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Abstract The biodegradation of plasticizers has
been previously shown to result in the accumu-
lation of metabolites that are more toxic than the
initial compound. The present work shows that
the pattern of degradation of di-2-ethylhexyl ad-
ipate by Bacillus subtilis can be significantly al-
tered by the presence of biosurfactants, such as
surfactin, or synthetic surfactants, such as Plu-
ronic L122. In particular, this work confirms that
the monoester, mono-2-ethylhexyl adipate, is a
metabolite in the breakdown of the plasticizer.
This metabolite was proposed but not observed in
earlier studies. Toxicity measurements showed it
to be significantly more toxic than the plasticizer.
Thus, the effect of the surfactants was to signifi-
cantly increase the accumulation of one or both of
the two most toxic metabolites; i.e., the monoes-
ter and 2-ethylhexanol. It was proposed that the
most likely cause of the effect of the surfactants
was the sequestering of these two metabolites into
mixed micelles, resulting in their reduced avail-
ability for further degradation.
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Introduction

A consequence of the growth of the plastics
industry is a significant increase in the amount of
plasticizers released into the environment (Cado-
gan et al. 1999; Peakall et al. 1975). These lipoph-
illic compounds are added to plastics in order to
impart a variety of desired properties to the for-
mulations (Wilson 1995). They are not covalently
bound to the plastics in these mixtures and are
susceptible to leaching (Bauer and Herrman 1997;
Fujii et al. 2003; Hill et al. 2003). Since plastic
formulations, such as those used with PVC, can
contain up to 40% plasticizer by weight (Graham
1973), even a very gradual loss of plasticizer can
become a very significant source of environmental
contamination. Consequently, these compounds
have become ubiquitous in the environment
(Staples et al. 1997; Fromme et al. 2002; Kolpin
et al. 2002), and are now considered priority
pollutants in the United States and Europe (US
EPA 1999; European Union Commission 2001).
Di-esters are the most widely used class of
plasticizer. This is often the phthalate di-ester,
di-2-ethylhexyl phthalate (DEHP) (Cadogan
et al. 1999; Wilson 1995; Ejlertsson et al. 1997),
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but others such as di-2-ethylhexyl adipate
(DEHA) are also commonly used (Tepper 1973;
Startin et al. 1987; Nerin et al. 1992; Bohnert
et al. 1999; Lang and Stanhope 2001). A study in
Germany in 2002 found average DEHP levels of
2.27 pg/l in surface waters and 0.70 mg/kg in
sediments (Fromme et al. 2002). Another report
estimated median concentrations in rivers in the
USA at 3 pg/l and 7 pg/l for DEHA and DEHP,
respectively (Kobin et al. 2002).

Considerable work has been done in an at-
tempt to assess the fate of these compounds in the
environment as well as their ecological impacts
(Cadogan et al. 1999; Cartwright et al. 2000;
Fromme et al. 2002; Kolpin et al. 2002; Jonsson
et al. 2003) and health risks (Cornu et al. 1992;
Norback et al. 2000; Fukuwatari et al. 2002).
Studies have shown that these compounds are
degraded by certain microorganisms (Seager and
Tucker 1973; Kurane et al. 1977; O’Grady et al.
1985; Cartwright et al. 2000; Jianlong et al. 2000).
However, recent papers have shown that during
the biodegradation of plasticizers by a variety of
different microorganisms (Nalli et al. 2002;
Gartshore et al. 2003), some of the intermediates
can accumulate. These metabolites have also
been observed in the environment (Jonsson et al.
2003; Horn et al. 2004). This is a problem because
these metabolites were found to exhibit consid-
erably higher acute toxicities than the original
plasticizers (Nalli et al. 2002; Gartshore et al.
2003). Furthermore, some of these compounds
have been linked to an increased frequency of
asthma symptoms in hospitals (Norback et al.
2000), were identified as peroxisome proliferators
in rats and mice (Cornu etal. 1992), and
have been implicated in endocrine disruption
(Fukuwatari et al. 2002).

The first step in the degradation pathway for
DEHA (Fig. 1) was suspected to be the hydro-
lysis of one of the ester bonds, producing one
molecule of 2-ethylhexanol and one of mono-2-
ethylhexyl adipate, but this could only be inferred
because the monoester was not observed (Nalli
et al. 2002). Eventually, as observed in previous
work (Nalli et al. 2002), both ester bonds in the
monoester are hydrolyzed, leaving adipic acid and
2-ethylhexanol. The 2-ethylhexanol is further
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Fig. 1 Diester plasticizer degradation pathway proposed
by Nalli et al. (2002). Specific example shown is for DEHA

oxidized, but this often leads to an accumulation
of the recalcitrant 2-ethylhexanoic acid.

Surfactants are also commonly present in the
environment (Ding et al. 1999; Bodour et al.
2003; Zhu et al. 2003). They are released as
industrial pollutants, through remediation strat-
egies, and are produced indigenously by micro-
organisms. Their effects on the solubilization
and biodegradation of hydrophobic compounds
have been extensively studied (Prak and
Pritchard 2002; Willumsen and Arvin 1999;
Churchill et al. 1995; Zheng and Obbard 2001;
Schippers et al. 2000; Ito and Inoue 1982;
Oberbremer et al. 1990; Noordman et al. 2002;
Deschenes et al. 1996; Guha and Jaffe 1996;
Bramwell and Laha 2001), but these studies did
not include plasticizers. The aim of the work
presented here is to study the effect of some
synthetic surfactants and biosurfactants on the
microbial degradation of the plasticizers com-
monly found in the environment. The test
microorganism, Bacillus subtilis, was selected
because it can produce a very effective bio-
surfacant—surfactin. However, it is possible to
obtain strains that do not produce this com-
pound in order to allow experiments on the
difference between degradation with and with-
out the surfactant present.



Biodegradation (2007) 18:283-293

285

Materials and methods
Chemicals

Di-2-ethylhexyl adipate (99% purity), 2-ethyl-
hexanol (99.6% purity), 2-ethylhexanal (96%
purity), 2-ethylhexanoic acid (99% purity) and
n-pentadecane (99% purity) were all obtained
from Sigma-Aldrich (Montreal, QC). The syn-
thetic surfactants were Pluronic L122 (BASF
Corp., Wyandotte, MI), Tween 80 (Atlas
Chemical Industries, Brantford, ON), and Triton
X-100 (Sigma-Aldrich, Montreal, QC). Glucose
was obtained from American Chemicals Ltd.
(Montreal, QC).

The biosurfactants were surfactin isolated from
B. subtilis ATCC 21332 and sophorolipid from C.
bombicola ATCC 22214. Surfactin was isolated
and purified as described in Cooper et al. (1981).
The lactone form of sophorolipid crystals was
obtained as described in Cavalero and Cooper
(2003). The biosurfactant crystals were stored at
4°C until needed. Prior to being added to micro-
bial cultures, the crystals were re-suspended in
Mineral salt medium (MSM) (Nalli et al. 2002)
and filter-sterilized through 0.22 pm Millipore
mixed-cellulose membrane filters (Fisher Scien-
tific, Montreal, QC) using a vacuum filtration
setup which was previously autoclaved for 1 h at
121°C and 220 kPa.

The critical micelle concentration (CMC) was
obtained for each surfactant by suspending it in
MSM and then performing serial dilutions with
MSM over a wide range of surfactant concentra-
tions. The surface tension measurements were
made using the Wilhelmy plate method with a
Kriiss K12 processor-tensiometer (Kriiss USA,
Charlotte, NC).

Cultures, growth conditions and fermentation

Strains of B. subtilis (ATCC 21332 & ATCC
6633) were obtained from American Type Cul-
ture Collections (ATCC) and were initially re-
suspended as recommended by the supplier.

All shake flask cultures were grown in 500-ml
Erlenmeyer flasks in a rotary shaker at 30°C at
150 rpm. The experimental media contained glu-
cose at a concentration of 2.5 g/l in 100 ml MSM.

Prior to inoculation, the MSM and concentrated
glucose solution were autoclaved separately for
1 h at 120°C and 220 kPa. The glucose solution
was then added to the flasks to obtain the re-
quired concentration. When used, plasticizer was
added to cultures, prior to autoclaving, at a con-
centration of 2.5 g/l. Each surfactant was added at
concentrations just above its critical micelle
concentration. Synthetic surfactants were added
before autoclaving, while biosurfactants were
filter-sterilized then added with sterile syringes.
The above growth medium was used for cul-
tures of B. subtilis ATCC 6633 in the 1-1
sequencing batch cyclone reactor (Brown 2001).
The reactor and the reservoir containing the
medium were sterilized in an autoclave each for
3 h at 120°C and 220 kPa prior to inoculation.
The contents of the reactor were continuously re-
circulated by a 1/55hp centrifugal pump
(1,750 rpm). The temperature of the broth was
maintained at 30°C by means of a counter-current
flow heat exchanger. A condenser at the top of
the cyclone prevented volume loss due to evap-
oration. The cyclone was aerated through an in-
line HEPA filter (Millipore Millex-FG50, 0.2 pl).
Any liquid flow in or out of the reactor passed
through isolators in order to prevent contamina-
tion. The separate components of the reactor
were connected by latex tubing (VWR Scientific,
West Chester, PA). The growth medium (2.5 g/
glucose in MSM) was supplied to the reactor by
gravity from a reservoir. Cycling consisted of
removing 90% of the reactor volume through the
harvest port, then re-filling with fresh medium up
to 1 1. Initial inoculation, plasticizer addition and
surfactant solution addition (where used) were
performed using sterile syringes through the
septum of the injection port. A sample port
equipped with an isolator was used to withdraw
samples of 10 ml for analysis. Experiments were
conducted to compare plasticizer degradation
with and without surfactant addition. Surfactin is
produced by various strains of B. subtilis, but
other strains can be found that do not produce
this biosurfactant. A strain (ATCC 6633) that
could not produce surfactin was used in order to
compare control experiments without the bio-
surfactant, to those in which surfactin, isolated
from a producing strain (ATCC 21332) added.
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Analysis of biomass

A total of 100 ul were withdrawn from reactor
samples or shake flasks for the assay. The quan-
tification of microbial growth was performed
using the BIORAD DC Protein Assay (BIO-
RAD Laboratories, Hercules, CA) as described
by BIO-RAD. Absorbance was measured at a
wavelength of 750 nm using a Cary 50 Bio UV-
visible spectrophotometer (Varian, Walnut
Creek, CA). The results were compared to a
standard curve prepared using bovine serum
albumin and reported as g/l protein.

Concentrations of plasticizers and their
metabolites

Five milliliter of samples were withdrawn from
the sample port. The pH was adjusted to below 2
with a drop of concentrated H,SO, and an
extraction was performed as above with 5 ml of
the chloroform solution containing 1.5 g/l of n-
pentane as an internal standard. The test tubes
were vortexed and, after settling, samples of the
organic phase were analyzed by GC.

The gas phase of the reactor was analyzed using
solid phase micro-extraction (SPME). The 70 pm
Carbowax/DVB StableFlex SPME fiber assembly
(Supelco, Bellefonte, PA) with Manual Holder
(Supelco, Bellefonte, PA) was inserted through a
rubber septum in the head space of the reactor.
The fiber was allowed to equilibrate for 30 min
and was then inserted directly into the injector of
the GC. A calibration curve was developed for 2-
ethylhexanol in the gas phase by measuring its
aqueous phase concentration during an abiotic
reactor run (> = 0.98, results not shown). The
decrease in concentration due to evaporation over
recorded time intervals was correlated to the peak
size obtained from the SPME chromatograph.

Plasticizer and metabolite concentrations of
organic extract samples were obtained using a
Varian CP-3800 gas chromatograph (GC-FID)
equipped with a CP-Sil five column (Varian,
Walnut Creek, CA) with an internal diameter of
0.53 mm. The operating conditions were as fol-
lows: an injection temperature of 250°C; an initial
column temperature of 60°C; a constant column
flowrate of 10 ml/min; and a final column tem-
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perature of 300°C. The detector temperature was
300°C, while the temperature ramp rates were
10°C/min between 60°C and 150°C, followed by
20°C/min between 150°C and 300°C.

For the analysis of gas-phase 2-ethylhexanol
samples obtained by SPME, the GC was loaded
with a Varian fused silica CP SIL 8CB column
with an internal diameter of 0.32 mm. The oper-
ating conditions were an injection temperature of
250°C; an initial column temperature of 60°C with
a 1-min hold time; a ramp rate of 15°C/min; a final
column temperature of 280°C with a 4-min hold
time; a detector temperature of 300°C; and a
column pressure of 8.3 kPa. The error in the data
reported was +0.02 g/l, as calculated from tripli-
cate samples.

The peaks obtained by GC analysis were
attributed to the various plasticizers and metab-
olites by comparison to standards. Where no
commercial standard was available, identification
was based on GC/MS analysis. The GC/MS
(Thermo Quest model TRACE GC 2000/Finni-
gan POLARIS) was equipped with a Restek
RTX-5 MS column (Fisher Scientific, Montreal,
QC) with an internal diameter of 0.25 mm. The
injection temperature was 250°C, the initial col-
umn temperature was 65°C, the ramp rate was
10°C/min, the final column temperature was
320°C, the final hold time was 2.5 min, the ramp
hold time was 0.1 min, the MS start time was
2.2 min, the MS range was 50-600, the transfer
line temperature was 275°C, and the ion source
temperature was 200°C.

Isolation and acute toxicity of
mono-2-ethylhexyl adipate

The isolation of this monoester was performed
after collecting the broth at the end of a fer-
mentation to which surfactin was initially added.
In order to ensure that any surfactin in the sample
would remain in the aqueous phase, the mono-
ester was extracted from the broth with chloro-
form at pH 7. The small amount of 2-ethylhexanol
present was removed under reduced pressure
along with the extraction solvent and this was
verified by GC analysis. The end product was
95.6% pure as it contained a small amount of the
original diester plasticizer.
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The acute toxicity of mono-2-ethylhexyl adi-
pate was measured using the Microtox toxicity
assay, based on the toxic effect of the test com-
pound on the respiration of the light-emitting
marine organism Vibrio fischeri NRRL B-11177
(Bulich et al. 1981). An effective concentration
that caused a 50% decrease in light output (ECs)
was obtained. The isolated mono-2-ethylhexyl
adipate was re-suspended in MSM at 0.1 g/l and
transferred into 0.5-ml cuvettes designed for the
Microtox Model 500 (Microbics Corp., Carlsbaad,
CA). The procedure then followed was according
to the Basic Test setup in the Microtox software.
The small amount of plasticizer contained in the
sample would not interfere with the results be-
cause it causes minimal inhibition of the test
organism (Nalli et al. 2002).

Analysis of 2-ethylhexanol phase separation
using microfiltration

Solutions of 1.0 mM 2-ethylhexanol and various
concentrations of Pluronic L122 were prepared in
MSM and the surface tension of these solutions
was measured. A 5-ml sample of each solution
was withdrawn and extracted with 5 ml of chlo-
roform solution containing 1.5 g/l n-pentadecane
as the internal standard. The extraction was per-
formed inside a test tube, which was vortexed for
1 min. The initial 2-ethylhexanol concentration
was determined by GC. Twenty milliliters of each
solution was then vacuum filtered using 10-nm
pore size nitro-cellulose membrane filters (Fisher
Scientific, Montreal, Canada) for 20 min. The
surface tension of the filtrate was measured and
its 2-ethylhexanol concentration was obtained
using the same method as for the initial solutions.

The membrane filters were also extracted to
obtain an amount of 2-ethylhexanol retained on
the filter. Following filtration, they were carefully
placed in 40-ml capped glass vials and extracted
with 10 ml of n-pentadecane in chloroform solu-
tion by manual agitation for 1 min. The concen-
tration of the 2-ethylhexanol in the extract was
then analyzed by GC as described above.

Results
Critical micelle concentrations

The critical micelle concentrations (CMC) were
determined for the surfactants used in the growth
studies. Table 1 summarizes these results and the
concentrations that were added to the growth
experiments.

Effect of surfactin on plasticizer degradation
by B. subtilis ATCC 6633

Fermentations were performed with B. subtilis
ATCC 6633 in a 1-1 reactor both with and without
the addition of surfactin in order to observe its
effects on DEHA degradation. As shown in
Fig. 2, both the hydrolysis of DEHA and the
growth of the organism occurred at approxi-
mately the same rate in the presence of surfactin
as in the control experiment.

The profiles of metabolite concentrations ver-
sus time are shown in Fig. 3. 2-ethylhexanol
reached dramatically higher concentrations when
surfactin was present. Mono-2-ethylhexyl adipate
reached a concentration in excess of 0.7 mM after
surfactin was added, and remained in the medium

Table 1 Critical micelle concentration (CMC) values of surfactants measured in the present study (and reported elsewhere)

and concentrations added to fermentations

Surfactant CMC in Reported Concentration
MSM (g/l) CMC (g/l) added (g/1)

Surfactin 0.024 0.025° 0.026

Sophorolipid 0.041 0.004°-0.082¢ 0.045

Triton X-100 0.070 0.0434 0.077

Tween 80 0.15 0.036" 0.16

Pluronic L122 0.15 0.16

aCooper et al. (1981); "Schippers et al. (2000); °Christofi and Ivshina (2002); “Guha and Jaffe (1996); “Zheng and Obbard

(2001)
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DEHA Concentration (mM)
Protein Concentration (g/l)

Time (hrs)

Fig. 2 Growth of B. subtilis ATCC 6633 with (OJ) and
without (W) surfactin present, and corresponding DEHA
concentrations with (A) and without (A) surfactin

Metabolite Concentration (mM)

Time (hrs)

Fig. 3 The concentrations of metabolites during the
degradation of DEHA by B. subtilis. Hollow symbols
represent the concentrations of 2-ethylhexanol (A) and
mono-2-ethylhexyl adipate (OJ) in the presence of surfac-
tin, while filled symbols represent the concentrations of 2-
ethylhexanol (A) and mono-2-ethylhexyl adipate (W) in a
control experiment

at significant concentrations until the end of the
fermentation. In the control fermentation, only
one sample obtained late in the experiment con-
tained a measurable amount of the monoester.

Isolation and toxicity of mono-2-ethylhexyl
adipate

Mono-2-ethylhexyl adipate was identified as a
metabolite during the breakdown of DEHA by B.
subtilis ATCC 6633 by GC/MS analysis, followed
by an examination of the mass spectrum obtained
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for the unidentified peak. The identity and final
purity of the isolated mono-2-ethylhexyl adipate
was confirmed by GC/MS.

The toxicity of the isolated mono-2-ethylhexyl
adipate was obtained using the Microtox acute
toxicity assay. The result is tabulated in Table 2
along with the toxicities of the other DEHA
metabolites obtained previously by Nalli et al
(2002) using the same method. Mono-2-ethyl-
hexyl adipate was found to have a comparable
toxicity to 2-ethylhexanol as expressed by an
ECsy on a molar basis.

Effect of other surfactants on plasticizer
degradation

The most dramatic effect of any of the other
surfactants was observed for the addition of Plu-
ronic L122. Its effect on metabolite concentra-
tions in both aqueous and gas phases is shown in
Fig. 4. However, no mono-2-ethylhexyl adipate
was observed in these experiments. The addition
of all of the other surfactants resulted in mea-
surable amounts of the monoester that tended to
accumulate in the medium. The maximum
amounts observed were as follows: sophorolipid
at 0.1 mM; Triton X-100 at 0.2 mM, and Tween
80 at 0.1 mM. In each of these experiments, 2-
ethylhexanol also accumulated, but its concen-
tration exceeded the control value only when
sophorolipid was added (2.8 mM). None of the
surfactants tested affected the growth of the
organism.

Interaction of 2-ethylhexanol with a surfactant
Figure 5 shows the increasing amount of 2-ethyl-

hexanol that was extracted from membrane filters
following the filtration of a 1 mM 2-ethylhexanol

Table 2 The toxicities of DEHA metabolites as obtained
with the Microtox assay

Compound ECso (mM)
2-ethylhexanal 0.703%
2-ethylhexanol 0.054*
2-ethylhexanoic acid 0.729?
Mono-2-ethylhexyl adipate 0.079

*Nalli et al. (2002)
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Fig. 5 The amount of 2-ethylhexanol (2-EHOL) removed
by micro-filtration from solutions of MSM containing
different concentrations of Pluronic L122. Error bars
indicate +1 SD for triplicates

solution with increasing concentrations of Plu-
ronic L122. It should be noted that some 2-eth-
ylhexanol was always retained in the filter even
without any surfactant added, but this amount
increased significantly with surfactant present.
The amount of the alcohol retained in the filters
continued to increase gradually with more sur-
factant added, but the increase was less dramatic
than the one observed for the first addition of the
surfactant. Nevertheless, there was a significant
difference between 0.16 g/l surfactant (i.e., the
concentration added to cultures) and the lowest
concentration tested at 0.04 g/l. The differences in
the concentrations of 2-ethylhexanol between the

initial solution and the filtrate followed the same
trend as seen in Fig. 5 with increasing Pluronic
L122 concentration (results not shown).

Discussion

In earlier reports of the biodegradation of diester
plasticizers, the monoester intermediates were
inferred but not observed (Nalli et al. 2002). Thus
it was not possible to determine their toxicities. In
the present study, it was possible to obtain suffi-
ciently large concentrations of one of these com-
pounds, mono-2-ethylhexyl adipate, which
allowed toxicity measurements to be made. With
the exception of 2-ethylhexanol, which was of
comparable toxicity, this compound was found to
be an order of magnitude more toxic than any of
the other metabolites tested (see Table 2). This
result demonstrates the importance of any envi-
ronmental situation that leads to significant
amounts of the monoesters and 2-ethylhexanol
being produced and accumulated.

Plasticizers are commonly found in the envi-
ronment and significant concentrations of syn-
thetic surfactants can also be present. The
addition of surfactants to enhance the biodegra-
dation of water insoluble compounds is a standard
procedure (Churchill et al. 1995, Christofi and
Ivshina 2002). Such an enhancement was ex-
pected to be observed during the first step of the
biodegradation of the hydrophobic plasticizer,
DEHA, upon surfactant addition. As well, many
microorganisms commonly found in soil samples
produce biosurfactants and these could also affect
the metabolism of a sparingly soluble substrate
such as DEHA. The addition of surfactin to cul-
tures of B. subtilis did not, in fact, enhance the
hydrolysis of the plasticizer, as was shown by an
equal rate of plasticizer disappearance with and
without the surfactant being present (see Fig. 2).

After the first hydrolysis step has occurred, the
plasticizer fragments released (i.e., 2-ethylhexa-
nol and mono-2-ethylhexyl adipate), as well as
subsequent metabolites, are more water soluble
than DEHA. It was therefore expected that
the addition of a surfactant would not affect
their biodegradation. However, the surfactin
appeared to interfere with subsequent steps in
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the biodegradation, resulting in significant early
peaks in the concentrations of the intermediates
2-ethylhexanol and mono-2-ethylhexyl adipate
(see Fig. 3). The concentrations of the alcohol
and monoester remained elevated through to the
end of the experiments, and no 2-ethylhexanoic
acid was detected. This effect is particularly
surprising for the monoester because this inter-
mediate is usually not observed. For example,
measurable amounts of mono-2-ethylhexyl adi-
pate were not detected in the control experiment
without the presence of surfactin.

Since biosurfactants are known to have a
number of impacts on cells (Zhang and Miller
1994; Al-Tahhan et al. 2000; Ahimou et al. 2001;
Kim et al. 2002), it is possible that the observed
increase in metabolite accumulation was due to a
specific interaction involving this lipopeptide
biosurfactant within the enzymatic pathway
responsible for plasticizer degradation. However,
the same significant enhancement in the concen-
trations of the alcohol was observed with the
synthetic surfactant, Pluronic L122. In these
experiments, the monoester was not observed.
However, experiments with the other surfactants
(i.e., sophorolipid, Triton X-100 and Tween 80)
did result in the accumulation of both the alcohol
and the monoester. The structures of these three
surfactants are all very different from each other
and this suggests that a common enzymatic inhi-
bition mechanism is unlikely.

Another possible cause of increased metabolite
accumulation could have been an effect of the
surfactant on the growth rate of the microorgan-
ism. However, none of the surfactants that caused
increases in either 2-ethylhexanol or mono-2-
ethylhexyl adipate concentrations caused any sig-
nificant effect on the concentration of biomass. A
possible effect by the surfactants on the parti-
tioning of 2-ethylhexanol between the aqueous
and gas phases was also important to consider.
Figure 4 shows that the presence of surfactants did
not affect alcohol volatilization, since the con-
centration of 2-ethylhexanol increased similarly in
both phases when a surfactant was present.

While inhibition of the enzymes involved in the
steps after the first hydrolysis step cannot be
completely discounted, another possibility is that
the observed phenomena are entirely due to a
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surfactant effect. This would be consistent with
the fact that several different surface-active
compounds were able to cause the large increase
in the concentrations of the alcohol and mono-
ester. Alcohols have been shown to interact clo-
sely with surfactants in an aqueous medium
(Caragheorgheopol et al. 1997, Lin and Jiang
1997). In particular, they have been shown to
form mixed micelles with surfactant molecules
and subsequently change the surface chemistry of
the mixture (Patist et al. 1998; Marangoni and
Kwak 1991; Bockstahl and Duplatre 2001; Akhter
and Al-Alawi 2000; Trotta et al. 1993; Su et al.
2003). For example, 2-ethylhexanol possesses
antifoaming properties when added to some sur-
factant solutions (Jha et al. 1999). It has also been
suggested that it interacts with bis-2-ethylhexyl
sulfosuccinate micelles and affects the degree of
micellar packing (Popovici and Chiriac 1994).

This leads to the hypothesis that the 2-ethyl-
hexanol is being sequestered due to an interaction
with the surfactants. This would reduce the
effective concentration of this alcohol in the
medium, which in turn would reduce the rate of
enzymatic oxidation of 2-ethylhexanol to 2-eth-
ylhexanoic acid. A similar sequestering phenom-
enon could be occurring with mono-2-ethylhexyl
adipate. The structure of this monoester suggests
that it could be surface active and thus it could
also be incorporated into micelles or aggregates
with the added surfactants.

In earlier work with Pluronic surfactants, filters
with very fine pore sizes were used to retain sur-
factant aggregates (Lin et al. 2002; Schillen et al.
1999). This method was used to investigate the
interaction of surfactants with the 2-ethylhexanol.
These data have a large variation because the
systems have several different phases and the
potential for error is significant. However,
the trend shown in Fig. 5 does clearly show that
the interaction between the 2-ethylhexanol
and the Pluronic L122 aggregates was strong en-
ough to remove the alcohol from the solution.

A similar explanation was offered by Willumsen
and Arvin (1999) for the increased accumulation
of fluoranthene metabolites in media amended
with Triton X-100 during the degradation of
fluoranthene by Sphingomonas paucimobilis. It
was shown that the addition of Triton X-100 to
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the culture broth increased the rate of disap-
pearance of fluoranthene, but decreased the
overall extent of mineralization. The addition of
the surfactant also caused an accumulation of an
unidentified colored metabolite in the broth,
which was not seen when surfactant was not ad-
ded. It was suggested that although the presence
of the surfactant improved the first step of fluo-
ranthene degradation, it also created some form
of inhibitory effect on the overall pathway that
caused an intermediate product to accumulate. It
was proposed that the metabolites released dur-
ing the degradation of fluoranthene may have
become associated with surfactant micelles due to
the presence of hydroxy or carboxy groups,
thereby causing them to become less bioavailable
(Willumsen and Arvin 1999).

The present work has shown several important
aspects of the first step in the degradation of
DEHA. The kinetic studies performed in a well-
mixed medium revealed that a suppression of
plasticizer degradation subsequent to the first
hydrolysis step can occur when a surfactant that
sequesters one or more of the metabolites is
added. Toxicity analyses showed that the meta-
bolites produced by this first hydrolysis step,
mono-2-ethylhexyl adipate and 2-ethylhexanol,
are the most toxic intermediates in the plasticizer
degradation pathway by an order of magnitude.
Mono-2-ethylhexyl adipate was only shown to
accumulate when a surfactant was present in the
medium. Furthermore, while 2-ethylhexanol had
been observed in previous studies (Nalli et al.
2002; Nalli et al. 2005), the presence of a surfac-
tant significantly increased the concentration of
this toxic metabolite in the medium. Surface ac-
tive compounds are frequently found in the
environment (Ding et al. 1999; Bodour et al.
2003; Zhu et al. 2003) and thus it seems reason-
able to conclude that there will be situations in
which significant amounts of mono-2-ethylhexyl
adipate and 2-ethylhexanol could accumulate.

It is well established that plasticizers have be-
come ubiquitous environmental contaminants.
More recently, it has been shown that many
microorganisms can partially degrade these com-
pounds (Nalli et al. 2005), and the metabolites of
partial plasticizer degradation (mono-2-ethyl-
hexyl adipate, 2-ethylhexanol, 2-ethylhexanoic

acid) were detected in several studies (Jonsson
et al. 2003; Horn et al. 2004; Norback et al. 2000;
Otake et al. 2001). Interestingly, the distribution
of the metabolites varied dramatically between
sampling sites. This work suggests that a possible
factor affecting this distribution may be the
presence of certain surface-active compounds.
This is a particularly important consideration
because the early metabolites exhibit much
higher toxicities than the plasticizers and the
metabolites further along the degradation path-
way (Nalli et al. 2002; Gartshore et al. 2003).
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