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Abstract 

The degradation of bis(2-ethylhexyl) phthalate (DEHP) and its intermediary hydrolysis products 2-ethylhexanol (2- 
EH) and mono(2-ethylhexyl) phthalate (MEHP) was investigated in a methanogenic phthalic acid ester-degrading 
enrichment culture at 37°C. 2-Ethylhexanoic acid (2-EHA), a plausible degradation product of 2-EH, was also 
studied. The culture readily degraded 2-EH via 2-EHA to methane which was formed in stoichiometric amounts 
assuming complete degradation of 2-EH to methane and carbon dioxide. MEHP was degraded to stoichiometric 
amounts of methane with phthalic acid as a transient intermediate. DEHP remained unaffected throughout the 
experimental period (330 days). 

Abbreviations: 2-EH-  2-ethylhexyl alcohol, 2 -EHA-  2-ethylhexanoic acid, B B P -  butylbenzyl phthalate, Be-CoA 
- benzoyl Coenzyme A, CoA - Coenzyme A, DEHP - bis(2-ethylhexyl) phthalate, MEHP - mono(2-ethylhexyl) 
phthalate, MSW - municipal solid waste, PA - phthalic acid, PAE - phthalic acid ester, TMS - trimethylsilyl 
derivative 

Introduction 

Phthalic acid esters (PAEs) constitute a diverse group 
of organic compounds used in large quantities in most 
countries. They are mainly used as plasticizers in PVC- 
plastics and can account for up to 67% of the total 
weight of such materials (Giam et al. 1984). They 
are also important additives in cosmetics, inks, ammu- 
nition, etc. During, 1994, 4.2 million tons of PAEs 
were synthesised and used worldwide (A.-L. Rykfors, 
Neste Oxo AB, pers. comm.). Bis(2-ethylhexyl) phtha- 
late (DEHP), the most commonly used PAE, accounts 
for 40-50% of the global annual production of PAEs 
(KEMI 1990). As a result of their extensive use and 
transport in the atmosphere, PAEs are ubiquitous and 
can be detected at almost all trophic levels in even the 
most pristine ecosystems (Giam et al. 1984). 

During microbial degradation under oxic and anox- 
ic conditions, PAEs are initially hydrolysed via the 
monoesters to phthalic acid (PA) and alcohols (Engel- 

hardt et al. 1975; Shelton et al. 1984; Ejlertsson et al. 
1996a). During aerobic growth on DEHP, organisms 
have been shown to hydrolyse DEHP to PA and 2- 
ethylhexanol (2-EH) within hours with lipases having 
a very broad substrate specificity (Kurane et al. 1984). 
Unspecific enzymatic lipase hydrolysis may also be of 
importance for the diester cleavage (Kurane et al. 1984; 
Ejlertsson et al. 1996b). Abiotic hydrolysis of PAEs 
may occur as well, but at much lower rates compared 
with the enzyme hydrolyses. For example, the abiotic 
hydrolysis of DEHP to mono(2-ethylhexyl) phthalate 
(MEHP) and 2-EH would occur so slowly that the half- 
life of DEHP would be approximately 2000 years if this 
was the only hydrolysis mechanism operating (Giam 
et al. 1984). 

Degradation of PA can occur via two biochemical 
pathways which differ depending on whether the con- 
ditions are aerobic or anaerobic. Aerobically, PA is 
transformed to protochatecuate (Ribbons et al. 1984; 
Nomura et al. 1992) and then further degraded via 
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Table 1. AG °' for the equations presented in this 
investigation and the partial pressure of hydrogen 
needed to achieve AG °'  _< 0 

AG°~ PH2 
(kJ.mol - 1), (bar) 

Equation 1 + 46.3 10 -2.7 

Equation 2 + 20.2 10-1 8 

Equation 3 + 47.5 10 -4-z 

Equation 4 + 48.2 10 -4.3 

* = Free energies of formation (AG°f) were taken 
from Thauer et al. (1977) except for 2-EH and 2-EHA. 
2-EH was calculated from the AG°f  of heptanol and 
2-EHA from the AG% of capronic acid by an increase 
of 8.37 kJ per CH2-group. 

ortho- or meta cleavage. Under anaerobic conditions, 
PA is most probably activated and decarboxylated to 
benzoyl-Coenzyme A (Be-CoA) as has been shown 
under denitrifying conditions (Nozawa & Maruyama 
1988). The Be-CoA is then further degraded to acetate 
using nitrate as the terminal electron acceptor (cf. Elder 
& Kelly 1994). In the absence of terminal electron 
acceptors, such as nitrate or sulphate, hydrogen is 
excreted (Eq. 1), which is an endergonic reaction under 
standard conditions (AG °' = + 46.3 kJ/mole). 

Benzoic acid + 6H20 --~ 
3Acetate- + 3H + + CO2 + 3H2 (1) 

However, due to the action of hydrogen-scavenging 
methanogenic bacteria a low partial pressure of hydro- 
gen is created, thereby allowing the oxidation of Be- 
CoA to occur (Table 1). 

Several investigations have shown that DEHP can 
be completely degraded under aerobic conditions 
(Saeger & Tucker 1973; Johnson & Lulves 1975; 
Nakazawa & Hayashi 1977; O'Grady et al. 1985; 
Kurane 1986). By contrast, under anaerobic condi- 
tions, DEHP appears to be persistent (Johnson & Lul- 
yes 1975; Horowitz et al. 1982; Shelton et al. 1984; 
Ejlertsson et al. 1996a,b). However, in an analysis of 
the PAEs in leachates from landfill lysimeters simu- 
lating landfill conditions, as described by Stegmann 
(1981) and Lagerkvist & C h e n  (1993), we recent- 
ly detected mono(2-ethylhexyl)phthalate (MEHP) at 
a concentration of 10-30 ~tg.1-1 (unpublished data), 
whereas the concentration of DEHP was 1-3 ~tg. 1-1. 
The presence of MEHP indicates that DEHP must 
have been hydrolysed in the waste and leachate. These 
observations are supported by the findings of Reinhart 
& Pohland (1991) who reported the complete disap- 

pearance of added DEHP during four years of codis- 
posal with municipal solid waste. According to Giam et 
al. (1984), the monoesters are more resistant to hydrol- 
ysis than are the diesters, which therefore may accu- 
mulate in ecosystems. However, to our knowledge, 
there are no reports on the occurrence of monoesters 
of DEHP in the environment. 2-ethylhexanol (2-EH), 
the product of  DEHP hydrolysis, is also used in the pro- 
duction of DEHP, lubricant additives, wetting agents, 
etc. The annual (1995) worldwide production of 2-EH 
amounts to ca 2.3 million tons (A.-L. Rykfors, Neste 
Oxo AB, pers. comm.). 

The aim of this study was to determine the degrad- 
ability of the products of DEHP hydrolysis under 
anaerobic and methanogenic conditions. The com- 
pounds studied were 2-EH and MEHP. We also wanted 
to elucidate the degradation pathway of 2-EH under 
these conditions. A plausible intermediate during 2- 
EH degradation, 2-ethylhexanoic acid (2-EHA), was 
also included in the study. 

Materials and methods 

Chemicals 

Yeast extract (Oxoid) and the chemicals used 
(MERCK-products) were bought from KEBO (Stock- 
holm, Sweden). Mono(2-ethylhexyl) phthalate 
(MEHP) and 2-etylhexanol (2-EH) were gifts from 
Neste Oxo AB (Stenungsund, Sweden). 

Origin of inocula 

Diluted municipal solid waste (MSW) treated in a pilot 
plant two-stage biogas process at 37°C was previ- 
ously shown to degrade selected PAEs (Ejlertsson et 
al. 1996b). Samples degrading butylbenzyl phthalate 
(BBP) were used to start enrichment cultures at a BBP 
concentration of 1 g. 1-1 (3 mM). After one transfer, 
these cultures were used as inoculum for the present 
experiment. The dry matter content of the inoculum 
was 0.03 g- 1- t. 

Media, inoculation and sampling procedure 

The media were prepared according to Ejlertsson et al. 
(1996a) and consisted of three stock solutions: 



- a phosphate buffer with resazurin, 
- a solution containing trace elements, vitamins and 

mineral salts (C1), 
- a  solution containing bicarbonate and sulphide 

(C2). 
Cystein normally present in C2 was omitted during this 
study. DEHP and MEHP dissolved in acetone were 
added to empty 118-ml bottles to give a final concen- 
tration of 1 mM. After evaporation of the acetone, 40 
ml phosphate buffer was added while flushing with N2, 
and the bottles were closed with ethene-propene-dien- 
mer (EPDM)-stoppers and aluminium crimps. The 
headspace N2was then replaced by N2/CO2 (80:20, 
02<2  ppm). 2-EH and 2-EHA were added with a 
Hamilton 10-#1 syringe after addition of phosphate 
buffer (40 ml) and replacing the headspace gas with 
N2/CO2. All experiment bottles containing phosphate 
buffer and substrate were autoclaved at 121°C for 30 
min, whereas C1 and C2 were filter sterilized. Before 
inoculation, C1 (2.5 ml) and C2 (2.5 ml) were added. 
The bottles were then quickly opened (< 3 seconds), to 
allow 5 ml of inoculum to be added with an automat- 
ic pipette, whereupon they were closed and resealed 
with aluminium crimps. Incubation of the experiment 
bottles was done in the dark at 37°C. 

Three sets of experimental bottles with DEHP, 
MEHP, 2-EH and 2-EHA, respectively, were prepared 
and incubated. The first set consisted of triplicate bot- 
tles for methane analysis. The second set of triplicate 
bottles was inoculated and autoclaved at 121°C for 30 
min in order to account for the nonbiological degrada- 
tion of added compounds. From the third set of bottles, 
also in triplicate, 0.5-ml liquid samples were with- 
drawn on a weekly basis. These samples were imme- 
diately frozen in Eppendorf tubes and kept frozen at 
-20°C for analysis of 2-EH and 2-EHA or of PA formed 
later on. Due to the low solubility of DEHP and MEHP, 
a fourth set of bottles with these two compounds was 
prepared. In this case whole bottles were frozen after 
various periods of incubation and were analysed later. 

Analytical procedure 

Samples (0.3 ml) for methane analysis were subjected 
to gas chromatography (GC) according to 0rlygsson 
et al. (1993) and diluted when needed in the following 
way: After withdrawal of the 0.3-ml gas sample, the 
needle was pulled out until its tip was situated inside the 
stopper, thus preventing any gas from leaking from the 
syringe. The overpressure in the syringe was relieved 
by pulling out the plunger to the 1.0-ml mark, resulting 
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in an underpressure. Thus when the syringe was then 
pulled out of the stopper, laboratory air entered the 
needle until the pressure was equilibrated. The contents 
of the syringe were then injected into a 13-ml bottle. 
A 0.3-ml amount of the gas from this bottle was then 
injected into the GC. 

DEHP, MEHP, 2-EH and 2-EHA were analysed by 
GC (Chrompack 9000). Helium was used as carrier gas 
at a flow rate of 5 ml.min-1, and the split flow was set at 
25 ml.min -1. Nitrogen was used as make-up gas at 25 
ml-min -1. Injector and flame ionisation detector tem- 
peratures were set at 250°C. Frozen bottles with DEHP 
and MEHP were thawed and kept at +2°C while adding 
1 ml of concentrated H2SO4 and 40 ml of diethylether. 
The bottles were then shaken for 4 x 30 s and stored at 
-20°C for at least 3 h to minimize the content of water 
in the ether extract. The extract was then transferred 
to a clean bottle, and a teaspoon of MgSO4 was added 
to eliminate remaining traces of water. Thereafter the 
extract was transferred to a 50-ml measuring cylinder 
and concentrated to 10 ml under a gentle stream of 
N2. A 1-#1 mixture of 50 #1 concentrated extract and 
50 #1 TMS (2.4 ml N,O-bis(trimethylsilyl)-trifluoro 
acetamid, 0.24 ml chlorotrimethyl silane and 2.4 ml 
pyridin) was injected manually on the GC and sepa- 
rated on a 10 m x 0.53 mm CP SIL 5 CB (df 5#) 
isothermically at 200 ° C. Using TMS-reagent we were 
able to quantify PA and MEHP in the ether extract. 
Frozen samples with 2-EH and 2-EHA were thawed 
and centrifuged at 12000 rpm for 15 min. They were 
then injected on the GC with an auto sampler and sep- 
arated on a 25 m x 0.53 mm CP SIL 5 CB (df 1#) col- 
umn programmed to remain at an initial temperature 
of 80°C for 5 min, increase by 10°C.min -1 to 120°C, 
remain isothermal for 2 min, rise by 20°C.min -1 to 
200°C and, finally, remain isothermal for 2 min. In 
this way volatile fatty acids (VFA) present in the 2- 
EH and 2-EHA samples were detected simultaneously 
(detection limit was 50 #M). Phthalic acid in frozen 
liquid samples was quantified by HPLC according to 
Ejlertsson et al. (1996a). 

R e s u l t s  a n d  d i s c u s s i o n  

Transformation of 2-EH to methane took place after a 
lag phase of six to eight days (Figure 1). As the 2-EH 
disappeared, 2-EHA accumulated. Between days six 
and eleven, methane formation was lower in the incu- 
bations with 2-EH than in inoculated bottles without 
any 2-EH, 2-EHA, MEHP or DEHP added (controls). 
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Figure 1. Degradation of 2-ethylhexanol (2-EH; l-l) to methane (O) 
via the transient intermediate 2-ethylhexanoic acid (2-EHA; gg) as 
compared with methane formed in inoculated bottles without 2-EH 
(o). 

Figure 2. Degradation of 2-ethylhexanoic acid (2-EHA; gg) to 
methane (©) as compared with methane formed in inoculated bottles 
without 2-EHA (0). 

The period of retarded methane formation coincided 
with the formation of 2-EHA (Figure 1). After 15 days, 
the degradation of the 2-EHA formed resulted in fur- 
ther methane formation. In incubations with 2-EHA 
(Figure 2), this compound was completely degraded 
to methane after a lag phase of six to eight days. The 
amount of methane formed corresponds to a stoichio- 
metric degradation of 2-EHA to methane and carbon 
dioxide. During the disappearance of 2-EHA we were 
unable to detect the formation of any VFAs such as 
acetate and butyric acid. Neither transformation nor 
degradation of 2-EH or 2-EHA occurred in the auto- 
claved bottles. 

The oxidation of 2-EH to 2-EHA (Equation 2) 
requires a partial presseure of hydrogen below 10 -1'8 
bars to proceed, since this reaction has a positive AG °' 
at standard conditions (cf. Table 1). 

2 - EH + H20 -~ 2 - EHA-  + H + + 2H2 (2) 

The further oxidation of 2-EHA probably occurs via B- 
oxidation to two molecules of butyryl-CoA, as shown 
for aerobic conditions by Wyatt et al. (1987) and indi- 
cated for anaerobic conditions by Yap et al. (1992). 
These molecules are further oxidized to acetate and 
hydrogen, which in turn are converted to methane and 
carbon dioxide. The oxidation of 2-EHA to hydrogen 
and acetate via butyrate has a more positive AG °' than 
the oxidation of 2-EH to 2-EHA (equation 3 & 4; Table 
1). Thus, a partial pressure below 10 -4.2 bar is needed 
to achieve 2-EHA oxidation. Differences in the partial 
pressure of hydrogen needed for substrate oxidation 

may explain the accumulation of 2-EHA in the 2-EH 
incubation. 

2 - E H A -  + 2H20 --+ 2Butyrate- + H + + 2H2 (3) 

Butyrate- + 2H20 --+ 2Acetate- + H + + 2H2 (4) 

Most likely, the retardation in methane formation 
observed in relation to the control incubations was a 
result of the 2-EH oxidation to 2-EHA. The oxida- 
tion reaction will occur at a partial pressure as high 
as 10 -1"8 . At this hydrogen concentration, the oxi- 
dation of probable fermentation products of the yeast 
extract present in the medium, such as propionate and 
butyrate, will not be possible. Thus, the conversion of 
these compounds to methane will be hampered. How- 
ever, no increase in the concetration of VFAs could 
be seen (detection limit ca 50 #M). But evan at this 
level, a delay in the degradation of e.g. butyrate and 
propionate would give rise to a lower methane produc- 
tion. Therefore, the inhibition observed is believed to 
be an effect of the 2-EH oxidation maintaining a rather 
high partial pressure of hydrogen between days six and 
eleven. 

MEHP was hydrolytically transformed to PA, 
which accumulated in nearly stoichiometric amounts 
(Figure 3). Traces of 2-EHA (<0.2 raM) could be 
detected as a transient intermediate between days 10 
and 20 (data not shown). The appearance of 2-EHAwas 
most likely due to the oxidation of 2-EH (see above). 
After another 3 weeks, PA was degraded to methane in 
an amount expected to occur when PA is completely 
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Figure3. Degradation of mono(2-ethylhexyl) phthalate (MEHP; 0 )  
to methane (©) via the transient intermediate phthalic acid (PA) as 
compared with methane formed in inoculated bottles without MEHP 
(O). (A) equals PA measured by HPLC from the samples withdrawn 
and (A) PA extracted from the bottles frozen along the experimental 
period. 

Table 2. Fate of DEHP and formation of methane 
during 330 days of incubation as compared with incu- 
bations without addition of DEHP (control) 
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DEHP CH4 
(mM) (#moles) 

Day 0 1.00 (0.01) 1 bd 2 

Day 330 0.94 (0.06) 2 148 (2) l 

Control 

Day 0 bd a bd a 
Day 330 bd z 153 (3) 1 

1 = Average of triplicates and values between the 
brackets represents the standard deviation. 
- = Below detection limit. 

ide. 2-EHA is a transient intermediate during 2-EH 
oxidation. 

transformed to methane and carbon dioxide. As in the 
incubations with 2-EH, there was a small, but signifi- 
cant, retardation in the formation of methane, as com- 
pared with controls, in the incubations with MEHP. In 
the sterile incubations the MEHP concentration was 
unaffected. Apparently, the microorganisms have no 
problems in hydrolysing MEHP to PA and 2-EH. The 
increasing rate of methane formation as well as the 
increasing rate of PA formation during the disappear- 
ance of MEHP indicate that the hydrolysis of MEHP 
was coupled to growth. 

The concentration of DEHP decreased slightly dur- 
ing the incubation period (330 days; Table 2). However, 
levels of methane formation were similar to those in 
the control (Table 2). MEHP was not detected in any of 
the frozen bottles. Even though the microorganisms are 
able to form 2-EH by hydrolysing MEHP, they were 
not able to hydrolyse DEHP. This inability could have 
been due to steric hindrance by the two 2-EHs or to the 
low solubility of DEHP in water. 

Conclusions 

The products resulting from the hydrolysis of DEHP, 
2-EH and MEHP were shown to be completely and 
stoichiometrically degraded to methane. Thus, in situ- 
ations where these compounds are set free, as a result 
of unspecific and/or specific hydrolytic activity or by 
abiotic means, anaerobic microorganisms should be 
able to transform them to methane and carbon diox- 
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