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Abstract 

In Parts I and 2I of this series (1,2), degrada- 
tion and foaming experiments on a number of 
commercially available alcohol polyethoxylates 
and alkyl phenol polyethoxylates are described. 
This paper describes an extension of the thin 
layer chromatographic work on which the ex- 
periments described earlier were based, sup- 
plemented by a variety of other chemical and 
physical tests to provide some insight into the 
initial mechanism of degradation of these ma- 
terials before they disappear by the established 
oxidation and hydrolytic routes. In the case of 
the readily degradable alcohol ethoxylates, two 
distinct mechanisms are shown to proceed 
simultaneously: a fission of the molecule into 
hydrophobic and hydrophilie entities, and a rapid 
oxidation of the hydrophobic group. No fission 
occurs in the case of the alkyl phenol ethoxylates, 
the more usual route of degradation being slow 
oxidation and hydrolysis of the alkyl groups, 
the aromatic ring and the ethoxy chain simul- 
taneously; occasionally, and at higher pH, the 
hydrolysis of the ethoxy chain proceeds at a 
considerably increased rate. 

Introduction 

Sehick (3) has provided a review of recent litera- 
ture on the degradation of polyethoxylated nonionie 
detergents; the influence of parameters such as the 
length of the ethoxy chain and the position of attach- 
ment of the hydrophobic group have been studied, 
but lack of a suitable method for identification of 
traces of these materials and their degradation prod- 
ucts has hampered progress in elucidation of the 
actual mechanism by which the degradation occurs. 
It can, however, be concluded from the available 
literature that biodegradation of the hydrophobie 
group can occur in all nonionics except those having 
very highly branched chains, and follows an oxida- 
tion process of the type described by Swisher (4,5) 
in his study of the degradation of anionic detergents. 
A hydrolytic mechanism is considered to be respon- 
sible for the degradation of the ethoxy chain (6), 
although it has been suggested that alkyl phenol 
ethoxylates containing more than 10 ethylene oxide 
chains were nonbiodegradable (6,7) and that alcohol 
ethoxylates with long ethylene oxide chains were 
only very slowly degraded (8,9). 

The two previous papers in this series (1,2) de- 
scribe the application of the thin layer chroma- 
tographic method (TLC) to the assessment of the 
amount of degradation occurring during laboratory 
die-away tests on a large number of the commercial 
ethoxylated nonionies of the types used in detergent 
formulations. In these papers it is confirmed that 
the structure of the hydrophobe and the length of 
the ethoxy chain do influence the rate of degradation, 
although none of the materials examined was found 
to be completely undegradable. Photographs of thin 
layer chromatograms of alkyl phenol and alcohol 
polyethoxylates during degradation indicated that the 
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TLC method should provide a valuable tool in the 
elucidation of the mechanism of biodegradation, but 
these papers were confined to experimental results 
and no attempt was made to enlarge on the significance 
of the observed shift in chromatographic patterns as 
degradation proceeded. In the present paper, the 
information contained in the two earlier papers is 
combined with extended application of TLC, and 
other techniques such as alumina column chroma- 
tography, solvent partition, UV, IR and NMR spec- 
trometry, to provide confirmatory evidence for the 
theories put forward for the initial breakdown of 
the molecules prior to the established oxidation and 
hydrolytic routes by which they eventually disappear. 

Experimental Procedures 

The thin layer chromatographic method, the nor- 
mal biodegradation test method and the foaming test 
are described in Part  I of this series (1). The fol- 
lowing additional techniques were employed during 
experiments described in this paper. 
(a) Specially-Purified Silica Gel Thin Layer Plates 

Prior to recovery of the required fractions from 
thin layer plates, the' prepared plates were washed 
by the normal chromatographic running procedure 
in the single-spot solvent: ethylaeetate 40, acetic acid 
30, water 30, parts per ~r until the solvent front 
had travelled beyond the usual running distance. 
They were then dried, reactivated and similarly 
washed with chloroform, then dried and reactivated 
ready for use. For some experiments, extradhick 
layers of 0.5 mm spreading thickness were prepared, 
to permit isolation of larger quantities of material. 
(b) Isolation of Individual Zones from 
Thin Layer Chromatograms 

A band of the chloroform solution of the material 
under investigation was streaked onto the s ta r t ing  
line of ~he prepared thin layer plate; spots os the 
solution were placed on either side of the band to 
serve as markers, and after running the ehroma- 
togram the central zone was covered while the marker 
ehromatograms were sprayed with Dragendorff 
reagent. The required bands were then scraped 
off the unsprayed central portion of the plate, placed 
in a small filter paper and extracted with a solvent 
mixture of chloroform-ethanol-water (50:45:5 v /v /v ) .  
The solvent was evaporated off, and the residue dis- 
solved in a small quantity of chloroform; a little 
of this solution was then rechromatographed to con- 
firm that the required portion had been extracted. 
(c) MEK, Water Partition 

The chloroform extract under investigation was 
taken to dryness on a water bath, then the residue 
was warmed with 50 ml of distilled water, and after 
cooling, this solution was extracted by shaking each 
extraction in 500 ml separating funnels for 2 rain 
with 3 • 50 ml of methyl ethyl ketone (MEK). By 
this means, the less polar material was extracted 
into the MEK, leaving the more polar material in 
the water layer, and these fractions could then be 
isolated by evaporation of the solvents and re-solution 
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of the residue in chloroform. This procedure was of 
par t icular  value in dealing with the alcohol ethoxy- 
lates, when undegraded nonionic detergent separated 
into the M E K  layer. 

(d) Alumina,  Column Separa t ion  Procedure 

An alumina column was prepared  from 10 g of 
aluminium oxide for chromatographic adsorption 
(Brockmann Grade 2) st irred into a s lurry with a 
mixture of chloroform-ethanol-water (50:47.5:2.5 
v / v / v ) ,  and poured into a small glass chromato- 
graphic column about 2 cm diameter plugged with 
absorbent cotton wool. The sample for separation 
on the column was applied to the top of the column 
as a solution in a small volume of the solvent mix- 
ture then 50 ml of the same-solvent were passed 
through the column to give the first column extract. 
The column was then eluted with 50 ml of a more 
polar mixture consisting of ehloroform-ethanoLwater 
(50:42.5:7.5 v / v / v )  to give the second column ex- 
tract.  This separation technique proved valuable as 
a means of separating alkyl phenol nonionic ma- 
terials from more polar degradation products. 

Results and Discussion 
Alcohol Polye thoxyla tes  

General formula : 
CHs (CHs) ~ CH20 (CH2CHsO) n CHsCHsOH 

Figure  2 of Pa r t  I of this series (1) indicates the 
starting-point of the investigation; this photograph 
shows the degradation products f rom a cetyl stearyl 
9-ethoxylate visible on a thin layer chromatogram, 
and the relative quantities obtained under  the ex- 
perimental  conditions described are il lustrated 
graphically in Figure  3 (ii) of the same paper. The 
significance of the terms normal extract  and acid 
extract  is also explained in the accompanying text. 

Normal Streak Material. A solution containing a 
high initial concentration of 300 mg per 1 cetyl 
stearyl 9-ethoxylate and 300 mg per 1 dried activated 
sludge was allowed to degrade for two weeks; at  the 
end of this time the concentration of start ing ma- 
terial determined by the thin layer chromatographic 
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Fro. I. Thin layer plate showing changes in resolved 
pa t te rn  of alkyl phenol 9-ethoxylate as degradation proceeds. 
(i)  Total extract, (ii) and (iii) first and sixth week extracts 
separated by polari ty on an alumina column. Solvent: ethyl 
acetate-glacial acetic acid-water (70 : 16 : 15 v / v / v ) .  
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method had fallen to 10 mg per 1. Initially, the 
normal chloroform extract  of this degraded solution 
was chromatographed in bulk on a thick silica-gel 
plate specially purified, as described in (a) and (b) 
of the Experimental  section, using the single-spot 
solvent consisting of ethyl acetate-acetic acid-water 
(40:30:30 v / v / v ) .  Af te r  extraction from the central 
band of the chromatographic plate, a fur ther  separa- 
tion according to polar i ty  was obtained by part i t ion 
between M E K  and water  as described in the Ex- 
per imenta l  section (c ) ;  a confirmatory thin layer 
ehromatogram showed that  the water fraction con- 
tained all the streak material (y of Pa r t  I, Fig. 2) 
while the ehromatogram of the M E K  fraction showed 
undegraded nonionic detergent. 

IR and NMR examination of these fractions showed 
that  the more polar degradation streak (water frac- 
tion) contained polyglycol-type material of molecular 
weight approximately 400, accompanied by some 
earbonyl grouping indicative of oxidation; alkyl 
chain material was absent. The M E K  fraction con- 
tained some ethoxy and earbonyl groupings and a 
substantial amount  of alkyl chain material, some 
of which could be at t r ibuted to unchanged original 
nonionic, but the ratio of alkyl material to ethoxy 
material was greater  than in the undegraded original. 
Thus there is a clear indication that  during degrada- 
tion a hydrolyt ic  fission has occurred between the 
alkyl and ethoxy portions of the molecule. 

A concentrated band of water fract ion streak ma- 
terial derived from the three-week degraded cetyl 
stearyl 9-ethoxylate was then isolated on a thin layer  
plate and examined in greater detail. Horizontal 
cuts were made across the band on a thin layer plate 
to produce four  separate zones which were individ- 
ually removed from the plate, solvent extracted and 
submitted to IR examination. Proceeding down- 
wards from the top of the streak, a gradual fall in 
the proport ion of ethoxy relative to carbonyl group- 
ing was observed; thus the more polar end of the 
streak contained the more highly oxidised material. 
The experiment was repeated af ter  the degradation 
had been allowed to proceed for six weeks when TLC 
and IR examination both indicated an appreciable 
fall in the quanti ty of ethoxy material  present. The 
MEK  fractions were also examined at the three- 
and six-week stages; alkyl chain material was ob- 
served to persist into the six week extract, but  the 
presence of carbonyl absorption indicated that  some 
oxidative attack was proceeding. 

The experiments were repeated with the alcohol 
22-ethoxylate for which the degradation is illustrated 
at F igure  8 of Par t  I (1). IR examination again 
showed that undegraded nonionic and alkyl chain 
material, were concentrated in the less polar MEK 
fractions, while material  closely resembling P E G  
1000 was concentrated in the water fractions and 
was still present in appreciable quant i ty  at the six- 
week stage, although the original nonionic had 
vir tual ly  disappeared at  the three-week stage. Car- 
bonyl absorption was again observed in all the frac- 
tions examined. 

The three-week stage in this series of experiments 
was selected for confirmatory foaming tests, since 
P E G  1000 has a characteristic and appreciable 
foaming capacity. In  accordance with the central 
cleavage hypothesis, the bulk of the ethoxy material 
to which the foaming is at tr ibutable should be present 
in the water fract ion af ter  MEK-water  part i t ion and 
should have the foaming characteristics of P E G  
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TABLE I 
F o a m i n g  of PEG: 1000  I so la t ed  F r m n  W a t e r  F r a c t i o n  of  T}n'ee-Week 

Degradation of Alcohol 22-Ethoxyla te  

39 

F o a m  F o a m  
Expt. Degradation mate r i a l  height ,  Exp t .  Control  m a t e r i a l  he ight ,  

cnl cm 

1 m g / 1  P E G  1000 0.8 l a  
f r o m  nonionic  

2 mg/1  P E G  1000 0.9 2a  
f r o m  nonionic 

3 m g / l  P E G  1000 0.9 3a  
f r o m  nonionic  

4 mg/1  PEG:  1000 1.0 4a  
f r o m  nonionic  

5 mg/1  P E G  1000 1.2 5a 
f r o m  nonionic 

�9 1 m g / l  P E G  1000 4.8 6a + 
1 m g / l  non ion ic  

detergent 
" 1 m g / l  :PEG 1000 9.8 7a 

f r o m  non ion ic  + 
1 mg/1  non ion ic  

detergent 

1 mg/1  a m o m c  
detergent 

f r o m  non ion ic  + 
mg/1  non ion ie  

detergent + 
mg/1  an ion ic  

de t e rgen t  

1 rag/1 P E G  1000 0.9 

2 rag/1 P E G  1000 1.0 

3 m g / 1  PEG:  1000 1.0 

4 rag/1 P E G  1000 1.0 

5 m g / 1  P E G  1000 1.0 

- 1 m g / 1  P E G  1000 5.0 
+ 

1 m g / 1  non ion ic  
detergent 

1 mg/1  P E G  1000 10.2 

+ 
1 mg/1  non ion ie  

detergent + 
1 m g / 1  an ion ic  

detergent 

I 5 mg/1  P E G  1000 10.2 

l: + 

rag/1 non ion ic  
detergent + 

m g / I  an ion ic  
detergent 

1000; the M E K  fract ion containing only a trace of 
undegraded original nonionic and nonfoaming alkyl 
group material  should have a negligible foaming 
capacity. The ethoxylatcd material isolated from 
the water fract ion was quanti tat ively estimated by 
TLC comparison against standards of P E G  1000 = then 
dissolved in four  liters of distilled water. Foaming 
tests as described in Pa r t  I of this series (1) were 
carried out over a range of concentrations correspond- 
ing to 1 to 5 mg per 1 of P E G  1000, then in ad- 
mixture with nonionic detergent (alkyl phenol 9- 
ethoxylate) and finally in admixture with nonionic 
detergent and anionic detergent (alkyl benzene sul- 
phonate) ;  a parallel series of tests was then con- 
ducted replacing the nonionic-derived P E G  1000 with 
authentic P E G  1000. The results are given in Table 
I. The whole of the corresponding M E K  fraction, 
af ter  removal of the solvent, was dissolved in 4 liters 
of distilled water and subjected to foaming tests 
alone and in admixture with nonionic and anionic 
detergents. The results are given in Table II.  The 
tables show that  foaming capacity was absent from 
the M E K  extract, and that  the water  extract  ex- 
hibited the typical foaming characteristics of a higher 
molecular weight polyglycol and not  of a nonionic 
detergent;  the foam itself also had the typical  poly- 
glycol appearance, small well-packed bubble forma- 
tion. Finally,  the foams produced in Experiments 
7 and 8, and 7a and 8a of Table I were collected 
and analyzed; the compositions were found to be 
similar in both series of experiments. 

Thus there appears to be little doubt that  hydrolyt ic  

fission of the molecule to produce an alcohol and a 
polyglycol rapidly occurs during degradation of 
linear p r imary  alcohol ethoxylates prior to the oxida- 
tion and hydrolyt ic  processes (4,6) by which the 
material ul t imately disappears. 

The relatively slower degradation of the secondary 
alcohol ethoxylates i l lustrated in Figure  5 of Pa r t  I 
of this series (1) could then be explained by a some- 
what slower rate of hydrolyt ic  fission due to the 
presence of the secondary alcohol grouping. An 
extreme example of inhibition of the fission is pro- 
vided by the highly-branched iso-tridecyl alcohol 
ethoxylate il lustrated in Figure  6 (ii) of P a r t  I. 
The experiments i l lustrated in Pa r t  I also show that  
although the lengths of the ethoxy chains influence 
the persistence of the degradation products, the 
initial degradation of al l  the linear p r imary  alcohol 
ethoxylates investigated is invariably rapid. 

Acid Streak Material. The experiments on the 
acid streak material were a continuation of the cetyl- 
stearyl 9-ethoxylate degradation experiments de- 
scribed above. The aqueous degradation solution was 
acidified and additional material extracted into 
chloroform af te r  the normal chloroform extract  had 
been removed. The procedure is described in detail 
in Pa r t  I of the series (1) and a photograph of the 
acid streak is shown in F igure  2 (ii) of that  paper. 
Af te r  isolation from the chloroform this material 
was separated by part i t ion between MEK  and water, 
and TLC showed that  effectively all the ethoxylated 
material was present in the water fraction, confirming 
that  a second degradation product  had been isolated 

TABLE II 
Foaming of IYIEK Fraction From Three Week Degradation of Alcohol 

22-Ethoxyla te  

D e g r a d a t i o n  m a t e r i a l  F o a m  height ,  Control  m a t e r i a l  F o a m  height ,  
cm em 

M E K  f rac t ion ,  alone 0 
[ M E K  f r ac t i on  2.0 1 rag/1 non ion ic  de t e rgen t  2.2 

[ 1 m g / l  nonionic  detergent 
[ /~IEK f r ac t i on  2.6 [ 1 m g / 1  nonionic  de t e rgen t  2 .7  

1 m g / I  nonlonie  de t e rgen t  1 mg/1  an ion ic  de t e rgen t  
+ 

1 mg/1  an ion ic  detergent 
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T A B L E  llI 
D e g r a d a t i o n  of N o r m a l  a n d  Acid S t r e a k  ~ a t e r i a l  1~rom P r i m a r y  

Alcohol 9 -Ethexyla te  

N o r m a l  s t r e a k  Acid  s t r e a k  
Concent ra t ion ,  Concen t ra t ion ,  

T i m e  rag/1  m g / 1  
N o r m a l  Acid  N o r m a l  A c i d  

In i t i a l ly  5.0 0 0 3.3 
a f t e r  i d a y  5.0 0 0 3.3 
a f t e r  2 days  5.0 0 0 3.0 
a f t e r  3 d a y s  5.0 0 0 2.7 
a f t e r  7 days  3.5 0 0 1.7 
a f t e r  2 weeks  1.0 0 0 0.1 
a f t e r  4 weeks  0 0 0 0 

of greater polar i ty  than the original nonionic ma- 
terial. This material  was isolated at successive stages 
f rom its initial formation to its disappearance, and 
the thin layer chromatogram of these stages run  in 
the resolving solvent showed that  initially some 
resolution into separate spots was obtained. But  at 
later  stages of the degradation, only a streak was 
visible, indicating the presence initially of material 
of alkyl ethoxylate type giving a resolved chroma- 
togram of the nonionic detergent type, degrading to 
predominant ly  ethoxy material giving the unresolved 
streak observed with polyglycols. 

These observations were confirmed by II~ examina- 
t ion; the water fract ion from MEK-water  part i t ion 
contained carboxyl and ethoxylated material and these 
groups were also shown to be present by NMR ex- 
amination which established that  a single CH2 group 
was alpha to the carboxyl. IR  examination of the 
M E K  fraction gave evidence of heavily oxidized alkyl 
chain material. 

The experiment was repeated using the linear 
Cn-C15 secondary alcohol 9-ethoxylate for which the 
degradation is i l lustrated in Pa r t  I, Figure  5 (1). 
IR showed that  in this case the alkyl group material 
was somewhat more persistent, indicative of a slower 
oxidation process which was confirmed by the higher 
Rf value, i.e., lower polarity, shown by the streak 
on a thin layer chromatogram. 

In order  to confirm that  the two types of degrada- 
tion depicted by normal and acid streaks proceeded 
independently,  and were not interchangeable during 
degradation, some normal and acid streak material 
f rom the p r imary  alcohol 9-ethoxylate was isolated 
and used as the start ing material  in independent 
degradation experiments. At  intervals during the 
degradation, the normal and acid extracts were ob- 
tained from aliquots of the solutions, and estimated 
by TLC against P E G  450 standards;  the results are 
shown in Table I I I ,  and illustrate that  the two types 
of streak are not interchangeable, which is in agree- 
ment with the theory that  two independent mecha- 
nisms are involved during degradation of the alcohol 
ethoxylates. 

I t  thus appears that  in the degradation causing the 
initial formation of the acid streak, a terminal -CO O H  
eventually replaces the CH3 (CHf)x of the hydrophobe 
pr ior  to the usual oxidation and hydrolytic processes 
which lead to its disappearance. 

Alkyl Phenol PolyethoxTlates 

The investigation of the degradation of this group 
of nonionics is complicated in comparison with the 
alcohol ethoxylates by the relative slowness of their 
degradation and the lack of visible degradation prod- 
ucts. In  Pa r t  I I  of this series (2), two rates of 
degradation are described, the predominant  type de- 
pending on the p H  of the environment;  but  two 
simultaneous mechanisms comparable with those 
described above for  the alcohol ethoxylates were not 

observed. All the experiments described in this sec- 
tion are based on the normal chloroform extract ;  no 
additional ethoxylated material was extracted when 
the aqueous solution remaining af ter  the normal 
chloroform extraction of a degraded 9 mole ethylene 
oxide adduet of nonylphenol 

CH3 0H3  \ I 
C H - C H - C ' H 2 - C - C 6 H 4 - O -  ( CH2CH~O ) n C H 2 C H 2 0 H  

/ I I 
CH3 CH~ CHa 

was acidified to the usual concentration of 2N with 
sulfuric acid, or when this concentration was in- 
creased to 4N. The aqueous solution after  removal 
of the normal extract  was also re-extracted with 
MEK, but no additional polyethoxylated degrada- 
tion product  was extracted by the more polar solvent. 

The more usual slow type of degradation was first 
investigated. A solution containing 20 mg per  I of 
nonyl phenol 9-ethoxylate and 100 rag/1 dried 
activated sludge in the medium at p H  7.0 degraded 
to a concentration of 9 mg per  1 af ter  six weeks 
determined by TLC. For  this group of compounds, 
TLC using the resolving solvent was more informa- 
tive than the single spot solvent. F igure  I shows at 
(i) the typical appearance of the chromatographic 
pa t tern  as degradation proceeds, an initial blurr ing 
being followed by retardat ion of the spots. The 
alumina column technique described in Experimental  
Procedures (d) ,  also proved extremely useful in 
separating the more polar highly-degraded material. 
Figure  1 (if) shows the one-week degraded material  
at a, and after  passage through an alumina column 
the first and second column extracts are shown at 
b and c. The six-week degraded material  in the same 
experiment is shown at (iii) d, and the first and 
second column extracts at e and f ;  at this stage 90% 
of the total material  present was recovered from the 
second column extract. 

The persistence of the resolved spot pat tern,  ac- 
companied by increased polarity, suggests that  al- 
though the nonionic detergent s tructure is being 
modified during degradation there is no fission of 
the molecule as in the case of the alcohol-ethoxylates. 
Increasing polar i ty  would lower the Rf value, while 
decrease in the length of ethoxy chains would cause 
an increase in Rf. The patterns af ter  six weeks sug- 
gest the presence of only a trace of ethoxy material, 
of much decreased chain length, remaining in the 
first column extract,  and part ial ly-degraded material,  
possibly of shorter ethoxy chain length, in the second 
column extract. IR examination of the first column 
extract  confirmed the diminution in ethoxy chain 
and by the sixth week the aromatic group also showed 
some modification. The second column extract, show- 
ing significantly less aromatic grouping, and strong 
carbonyl and carboxyl absorption, evidently contained 
the more polar material  result ing from end-chain 
attack on the alkyl grouping and slow hydrolysis of 
the ethoxy chain. UV analysis confirmed that  the 
proportion of aromatic grouping was relatively 
greater  in the first than in the second column ex- 
tracts, both at the one- and six-week stages. The 
difference in the initial route of degradation of this 
class of nonionics compared with the linear p r imary  
alcohol ethoxylates would thus appear  to be at- 
tr ibutable to the presence of the aromatic r ing and 
the alkyl chain branching prevent ing fast hydrolyt ic  
fission of the molecule or fast  oxidative attack along 
the alkyl chain. 

Examples of the relatively rapid degradation which 
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occurred occasionally in sewage effluents and could 
be artificially induced at pH 9.2 are given in Table 
I of par t  I I  of this series (2). IR examination of 
material  obtained af ter  such a degradation from 
10 mg per 1 to 0.3 mg per 1 showed evidence of 
the presence of alkyl phenol ethoxylate in which the 
ethoxy chain was much reduced in length. Thus 
under  more alkaline conditions there would appear  
to be an increase in the rate of degradation of the 
ethylene oxide chain, as demonstrated also b:~ the 
thin layer chromatographic pat tern  shown at (ii) 
and (iv) of F igure  1 in Pa r t  I I  of the series. 

A series of degradations of alkyl phenol 4- 
ethoxylate, 9-ethoxylate and 16-ethoxylate were con- 
ducted over 9 weeks from a start ing concentration 
of 10 mg per 1 at normal and alkaline pH. Foaming 
tests carried out dur ing these degradations at con- 
centrations based on the thin layer chromatographic 

estimation of the quant i ty  present are included in 
Table I I  of par t  I I  of this series. In all cases the 
foaming corresponded with that  of undegraded start- 
ing material  at the same coneentration, providing 
additional confirmation that  a single compound of 
similar character  to the original nonionic persisted 
throughout  the degradation. 
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