as alkyl ammonio pro- 
pane sulfonates; and (d) nonionics, which include polyoxy- 
ethylene and polyoxypropylene derivatives. 

In 1965, the Soap and Detergent Association's Subcom- 
mittee on Biodegradation Test Methods published a paper 
describing a two part method for determining the bio- 
degradability of LAS and ABS (26). The criterion for 
biodegradability was, in this case, a loss of colorimetric 
response to the Methylene Blue Active Substance (MBAS) 
analysis. This was a measure of primary degradation. Since 
that time, additional work has shown LAS to undergo ring 
cleavage and ultimate biodegradation. The biodegradability 
characteristics of nonionic surfactants, as a class, are 
generally more difficult to ascertain because of a wide 
structural diversity and a usual lack of common functional 
groups. The class of nonionic surfactants (Fig. 1)includes 
not  only primary and secondary linear alcohol ethoxylates, 
but also alkyl phenol ethoxylates, sugar-fatty acid esters, 
alkyl amine oxides, alkyl alkanolamides and various poly- 
oxypropylene derivatives. The principal difficulty in estab- 
lishing a test procedure applicable to this broad class of 
compounds lies not  with the biological system but  with the 
analytical methodology. 

PREVIOUS WORK 

Relatively simple procedures have been developed that 
are designed to quantitate nonionic surfactants by colorim- 
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FIG. 1. Typical nonionic surfactants: examples of diverse chemi- 
cal structures within the class of nonionic surfactants. 
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FIG. 2. Comparative biodegradabilities of some nonionic surface active agents. (a) Effects of chemical structure on previous biodegradability 
testing results of nonionic surfactants (Barnes and Dobson [ 2] ). (b) Effect of chemical structure results obtained using CO2 production as a cri- 
terion of biodegradability. 

etry (5,10), surface tension reduction (18) and foaming 
(18), in a variety of biological systems. Much of the early 
laboratory work involving degradation studies of nonionic 
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FIG. 3. Aerobic biodegradation: general biological pathway for 
metabolism of carbonaceous materials (Vath [ 29] ). 

surfactants has utilized one or more of these measures. 
Of particular interest to those persons involved in new 

product formulations where estimates of biodegradability 
must be made are studies that relate chemical structure to 
biodegradability. Borstlap and Kortland (3) examined this 
relationship for a variety of nonionic surfactants by 
determining the nonvolatile organic matter after a fixed 
degradation time. In general, benzene rings, branched alkyl 
chains and long ethylene oxide chains were found to 
adversely affect biodegradation. Barnes and Dobson (2), in 
a 1967 review paper, divided nonionic surfactants into four 
categories (very hard, hard, soft and very soft). As indicated 
in Figure 2, branched chain and straight chain alkyl phenol 
ethoxylates were categorized as very hard and hard, 
respectively, while secondary alcohol ethoxylates and pri- 
mary alcohol ethoxylates were judged to be soft and very 
soft, respectively. Conway and Waggy (7) examined degra- 

ACCLIMATION CULTURE COMPOSITE SEED CO, TEST 

1350 ml B00 Water 
150 ml Settled Influent Sewage 

50 mg/I Yeast Extract 

20 mg/I Test Material 

Dextrose (C) / ~  

Compound 1 ~ - - - - - ~ ~  

" 2 ~ ; 0 0  ml Ea .. 3 eh 

, ,  ,oProd ce 

, ,  5 ,300m, 

., ~ / / /  "C~,~ite Seed" 
- 7 / j  

8 / 

600 ml Composite Seed 
5400 ml BOO Water ~_~-~  

120 mg Respective 
Test Materials 
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FIG. 6. Biodegradafion-CO2 production: effect of hydrophobe chain length upon biodegradability of a linear alcohol ethoxylate (3EO). 

dation of nonionic surfactants in a variety of laboratory 
systems. The authors concluded that linear primary and 
secondary alcohol ethoxylates are efficiently metabolized 
by activated sludge microorganisms. This was not  the case 
with the alkyl phenol ethoxylates  tested. Their data further 
suggested that the rate of BOD exertion was dependent  
upon ethylene oxide content .  Huddleston (12) tested 
nonionic surfactants for biodegradation in Mississippi River 
water and obtained results in agreement with those of 
Conway and Waggy. Addit ionally,  in a continuous activated 
sludge system, the primary straight chain alcohol nonionic 
was found to be as biodegradable as LAS, while straight and 
branched chain alkylphenols were found to be somewhat 
resistant. Allred and Huddleston (1) concluded that (a) 
branched chain structures are less susceptible to biological 
attack than straight chain materials and (b) the presence of 
a phenol group in the molecule will significantly retard 
degradation. Steinle et al. (25) reported that straight chain 
primary and secondary alcohol ethoxylates containing 
ethylene oxide chains up to 10 units undergo complete loss 
of surfactant properties,  while straight chain alkylphenols 
were not  as rapidly or completely degraded. 

The question of an inverse relationship between ethylene 
oxide content  and degradability was at tacked directly by 
Fincher and Payne (8) in work that  utilized growth of a soil 
bacterium as an indication of degradation of a variety of 
polyethylene glycols (PEG's) of increasing chain length. 
Growth was observed on PEG's up to a molecular weight of 
400 (EO = 9-10), which correlates well with the work on 
nonionic surfactants. 

More specific analytical techniques have also been 
brought to bear on the question of nonionic surfactant 
biodegradabili ty,  particularly in the area of degradation 
mechanisms. Patterson et al. (20,21), using a thin layer 
chromatographic (TLC) technique, found alcohol poly- 
ethoxylates more rapidly degradable than alkyl phenol 
ethoxylates.  In an extension of this work (22), TLC was 
used to investigate the initial mechanism of degradation of 
the surfactants. 

Frazee et al. (9) have applied IR spectroscopy to studies 
of the degradation of alcohol ethoxylates and alkyl phenol 
ethoxylates.  An alcohol ethoxylate  (tetradecyl AEs. 3) 
showed complete disappearance after 5 days in river water, 
whereas nonyl  phenol ethoxylate  (EO = 9.0) required 34 
days. Osborn and Benedict (19), also using IR, found 
degradation of the ether chain only when the chain 
contains 10 or less units of ethylene oxide, and suggested 
that degradation of the ether chain occurred by a hydroly-  
sis mechanism. 

These more sophisticated methods, while very valuable 
for in-depth research investigations, are less useful in a 
screening program because of analytical development work 
needed for each new material. A method has been 
developed, modified and used in our laboratory which 
provides, after reasonable oppor tuni ty  for biological accli- 
mation, a measure of  the rate and degree of ult imate 
degradation (conversion to CO 2 and H20)  of a given 
compound. This method,  which uses simple equipment,  has 
been used to assess the biodegradabili ty of a wide variety of 
nonionic surfactants, without necessitating the develop- 
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FIG. 7. Biodegradafion-CO 2 production: effect of ethoxylate chain length on biodegradability of C 17 (average) alcohol ethoxylates. 

ment of specific analytical procedures for each surfactant 
under consideration. 

EXPERIMENTAL PROCEDURES 

Ludzack et al. (14)investigated the biochemical oxida- 
tion of some organic cyanides in river water, using CO 2 
production as the primary index of biodegradability. This 
work was extended to a study (15) of organic chemicals 
isolated from rivers, in which biodegradability data were 
expressed in terms of cumulative CO 2 recovered as a per 
cent of theory. Ludzack's method was modified in two 
major areas by Thompson and Duthie (28) during their 
study of NTA biodegradation. The use of BOD dilution 
water as a basal medium in place of river water was 
considered appropriate, since it would be readily available 
as a standard diluent in any laboratory that would perform 
such a test. In addition, the protocol of the Bunch- 
Chambers d/e-away (4) with no transfer was used for a 14 
day acclimation period of sewage-derived bacteria and a 
seed source for the CO 2 production test. The Screening 
Test Method, described in more detail in the Appendix, is 
based on the assumption that, as a carbonaceous material is 
acted upon by bacteria capable of utilizing it as a carbon 
and energy source (Fig. 3), the molecule will be converted 
in the presence of molecular 0 2 to cellular material 
(through synthesis functions), and to CO 2 and water (in the 
production of energy). The biodegradability of a given 
material may then be estimated by measuring the amount 
of CO 2 produced or the amount of 0 2 consumed by 

acclimated bacteria during a given time period, and relating 
these figures to calculated theoretical yields based on the 
structure and molecular weight of the material under 
investigation. Where a structure is unknown,  CO2 produc- 
tion calculations may be made on the basis of total organic 
carbon or COD analyses. 

The present screening test consists of the Thompson- 
Duthie CO 2 test, which has been scaled down from 20 to 6 
liters, and a biochemical oxygen demand test (Appendix) 
performed with acclimated sewage-derived microorganisms. 
This paper is concerned exclusively with the application of 
the CO 2 production method to the problem of nonionic 
surfactant degradation. While the BOD test generally will 
provide comparable results, the CO 2 test, which utilizes 
higher test material concentrations and measures the actual 
production of byproducts of degradation (CO2), is thought 
to be more reliable. Hence results of BOD determinations, 
generally performed only as a back-up test, are not  
discussed in this paper. 

The CO 2 test apparatus has been arranged in such a 
manner that eight materials and a positive control may be 
tested simultaneously (Fig. 4). Nine individual acclimation 
cul tures-each combining settled raw sewage as a source of 
microorganisms, yeast extract as an easily assimilatible 
nutrient source, BOD water as a diluent and source of 
inorganic nutrients, and a test material-are permitted to sit 
quiescently in the dark for 14 days. At the end of that 
time, equal aliquots from each of these cultures are used to 
make a composite seed for use in the CO 2 test. The final 
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FIG. 8. Biodegradation-CO 2 production: effect of molecular weight on biodegradability of polyethylene glycol. 

composition in each carboy will include 600 ml of 
composite seed and 120 mg of a test material brought to a 
total of 6 liters with BOD water. The use of a common 
composite seed has two advantages: (a) it allows using a 
single blank for eight test units, and (b) it provides a 
bacterial population acclimated to a variety of materials, 
including the test compound. 

During the test CO2-free air is bubbled through the test 
units (Fig. 5), and the effluent gas is passed through a series 
of CO2 absorbers containing barium hydroxide. Peri- 
odically, the proximal absorber is removed for titration. 
The remaining two absorbers are each moved one place 
closer to the carboy and a new absorber placed at the distal 
end of the series. A positive control is tested along with 
each group of test materials as a means of measuring the 
variability of the tests, which may be attributable to the 
"strength" of the raw sewage seed. CO2 production from 
dextrose should exceed 80% of theoretical in a valid test. 
While it may be possible to normalize results from a CO2 
test in which the positive control yietds less than 80% of 
theoretical CO2 production, we have found more confi- 
dence in repeating the entire series. The test is continued 
for a period of 26 days. The 26 day time period is based 
mainly on the loss of usefulness of the positive control after 
this point due to a plateau of CO2 production, as well as a 
possible build-up of inhibitory metabolites in the static 
system. Generally the greatest portion of the CO2 produc- 
tion occurs within the initial 14 days of the test followed 
by a plateau at 20-22 days into the test. At day 25, the test 
vessels are acidulated to pH 3.0 in order to release CO2 that 

may be trapped in the medium. This release will, of course, 
show an apparent continuing CO 2 production on some test 
materials. 

RESULTS AND DISCUSSION 

A wide range of nonionic surfactants have been screened 
for biodegradability by this method, and the results, in 
general, correlate well with those of other investigators 
(1-3,7,8,25). In order to examine the effect of hydrophobe 
chain length on biodegradability, a series of specially 
prepared alcohol ethoxylates, in which the average ethoxy- 
late chain length was held constant at 3 EO while the 
hydrophobe chain length was increased in increments of 
two carbons from C 8 to C20, was screened for biodegrada- 
bility using CO 2 production as a measure of degradation. 
As may be seen in Figure 6, increasing the hydrophobe 
chain length from C 8 to C l0 has no significant effect on 
biodegradability. While subsequent increases to C12, C14, 
C16, C18 and C20 show some variability in CO 2 produc- 
tion, all yield in excess of 65% of theoretical CO 2 . It should 
be noted that LAS, a material which has been used without 
difficulty and shown to be readily biodegradable, will yield 
ca. 65-70% of theoretical CO2 under conditions of this test. 
Overall, when compared with dextrose, which in a series of 
tests should yield in excess o f  80% of theoretical CO2, 
these materials appear to be very soft. The specially 
prepared materials were compared with a commercial C 17 
(average) alcohol ethoxylate. The results correlate well, 
since the commercial material shows a theoretical CO z 
yield of 83%, while the specially prepared CI6AE 3 and 



164 JOURNAL OF THE AMERICAN OIL CHEMISTS' SOCIETY 

100 SECONOARu C12 AVG. 
ALCOHOL 9 EO 

$0 

% THEORETICAL = 

C02 PRODUCTION 
SO 

0 

100 

50 

f 

LINEAR NONYL PHENOL 9 EO 

C 12 ALCOHOL 6 EO 

f 

LINEAR 0('CYL Iq4RNOt 9 EO 

S 

C17 ALCOHOL 6 EO 

BRANCHED NONYL 
PHENOl. II EO 

VOL. 50 

C12AVG. ALCOHOL 6 EO 
12 96 METHYL IUD.ANCHED 

Ci2 ALCOHOL t2EO 

DEXTROSE 

0 ! 0 20 30 0 ! 0 20 30 0 10 20 30 

SO 

SUCROSE MONOIAURATE 

f 
SUCROSE MONOFILLMITATE SUCROSE MONOSTEARAT E 

tested for biodegradability (Fig. 7). Results for CtTAE3, 
CITAE6, CITAE9, C17AEI0.6 and C17AEll suggest that 
ethoxylate chain length up to 11 EO units has no 
significant effect on the biodegradability of the Cl7 
(average) alcohol-based nonionic surfactant. However eth- 
oxylate content greater than 20 EO's appears to effect a 
marked reduction in the biodegradability of these materials. 

The role of ethoxylate chain length was examined 
further by testing a series of polyethylene glycols (PEG's) 
ranging in molecular weight from 300 to 4000. Figure 8 
illustrates the results of these tests. PEG 300, 400 and 600 
appear to be readily biodegradable, yielding CO2 produc- 
tion figures of 87, 80 and 90% of theoretical, respectively. 
PEG's of higher molecular weight (1000, 1540, and 4000) 

C18AE 3 averaged 84% of theoretical CO 2 production. The 
results compare well with those of Barnes and Dobson (2), 
who found biodegradation of primary alcohol ethoxylates 
to be unaffected by variations in alkyl chain length. 

Ethoxylate chain length, however, does affect biode- 
gradability. Studies by Bortslap and Kortland (3), Patterson 
et al. (20,22) and Steinle et al. (25) have indicated 
ethoxylate content of nonionic surfactants to affect their 
biodegradability properties. The terms Cl7 and C]2 are 
used to denote alcohols with approximate average alkyl 
chain lengths of 17 and 12, made up with distributions 
consisting of C 14,16,18 and C 10,12,14, respectively. Seven 
commercially prepared C 17 alcohol ethoxylates, with aver- 
age ethoxylate chain lengths ranging from 3 to 30, were 

hydrophobe structures and sugar-fatty acid esters. 
FIG. 9. Biodegradation-CO 2 production: comparisons of biodegradability properties of ethoxylated nonionic surfactants of various 
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appear to be resistant to biodegradation. This compares 
well with CO2 production results exhibited by alcohol 
ethoxylates with ethylene oxide chains of comparable 
molecular weights. CITAE1],  which possesses an eth- 
oxylate group of ca. 500 tool wt, degrades easily; while 
C]TAE3o , with an ethoxylate chain of ca. 1300 mol wt, 
exhibits some resistance to degradation. 

Comparisons of the effect of hydrophobe structure on 
biodegradability were made between primary and secon- 
dary alcohol ethoxylates, straight and partially branched 
alkyl chain nonionics, and alkyl phenol ethoxylates (Fig. 
9). In general, primary alcohol ethoxylates are slightly more 
degradable than secondary alcohol ethoxylates, and slight 
(~12%) methyl branching in a primary alcohol ethoxylate 
appears to have no significant effect. The presence of a 
phenolic group in the molecule, however, appears to reduce 
the biodegradability of those nonionics tested (linear nonyl  
and linear decyl phenol ethoxylate), and the presence of a 
branched alkyl chain in a nonyl  phenol ethoxylate reduces 
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biodegradability even further. Comparative tests of sugar- 
fatty acid esters (Fig. 9) indicate that each of these 
materials may be classified as "biologically soft ." 

Since a large amount of previous biodegradability data 
on non.ionic surfactants has been reported as "per cent of 
foam reduct ion" or "per cent of CTAS removal," studies 
were performed to correlate CO 2 production with these 
two parameters. These studies included two C17 alcohol 
ethoxylates (9 EO and 30 EO), and a linear nonyl phenol 
ethoxylate (9 EO). In each case, significant reduction in 
foam and CTAS resulted at a point where less than 20% of 
the theoretical CO 2 yield had been evolved. A comparison 
of CTAS, foam and CO 2 production as measures of 
biodegradability indicates that, following rapid reduction of 
CTAS and foam, the molecule continues to undergo further 
degradation, resulting in additional removal of trace organic 
materials. However the extent  of this additional degra- 
dation is independent of the rate of foam and CTAS 
removal. As may be seen in Figure 10, CTAS and foam 
removal for C17AE9, a readily biodegradable material, is 
essentially complete at day 3 of the t e s t - a  point where 
CO 2 production is less than 20% of theoretical, while CO2 
production approaches 70% of theoretical at 26 days. A 
similar result is seen in Figure 11 with C17AE30 , a material 
that is somewhat less biodegradable than C17AE 9. CTAS 
and foam response disappears at 4 and 6 days, respectively, 
at times when CO 2 production is less than 20% of 
theoretical. In this case, however, total CO 2 production is 
approximately half that of C 17AE9. As may be seen in Fig- 
ure 12, foaming and CTAS from an alkyl phenol ethoxylate 
disappear rather rapidly, as was the case for both C 17AE 9 
and C17AE30. However, as was seen with only CITAE3o , 
CO 2 evolution is slow, with a plateau near 40% of 
theoretical. 

Mausner et al. (18) pointed to the diversity of structures 
within the class of nonionic surfactants and the problems of 
residue analysis as being among the more serious obstacles 
in the development of a standard laboratory technique for 
measuring nonionic surfactant biodegradability. These diffi- 
culties still exist in the area of treatability studies where it 
may be necessary to recover the material from among the 
other components of domestic wastewater. The concept of 
using CO2 production as a means for measuring biodegra- 
dability is useful in that it (a) allows a rapid screening of a 
large number of organic materials without necessitating the 
development of specific analytical techniques, and (b) uses 
rate and degree of ultimate biodegradation, rather than 
primary biodegradation, as the basis for a preliminary 
judgment. This test is not intended as a substitute for the 
advanced studies that major materials should undergo, but 
as a preliminary screening test that may be easily set up in 
any laboratory. The system described in this paper is a 
comparatively weak degradation system, in that the CTAS 
and foam removal, which takes place over a 3-4 day time 
period in this test, may occur in just a few hours in an 
actual sewage treatment situation. The design of this test, 
however, is such that it will permit one to distinguish 
differences between surfactants, which may not be detect- 
able by measuring only primary degradation. This is 
pointed out quite clearly in experiments comparing foam 
reduction and CTAS removal with CO 2 production data for 
several surfactants. 

: Overall, the judgments based on the results of the CO 2 
production test may compare reasonably well with previous 
work (Fig. 2) which measured only primary degradation. As 
is indicated in Figure 13, this method should lend itself 
quite readily to modifications for measuring degradation of 
nonionic surfactants under a wide variety of special 
conditions. These modifications of the basic test, which 
include anaerobiosis, low temperature, limited oxygen and 
the use of 14C-tagged materials for determining the 
mechanisms of degradation, are currently under develop- 

ment in our laboratories. 
Our work demonstrates that using foaming or CTAS as a 

measure of biodegradability for guidance in selection of 
nonionics may prevent foaming problems, but that the CO 2 
test, by measuring the degree and rate of ultimate biodegra- 
dation, provides more complete assurance of continuing 
degradation and reduction of organic residues. 
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APPENDI X: BIODEGRADABI LITY SCREENING TEST 

I. Theory 

This screening test is based on the proposition that, as a 
carbonaceous material is acted upon by aerobic bacteria 
capable of utilizing it as a carbon and energy source, the 
molecule will be converted to cellular material, carbon 
dioxide and water. The ultimate biodegradability of a given 
material may then be estimated by measuring the amount 
of CO 2 produced or the amount of 09_ consumed by 
acclimated bacteria during a given time, and relating these 
figures to calculated theoretical yield based on the structure 
and molecular weight of the compound under investigation. 

II. Scope 

The details include preparation of cultures, set-up and 
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operation of the CO 2 test and calculation of its results. The 
BOD test is discussed briefly. A more detailed discussion of 
this procedure may be found in Standard Methods (1). 
III. Testing Procedures 
A. Acclimatization culture 

The biodegradability screening test (CO 2 production and 
BOD) is preceded by a 14 day acclimation period during 
which microorganisms contained in the sewage are given an 
opportunity for adaptation to metabolism of a specific test 
material. Such cultures consist of a 10% solution of settled 
raw sewage in 1500 ml BOD water (1) as a source of 
bacteria in a basal medium, 50 mg/liter yeast extract as a 
readily metabolizable substrate to increase the bacterial 
count,  and 20 rag/liter of test compound. As indicated in 
Figure 5, eight test material cultures, plus a culture for a 
dextrose control, are required for a 10 unit  test. The 
acclimatization cultures, contained in 2000 ml wide mouth 
capacity flasks, are incubated quiescently in the dark for 14 
days at 22-24 C. 

B. Performance o f  CO 2 production test 
Upon completion of the 14 day acclimation period, 700 

ml aliquots from each of the nine cultures are blended to 
form a "composite seed." A 10% solution of this "compos- 
ite seed" is distributed among the 10 test units to a final 
volume of 6 liters. All carboys are then aerated for 24 hr 
with CO2-free air. At the end of this period, each test 
material is added to its respective 8 liter carboy to a 
concentration of 20 rag/liter in the 6 liters of seed solution 
and the test is begun. 

The COa test (Fig. 6) is based on the utilization of CO2 
production as a criterion for biodegradability. CO2-free air 
is bubbled through a solution containing bacterial seed and 
the test material in BOD water. Effluent air from the unit  is 
passed through three CO 2 absorbers, each containing 100 
ml of 0.05 N Ba(OH) 2 . Periodically, the CO 2 absorber most 
proximal to the carboy is removed for titration. The 
remaining two absorbers are each moved one place closer to 
the carboy, and a new absorber placed at the distal end of 
the series. 

CO2 produced during the test is trapped as barium 
carbonate, which may be quanfitated by fitrating the 
remaining Ba(OH) 2 with 0.1 N HC1. Twenty-five milliliters 
of the used Ba(OH) 2 solution is titrated to the phenol- 
phthalein end point with 0.1 N HCI. One milliliter of titrant 
is equivalent to CO 2 production of 8.8 rag. (Details of the 
calculations are discussed in the calculations section.) CO 2 
absorbers are titrated daily for the first 12-14 days and 
every other day thereafter for a total of 26 days. 

Of the 10 carboys used in the current apparatus, one 
serves as a "seed blank" to compensate for CO 2 which may 
be produced as a result of organic material remaining in the 
"seed" at the end of the 14 day acclimatization culture. As 
the measurement of CO2 consists of titration of the 
remaining Ba(OH)2, the amount  of CO 2 produced by a 
particular material as determined by the difference (in ml 
of titrant) between the experimental and blank carboy. 

EXAMPLE: Blank 6.1 ml 
5.7 E x p e r i m e n t a l  

.4 ml = 3.52 mg CO 2 (see 
Calculations section) 

C. Biochemical Oxygen Demand (BOD) determination 
"Bacterial seed" for the BOD tests are taken from the 

same acclimatization cultures used for the CO 2 test. 
However individual rather than composite seeds are used. A 
test for a single test material is set up as follows: Five liters 
of a 10% solution of acclimatized seed in aerated BOD 
water is needed for the BOD determination for each 
material. Using this seed, 14 standard BOD bottles are 
prepared, which include: four seed blanks, two control 
(Dextrose at 3 ppm), four test material at 2 ppm, and four 

test material at 5 ppm. Two concentrations of test material 
are used to reveal any concentration-related inhibitory 
properties which may be present. Following set-up, the 
bottles are incubated at 20 C for 5 or 20 days. At the 5 day 
time point, dissolved oxygen titrations (azide modification 
of the Winkler method) (1) are carried out on the following 
bottles: two seed blanks, two Dextrose, two test material at 
2 ppm, two test material at 5 ppm. 

D. Calculations 

1. Theoretical CO 2 production (TCO 2) 
Calculate weight of CO2 produced by 1 mg of test 
material: 
a. Calculate number of carbons contained in a 

molecule of test material, e.g., dextrose = 6 
b. Formula: mg CO2/mg test material 

= no. of carbons x tool wt of CO2 
tool wt of test material 

= 6 x 4 4  

180 

= 1.46 mg CO2/mg dextrose 

2. Per cent theoretical CO 2 production 
At any time point during the test, it is possible to 
determine the per cent theoretical CO2 production 
by the following formula: 

% TCO2 _ m g  CO 2 produced 
TCO 2 

3. Amount  (mg) of CO2 trapped in one absorber 

a. mg CO 2 produced =44 x meq Ba(OH) 2 consumed x4 

2 

meq = (ml HC1) (normality) 
Example: 

b. (HCI [ml] needed to titrate 25 ml of absorber) (4) 
(.1) = meq Ba(OH) 2 in 100 ml 
HC1 titrant 
blank 6.1 

dextrose 5.7 
.4 x .1 N = .04 meq Ba(OH) 2 consumed 

as in  a. 

1) 44 x .0.___._~4 = .88 mg CO 2 
2 

2) multiply above by 4 to correct results to 100 
ml of Ba(OH)2 absorber 

3) .88 x 4 =  3.52 mg CO 2 
4. Total oxygen demand (TOD) 

Calculate weight of 02 (g) needed to completely 
oxidize 1 g of test material to CO 2 and H20.  For 
example: glucose = C6H 1206 

a. Number of oxygens needed to take 
6 carbons to CO 2 = 
Number of oxygens needed to take 
12 hydrogens to H20 = 

Number of oxygens contained in the 
molecule = 

b. 

12 

6 

18 

-6 

12 
Formula: 

g 02 = no. of oxygen x atomic wt of oxygen 
tool wt of compound 
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