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The chemical and thermal stability of ionic liquids (ILs) makes them interesting for a large variety of appli-
cations in nearly all areas of the chemical industry. However, this stability is often reflected in their recalci-
trance towards biodegradation, which comes with the risk of persistence when they are released into the
environment. In this study we carried out a systematic investigation of the biodegradability of pyrrolidi-
nium, morpholinium, piperidinium, imidazolium and pyridinium-based IL cations substituted with
different alkyl or functionalised side chains and using halide counterions. We examined their primary
degradability by specific analysis and/or their ultimate biodegradability using biochemical oxygen demand
tests according to OECD guideline 301F. Biological transformation products were investigated using mass
spectrometry. A comparison of the biodegradation potential of these ILs shows that for all five head
groups, representatives can be found that are readily or inherently biodegradable, thus permitting the
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Introduction
Ionic liquids

Ionic liquids (ILs) are chemicals with an outstanding design
potential. Their components - cationic and anionic molecular
core structures with different side chains - can be combined
in innumerable ways to create substances with tailor-made
physico-chemical properties important for industrial appli-
cations. Most of the compounds possess a very low vapour
pressure and non-flammability, which are key properties for
improved operational safety in comparison with conventional
volatile organic solvents.

Depending on the combination of cations and anions, they
can be thermally stable, can be liquid over a wide temperature
range and can have a large electrochemical window, which
makes them useful for a variety of technical applications in
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structural design of ILs with a reduced environmental hazard.

different fields. Initially used as solvents for synthesis and cata-
lysis in clean technologies, they have been increasingly investi-
gated during the last 15 years."™ Several industrial processes
have been established in which the use of ILs is highly advan-
tageous with respect to the productivity of the processes.*”
Their range of potential applications extends from the already-
mentioned usage as solvents and catalysts to media for electro-
chemical applications and biosensors.®® ILs have also been
considered for utilisation in analytical’®™"® or supercritical
fluid applications,'* gel production'® or as pharmaceutical
ingredients."®'” Their application as agents for recovery,
extraction and purification purposes'®>° or as lubricants®
and hypergolic rocket fluid®* is also being discussed.

Sustainability considerations

The variety of ILs available for an individual process together
with their high operational safety is not only advantageous for
the performance and handling of the process, but also for sus-
tainable development.”® In this context the environmental
compatibility of a chemical also plays a major role. The pro-
duction of substances that simultaneously possess low toxicity
and environmental non-persistence is a demanding task for
chemists dedicated to sustainable chemistry.>® Nevertheless,
its fulfilment appears feasible in the context of the enormous
design potential of ILs.>*?’ The structural aspects that
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influence the toxicity of ILs have already been identified and
have been replaced by less toxic arrangements in one
application.”®

Biodegradable structural elements

Many different studies of ILs for the identification of structural
elements which support their overall biological degradation
have recently been reviewed.??”2973!

The biodegradation potential of ILs ranges widely from very
good to very poor. Good primary biodegradability has been
observed in ILs with longer alkyl side chains (>Cs) at the
cationic core, whereas the same head group with shorter side
chains is only poorly biodegradable: compare, for example,
1-octyl-3-methyl-1H-imidazolium (Cgmim) with 1-ethyl-3-
methyl-1H-imidazolium (C,mim) combined with halide
anions (Cl, Br).>>*® Imidazolium-based ILs in general exhibit
reduced biodegradability with respect to their core struc-
ture,*>** whereas 1-alkyl-3-methylpyridinium-based ILs have
an elevated biodegradation potential,>**® and many com-
pounds have been classified as readily biodegradable. Apart
from the (bio)degradability of the cation, the behaviour of the
anion also has to be taken into account. Anions such as PFg~
and BF,” are sensitive to hydrolytic processes,*® and organic
anions such as acetate, and ethyl and octyl sulphate, are
readily biodegradable.’”*® In contrast, anions such as
N(CN),™, B(CN),” and (CF3S0,),N~ are known to be neither
hydrolytically degradable nor biodegradable under environ-
mental conditions.>** The choice of inoculum using pure
cultures, such as Corynebacterium sp. and Sphingomonas pauci-
mobilis, and the presence or absence of degraders in mixed
cultures additionally influence the results towards an
enhanced biodegradability of the ionic liquid cation.**™*?

Thus, a broad biodegradability range of ILs can be created
depending (i) on the structural composition with respect to
the cationic head group, side chain and counterion, and (ii) on
the experimental procedure used for the determination of bio-
degradability data, more specifically the detection either by a
specific analytical procedure or sum parameters, the chosen
environmental condition and the choice of microorganisms.

The focus of the study is on the influence of the structural
composition and the design potential of ILs.

Missing data

The identification of the biodegradable substructures of ILs
has been a mammoth task. Although many commercially avail-
able pyridinium and imidazolium-based ILs have been tested,
some relevant data for a systematic investigation of other head
groups are still missing. To date only N-alkyl-N-methylmorpho-
linium and 4-benzyl-4-methylmorpholinium have been exam-
ined, head groups that are not readily biodegradable.** A few
phosphonium ILs with alkyl and functionalised side chains
were also refractory to biological degradation under ready bio-
degradability test conditions.*>*°

As yet, no systematic investigation of the biodegradability of
other head groups has been undertaken. We therefore exam-
ined a set of 27 ILs with differently substituted head groups -
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pyrrolidinium, morpholinium and piperidinium ILs - together
with some pyridinium and imidazolium ILs (Tables 1-6). We
screened the primary biodegradability of IL cations, tracking
the course of degradation using liquid chromatography, deter-
mined (where possible) transformation products with mass
spectrometry, and investigated the extent of mineralisation of
selected ILs by applying the sum parameter biochemical
oxygen demand (BOD). Several of the IL cations under investi-
gation were fully degraded and some of them match the cri-
teria for being classified as readily biodegradable. In
experiments with a prolonged standard test duration (>28 d)
some more compounds underwent biodegradation, showing
the importance of microbial adaptation. Even during the
degradation of one IL, microbial adaptation occurred as
diauxic growth when head groups and side chains were succes-
sively biodegraded.

Our systematic studies of the biodegradability of ILs are
addressed to the users of ILs in different fields of application
to facilitate the selection of environmentally favourable struc-
tural elements and hence to contribute to the design of inher-
ently safer ILs.

Materials and methods
Chemicals

All the tested ILs as well as the salts for the mineral salt
medium and the standard eluent for ion chromatographic ana-
lysis were obtained from Merck KGaA (Darmstadt, Germany).
Acetonitrile (HPLC grade) for the ion chromatographic
measurements was obtained from VWR International GmbH
(Darmstadt, Germany).

Biodegradation tests

1 Manometric respirometry. The manometric respirometry
test was performed according to OECD guideline 301F."”” The
biological oxygen demand (BOD) of the substance was deter-
mined for 28 d (but prolonged as soon as a significant increase
in oxygen consumption had been detected) using a BOD
measurement system (OxiTop®©, thermostatically controlled
from WTW GmbH, Weilheim, Germany) with two replicates
for each test substance. The extent of mineralisation could be
inferred from this test: if 60% biodegradation was exceeded
within a certain time frame, the compound was classified as
“readily biodegradable”.

The activated sludge was taken from the municipal waste-
water treatment plant in Delmenhorst (Germany), filtered
through grade 1288 filter discs (Sartorius AG, Gottingen) and
aerated for ten days to remove organic substances from sewage
treatment before inoculation. The medium was prepared with
8.5 mg L' KH,PO,, 28.5 mg L™" K,HPO,-3H,0, 33.4 mg L™*
Na,HPO,-2H,0, 0.5 mg L~" NH,CI, 36.4 mg L' CaCl,-2H,0,
22.5 mg L' MgSO,-7H,0 and 0.25 mg L™' FeCl; (pH 7.4). An
additional 1.16 mg L™" allylthiourea has been added in order
to inhibit nitrification. The bacteria suspension was set up
using 20% supernatant from the aerated activated sludge and
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Table 1 Structural formula and results of pyrrolidinium-based ionic liquid cations obtained from primary and BOD experiments

Relative oxygen

Cationic Classification demand BOD/
head Substance OECD and biotic Primary degradation ThOD in %
group Side chain R Anion identifier hydrolysis in%(28d)(n=2) (28d)(n=2)  Reference
N N N Cgmpyr Cl Readily biodegradable 100 69 +1 This study
-CHy(CH,)sCH3
N+\ S"Son ClI™ Czoumpyr CI  Readily biodegradable 100 67 +3 This study
R/ -CH,CH,CH,0H
ov Br- Cicooompyr Br Inherently, ultimately 100 28 d:34+11  This study
biodegradable (n=4)
o 38d:74+0.1
-CH,C(=0)OCH,CH; (n=4)
N Br- C,mpyr Br Inherently, ultimately — 28 d: 14 +13 This stud;
Py Y; y y
-CH,CH,CH,CH; biodegradable 42 d: 70 + 18
Sen ClI~ Cienmpyr Cl Biotic hydrolysis Qualitative analysis 2 +2 This study
CH,CN of the cyano group by mass
on spectrometry
~ I~ Cyopmpyr 1 Not readily, but hints 28 d:8+5 28d:6+9 This study
of being inherently (n=4)
“CHCHOH 43 d: 25 + 21 60 d: 42 + 39
(n=4)
N CH;3CH,0S80;~ C,mpyr C,0SO; Not readily 28d: -2 +3 — This study
-CH,CH, biodegradable
40d: -3+ 8
Table 2 Structural formula and results of morpholinium-based ionic liquid cations obtained from primary and BOD experiments
Relative oxygen
Cationic Classification OECD demand BOD/
head Substance (...biodegradable) Primary degradation =~ ThOD in % (28 d)
group Side chain R Anion identifier and biotic hydrolysis ~ in % (28 d) (n=2) (n=2) Reference
0 S~ on cl- Csopmmor Cl  Inherently 28d:12+8 28d:31+16 This study
CH,CH,CH,0H 41d:59 £ 10
/\CN ClI™ Ciecnmmor Cl Biotic hydrolysis 54 + 13 & Qualitative 0 This study
N of the cyano group analysis by mass
/ . CHCN spectrometry
R /\/OH I~ Cyopgmmor I Not readily 28d:17+1 28d: —1+1 This study
(n=4)
-CH,CH,OH 60d:4+1
(n=4)
/\o/\ Cl™ Cyp,mmor Cl Not readily -3+4 — This study
-CH,OCH,CHj3
AN cl- Cyoimmor Cl Not readily 1+4 — This study
-CH,CH,OCH;
/\/O\/ Br- Cyopmmor Br Not readily 0+8 — This study
-CH,CH,OCH,CH3
N Br~ C,mmor Br Not readily -3+4 — This study
-CH,CH,CH,CH;

80% mineral salt medium solution. The concentrations of the
test substances were chosen according to their expected
oxygen demand, which were in a non-inhibitory concentration,
usually below 850 pmol L™".*® Moreover, blank samples (inocu-

lated media without test substance) and controls (inoculated

2176 | Green Chem., 2014, 16, 2174-2184

media with benzoic acid) were also prepared. In this test a
bacteria number of 10" cells L™' was applied (determined
using a Paddle Tester; Hach Europe, Diisseldorf). Sodium
hydroxide was used to absorb the evolved carbon dioxide
inside the sample vessels. The vessels were closed with

This journal is © The Royal Society of Chemistry 2014
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Table 3 Structural formula and results of piperidinium-based ionic liquid cations obtained from primary and BOD experiments
Cationic Classification OECD Relative oxygen demand
head Substance (...biodegradable) Primary degradation =~ BOD/ThOD in % (28 d)
group Side group R Anion identifier and biotic hydrolysis in% (28 d) (n=2) (n=2) Reference
N~"Son cI Czoumpip Cl Inherently and ultimate — 79 +2° This study
-CH,CH,CH,0H
' ~_°" cl” Chonmpip Cl Inherently — 28d:29+3 This study
N\ 60 d: 85+ 1
/ -CH,CH,OH
R Nen ClI™ Cycnmpip Cl - Biotic hydrolysis of Qualitative analysis by 5+ 2 This study
CH,CN the cyano group mass spectrometry
SNo TN Cl™ Ci0,mpip Cl  Not readily -2+2 — This study
-CH,OCH,CH;
B N cl- Cs01mpip Cl  Not readily 1+4 — This study
-CH,CH,OCH;
~ (CF3S80,),N~  Czmpip Not readily — 3+2 This study
-CH,CH,CH, (CF380,),N
S~ B Cy;mpip Br  Not readily — —4+3 This study
-CH,CH,CH,CHj

“Not within a 10-day window.

Table 4 Structural formula and results of pyridinium-based ionic liquid cations obtained from primary and BOD experiments. The data from this

study are complemented with data from the literature

Cationic Classification OECD Relative oxygen demand
head Substance  (...biodegradable) Primary degradation BOD/ThOD in % (28 d)
group Side chain R Anion  identifier and biotic hydrolysis ~ in % (28 d) (n =2) (n=2) Reference
= /\/OH I~ Cooupy I Inherently and 100 65 + 10 This study
| ultimately
-CH,CH,OH
NS OH - - .
N* T~ Cl Cszonpy Cl  Inherently 51+0 This study
| -CH,CH,0H
o ClI™ Cienpy Cl Biotic hydrolysis of Qualitative analysis by -2 +0 This study
_CH,CN the cyano group mass spectrometry
™~ Cl™ C,py Cl Not readily 0 — 33
-CH,CH,
~ Br- C;py Br Not readily — 1+0 This study
-CH,CH,CH;
™~ B C.py Br Not readily — 2 34
-CH,CH,CH,CHj;

gas-tight stoppers and stored in the dark at 20 + 0.5 °C. The
oxygen consumption was determined manometrically. Bio-
degradation of the test substance was calculated by the biological
oxygen uptake (BOD) for the test substance (corrected by the
oxygen demand of the blank samples) with respect to the
theoretical oxygen demand (ThOD) of the substance and
the amount of substance present in the sample. For the calcu-
lation of ThOD the cation was considered without including

This journal is © The Royal Society of Chemistry 2014

its inorganic halide anion. The chemical formula can be given
as C.H,N,O,P, (eqn (1)):

mg

1 5
16(2¢c+— (h — +—=p—
6|2¢c 2( Sn) 2p Omg

ThOD =

mmo
molecular mass of test substance
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Table 5 Structural formula and results of imidazolium-based ionic liquid cations (functionalised side chains and an octyl side chain) obtained from
primary and BOD experiments. The data from this study are complemented with data from the literature

Cationic Classification OECD Relative oxygen demand
head Substance (...biodegradable) Primary degradation BOD/ThOD in % (28 d)
group Side chain R Anion identifier and biotic hydrolysis in % (28 d) (n = 2) (n=2) Reference
smim nherent —
SN o gmimal Inherently 100 33
] s CH,(CH,)CH,
) YO\/ Br~ Cicoomim Br Inherently — 21 67
N
| o]
R -CH,C(=0)OCH,CH;
en Cl™ Cicnmim Cl Biotic hydrolysis of 0 — 33
CH,CN the cyano group o . )
Qualitative analysis 0 This study
by mass
oH spectrometry
N~ I Cyopmim I Not readily 0 — 33
-CH,CH,OH
~"Non CI™  Csopmim Cl  Not readily 0 — 33
-CH,CH,CH,0OH
N CI~  Cyo,mim Cl  Not readily 0 — 33
-CH,OCH,CH;
2 Cl™ Cyomim Cl  Not readily 0 — 33
-CH,CH,OCH;
N~ O\/ Br- Cyopmim Br  Not readily 0 — 33
-CH,CH,OCH,CHj3

Table 6 Structural formula and results of imidazolium-based ionic liquid cations (alkyl side chains) obtained from primary and BOD experiments.

The data from this study are complemented with data from the literature

Cationic Classification OECD Relative oxygen demand
head Substance (...biodegradable) Primary degradation =~ BOD/ThOD in % (28 d)
group Side chain R Anion  identifier and biotic hydrolysis  in % (28 d) (n = 2) (n=2) Reference
+/ ™~ cl- C,mim Cl  Not readily 0 — 33
/ s -CH,CH;
~ PFs~ C;mim PFg  Not readil — 2+1 This stud
y y
N -CH,CH,CH;
||2 SN ar C,mim Cl  Not readily 0 — 33,38,46,68
-CH,CH,CH,CH;

The reference substance benzoic acid was always degraded
within 10 d, consuming around 80% of the ThOD and
showing that the test was working reliably.

2 Primary biodegradation. The stock solutions of the test
substances were prepared in deionised water. Each test sub-
stance was used at a final concentration of 50 pmol L™" in each
of the two replicates of the sample vessels. The medium and
sample vessels were prepared as described above. Additionally,
one sample vessel was prepared for each experimental set up
with aniline as positive control at a final concentration of
1.07 mmol L™ (100 mg L™"). Aniline was used as a reference

2178 | Green Chem., 2014, 16, 2174-2184

substance for positive biodegradability, since aniline is known
to be biodegradable under the chosen test conditions within
14 d.*® In this study aniline was fully biodegraded within ten
days (limit of detection <5 umol L™, data not shown), indicat-
ing the general biological activity of the inoculum. The vessels
were stirred continuously in the dark with a magnetic bar. To
keep the volume constant, evaporated water was frequently
replaced with an equal volume of deionised water.

The concentration of the test substance was determined by
ion chromatography. The primary biodegradation was then
calculated from the concentration of the substance on a

This journal is © The Royal Society of Chemistry 2014
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specific day in comparison to that on day zero. The maximum
deviation was calculated from the standard deviations of the
ion chromatographic measurement according to common
error propagation.

Examination of the analyte concentration and metabolites

Sampling and sample preparation for instrumental analysis.
The samples for the specific analysis were taken on the first
day and thereafter at short time intervals for 28 d. On each
testing day, 6 mL of the sample was centrifuged at approx.
3000g (Labofuge 400R, Heraeus Instruments GmbH, Germany)
in 15 mL polypropylene centrifuge tubes (Sarstedt AG & Co.,
Germany). The samples were stored in a freezer at —20 °C
until all of the samples had been taken. The final specific
analysis of the IL cation was then conducted by ion
chromatography.

1 Ion chromatography. The ion chromatograph used was a
“Metrohm 881 Compact IC pro” equipped with a “Metrohm
850 Conductivity Detector” connected to a “Metrohm 863
Compact Autosampler” (Metrohm AG, Switzerland). The
“Metrosep C 4 50” cation exchange column with a “Metrosep C
4 50 Guard” pre-column was kept at 30 °C in a column oven.
The analytical method was developed on the basis of previous
studies.*®

5 mmol L' nitric acid (HNO;) with 25% acetonitrile
(ACN) were used as an eluent. The device was run at a flow
rate of 0.9 mL min~" and the injection volume of each sample
was 20 pL. The analytical method was developed to analyse
most of the IL cations with one eluent solution. The data
were evaluated using standard “Magic Net 1.1” software.
An external standard for each substance was run during
each measurement sequence to identify the IL peak and to
check the consistency of the analytical method. Analytical
quality parameters have already been published for other IL
cations - these are generally in the range of <0.33 pM and
<1 pM for the limit of detection and limit of quantification,
respectively.*®

2 Liquid chromatography-mass spectrometry. In order to
analyse potential degradation products, liquid chromato-
graphic separation combined with mass spectrometric analysis
was subsequently undertaken if necessary. The samples were
diluted in methanol and deionised water (50 : 50) and analysed
using an HP 1100 HPLC coupled to a Bruker Esquire ESI-MS
ion trap detector. The chromatograph was run with 55% of
5 mmol L™ sodium formate pH 3.4 and 45% ACN at a flow
rate of 0.5 mL min~". Column: Multohigh 150 x 4 mm, 100
Si-5 p Hilic (CS-Chromatographie Service GmbH, Langerwehe,
Germany).

Mass spectra for cations were acquired in the positive ion
mode in the scan range of m/z" 50-200. The ESI source con-
ditions were set with a drying gas flow rate of 11 L min™", a
drying gas temperature of 350 °C and the nebulizer at 70 psi.
Generally, all samples after the biodegradation experiments
have been investigated with LC-MS to identify (if applicable)
transformation products.

This journal is © The Royal Society of Chemistry 2014
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3 Interpretation of the data. The following effects that can
lead to a false interpretation of the data were excluded:

(1) Excluding false positive results: the declaration of an IL
as biodegradable although it is not may be due to the adsorp-
tion of the analyte on the bacteria and glass vessels, as well as
to systematic deviations of the analytical test system. However,
adsorption effects would only be observed within the first few
days®® and often in samples with a high organic load. As we
used a negligible amount of sewage sludge flocs in the filtered
test solutions, no adsorption effects were observed in our
experiments. Systematic deviations in the analytical measure-
ments were reduced by adjusting the results so as to relate
them to the external standards run with each analytical
sequence. Substances detected as being primarily biodegrad-
able were further examined for their full biodegradability to
confirm the results of the first run.

(2) Excluding false negative results: apart from the stringent
test conditions, inhibition effects can also lead to a false classi-
fication of the data as “non-primarily biodegradable”.
However, these can be excluded at the concentrations used in
the experiments. In a recent study the inhibitory potential
towards activated sludge organisms of a wide structural variety
of ILs was found to be low with inhibitory concentrations
usually higher than 1500 uM.*® At a concentration of 50 pM in
the primary biodegradation tests and below 850 umol L™" in
BOD tests, inhibitory effects are therefore unlikely to be
observed.

Results

The primary biodegradation of the test substances under
aerobic conditions was monitored for 28 d. Specific analysis by
ion chromatography (IC) using a conductivity detector yielded
information on the concentration of the IL cation at a specific
time of the experiment. If an IL cation was not degraded we
assumed that it was “not readily biodegradable” in accordance
with OECD 301. If primary biodegradation was observed, we
used WIW OxiTop® devices measuring the biochemical
oxygen demand (BOD) to determine the full mineralisation of
the IL. In this full mineralisation test a compound was classi-
fied as readily biodegradable if it exhibited >60% degradation
in relation to the theoretical oxygen demand (ThOD) within
28 d and an exponential growth phase of 10 d. In this study
this result was attributable solely to the cation, because most
of the IL anions investigated contained inorganic moieties
(“halides”) (Tables 1-6) that were irrelevant to biodegradation
tests based on the measurement of oxidisable carbon in the
molecule. The same held true for PFs~ and the non-biodegrad-
able anion (CF;S0,),N".

The results of the primary biodegradation and full mineral-
isation experiments are given in Tables 1-6. For some ILs the
standard test duration of 28 d was prolonged (in total up to 60
d) to investigate their long-term behaviour.

The results from primary degradability, the degradation
curves derived from BOD measurements as well as more

Green Chem., 2014, 16, 2174-2184 | 2179
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detailed information on the used classification are given in the
ESI+ file.

Biodegradability of head groups

1 Pyrrolidinium compounds. In primary and mineralis-
ation experiments the biodegradation rate of pyrrolidinium
compounds varied between 0 and 100% and was dependent
on the substituted side chain (Table 1). No biodegradation was
found for the ethyl (C,mpyr C,oSO;) derivative, whereas
Czoumpyr Cl and Cgmpyr Cl could be classified as readily
biodegradable, exhibiting >60% degradation within 28 d.
Cicoompyr Br was completely primarily degraded within one
week, but although 20% of the ThOD was attained after just
5 d, no further degradation took place until the end of the
standard experiment (28 d). The test procedure was prolonged,
however, and after 38 d the whole compound was fully minera-
lised (74%) (Fig. 1).

The MS measurements of samples taken from the BOD
experiment showed that after 5 and 28 d no parent compound
could be detected any more, but that a degradation product
with m/z" = 144 and the corresponding sodium and potassium
adducts (m/z" = 144 + 23 — H' = 166 and m/z" = 144 + 39 — H'
= 182) were formed (data not shown). This suggests that the
ester bond was enzymatically hydrolysed (in abiotic samples
the compound remained stable; data not shown) and
Cicoonmpyr (m/z" = 144) was released and fully mineralised
after an additional adaptation period of 20 d (Fig. 1). Degra-
dation rates below 25% and strong deviations between repli-
cates were observed for C,oympyr I and C,mpyr Br; however,
prolonging the test to 60 d enabled both compounds to be
mineralised. According to OECD, C;coo,mpyr Br and C,mpyr
Br could be classified as “not readily” but “inherently bio-
degradable”, i.e. the chemicals have potential for biodegrada-
tion under aerobic conditions. For C,ogmpyr I the deviations
between multiple runs and experiments were strong even after
prolonging the test duration (around 40%) so that this

100

_g 80 -
© o
§ =
T ¢ 60
a o /
20 r
x = =
o I 40 = —
o =
28
=] -
o
&" 20 ,%,
I
4
o @ | : , ; |
0 7 14 21 28 35 42

Timeind

Fig. 1 Biodegradation curves (duplicates in grey: m and ¢) derived from
BOD measurements for Pyr11COO2 Br. The black line (—) represents the
reference compound benzoic acid.
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compound can only be classified as “not readily”, but with
hints of being inherently biodegradable. Primary degradation,
but no BOD was observed for C,cxympyr Cl; similar findings
have been noted for other head groups with a cyanomethyl
side chain (Tables 1-6) and will be presented in a separate
paragraph.

2 Morpholinium compounds. None of the investigated
morpholinium compounds showed significant primary bio-
degradation apart from the Czoymmor and the C;cymmor
cation (Table 2). At the end of the primary biodegradation with
Czopmmor a slight decrease in concentration (12 + 8%) was
observed, so an additional BOD experiment of prolonged dur-
ation was performed. In these experiments oxygen consump-
tion began after 25 d and reached levels from 20 to 42%
biodegradation (deviation between replicates). After 41 d total
biodegradation of 59 + 10% degradation was observed, leading
to the classification “inherently biodegradable”.

3 Piperidinium compounds. Among the piperidinium
compounds tested only Cz;opympip Cl and C,oympip Cl were
fully mineralised (Table 3). Pip130H Cl was degraded up to 79
+ 2% after 28 d. The 60% pass level was exceeded, but not
within a ten day window. The compound was thus classified as
“inherently, ultimately biodegradable” rather than “readily
biodegradable”. The biodegradation of C,oympip Cl did not
exceed the 60% pass level after 28 d, but after a prolongation
of the test duration to 60 d more than 80% degradation
was observed, leading to the classification “inherently
biodegradable”.

4 Pyridinium compounds. The N-alkylpyridinium cations
(Capy, Cspy and C,4py) did not exhibit significant levels of bio-
degradation, whereas the hydroxylated compounds (C,oupy
and Czoppy) showed good biodegradation rates of 65 + 10%
and 51 + 0%, respectively, permitting classification of “inher-
ently biodegradable” (Table 4).

5 Imidazolium compounds. The corresponding imidazo-
lium-based ILs with similar side chains as used for the experi-
ments described above have already been examined by
different working groups (Table 5). In this study the biodegrad-
ability of imidazolium cations with propyl side chains was
investigated additionally, but no biodegradation was observed
for this compound (Table 6).

6 Degradation of the cyanomethyl side chain. Regardless
of the head group, compounds with a cyanomethyl side chain
(Cienmpyr Cly Cyeymmor Cl, Cyenympip Cl, Cienpy Cl, and
Cicnmim Cl) exhibited primary degradation within 28 d, but
no oxygen consumption in BOD measurements. LC-MS ana-
lysis of the 28 d samples revealed the occurrence of several
mass-to-charge ratios suggesting the hydrolysis of the CN
group. The corresponding carboxamide (m/z" = 159) and car-
boxylic acid detected as sodium (m/z" = 182) and potassium
adducts (m/z" = 198) were observed in the mass spectrum
(Fig. 2).

The methylated cation R'-CH2-C(=0)O-CH3 (Fig. 2) is
formed by an esterification reaction of the free acid and with
the methanol solvent under analytical conditions (pH 3.5).
The same detection pattern was observed for all analogous IL

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 The total ion current (TIC) over time from LC-MS measurements of the 28 d sample from the BOD biodegradation experiment on
Cicnmmor Cl. The extracted ions presumably belong to the molecular structures shown.

cations: Cicnpy, Cicnmpyr, Cicymmor, Cicymim and
Cicnmpip. In the standard solutions no such transformation
products could be found, indicating that microorganisms are
involved in the cleavage. In the case of C;cympyr the corres-
ponding acid (Cycoopmpyr) formed was the same transform-
ation product as that obtained in the experiments with
Cicooampyr. Cicoopmpyr was found to be fully mineralised in

a prolonged biodegradation test.

Discussion
Structure-biodegradability relationships

Most of the degradable compounds are among the pyrrolidi-
nium cations. When substituted with hydroxyl-containing side
chains and when enough time is allowed, full mineralisation
(side chain and core) takes place. The biodegradability of
1-alkyl-1-methylpyrrolidinium compounds increased with
lengthening side chain, changing from “not readily biodegrad-
able” (ethyl) to “inherently biodegradable” (butyl) and “readily
biodegradable” (octyl). A similar trend has been reported for
1-alkyl-3-methylimidazolium and 1-alkyl-3-methylpyridinium
cations.*>** Unfortunately, the influence of the side chain
could not be investigated for the other non-aromatic head
groups, since these compounds with an octyl side chain were
unavailable.

Good biodegradation rates of IL compounds with sub-
stituted hydroxyl side chains were not only obtained for
pyrrolidinium cations, but also for morpholinium, piperidi-
nium and pyridinium ones. Several of these compounds were

This journal is © The Royal Society of Chemistry 2014

fully mineralised, especially when a hydroxypropyl or even a
hydroxyethyl residue was attached. The improved biodegrad-
ability of compounds containing alcohol groups - a potential
target of enzymatic degradation — has been reported for several
other substance classes®® for instance, imidazolium®® and
3! Apart from the above-mentioned
hydroxylated compounds, none of the other investigated mor-
pholinium, piperidinium and pyridinium compounds were
mineralised. In comparison with the other head groups the
imidazolium group exhibited the lowest biodegradation poten-
tial. None of the investigated functionalised methyl imid-
azolium compounds were degraded and only Cgmim Cl was
primarily degraded. The core proved to be recalcitrant towards
biodegradation in former studies and only the side chain was
degraded via p-oxidation, yielding 1-(3-carboxyethyl)-3-methyl-
imidazolium.**

In this study one odd-numbered alkyl side chain was investi-
gated to check whether P-oxidation then leads to products
such as 1-(3-carboxypropyl)-3-methylimidazolium that might
be further degraded (full mineralisation of the ring). This
hypothesis was not confirmed and the propyl compound
showed no biodegradation potential within 28 d.

With respect to the side chains a microorganism enabled
primary degradation of the cyanomethyl side chain, and the
identified transformation products suggest enzymatic hydro-
lysis via nitrile degrading enzymes such as nitrilases or nitrile
hydratases together with amidase. These enzymes are com-
monly applied as catalysts in organic synthesis for the hydro-
lysis of nitrile groups in the pharmaceutical industry and
for bioremediation purposes, amongst others.>*">> Recently, IL

ammonium-based ILs.

Green Chem., 2014, 16, 2174-2184 | 2181
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anions such as N(CN),~, C(CN);~ and B(CN),~ were hydrolysed
to their corresponding amides with isolated nitrile
hydratase.>®

Variability and adaptation time

The data presented in this study show some inconsistencies in
comparison with the literature data, and in some cases there
were evident discrepancies between our independently per-
formed experiments (e.g. Cyopmpyr I and C;opmpyr Cl).
Although the rapidly biodegradable reference compound
benzoic acid was always fully degraded within the first week,
the biodegradation of the chosen xenobiotics seems to be
more dependent on the biological variability. In particular, the
nature of the inoculum in terms of spatial and temporal vari-
ations is a very variable factor in the assessment of biodegrad-
ability.’” Hence, during every experiment and within each test
vessel a unique microorganism community is present, which
may result in completely different degradation results,
especially under the stringent test conditions of the OECD
guideline.”® For example, we found no primary degradation of
the C;cxmim cation in our previous study,*® but this did occur
in the present study. The same holds true for observations
made for pyridinium compounds. In studies performed inde-
pendently by Docherty et al.>® and Pham et al.,*® vastly differ-
ent biodegradation rates and different degradation pathways
were found for one IL cation (N-butyl-3-methylpyridinium).
In the first study there was no biodegradation within 43 d,*?
but after re-examination®” by the same group, mineralisation
was nearly complete (88% within 41 d); this was corroborated in
primary biodegradation studies by Pham et al.®* In the present
study N-butylpyridinium, for example, was investigated and no
biodegradation was observed, but whether a different substi-
tution pattern of the pyridinium core or the microorganisms
was responsible for degradation/recalcitrance is a question that
remains unanswered. The results obtained for C;coo.mpyr
suggest that the microbial composition changes during the test
(Fig. 1). In the first step the ester is degraded enzymatically,
after which there is a long lag phase of around 20 d, followed in
the second step by additional exponential growth and another
lag phase. It can be assumed that other microorganisms or
enzymes are involved in the degradation of the side chain and
the subsequent decomposition of the core. Such a symbiosis of
different microorganisms from a test community has been
described for the biodegradation of aliphatic and aromatic
hydrocarbons.®* As a consequence of different substrate avail-
abilities, the subsequent activation of enzymes resulting in the
diauxic growth of microorganisms has been successfully
modeled for different sugars and organic anions.*

For several compounds (Cicooompyr Br, C,opmpyr I,
C,mpyr Br, Cyopmpip Cl, Czogmmor Cl) the prolonged test
duration leads to an increased biodegradation rate. Long-term
exposure of microorganisms to ILs is presumably associated
with adaptation processes, such as the induction of specific
enzymes, genetic mutation or horizontal gene transfer, which
enhance the degradative capacity of the entire community or

2182 | Green Chem., 2014, 16, 2174-2184
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change the population in terms of the selective growth of
certain strains.®® Such long-term adaptation processes and an
increased biodegradation potential (including the complete
degradation of the imidazolium ring) were recently observed
for Cgmim, t00.°* Moreover, cultures of axenic bacterial
strains, such as Corynebacterium sp. and Sphingomonas pauci-
mobilis, or isolated enzymes have successfully enhanced the
biodegradability of certain IL cations*"** or IL anions,’® and a
wide range of IL structures can be generally targeted for
microbial degradation.

All in all, for the screening purposes of this study, those
stringent test conditions make it easier to identify ILs with
improved biodegradation potential. For the final determi-
nation of persistency, further tests need to be conducted.

Conclusion

A comparison of the biodegradation potential shows that for
all the five head groups investigated, compounds can be found
that are readily or inherently biodegradable. It is highly likely
that chemicals classified as “readily biodegradable” are bio-
degradable in the environment with just a low risk of persist-
ence, or even none at all. This cannot generally be assumed for
inherently biodegradable chemicals, although they do have a
reduced risk of being persistent. From the structural design
point of view, both the type of head group as well as the substi-
tuted side chain influence the degradability of the IL cation.
When the same side chain is substituted, pyrrolidinium and
pyridinium cores generally display better degradation rates in
comparison to piperidinium and morpholinium cations. Imid-
azolium appears to be the most refractory head group. The
general ability of microorganisms to adapt to IL cations again
reduces the risk of persistence. The degree of mineralisation,
however, also seems to depend strongly on the inoculum and
the test/environmental conditions. The underlying science
behind IL biodegradation, namely the microbiological
processes and the microorganisms involved, is not yet well
understood, so detailed investigations are needed. The
environmental risk of poorly degradable ILs can be eliminated
when these are used in closed systems or can be reduced when
residues are removed from waste water by separation
techniques such as nanofiltration® or advanced oxidation
processes.>*°°
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