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o r based upon synthesized s t ra igh t chain materials
exhibit the greatest degree o f biodegradability in N1
tests r u n . Varying degrees of indicated degradation
can be obtained from specific tests on products pos-
se~ ing unknown o r doubtful degradation structures.
Branched chain materiMs continue to show grea tc ,t
resistance t o degradation.

Attempts to develop acclimated microorganisms to
specific structures (i.e., branched chain detergents)
did not significantly change biodegradation rates. The
acelimatio:n time u s i n g two 72-hr transfers may not
have been sufficient.

Ethylene oxide derivatives of amides a n d s t ra igh t
chain alcohols biodegraded to a substantial degree in
all tests.
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Oxide" Relationship
of to Biodegradability
E. C. STEINLE, 1L C. MYERLY and C. A. VATH, Union Carbide Corporation, Chemicals Division,
Research and Development Department, South Charleston, West Virginia

Abstract
Anionic e{hoxy sulfate and nonionic ethoxylate

surfaetants were prepared from the following
straight-chain hydrophobes: fa t ty o r Ziegler pri-
mary alcohols, oxo alcohols der ived from straight-
chain olefins, secondary straight-chain alcohols
and straight.chain alkylphenols. These were
studied to relate biodegradability to tbe following
elements o f s t ruc tu re : the nature o f the connect-
ing link, its position o f attachment to the h y d r o -
phobe, the chain leng th of the hydrophobe, and
the length o f the ethylene oxide chain used. Pre-
viously described methods were used to estimate
both ra te and eompleteness of degradation in
r iver wa te r as well as activated sludge environ-
ments.

Data are presented to suppor t the following
conclusions,

1) All surfactants derived from straight-chain
primary and secondary- alcohols are rapidly and
completely degraded with loss o f su r fae tan t p r o p -
erties. The leng th of the ethylene oxide chNn
from zero u p to ten uni t s has no effect on the
ra te o r the completeness o f degradation. In such
surfactants, the ethylene oxide chain is com-
pletely deg~,~.ded.

2) In contrast, surfactants from straight-chain
alkylphenols are not as rapidly o r as completely
degraded as those deseribed above. The position
of attachment of the phenol r ing to the straighl(-
chain has a large effect on degradability; normal
o r primary a t tachment leads to a f a s t e r ra te of
disappearance tihan secondary attachment. Non-
ionic surfactants from straight-chain alkylphenols
containing ten to twelve moles o f ethyIene oxide
are not completely degradable.

Introduction
W i t n E z ¢ TInS PROJ~:CT was started several years

appea red evident t h a t surfactants which wereag°:
not biodegradable were in fo r a siege o f bad publicity

aml poor reputation, deserved o r not. The manufae-
lurers of detergent products t h r o u g h the Soap and
Detergent Assoc. had produced evidence that deter-
gents were not a major pollution problem (1). Yet
the sweep o f bad publ ie i ty sustained b y the presence
o f tell-tale foam has carr ied the count ry along the
road toward restrictive legislation. Af t e r nmeh ef-
for t , the manufacturers of alkylbenzene sulfonate
are now able to offer a wide range of l inear alkylate
sulfonate ( L A S ) products a t competitive prices to
meet t h e needs o f this pollution o r foam problem.

L(mg Term Goal: Complete Biodegra~bgity. Dur-
ing these years, suggested screening a n d legislative
standards fo r biodegradability have of t en coned more
on the elimination o f foam than on p r o o f of the com-
ple te biodegradability of the new products. It was a
relatively simple mat ter to demonstrate the ra te of
disappearance of the LAS molecules and related foam
a n d o t h e r surface active properties in r iver wa te r die-
away tests. It has taken nmre sophisticated methods
to demonstrate that the molecule is completely biodeg-
radable, fo r which we are indebted to the work of
Swisher (2), Allred (3) and many others.

This progress with LAS biodegradability is en-
couraging. The long term goal o f complete biodegra-
dabi l i ty fo r o t h e r new surfactants cannot be realized
unti l these new products can also meet tests fo r com-
pleteness of biodegradation as well as tests to demon-
s t r a t e ra te o f disappearance of the init ial molecules.

Short Term God: Loss. of Surface Activity. Ini t ial
prospects fo r the prepara t ion o f completely biodegra-
dable products did not a p p e a r favorable fo r the nmnu-
facturers of ethoxylated surfaetants. The limited
screening data available a t t h a t time indicated t h a t
the ethylene oxide chain itself was not biodegradable
(4). Thus the manufac turer had to look not only
fo r a biodegradable hydrophobe but also fo r a biodeg-
radable water-solubilizing nonionic g r o u p to replace
the versatile and inexpensive ethylene oxide chain.

The thought dM occur, however, t h a t a shortgerm
gem for biodegradability nfigllt be readily obtained.
Such a gem would be satisfied with degrMation of
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the hydrophobe ~bain of the su r fac tan t with a result-
ing loss o f foam and sur face active properties. It was
assumed that the non-biodegradable ethylene oxide
chain residues would be harmless a n d go unnoticed in
t h e company o f the vast amount of o t h e r residues in
the streams.

In Figure 1A are illustrated the two m a j o r families
o f ethoxytated surfactants of interest: the short-chain
ethoxy sulfates and the Ionger-ehain nonionic su r fac -
rants. Turn ing attention to the straight-chain hydro-
phobe sources which might be commercially feasiMe,
the nonionic memufaeturer 's p l ight was even here
more complicated than t h a t of the I A S producer. To
make ethoxylates, a handle must be p u t on the
straight-chain hydrophobe, a reactive grmtp to which
the ethylene oxide could be added. Two groups have
been most general ly used fo r this purpose: the hy-
droxyphenyl and the hydroxyl (Fig. IB). The most
economical g roup ing has been the secondary hydroxy-
phenyl g r o u p obtained by the Nkylat ion of phenol
with olefins ; the synthesis o f alcohols ht~ usual ly been
too expensive. Thus the polypropylene alkylphenols
have been the l a rges t volume hydrophobes to date fo r
the prepara t ion of ethoxylates.

Straight.Chai~ Alkylphe~ol Ethoxylates. The easi-
est solution to the problem appea red to be the p r o d u c -
tion of straight-chain atkylphenols to replace t h e non-
biodegradable branched-chain alkylphenols, much as
l A B is to replace alkylb(~zene sulfonate ( A B S ) . Ae~
eordingly, many processes were examined fo r the pro-
duction o f straight*chain secondary alkylphenols with
9-12 carbons in the alkyl side cihaiu. These were coii-
ve r t ed to ethoxysulfates and nonionics by commercial
processes fo r testing. As a model o f the least-branched
alkylpheno} ethoxylate~ pos~iblc, synthetic normal
o r primary alkylphenols were also prepared a n d con-
ve r t ed to surfaetants (Fig. 1C).

Straight-Chain Alcohol Ethoxylates. In more recen t
work, the objective has been to compare all o f the
potentially commercial straight-chain hydrophobes
suitable fo r ethoxylate production. Figure 2 shows
those which are o f major interest: primary alcohols,
oxo alcoh~fls derived from alpha-olefins (primary with
a small amount of branching) , l inear secondary alco-
hols (5) and the above-mentioned alkylphcnols. Fo r
interfamily testing, tile best secondary alkylphenoI
was chosen along with the model primary alkylphenol.
In each family, a t l e a s t two alkyl chain lengths were
tested together with a commercial type o f mixed chMn
l e n ~ h to estimate the effect o f hydrophobe size over
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the range o f commercial interest. These comparisons
reIate (.mpirically t/he effect on biodegradability o f
the following elements of s t ruc tu re : the connecting
link, its position o f a t t achment to the straight-chain
hydrophobc, the size of the hydrophobe and the size
of the ethylene oxide cha in .

Experimental
l~iod(;gradability T~sting. C. A. Vath has reported

recently on the methods used in this program to meas .
ure both ra te and completeness o f degradation (6).

Completeness Of Biodegradation. For the measure~
ment of completeness of degradation, the resulls o f
~Varburg respiromet(>r studies u s i n g acclimated ac:
tivated sludge seed are reported. Fo r poorly degrada-
ble compounds, 48-hr values o f net oxygen uptake as
a percentage o f appl ied chemical oxygen d(~land
(}:let BUD, percentage o f COD) are reported. Fo r
more easily degraded compounds, values o f net BOD,
percentage of COD at the inflection po in t (approx
8-10 h r a f te r s t a r t ) are reported. A complete presen-
ta t ion o f \¥arburg technique a n d interpre ta t ion o f
results is given b y Vath (6). Fo r present purposes,
those compounds which do not reach a va lue of 35-40
net BOD, percentage o f COD are not considered com.
pletely degradable.

Rate of BiodegreAation. Results repor ted here fo r
ra tes o f degradation in r iver wa~er die-away tests rely
main!y on methylene blue analyses fo r anionics a n d
cobalt thioeyauate analyses fo r mmionics. The la t te r
is a mefl'~od developed b y N. T. Crabb which is be ing
presented in this Symposium (7). Earlier work was
handicapped b y the lack o f a n analysis fo r non-
ionics, and dur ing this per iod much rise was made
o f sur face tension d a t a , Surface tension reduction
is a function o f the logar i thm o f concentration; b u t
observed sur face tension data do not al low this rela-
tionship to be established. A simple square relation-
ship is used here as a model of the ac tua l behavior.
I n s t e a d o f a record of surface tension reduction,
percentage o f f i r s t day, against t ime, the square of
this percentage is recorded. This has given reasonaMe
agreement with o t h e r measures of su r fae tau t cones.

To save s p a c e , the s tandard die-away curve is rep-
r~,sented by a first-order reaction ra te constant from
which a fair approximation o f the eomplete curve
might be reconstructed. Recorded values indicate the
time a t which 90% o f the or iginal cones hw~ degraded
and 10% remail~s; this va lue is labeled to.9. Use o f
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Fro. 5. Completeness of degradation of surfaetants from
alkylphenols (NMR methyl numbers indicated). Warburg
respirometer data.

these nunibers allows many die-away results to be p u t
in families of points on one g r a p h . Figure 3 shows a
typ ica l die-away curve. Where the test compound is
readily degraded, the to.~ will be taken directly from
the curve. In repor t ing many of the variations o f
alkylphenol surfactants, methods of testing var ied and
niany of the curves had lag periods and never reached
90% degradation. Fo r these, the ra te constant was
calculated from the steepest rate of descent in the
curve ; such results give to.9 which are somewhat arti-
fically small b u t adequate fo r comparison within the
alkylphenol family.

Preparation of Surfactants. Commercially operated
processes were used fo r the prepara t ion of the hydro-
phobcs, ethoxylates and sulfates, with the exception
of the synthetic normal alkylphenols. The nine- and
twelve-carbon normal side chain alkylphenols were
prepared from pelargonyl and lauroyl chlorides, re-
spectively. F i r s t the ketophenol was prepared through
aluminum chloride catalyzed alkylation of the phenol
with the acid chloride. Then the alkylphenol was

prepared by reduction of the keto g r o u p usiug the
Wolff-Kischner procedure. Gas chromatographic scans
of the ketophenols indicated that little o r no fa t ty
acid chloride was present. Gas chromatographic scans
of the alkylphenols indicated disappearance of the
ketophenols. IR analyses confirmed these conclusions.
Final ly, nuc lea r magnetic resonance (NMR) evalua-
tion of these alkylphenols imticated the a p p r o x cor-
rect tool wt fo r the alkylphenol and the expected num-
ber of methyl groups.

Results and Discussion
Alkylphe,nols; Rate of Degradation. These results

of screening show that all of the straight-chain p r o d -
ucts were more rapidly degraded than the branched-
chain alkylphenol products. Fastest were the synthetic
uormal alkylphenols. A method of classifying the sur-
factants was f o u n d in a methyl number count for the
alkylphenol obtained by NMR; lower numbers indi-
cate lc~s branching. In Figure 4 are shown rates of
degradation for ethoxy sulfates and nonionics from
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several alkylphenols, as determined by sur face tension
measurements. The to.9 is p lo t t ed against the moles of
ethylene oxide in the sn r fac tan t ; the lower ethylene
oxide products are sulfates and the h ighe r are n0n~
ionics. The NMR methyl number of the alkylphenol
hydrophobe is indicated by each l ine. Two facts are
appa ren t . F i rs t , in general, the lower t h e nmnber
of methyl groups, the f a s t e r the rate of degradation.
Second, it appears that longe r ethylene oxide chains
lead to slower ra tes of degradation. In these curves,
the p roduc t with a n NMR methyl number o f 1.39 was
chosen as the best secondary alkylphenol p roduc t fo r
fu r the r testing.

Atkylphenols; Completeness of Degradation. As a
simple indication of completeness of degradation, fhe
net BOD, percentage of COD for two d a y s ' time was
taken. Th i s , of course, could only be 100% if all of
the test compound were converted through respiration
to COe and water . A value of 3 5 - 4 0 a t l e a s t is re-
qui red fo r complete biode~-adation; otherwise, not
enough ene rgy is generated b y respiration to use all
of the food in bio lo~cal growth. In Figure 5 we see
the same alkylpheuol-derived surfaetants, with moles
of ethylene oxide plotted against net B e D , percentage
of COD, a n d the NMR methyl number recorded. It
must be concluded t h a t less branching leads t o grea te r
degradation, and t h a t increased et/hylene oxide con.
tent decreases the extent o f degradation. Unfor.
lunately, the longer ethylene oxide chains were not
biodegradaMe, not even fo r the synthetic primary
compounds with methyl contents a r o u n d one.

One may conclude that the alkylphenol nonionics
made thus far, inc luding the model primary com-
pound, are not completely biodegradable. By destrue.
t ied of the side chain, they may usually lose surface
active properties, b u t a n ethylene oxide chain res idue
must be lef t . They may meet a shor t term goal but
not a hmg term goal.

Alcohoh~ vs. Atkylphenols; Rate Studies. River
wate r die-away curves were taken fo r all o f the
straight-e/hain alcohoLderived surfaetauts previously
outlined and compared with the best representatives
of the secondary and primary alkylphenoPderived
surfaetants in a simultaneous run using the same river
water . The results are indicated in Figure 6, where
time fo r 90% removal is plotted against the moles o f
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ethylene oxide in the surfaetants o f each family. Here ,
methylene blue was used to moni tor anionics and cobalt
thioeyanate was used fo r the nonionics. This sumniary
shows all o f the salrfactants der ived from straight-
chain alcohols degrad ing rapidly in ten days or less.
In contrast, the alkylphcuols a p p e a r to t ~ e somewhat
longer, especially i%r the nonionics, An interesting
aspect is t h a t the alcohol ethoxylates do n ~ a p p e a r
to be affected by the leng th of the ethylene oxide cha in ,
t h e nonionic degrad ing as rapidly as t h e alcohol snI-
fatc a n d ethoxy sulfate: Many o t h e r test results and
methods o f monitor ing ra te of disappearance show
t h a t t h e alcohol ethoxylates are always a t l e a s t as
f a s t and in many eases f a s t e r t h a n t h e alkylphenols.
Similar results are shown in Figure 7 where sur face
tension data were used to moni tor ra te o f disappear-
ance.

Alcohols vs. Alkylphenols; C(~rnplete~vess of Deg-
radation. Figure 8 shows the results of testing the
above surfaetants fo r completeness o f biodegradabil-
ity. I t will be noticed that the best o f the alkylphenols
still yield nonionie snrfactants o f incomplete degra-
dabi l i ty . On t h e o t h e r h a n d , t h e alcohol ethoxylates
yield nonionics which meet the requirements fo r com-
ple te degradability, regardlc~ o f ethylezle oxide con,
t e n t .

These data indicate that the choice o f available
l inear alcohol ethoxylates may be made from primary,
secondary and oxo primary on t h e basis o f cost per-
ref inance with confidence t h a t these products will
meet long-range standards of complete biodegrada-
bi l i ty .
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