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a  b  s  t  r  a  c  t

As  ionic  liquids  are  winning  more  attention  from  industry  as a replacement  of  more  hazardous  chemicals,
some  of  their  structures  have the  potential  to become  persistent  pollutants  due  to  high  stability  towards
abiotic  and  biotic  degradation  processes.  Therefore  it is  important  to determine  the  hazard  associated
with  the  presence  of  ILs in  the  environment,  for example  biodegradation  under  real conditions.  Standard
biodegradation  testing  procedures  generally  permit  pre-conditioning  of  inoculum  but  do not  allow  for
pre-exposition  to  the  test  substance.  These  are  usually  conducted  in  a mineral  medium  which  does  not
provide  additional  organic  nutrients.  Though  very  valuable,  as  a  point  of  reference,  these  tests  do  not  fully
represent  real  conditions.  In  in  situ  conditions,  for  example  in  wastewater  treatment  plants  or  natural
ECD 301
daptation
upplementation

soils  and  water  bodies,  the  presence  of  readily  available  sources  of  energy  and  nutrients  as  well  as  the
process of  adaptation  may  often  alter  the  fate  and  metabolic  pathways  of  xenobiotics.  Our  results  have
shown  that  these  are  the  opposing  processes  influencing  the  biodegradation  rate  of  ILs  in sewage  sludge.
The results  have  significant  practical  implications  with  respect  to the assessment  of  biodegradability
and  environmental  fate  of  ILs  and  other  xenobiotics  in  environmental  conditions  and  their  potential

remediation  options.

. Introduction

Industrial development during the last decades resulted in
ncreased pollution of the environment by xenobiotics. Due to this,
he need for understanding the impact of toxic compounds on

icrobial populations and the catabolic degradation pathways of
enobiotics has arisen. Thus standardized biodegradability and tox-
city test were developed to allow for classification of xenobiotics
ccording to the environmental hazard they pose. Bearing in mind
he definition of xenobiotics, as man-made chemicals foreign to
rganisms which inhabit the environment, their biodegradation
ate in natural soils and waters is in most cases much lower than
hat of natural compounds. Nevertheless structural similarities to
iomolecules can result in relatively high biodegradation rates if
nzymes of low substrate specificity are present. Factors which may
nfluence this rate, among others, include microbial adaptation and

vailability of additional nutrients [1].

Ionic liquids (ILs) as a non-conventional class of novel sol-
ents are becoming increasingly important owning to a number

∗ Corresponding author. Tel.: +48 58 3472334.
E-mail address: cahj@chem.pg.gda.pl (C. Jungnickel).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.08.053
© 2011 Elsevier B.V. All rights reserved.

of desirable characteristics including negligible volatility, non-
flammability, high thermal stability, low melting point, broad liquid
range and controlled miscibility with organic compounds or water
[2–5]. The negligible volatility limits their impact on air quality,
but their release to the environment may  affect soil and water.
Moreover, some IL structures have the potential to become persis-
tent pollutants due to their high stability towards abiotic and biotic
degradation processes. Therefore it is important to determine the
hazard associated with the presence of ILs in the environment.

Adaptation is defined as a change in the microbial community
that leads to an increase in the biodegradation rate, or maximal
biodegradable concentration of a given xenobiotic as a result of
previous exposure. Examples of such adaptation processes are e.g.
rapid degradation of p-nitrophenol by aquatic microorganisms [6]
and enhanced degradation rates after elongated exposure of sub-
surface soil communities to m-cresol, m-aminophenol and aniline
[7].  Mechanisms of adaptation usually involve processes such as
genetic mutation or horizontal gene transfer, induction of spe-
cific enzymes which enhance the degradative capacity of the entire

community, and population change such as selective growth of cer-
tain strains [8].  All mechanisms may  take place simultaneously, or
one may  dominate and exact prediction of which will occur is not
possible [9].  Furthermore it should be noted, that adaptation does

dx.doi.org/10.1016/j.jhazmat.2011.08.053
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cahj@chem.pg.gda.pl
dx.doi.org/10.1016/j.jhazmat.2011.08.053
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The test vessels were prepared as previously described. Sewage
sludge from the same source was used (dry mass 5.5 g L−1). Increas-
ig. 1. (A) Biodegradation curves of [OMIM][Cl] as a sole source of carbon (—), wit
orption control ( ). (B) Biodegradation (%) normalized for sorption to sewage sl
-  - -), with supplementation of synthetic feed ( ).

ot necessarily occur in every case. Aelion et al. did not observe
ny adaptation of subsurface microbial communities to chloro- and
richlorobenzene after an eight months adaptation period [7].  Sim-
larly Nyhoim et al. did not note any increase in the biodegradation
ate after pre-exposure of activated sewage sludge to aniline and
entachlorophenol [9].  The specific reason for this remains unclear
hough many theories exist. The most probable reasons include lack
f complete enzyme systems within the population, accumulation
f toxic degradation products, binding with enzymes causing inac-
ivation or insufficient cell density of inoculum [10]. One of the
ew papers which discusses the adaptation of soil microorganisms
o ionic liquids proposes that the electron-donor ability of the IL
ffect the biodegradability [11].

A number of research groups have performed biodegradation
ests with alkyl substituted imidazolium cations using activated
ewage sludge [12–15].  In most cases ILs were used as a sole source
f organic carbon and organic nitrogen. This is especially important,
ecause it should be remembered that in wastewater treat-
ent plants or natural environments, other organic substrates are

resent, which might be preferentially degraded or co-metabolized
ith the primary contaminant resulting in lower biodegradation

ates [16]. Romero et al. [17], discussed the biodegradability of imi-
azolium ILs in the presence of additional carbon source. It was
ound that the ILs tested were not biodegradable when D-glucose
as available. However, ILs with no additional carbon were also not
egraded (2–10%), which is in contrast to other research where, e.g.
omplete primary biodegradation of 1-methyl-3-octylimidazolium
hloride [OMIM][Cl] was shown [12,18]. Results of Romero et al.,
hough very interesting, should be treated with caution due to the
ery short duration of the test (five days) as well as lack of collab-
rating results in literature.

Standard biodegradation testing procedures generally permit
re-conditioning of inoculum (aeration in the presence of a mineral
edium) but do not allow for pre-exposition to the test substance.

he purpose of this is to provide repeatable results enabling com-
arison and standardization of biodegradation rates of different
hemicals usually for regulatory purposes. Though very valuable,
s a point of reference, these tests do not fully represent real
onditions [19]. Therefore, to more accurately predict biodegrada-
ion under real conditions it is beneficial to take adaptation into
ccount especially if biodegradation requires induction of specific
etabolic pathways, e.g. aromatic ring break-down [6,20].  One of
he few works which discuss the adaptation of microorganisms
o ILs, conducted by Stolte et al., found a sixfold increase in the
iodegradation rate of [OMIM][Cl] over a period of 31 days [12].
dditionally, Docherty et al. observed complete biodegradation of
plementation of glucose (- - -), with supplementation of synthetic feed ( ),
ocs of [OMIM][Cl] as a sole source of carbon (—), with supplementation of glucose

hexyl-methylimidazolium bromide after extending duration of the
test and concluded that though IL could not be classified as readily
biodegradable it is not expected to persist in the environment [20].

The aim of this paper is to describe the effect of additional
substrates and pre-exposition of bacteria to IL on the rate of
biodegradation, and thereby discuss the relevance of including pre-
exposition in standardized tests.

2. Experimental methodology

2.1. Modified OECD 301A DOC Die-Away test – supplementation

The ionic liquid used in the test was  [OMIM][Cl] provided
by Merck KGA, Darmstadt, Germany. The sewage sludge (dry
mass 6.5 g L−1) was taken from the aeration chamber of the
“Gdańsk – Wschód” municipal wastewater treatment plant,
Gdańsk, Poland. Primary degradation was detected by direct
determination of the substrate by HPLC – UV. Eight test flasks
containing 0.5 L of sewage sludge flocs and mineral medium com-
posed of: 8.5 mg  L−1 KH2PO4, 21.75 mg  L−1 K2HPO4, 22.3 mg  L−1

Na2HPO4·2H2O, 1.7 mg  L−1 NH4Cl, 27.5 mg L−1 CaCl2, 22.5 mg  L−1

MgSO4·7H2O and 0.25 mg  L−1 FeCl3 dissolved in water were pre-
pared as recommended by OECD procedure [21]. Subsequently, a
solution of [OMIM][Cl] was added to yield the concentration of
1 mM and the amount of test solution was  made up to 1 L. Each
test concentration was  conducted in duplicate. Two test flasks were
additionally supplemented with glucose and two with synthetic
sewage feed (16 g of peptone, 11 g of meat extract, 3 g of urea and
0.7 g NaCl dissolved in 1 L of water). Nutrients were added three
times a week, 0.36 g and 2.5 mL,  respectively. Also blank samples
(without test substance) and chemically sterilized negative con-
trols were prepared. All test vessels were aerated and analytical
samples were collected in duplicate at specific time intervals. Mass
loss due to evaporation was compensated at every collection inter-
val.

2.2. Modified OECD 301A DOC Die-Away test – adaptation
ing concentrations of [OMIM][Cl] (1 mM,  1.5 mM,  2 mM,  2.5 mM)
were added every fortnight. The total time for the adaptation test
was  two  months. All vessels were aerated and analytical samples
were collected in duplicate at specific time intervals.



380 M. Markiewicz et al. / Journal of Hazardo

0

1

2

3

4

5

6

5853504645443936323029252218171311741
�me [days]

co
nc

en
tr

a�
on

 [m
M

]

F
b

2

s
S
6
d
(
d
a
o
p
a
G

2

i
t
n
(
i
a
c
t
G
t

F
a
m

ig. 2. Biodegradation of [OMIM][Cl] by adapted sewage sludge community (black
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.3. HPLC analysis

Analytical samples were centrifuged to remove solids and a
upernatant was taken for the HPLC-UV analysis. A Perkin Elmer
eries 200 HPLC consisting of a chromatographic interface (Link
00) binary pump, UV/VIS detector, vacuum degasser and Rheo-
yne injection valve were used. For IL’s cation separation C6-Phenol
Phenomenex) 150 × 4.6 mm column was used in conjunction with
etection by UV adsorption at 218 nm.  As a mobile phase 27%
cetonitrile/water + 0.1% (v/v) trifluoroacetic acid at the flow rate
f 0.8 mL  min−1 was applied. For preparation of HPLC mobile
hase HPLC – grade acetonitrile, Lab – Scan (Dublin, Ireland)
nd spectrophotometric grade trifluoroacetic acid (Sigma–Aldrich,
ermany) were used.

.4. Metabolites analysis

Additional analytical samples were taken from vessels contain-
ng live and chemically sterilized inocula at the end of adaptation
ests. Samples were centrifuged to remove solids and the super-
atant was diluted hundredfold (biotic sample) or thousandfold
abiotic sample) with a 9:1 methanol–water mixture resulting
n approximately 5 �M concentration of parent compound in
ll samples. Subsequently samples were analyzed for the parent

ompound and metabolites by electrospray ionization mass spec-
rometry equipped with ion trap detector (Brucker-Daltonic GmbH,
ermany). Mass spectra for cations were acquired in the posi-

ive ion mode in the scan range of m/z+ 50–300. The ESI source
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ig. 3. Comparison of biodegradation rate of 2 mM [OMIM][Cl] conducted by
dapted (solid line) and non-adapted (dashed line) activated sewage sludge com-
unity.
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conditions were set in accordance to [22] with a capillary voltage
of 3500 V, drying gas flow-rate of 5 L min−1, drying gas temperature
at 300 ◦C and nebulizer at 70 psi.

3. Results and discussion

3.1. Supplementation

The initial, fast decrease in [OMIM][Cl] concentration was due
to sorption of [OMIM][Cl] onto flocs of activated sewage sludge
(shown in Fig. 1A). The sewage sludge organic matter (especially
extracellular polymeric substances) can act as a ‘buffer’ for the IL,
initially decreasing the bioavailable concentration and thereby mit-
igating its toxicity. The supplementation with glucose and synthetic
feed increased the time of [OMIM][Cl] primary biodegradation
(Fig. 1B). It can be observed that after approximately 14 days the
biodegradation of 0.2 mM [OMIM][Cl] remaining after sorption was
completed only when no supplements were added. After more than
20 days biodegradation was accomplished in the sample where
synthetic feed was added. In the vessel with glucose supplemen-
tation complete biodegradation was  not observed within the test
timeframe. [OMIM][Cl] biodegradation with synthetic feed cannot
be explained using the diauxie effect [23], as the feed was added
continuously for the duration of the test.

For [OMIM][Cl] as a nominal source of organic carbon and
organic nitrogen complete primary biodegradation is achieved
within 14 days. When synthetic feed is present the biodegradation
rate is clearly reduced, even though complete primary degrada-
tion is achieved within 23 days. When supplemented with glucose,
providing easily available source of organic carbon, [OMIM][Cl] is
utilized in less than 20%. Therefore the presence of other nutri-
ents in the sewage or within the environmental media in general
can have a strong influence on the biodegradability of ionic liquids.
Also compounds which have been classified as “readily biodegrad-
able” might present recalcitrance towards biodegradation under
real environmental conditions which has to be taken into account
when evaluating their fate in the environment.

Generally, the reduced biodegradation rate of [OMIM][Cl] in the
presence of glucose is consistent with the research conducted by
Lewis et al. [24] where the addition of organic carbon significantly
decreased the degradation of p-cresol. The addition of synthetic
feed containing organic carbon and nitrogen decreases the rate
of biodegradation (relative to non-supplemented tests). Similar
results were obtained by Swindoll et al. for p-nitrophenol [25].
On the other hand, Piekarska et al. showed that the addition of
other sources of organic carbon and nitrogen increased the effi-
ciency of degradation of diesel oil [26]. This can be explained by
the difference in the chemical structure of the primary substrates.
Nitrophenol is a pure aromatic compound, biodegradation of which
requires the induction of a specific metabolic pathway. Diesel oil
is a mixture containing mostly linear or branched hydrocarbons,
which are degraded through the �-oxidation pathway. The enzy-
matic systems for this pathway are relatively common in most soil
and sewage microorganisms.

To summarize, addition of easily available organic carbon and
nitrogen sources seems to facilitate biodegradation when the
primary pollutant itself is relatively easy to degrade. It can be
anticipated that xenobiotics containing structures which are com-
monly recognized as poorly biodegradable will not be metabolized
if microorganisms can obtain carbon from other sources. This
hypothesis seems to hold true when the secondary substrate is

organic. Inorganic supplements were proven to facilitate biodegra-
dation. The addition of inorganic carbon (NaHCO3) and inorganic
nitrogen (NH4Cl) has previously been shown to increase the rate
of biodegradation of xenobiotic compounds [9,24].  Utilization of



M. Markiewicz et al. / Journal of Hazardous Materials 195 (2011) 378– 382 381

N
N

+

N
N

+

OH

N
N

+

O

H

N
N

+

O

O H

N
N

+

O H
O

m/z+ intensity

211 1*104

209 1*104

225 2*104

169 3*104

195 3*105

The fragmentation of these isolated ions in 

ESI-MS/MS  mode   gave  a  frag ment    of  a 

protonated  methylimidazole (m/z+ =  83)  which

is characteristic for  3-methylimidazolium

based ILs

N
N

+
H

<103

<103

<103

<103

3*105

biotic sample

(0.5 mM OMIM; 

1:100 diluted) 

abiotic sample

(5 mM OMIM; 

1:1000 diluted) 

 the m

o
t
f
I
i
a

d
p
w
m
s

3

i
a
(
a
c
m

t
b
6
r
d
[
0
f
I
I
r
s
r

Fig. 4. Mass-to-charge ratio (positive mode), intensity of signals within

rganic carbon/nitrogen requires cleavage of these elements from
he carbon skeleton before it can be assimilated by the cell, there-
ore it is a less energetically favorable source of these elements [27].
f both primary and secondary substrates are organic usually a sim-
lar set of reactions is needed for their break down which results in

 competition for enzymes.
It should be mentioned that the concentration of [OMIM][Cl]

egraded in the non-supplemented test was higher than in any
reviously published work [18]. Thus it can be assumed that in
astewater treatment plant operating conditions this substance
ight be treatable as defined by OECD standards. The high level of

orption of [OMIM][Cl] will also allow for enhanced removal.

.2. Microbial adaptation

Municipal sewage sludge was exposed to gradually increas-
ng levels of [OMIM][Cl] added in fortnightly intervals. Progressive
ccumulation of the xenobiotic can be observed in abiotic control
Fig. 2). Theoretical total concentration anticipated in all samples
t the end of the test, excluding biodegradation and sorption pro-
esses, is 7 mM.  Concentrations measured in aqueous phase of test
edia in biotic and abiotic control are presented in Fig. 2.
In non-sterilized sample sewage sludge was able to adapt to

he IL. An initial lag phase of around two weeks was  observed. The
iodegradation rate for each addition increased from 1% day−1 to
% day−1, to 8% day−1 after the final addition (percentage degraded
elative to the amount added for each period). The degradation
ata was fit using first order kinetics according to Paul and Clark
28], the corresponding rate constants where calculated to be 0.065,
.13, 0.27, and 0.13 s−1. The half-life of the contaminant in the test
or each addition of IL was therefore 10.5, 5.3, 2.6, and 5.5 days.
t should be noted that with each addition the concentration of

L is also raised, which might account for the lowered calculated
ate constant of the last addition. The adaptation has allowed the
ewage sludge to degrade concentrations of [OMIM][Cl] previously
eported to be too high [18]. A small decrease in [OMIM][Cl] con-
ass spectra and proposed chemical structures of degradation products.

centration in sorption control was observed possibly indicating
that sterilizing agent did not inhibit biodegradation completely,
however sufficiently to allow for distinction from sorption. Con-
sidering the fact that within the final sample (day 58, Fig. 2) a total
of 7 mM OMIM was  degraded and no transformation products were
detected via HPLC-UV (the imidazolium core is responsible for UV
absorption) it is reasonable to believe that the whole structure,
including the imidazolium core, was biodegraded.

Fig. 3 shows biodegradation curves for adapted and non-
adapted communities. No biodegradation of [OMIM][Cl] in
concentration of 2 mM  was  observed for the non-adapted commu-
nity. No adaption was  observed in this case, probably due to toxicity
of the IL at this concentration. The initial decrease in concentration
is due to sorption on sewage sludge flocs, as previously shown. The
adapted community, however, was able to utilize the IL. Complete
primary biodegradation was achieved within 15 days.

The results from ESI-MS analysis have been used to identify
biological transformation products. Therefore, the biotic and abi-
otic samples after the course of biodegradation (53 days, Fig. 2)
have been used for a qualitative analysis. The ESI-MS analysis indi-
cates that several biological transformation products were formed
such as compounds with hydroxylated or carboxylated side chains
(Fig. 4, for mass spectra see supplementary data). The identi-
fied metabolites correspond to the recently proposed degradation
pathway of the OMIM cation [12] starting with an �-oxidation
(introduction of a terminal hydroxyl group) and a subsequently
degradation of the alkyl side chain via �-oxidation. Also in the
abiotic sample some biodegradation products could be identified
with very low peak intensities (not present in the OMIM standard)
confirming that inhibition of inoculum was not complete.

4. Conclusions
In in situ conditions, for example in wastewater treatment plants
or natural soils and water bodies, the presence of readily available
sources of energy and nutrients (e.g. sugars, fats or proteins) may
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ften alter the fate and metabolic pathways of xenobiotics. Our
esults have shown that there are two opposing processes influ-
ncing the biodegradation rate of ILs in sewage sludge. The results
ave significant practical implications with respect to the assess-
ent of biodegradability and environmental fate of ILs and other

enobiotics in environmental conditions and their potential reme-
iation options. In the activated sewage sludge process, the excess
ewage is sequentially removed, however adapted communities of
icroorganisms are expected to remain in the reactor. The signifi-

ance of adsorption on sewage sludge flocs as a way  of xenobiotic
emoval during the wastewater treatment cannot be overstated.
he typical time of hydraulic retention of sewage in the bioreactor
s approximately one day and is too short for the biodegradation
f most xenobiotics to occur. However these contaminants usu-
lly do not persist in the wastewater treatment plant effluents, and
herefore the removal by physical adsorption on flocs which are
ubsequently removed is of a great importance [19].

In present case, adaptation promotes the removal of ILs.
t should be noted that not only is it increasing the rate of
iodegradation, but also increasing the maximum biodegradable
oncentration. It was shown hereby that through the process of
daptation a nearly 30-fold increase of the biodegradation rate can
e obtained. Additionally concentrations of ILs previously reported
o be too high to be metabolized by non-adapted communities were
egraded. Moreover complete degradation of imidazolium ring was
bserved. It can be anticipated that during wastewater treatment
f IL in an activated sewage sludge process similar phenomena will
ccur.

On the contrary, the supplementation with organic carbon or
itrogen diminished the rate of biodegradation. The microbial
ommunity preferentially utilized secondary supplements and ILs
ersisted. This contradicts the description of ready biodegradabil-

ty by OECD which states that “it is assumed that such [readily
iodegradable] compounds will rapidly and completely biodegrade in
quatic environments under aerobic conditions”.  It was shown that
upplying both organic carbon and nitrogen has a less detrimen-
al effect than supplying only carbon. In the first case the observed
ag phase was long but was eventually followed by degradation

hereas in the latter complete inhibition of biodegradation was
bserved.

It should be noted that the biodegradation of every xenobi-
tic is determined with standardized laboratory procedures. The
esults obtained from these tests provide information allowing
or comparison and classification of chemicals according to their
iodegradability. However the results of these tests cannot be eas-

ly extrapolated to environmental conditions. According to OECD
uidelines if a substance reaches thresholds of ready biodegrad-
bility in 301 series of tests it should be easily and rapidly degraded
n the environment. We  have shown hereby that this is not always
he case.
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