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Abstract This paper concerns the primary biodegrada-
tion of different commercial fatty-alcohol ethoxylate surf-
actants (FAEs), applying the OECD 301 E test for ready
biodegradability. Changes were made both in the carbon-
chain length of the surfactants as well as in the number of
units of ethylene oxide (EO) in its molecule. The biodeg-
radation were monitored, analysing the colony-forming
units (CFU) formed during this process. From the bio-
degradation profiles drawn for the FAEs, parameters
characteristic of the biodegradation process were defined:
latency time (#), biodegradability at 50 h of assay (B),
half-life (¢;,,), mean biodegradation rate until reaching
biodegradability of 85% (Vy1), and the residual concen-
tration of the surfactant (Sg). The analysis of these
parameters enabled the establishment of the influence of
surfactant concentration and structure during the biodeg-
radation process. The increase in the surfactant concen-
tration lowered the rate of the biodegradation process and
the biodegradability of the surfactant in addition to the
half-life and residual concentration of the surfactant. The
mean biodegradation rate, Vi, for fatty-alcohol ethoxylates
increased with the number of EO units and molecular
weight of the surfactant. At low initial test concentrations
(less than 25 mg/L), the concentration of the residual sur-
factant rapidly diminished with biodegradation time. For
higher concentrations, after an adaptation period of the
microorganisms, the surfactant concentration declined
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exponentially and the biodegradation rate became far
slower for all the surfactants. The parameters characteristic
of the growth curves: specific growth-rate, k, and the yield
of biomass production per gram of surfactant, Y,,, made
possible the quantification and corroboration of the results
during the biodegradation process.
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Introduction

Surfactants are widely used in household cleaning deter-
gents, personal-care products, textiles, paints, polymers,
pesticide formulations, pharmaceuticals, mining, oil
recovery, and the pulp and paper industries. The world
production of synthetic surfactants amounts to 7.2 million
tonnes annually [2]. After use, surfactants as well as their
products are mainly discharged into sewage-treatment
plants and then dispersed into the environment by releasing
effluents into surface waters and by sludge disposal on
land. Surfactants have different behaviors and fates in the
environment.

FAEs make up the second highest volume group of
surfactant after LAS and the leading group within the
family of non-ionic ethoxylate surfactants [3]. In Europe,
5% 10° tonnes of these surfactants are sold yearly [4]
representing some 40% of the total production of FAEs [5],
most of these being used in detergent formulas. FAEs are
easily biodegraded [3, 6, 7], although the massive
dumping of these surfactants into sewage waters requires
strict control to prevent the pollution of the aquatic
environment, and generally waters are controlled by
determining only the anionic surfactants. One key element
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in this process is the evaluation of the biodegradability
and toxicity for guaranteeing the use of these surfactants in
domestic and industrial formulations.

The FAEs used in this work belong to those called
oleochemical—that is, they are from natural, renewable
sources. FAEs are not pure as they are mixtures of mole-
cules that differ in the size of the hydrocarbon and eth-
oxylate chain. The mixture of oligomers has mean lengths
between 1 and 20 ethoxylate units and homologs with a
number of carbon atoms in the alkyl chain between 12
and 18.

Due to the enormous economic importance of surfac-
tants and their contribution to the deterioration of the
environment when these persist in nature, numerous
studies have sought to establish the structural character-
istics that govern the susceptibility of these molecules to
be degraded.

The factor that strongly affects the biodegradability of
FAEs is the hydrophobic structure and in particular the
linearity of the carbon backbone, which has a heavier
influence than other factors such as length of the alkyl
chain, the type of bond to the ethoxylate chain, and its
length. The search for relationships between parameters in
the biodegradation process and the structural properties of
these surfactants would serve to characterize them with
respect to an environmental standpoint.

The present work analyses the biodegradation of linear
FAEs in relation to microorganism growth during this
process. The study includes different FAEs in which the
length of the carbon chain and the number of units of
ethylene oxide has been modified, and the influence of
the surfactant concentration has been analysed both in the
biodegradation process as well as in the growth of the
microorganisms.

Experimental Procedures
Surfactants

The following commercial surfactants, fatty-alcohol eth-
oxylates with the general formula R(-O-CH,-CH,),~OH,
were used in this study: FINDET 10/15, FINDET 10/18,
FINDET 1214N/16, FINDET 1214N/23, FINDET 1618A/
18 and FINDET 1618A/23 supplied by KAO CORPO-
RATION S.A. (Tokyo, Japan). Table 1 shows the main
characteristics of the surfactants analysed in this research.

Static-Biodegradation Assay

The static biodegradation tests were carried out according
to the OECD 301 E test for ready biodegradability [1]. A
solution of the surfactant, representing the sole carbon
source for the microorganisms, was tested in a mineral
medium, inoculated and incubated under aerobic condi-
tions in the dark. The procedure consists of introducing
1.2 L of surfactant solution (for which the biodegradability
is to be determined) into a 2 L Erlenmeyer flask and
inoculating the solution with 0.5 mL of water from a sec-
ondary treatment of a sewage-treatment plant (STP) that
operates with active sludges. The Erlenmeyer flask is
plugged with a cotton stopper and left in darkness in a
thermostatically controlled chamber at 25 °C. The constant
rotary speed of the orbital shaker (125 sweep/min) provides
the necessary aeration. The surfactant solution is prepared
by dissolving the desired quantity of surfactant in the
nutrient solution.

The biodegradation process was monitored by measur-
ing the residual-surfactant concentration over time. The
FAEs were determined by the iodine-iodide colorimetric

Table 1 Description and

. Commercial name Symbol Structure® HLB [8] MW, CMC,
properties of the surfactants (a/mol) [9] (mg/L) [10]
employed in the washing tests & &

FINDET 10/15 CioEs R: 10 9.6 272 163.20
EO: 3
FINDET 10/18 Ci0E¢ R: 10 12.7 387 348.30
EO: 6
FINDET 1214N/16 Cio_14E4 R:12(70%)-14(30%) 9.5 370 20.35
EO: 4
FINDET 1214N/23 Cio 14E1; R:12(70%)-14(30%) 144 630 88.20
R size of the hydrocarbon chain; EO: 11
EO number of ethylene oxide '
units; HLB hydrophilic/ FINDET 1618A/18 Ci6-18E¢ R:16-18 10.2 603 0.81
lipophilic balance calculated EO: 6
according to Griffin; MW FINDET 1618A/23  Cie.15E1 R:16-18 13.2 1386 3.18
molecular weight EO: 11

4 Manufacturer
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method [11]. For the absorbance measurements, a double-
beam spectrophotometer SPECTRONIC UNICAM UV-V
was used. The absorbance was directly proportional to the
surfactant concentration.

Reference assays were made with an easily biodegrad-
able surfactant (LAS) in order to determine the activity of
the microbial population present in the test medium. The
initial concentration of the reference assay was 5 mg/L in
all cases, and the mean biodegradability at 5 days was
97.28% +1.54. According to the OECD [1], for the validity
of the assay to be accepted, the percentage of the biodeg-
radation of the soft standard after 5 days should be greater
than 90%. It is known that sorption may significantly
influence the resulting environmental effects of surfactants
[12] and it has been studied by some authors [13] who have
proposed expressions to predict the sorption onto activated
sludge particles for alcohol ethoxylates. In the biodegra-
dation assays presented here, the sorption can be consid-
ered negligible, given the scant biomass formation. To
confirm this fact, abiotic assays were made in the presence
of HgCl,, observing that the values of the residual sur-
factant remained around 100% over the biodegradation
period. These results indicate that the contribution of abi-
otic processes in the degradation of the FAEs in the bio-
degradation tests made can be dismissed.

The biodegradation was studied at different initial
concentrations varying from 5 to 50 mg/L: surfactant
Cio_14E ;1 was studied at concentrations of 5, 15, 20, 25,
and 50 mg/L; the FAEs Cy,_4E, and C,¢_,3E¢ at 5, 25, and
50 mg/L; while the surfactants C;oE3, CioEg and Ci6_13E1;
were studied at an initial concentration of 5 mg/L.

Biomass Growth During the Biodegradation Process

During the biodegradation assays, the number of viable
microorganisms was measured by counting the heterotro-
phic microbes in a dish [14], expressing the result as col-
ony-forming units (CFU) per mL. The culture medium,
nutrient agar, enables the detection of a broad variety of
microorganisms. With a sterile pipette, 1 mL of sample is
taken from the culture, and a series of 1:10 dilutions are
taken in CINa at 0.9% until reaching a suspension of
microorganisms of between 30 and 80 viable cells per mL
of test solution.

Each dilution was analysed in duplicate: 1 mL of sample
to be analysed was placed on a 10-cm dish. Then 20 mL of
previously sterilized culture medium was poured onto the
dish, sterilized, melted and tempered at 60 °C, and gently
stirred to complete the homogenization. The mixture was
left to cool until complete solidification and then incubated
at 25 °C for 72 h in darkness. The total number of
microorganisms was determined by multiplying the num-
ber of CFU by the corresponding dilution factor.

Results and Discussion

The effect of the concentration of the FAEs on the primary
biodegradation was studied for the commercial surfactants
C]2_14E4, C12_|4E]1 and C16—18E6' The biodegradation of
surfactants CjoE3;, CjoE¢ and C,6_13E;; at 5 mg/L were
also studied. Figure 1 presents the results of the primary
biodegradation of these surfactants. The concentration is
expressed as a percentage of residual surfactant and each
point of the graphs represents the mean value of the two
replicates.

In light of legislation demanding a minimum level of
80% of the primary biodegradation after 19 days, when the
surfactants are subjected to the OECD test [1] all the
surfactants can be considered biodegradable, as shown in
Fig. 1. Biodegradation exceeds 90% in less than 13 days
(most in 4 days) except for C;,_14E4 at 50 mg/L, which did
not surpass 60% in this time period.

In a preliminary analysis of the primary-biodegradation
profiles (Fig. 1), it was found that for the three surfactants
for which the concentration had been modified, the con-
centration of the residual surfactant rapidly diminished
with biodegradation time. For higher concentrations, after
an adaptation period of the microorganisms, the surfactant
concentration declined exponentially and the biodegrada-
tion rate became far slower for all the surfactants, this
effect being more pronounced for the surfactant with the
least number of ethylene oxide units, Ci,_j4E;4.

The biodegradation curves found for 50 mg/L signifi-
cantly differed from the rest of the concentrations studied,
the shape of the curve was exponential, and, although the
concentration did not significantly affect the latency time,
the biodegradation process became slower.

Parameters Characteristic of the Biodegradation
Process

For the comparison and quantification of the different
biodegradation assays, a number of parameters character-
istic of the biodegradation profiles were defined and eval-
uated.

Latency time (1) is the time needed for the non-adapted
microorganisms to acclimatize themselves to the new
substrate. The latency or acclimation period prior to the
biodegradation process of organic compounds in the
aquatic environment can have several causes, such as a
lack of nutrients, enzymatic induction, predation by pro-
tozoa, mutation of species, growth of a microbial popula-
tion capable of metabolising the substrate, or simply the
adaptation to the presence of toxic agents [15-17]. This
time corresponds to the period during which a mild change
occurs in the residual concentration. For each biodegra-
dation assay, it was calculated by drawing two tangents to
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Fig. 1 Biodegradation of the C12.14E4 C12.14E11
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the adaptation and biodegradation stages (Fig. 2). The
latency term was the cut-off point of both straight lines.

Half-life time (t,,,) is the time for which the substrate
concentration diminishes to half from the beginning of the
biodegradation process. Therefore, the latency time was
also counted. As with the latency time, the half-life is
calculated by graphic methods on the biodegradation curve
(Fig. 2).

Mean biodegradation rate (V) has been defined as the
mean velocity of biodegradation until achieving 85% bio-
degradation of the surfactant, and it has been calculated as

120 1

100 ik

80 -

/

60 -

40

RESIDUAL SURFACTANT

20 4

0 T T T 1

0 b tip 50 th 100 150 200

Fig. 2 Graphic determination of 7 and f;,, on the biodegradation
curve
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the quotient between the percentage of biodegradation
reached and the time needed to reach this biodegradation
value. This parameter provides the speed of the biodegra-
dation process.

Residual-surfactant concentration (Sg) is the concen-
tration which has not been degraded by the microorganisms
and represents the concentration of the surfactant that is not
metabolisable. It is calculated as the mean value of the
surfactant concentration at the end of the assay when the
surfactant remains practically constant over the biodegra-
dation time.

Surfactant biodegradability (B) is defined as the per-
centage of surfactant that is biodegraded after 50 h of
assay.

Table 2 shows the parameters characteristic of the bio-
degradation profiles for all the surfactants and all the
concentrations assayed. Sy is the initial concentration of the
biodegradation assay in mg/L while tr is the total duration
of the assay in hours.

Figure 3 lists the characteristic parameters (¢;/2, Vum, B
and Sr) of the biodegradation profiles as a function of the
initial assay concentration for the surfactants Cj,_14E4,
Cio-14E11, and Ci6_5Fs.

For the parameters ¢/, and V), which are related to the
rate of the biodegradation process, it is noteworthy firstly
that 7/, slightly increased with the surfactant concentration
to 25 mg/L, fundamentally for the surfactants with the
highest number of ethylene oxide units, increasing notably
for concentrations of 50 mg/L. Secondly, in a similar way,
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Table 2 Parameters characteristic of the biodegradation profiles for
the FAEs

So (mg/L) tr(h) B (%) t(h) t1p(h) Vy (%/Mh) Sk (mg/l)
CioEs

5 157.00 77 37.00 50.43 1.49 0.17
CioEs

5 190.50 83 9.00 19.14 1.63 0.30
Ciz-14E4

5 182.50 91 1450 19.29 2.23 0.33
25 209.50 56 23.79 4091 0.73 1.83
50 381.75 26 27.21 5543 0.20 19.29
Ci-14En

5 85.00 94 22.51 26.20 2.07 0.50
15 159.00 92 22.28 30.75 2.17 0.96
20 167.50 92 2252 - 2.11 1.76
25 160.00 91 - 19.71 1.99 3.52
50 376.50 44 2428 54.02 137 4.45
Ci6-18Es

5 183.91 87.5 14.74 21.13 1.93 0.40
25 237.50 85 20.37 28.54 1.66 1.08
50 236.00 54 21.64 5492 0.78 3.46
Cie-13En1

5 239.50 88 29.71 3942 1.80 0.45

the mean biodegradation rate slowed with the initial sur-
factant concentration. This indicates that, as the concen-
tration increased, biodegradation slowed down. This
slowing in the mean biodegradation rate may have been
due to an auto-inhibition triggered by a bacteriostatic effect
of the substrate.

In the case of the parameters Sk and B, as the initial
surfactant concentration increased in the assay, the residual
concentration rose and the surfactant biodegradability in-
creased, as might be expected (Fig. 3).

In an effort to establish relationships between the
parameters found in the biodegradation process on the one
hand, and the structural characteristics of the surfactants on
the other, Fig. 4 presents the mean biodegradation rate
against the number of EO units of the different surfactants
assayed. It was found that for high assay concentrations the
biodegradation rate increased with the size of the ethoxy-
late chain. For 5 mg/L, the effect of the number of EO units
on the mean biodegradation rate was less pronounced
(Fig. 4).

Several authors [5] have demonstrated that the primary
degradation step is a central fission mechanism for which
the intermediates are polyethylenglycol (PEG) and fatty
alcohols (Fig. 5). Steber and Wierich [18] have also stud-
ied the ultimate biodegradation of PEG.

The biodegradation rate appears to be greater the
higher number of EO units of the ethoxylate chain

(Fig. 4) for surfactant concentrations above 5 mg/L. Fur-
thermore, this effect is more pronounced the higher the
initial surfactant concentration. The results suggest that
the longer the ethoxylate chains released in the biodeg-
radation process, the less acute is the inhibitory effect
exerted on the microorganisms responsible for the bio-
degradation process.

The biodegradability of surfactants is influenced
simultaneously by several parameters: HLB, CMC, carbon
chainlength (Fig. 6), etc., and it is difficult to find a
prominent parameter. However, there seems to be a posi-
tive correlation between the biodegradation and the HLB
(Table 3).

The FAE Cj,_14E;;, the surfactant with the greatest
HLB, presents the greatest biodegradability. For the set of
the surfactant tested, the FAEs which show a greater HLB
have a lower CMC (Table 1). For the same surfactant
concentration lower CMC surfactants have less free sur-
factant. Thus we can relate the high biodegradability to the
lower presence of free surfactant which have an inhibitory
effect in the medium.

In general, for all the concentrations assayed, the re-
sults appear to confirm that the biodegradation was
preferential towards the surfactant with the longest alkyl
chain (Fig. 6) and the greatest degree of ethoxylation
(Fig. 4), this effect may be due to the lower CMC of
these FAEs. If the biodegradation rate is considered as the
slope of the biodegradation curve, the rate can be seen to
be greater (at the three concentrations studied) for the
surfactant with the longest carbon chain, Cy4_;gEg; that is,
the surfactant with the longest carbon and ethoxylate
chain degraded to a greater extent and more rapidly than
did the rest of the surfactants tested. This fact was more
discernible when high surfactant concentrations were as-
sayed (Fig. 1).

The literature provides examples of increase, decrease,
and random values in the biodegradation rate in relation
to the longest alkyl chain lengths [19]. For biodegradation
assays in river water, it was found that the biodegradation
rate increased for Cg—C;, chain lengths and decreased for
C,—C;s. In other assays, the biodegradation rate dimin-
ished on going from the C;g to Cg chain length, but with
different ethoxylate chain lengths. However, when only
the hydrophobic part of the surfactant was taken into
account, there was evidence of higher rates of primary
biodegradation for homologs with longer alkyl chains
[20]. A possible explanation to this fact may be that the
CMC of the surfactant depends on its hydrophilic group
(type and size) and on its lipophilic group (length and
branching). In an aqueous medium, the CMC decreases
when the number of C atoms in the alkyl chain of the
surfactant increases and the surfactant can exert a minor
inhibitory effect.
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Fig. 3 Variation in the C12-14E11 C12-14E11
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Fig. 4 Variation in the mean biodegradation rate against the number
of EO units at different initial concentrations
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native method to evaluate the total or final biodegradability
of the surfactants when these are the only carbon source in
the culture medium.
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Fig. 5 Simplified mechanism
of FAEs biodegradation

R FAE
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R
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Fig. 6 Variation in the biodegradability against the length of the
alkyl chain

Figure 7 presents, as an example, the growth curves
together with the corresponding primary-biodegradation
profiles for the surfactant C;,_j4E4. It can be seen that the
biodegradation curves were adjusted by the growth curves
of the microorganisms. During the exponential growth
phase of the microorganisms, a linear decline occurred in
the residual concentration of the surfactant, and, when the
surfactant concentration remained constant, the microor-
ganisms registered no growth. Finally, for substrate con-
centrations greater than 5 mg/L, the bimodal growth curves
resulted (two peaks), suggesting the inhibition of the
microorganisms existing initially in the assay and the
growth of new populations due to the biodegradation of

Fatty Alcohol Polyethylenglycol

the metabolites. This may be due to the mechanism of
biodegradation of FAEs with fission of the central ether
bond to yield the corresponding fatty alcohol (FA) and the
(poly)ethylene oxide chain (PEO) which may be better
substrates for the culture as compared to the original
surfactant.

Microbial growth during the primary phase of the
exponential growth can be described by Monod’s equation
[21] according to the expression

dx
—=k-X 1
or in its integrated form

X =Xp -exp(k - 1) (2)

where k represents the specific growth rate in h™', X the
biomass concentration at each time expressed as CFU/mL,
and X, the biomass at the beginning of the assay.

For a comparison of the different assays of microor-
ganism growth, the parameters characteristic of these
curves were determined. By non-linear regression to Eq.
(2), the specific growth rate was determined for the FAEs
assayed (k); Xo, is the initial value of CFU/mL found in the
assay. Table 4 shows the parameters characteristic of the
growth curves during the biodegradation process.

For each surfactant, k diminishes with the initial con-
centration of the assay, though for Cy,_j4E4 there was no
increase in growth rate when 25 was changed to 50 mg/L.
These results indicate a possible inhibition of the micro-
organisms with concentration. Table 4 shows that at the

Table 3 Biodegradability of the FAEs against the HLB of the different initial concentrations

C10E3 C10E6 C12—14E4 C12—14Ell C16—18E6 CI&ISEII

HLB =9.6 HLB = 12.7 HLB =9.5 HLB = 14.4 HLB = 10.2 HLB = 13.2
So(mg/ll) B (%) Sy(mgl) B (%) So(mgL) B(%) So(mg) B(%) S,(mgl) B (%) So(mgl) B (%)
5 77 5 83 5 91 5 94 5 87.5 5 88

- - - - 25 56 15 92 25 85 - -

- — — — 50 26 20 92 50 54 - —

- - - - - - 25 91 - - - -

- - - - - - 50 44 - - - -
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Fig. 7 Growth curves and 5 mg/L 25 mg/L
biodegradation profiles for the 4.0 re 9.0 q r 30
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Table 4 Parameters characteristic of the growth curves for the FAEs

So(mg/L) Xo (CFU/mL) k™ Y,y (CFU/g substrate)
Cio_14E4

5 2.05 x 10° 0.271 9.01 x 10°
25 2.65 x 107 0.155 5.43 x 10°
50 2.95 x 107 0.162 8.84 x 10°
C‘12—14Ell

15 430 x 10° 0.207 6.13 x 10°
20 4.98 x 10? 0.116 9.71 x 10°
50 8.02 x 10* 0.052 1.11 x 10°
C16—18E6

5 1.75 x 10° 0.076 9.82 x 10°
25 1.50 x 10* 0.020 6.25 x 10*

two concentrations studied, the surfactant C¢_;gE¢ (With
lower CMC) had the lower growth rate. Also, the param-
eter Y, has been calculated, this representing the yield of
the biomass production—that is, the proportion of the
original substrate converted into biomass, which is as-
sumed to be constant over the biodegradation process. Y,
was calculated as AX/AS quotient, where AX is the quan-
tity of microorganisms formed during the exponential
growth phase and AS the substrate consumed during the
same time period.

When the test concentration is higher than the CMC,
(for the surfactant C;,_;4E4) a decrease in the yield (Yyp)

&\ Springer ANOCS &

can be seen, possibly due to the formation of micelles and
to the lower presence of free surfactant in the medium.

For the same concentration of surfactant (5 mg/L), the
yield of the biomass production is lower for the surfactant
with lower CMC (C;¢_13Es) because of the formation of
micelles, hence to the lower presence of free surfactant in
the test medium.

The results of this study demonstrate that the biodeg-
radation process is strongly related to the concentration of
the initial surfactant and to the CMC of the surfactant. The
concentration of the surfactant can exert an inhibitory
effect whereas the quantity of the free surfactant present in
the medium (C source for the microorganisms responsible
for the process) depends on the CMC.
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