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Highlights

e Description of a VOC depollution system suitable with industrial processes, TPPB.
e Novel association of TPPB and hydrophobic ionic liquids.

e Synthesis of several hydrophobic ionic liquids designed to fit desired properties.
e Toxicity evaluation of these ILs towards cells, animals and bacteria.

Abstract

Synthesis of several hydrophobic ionic liquids (ILs), which might be selected as good
candidates for degradation of hydrophobic volatile organic compounds in a two-phase
partitioning bioreactor (TPPB), were carried out. Several bioassays were also realized, such as
toxicity evaluation on activated sludge and Zebrafish, cytotoxicity, fluoride release in aqueous
phase and biodegradability in order to verify their possible effects in case of discharge in the
aquatic environment and/or human contact during industrial manipulation. The synthesized
compounds consist of alkylimidazoliums, functionalized imidazoliums, isoqinoliniums,
triazoliums, sulfoniums, pyrrolidiniums and morpholiniums and various counter-ions such as:
PFe¢’, NTf2" and NfO". Toxicity evaluation on activated sludge of each compound (5% v/v of
IL) was assessed by using a glucose uptake inhibition test. Toxicity against Zebrafish and
cytotoxicity were evaluated by the InPACCell platform of Rennes (France). Fluoride release
in water was estimated by regular measurements using ion chromatography equipment. IL
biodegradability was determined by measuring BOD2s of aqueous samples (compound
concentration,] mM). All ILs tested were not biodegradable; while some of them were toxic
toward activated sludge. Isoquinolinium ILs were toxic to human cancerous cell lines.
Nevertheless no toxicity was found against zebrafish Danio rerio. Only one IL released
fluoride after long-time agitation.
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1. Introduction

VOCs - Volatile Organic Compounds? - absorption : “a green challenge”

Air quality, particularly VOC emissions and their consequences, has been preoccupying
scientists for 40 years, considering that these compounds can be toxic for human beings, and
often odorous. This emerging pollution issue, correlated with industry growth % or with
domestic uses 3, is a public health question and since the beginning of the nineties, several
methods have been described in the literature to catch and degrade VOCs *>%. One of these
methods is absorption, either physical or chemical. For a long time, most of the related reports
have been concerning absorption of VOCs in aqueous phases and targeted hydrophilic
compounds. Unfortunately, problematic VOCs are often hydrophobic (benzene, toluene...).
Thus, hydrophobic VOC emission control are based on membrane use strategies *7,
adsorption on activated carbon ®, absorption by polymers ?, thermal or catalytic oxidations '°,
or biofiltration '!, rarely on absorption. A promising strategy consists in the use of TPPBs
(Two-Phase Partitioning Bioreactors) '%!°. Their principle consists in absorbing targeted
compounds in a non-aqueous phase liquid (NAPL), exhibiting high affinity for pollutants
from a gaseous flow, and coexisting with an aqueous phase containing microorganisms able
to degrade the VOCs absorbed >4,

In previous works, VOC treatment in a TPPB using silicone oil PDMS as NAPL was
described '>!°. Another kind of solvent which can be used and which is not largely studied is
ionic liquids (ILs). ILs are safe (low vapor pressure, weakly flammable ...) and easily tunable
17.18: they can be designed to fit the criteria required by the TPPB process '°. This ability of
ILs to be modified to correspond to specific properties (viscosity, hydrophobicity,
biodegradability ...) is a serious advantage 2021222372425 Nowadays, TPPBS essays have
been done for toluene in a TPPB of 16L with very interesting results. High degradation rates
and no gas stripping with the selected aeration rate were observed. With a 5% IL-water ratio,
the amount of toluene that can be eliminated compared to the same reactor without IL was 6
times higher without toluene losses by gas stripping.

Biodegradation kinetics in Erlenmeyer flask have been done for toluene and dichloromethane.
Some really interesting results have been found.

lonic Liquids: good candidates for TPPB applications

ILs are salts composed by an organic cation associated with an inert anion and melting under
100°C 262728 They are generally considered as green solvents, since they have low vapor
pressure and can often be recycled after the process 2*°. ILs have sometimes been described
for whole-cell applications 3!*? and hydrophobic ILs are known to be good absorbents for
hydrophobic organic compounds ¥4 They exhibit many advantages for bioreactor
applications according to their tunable properties depending on their structure and their safety
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35, the assessment of ILs performances as NAPL for TPPB degradation of VOCs was

therefore examined in this work. We previously reported a toxicity and biodegradability study
based on four ILs ([Bmim][Pfs], [Bmim][NTfz2], Aliquat and [PEGmim][Pfs]) and showed
that only Aliquat is toxic towards activated sludge ** and [PEGmim][Pfs] is soluble in water;

these two criteria excluded their use for this application, while all these ILs are non-
biodegradable 3.

Partition coefficient are more interesting between IL and hydrophobic VOC than those
already found in literature (even better than other solvents studied to eliminate VOC)
(Table 1):

This means that larger amounts of VOC can be treated with the same amount of IL.
Therefore, the process size can be adjusted to the amount of VOC to be treated. Nowadays,
[L-water ratio has not been optimized yet. After optimization, the process size could be even
smaller than expected with the actual value of 5%.

ILs Separation and recycling process will be also easier given the differences of viscosity (>
water) and density (30 — 50 % > water) of IL compared to water.4 priori, a simple process of
decantation is enough to recover more than 90% of IL.

The main obstacle is the toxicological profile of ILs as they have to be harmless toward
microorganisms present in the bioreactor but also toward the environment (in case of
discharge in the aquatic environment) and human (industrial staff manipulating ILs). This
paper reports toxicity study of ILs selected as good candidates for degradation of hydrophobic
VOCs. Syntheses of the considered ILs were described; toxicity evaluation on activated
sludge and zebrafish, cytotoxicity, fluoride release in aqueous phase and biodegradability
were examined.

It is also relevant to signal that the current cost of ionic liquids is high. However, in this work,
ILs have been synthesized in the lab to reduce costs. In addition, those requiring too steps for
their synthesis have been avoided. Moreover, this work is a prospective study, which is
upstream of a possible industrial application. It should also be remembered that costs
synthesis decrease year-by-year.... Therefore and if an ionic liquid shows a real potential for
the proposed application, a possible application can be expected in a more or less near future.
We expect that in the future, the high investment cost related to IL supplying will be covered
by a significant functioning cost decreasing, related to the high efficiency of IL for
hydrophobic VOC absorption.



2. Experimental procedures

Synthesis of ILs

In order to fit the specifications of the NAPL (hydrophobicity, viscosity, toxicity, density ...),
the related literature was browsed to select IL structures. The hydrophobicity criterion made
us choose classical anions (e.g. PF6 and NTf2) but we narrow down the choice by excluding
expensive anions (e.g. FAP).We also performed a bibliographic preparation, exploring some
properties as viscosity, toxicity or melting point, that are primordial properties to considerate
for TPPB application. We excluded ILs solid at RT, partially soluble in water or expensive to
synthetize. Easy synthetic access and low cost reagents (except for some structure as
perfluorinated triazolium selected to evaluate the influence of fluorinated groups) were also a
criterion. We also tried to diversify the scaffolds whereas a lot of studies are focused on one
or two ILs families (mostly imidazoliums). In a first step, 23 ILs were synthesized according
to classical conditions involving an alkylation reaction with the appropriate halide and an
anion exchange. Several cationic scaffolds were explored (imidazoliums, isoquinoliniums,
pyrolidinims, morpholiums, triazolium and sulfoniums) including functionalized or non-
functionalized alkyl side chains and associated with various anions (PFe¢, NTf2" and NfO"):
[nPrMim][NTf2], [BMim][PFs], [BMim][NTf] *°, [iPtMim][PFs], [iPtMim][NT£],
[ButenylMim][PFs] **?, [ButenylMim][NfO], [ButenylMim][NTf:], [MeOEmim][NTf] *,
[MeOEMim][NfO], [EtOEMIim][NTf:], [MeOC20C2Emim][NTf:] *5 [CNC3:Mim][NTf]
4 [OctIq][NT£2], [Ci0lq][NTf2] *” and [MeOEIq][NTf:], [EtOEIq][NTf:], [BMPyrr][NTf2],
[MeOEMMorph][NTf2], [EtOEMMorph][NTf2], [BMTriaz][NTf2], [CF2CFEBTriaz][NTf:]
8 [AllylEt:S][NTf2] #. Besides, in order to obtain high quantities of the final selected IL, a
CFMR (Continuous Flow Microwave Reactor) study was initiated to increase the synthesis
capacity.

Toxicity against activated sludge

The ionic liquid toxicity was determined by glucose uptake inhibition according to Baumann
experiments >°. Tests were conducted in 120 mL glass bottles containing 20 mL of biological
media. The bottles were closed with PTFE/silicone septa (Sigma-Aldrich, USA) and sealed
with 20 mm crimp seals. Each assay was repeated twice while a set of bottles was supplied
with different solutions in order to ensure growth and viability of the microorganisms. The
bottles were maintained under constant agitation (300 rpm) at 25°C for 48 h using the Innova
40 Incubator Shaker series (Eppendorf, USA). Samples (200 puL aqueous solution) were taken
each 2 h during working days.

IL toxicity test consists in mixing activated sludge inoculums of 0.5 gpocw.L™! and Trinci’s
mineral salt medium ' to glucose at a final concentration of 2 g.L"!. Then, pH must be
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adjusted at 7.0+0.2. The considered IL concentration was 5% v/v.

To avoid any additional nutrient other than those contained in the culture medium, the
activated sludge must be washed as follows: 200 mL of sludge were centrifuged at 3500 rpm
for 10 min and the supernatant was removed. The pellet was resuspended with ultrapure water
and after vigorous agitation, the volume was centrifuged again. The supernatant was removed
and the pellet was washed again (with ultra pure water and after vigorous agitation) and was
filtered (sieving diameter = 0.2 mm). The filtrate was then centrifuged and the supernatant
was removed. The pellet was finally resuspended in ultra pure water and then the dry cell
weight (DCW) was measured (= 4 g.L!). The glucose concentration was measured through
spectrophotometric measurements at 420 nm (Helios Y spectrophotometer, Thermo
Spectronic, France) of aqueous samples after reaction with glucose oxydase/peroxidase
enzymes in the presence of 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) 3.

Fluoride release analysis in water

The IL was introduced in ultrapure water (25% vol.) and magnetically stirred. Fluoride was
quantified regularly by ionic chromatography (881 Compact IC pro — Anion from Metrohm).
The samples were prepared as follows: after stopping the stirring, 10 pL of the aqueous layer
were diluted in 1 mL of analysis solvent (ultrapure water / acetonitrile HPLC grade 75:25).
The eluent was composed of NaHCO3 (4 mM) and Na;COs (1 mM) in ultrapure water /
acetonitrile HPLC grade 75:25 and the flow rate was set up to 1 mL.min". The column was a
Metrosep A supp 4 from Metrohm with the suitable precolumn from Metrohm and the oven
temperature was 45°C.

Cytotoxicity

ILs cytotoxicity was evaluated by the InPACCell platform in Rennes using the following cell
lines: Caco2 and HCT-116 (human colon tumor), Huh-7D12 (human hepatoma), MDA-MB
(human mammary carcinoma), PC3 (human prostate tumor), NCI-H727 (human lung tumor),
Fibro (human skin fibroblast) and HaCaT (skin cells).

Taxol, Roscovitine and Doxorubicine were used as references to compare cytotoxicity of the
tested products. Their ICso are given above in uM (Table 2).

A first experiment with 25 uM samples showed that most of the ILs are not cytotoxic against
these cell lines. For the compound exhibiting relevant inhibition percentage, a second test was
performed to determine the 1Cso (uM).



Toxicity against zebrafish Danio rerio

The experiments were performed using a Thermo Scientific Cellomics ® Zebratox kit from
the Thermo Scientific company (Pittsburg, Pennsylvania, USA) in collaboration with the
ImPACCell plateforme (Rennes, France). The Zebrafish toxicological test (Zebratox) was
realized as follows: the 24h post fertilization (PF) embryos were arrayed by hand with one
embryo per well in a black walled 96-well microplates for fluorescence assays
(PerkinElmer).The embryos were treated after hatching at 48 hour PF. The 20mM DMSO
stock compounds were diluted in fish water and added to the wells at final concentrations of
25, 50 and 100 uM. The negative control (0.25% DMSO) was added in each replicate plate.
The experiments were realized in triplicate in three independent plates.

The embryos were incubated for 72 hours at 28°C and were imaged, after anesthesia by
incubation at 4° C for 30 minutes, on an ArrayScan VTI HCS Reader (Thermo Scientific)
with a Brightfield module at 1.25x magnification and a 0.63x coupler. The Zebratox
BioApplication was used for automated analysis of zebrafish embryos morphological
parameters.

The wild type zebrafish fertilized eggs were provided by the INRA LPGP zebrafish facilities

(Rennes, France).

IL Biodegradability: BOD;s (Biological Oxygen Demand) tests

Prior to biodegradability tests, the chemical oxygen demand (COD) was determined. The
COD represents the amount of oxygen required to oxidize organic and inorganic oxidizable
compounds present in water according to the norm ISO 15705. The result is expressed in
milligrams of oxygen per liter of solution (mgO2.L™").

All synthesized ILs were liquid at room temperature (RTILs) and hydrophobic, but we
observed that they were soluble in water up to 1 mM. Hence, COD and BOD values for ILs
were determined at that concentration.

COD was measured using Macherey-Nagel kits which contain Nanocolor tubes test. The test
consists in a silver-catalyzed oxidation with potassium dichromate/sulfuric acid at 148°C
during a two hour period for the range of 100 — 1500 mgO2.L"". For each test, 2 mL of ILs
solution is required. COD is determined by a photometric determination based on the
chromate concentration decreasing (wavelength 620 nm or using the Nanocolor Photometers
500D).

The biological oxygen demand tests (BODz2s) were then performed according to Darracq et al.
experiments 3”>*, BODzsg tests were based on the amount of oxygen required by an activated
sludge to metabolize the IL during 28 days. The IL biodegradation is expressed as a
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percentage of oxygen depletion relative to the theoretical chemical oxygen demand (COD):
% Biodegradation = [ (BOD2s — BOD2s") / COD ] x 100, (Eq. 1)

where BOD2s"8 is the BOD:2s value of the endogenous oxygen uptake controls. Additional
controls with glutamic acid and glucose as carbon sources were performed to assess the
microbial activity. Compounds with biodegradation percentages higher than 60% are
considered as readily biodegradable >°. Experiments were made in duplicate.

3. Results and Discussion

Toxicity against activated sludge

This criterion is crucial for IL implementation in a TPPB and has therefore to be considered
first.

To assess glucose uptake, two parameters were considered in agreement with a previous
study?, the first part of the glucose time-course, the lag time which characterize activated
sludge acclimation to the IL, and the second part of the glucose time-course, when the cells
recover a metabolic activity, namely the time needed for total glucose consumption which is
linked to the glucose consumption rate.

Toxicity tests showed that from the 23 ILs investigated, three of them ([BMtriaz][NTf],
[Butenylmim][NfO] partially and [MeOEmim][NfO] completely) inhibited the microbial
glucose uptake at a concentration of 5%. For all ILs, an acclimation time (lag time) was
observed, varying between 16 h and 28 h. Then, glucose was consumed more readily in the
presence of some ILs if compared to others (Table 3). If the glucose concentration was greater
than 0.10 g.L! (A/Ao = 0.05) after 48 h, the IL was considered as toxic. These results suggest
that microorganisms are able to recover totally or partially their metabolic activity after being
exposed to the considered ILs, and hence from these results the global toxicity of the ILs is, as
expected, linked to each different association cation + alkyl chain / anion. From this, the cells
must be acclimated to the IL to recover significant metabolic activity, which finally means a
supplementary cost to the target process. Therefore, a previous acclimation step of the
microbial inoculum must be assessed in order to avoid or minimize the lag time in the
process.

Figures 1.a to 1.f summarize the glucose consumption kinetics for the studied ILs. Results for
[NTf2] ILs are represented in figures 1.a to 1.d, while [PF¢] and [NfO] anions are represented
in figures l.e and 1.f respectively. The results confirmed that the alkyl chain length and the
number of carbon atoms influence significantly IL toxicity. Indeed, for two ILs with the same
core and anion, e,g. the couple [OctIq][NT£2]/[Ciolq][NTH2] or
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[nPrmim][NTf2]/[Bmim][NTf:], the lag time reduced when the alkyl chain length increased
which is in contradiction with the related literature *'-%%7. The variation of the acclimation
time for ILs with NTf2 anion follows the order (Table 3):

[Triaz] > [Morph] > [S] > [Pyrr] > [Im] > [Iq]

Nevertheless, the time required for glucose consumption seems to not vary a lot. ILs with
longer alkyl chain should however be subsequently tested in order to complete the study
regarding the effect of the alkyl chain on microbial toxicity. Besides, it was found that the
addition of a double bound or a methyl group to the alkyl chain has a negative impact on the
acclimation time. Moreover, this impact is also linked to the anion, which can induce toxicity
as found for instance for [Butenylmim][NfO]. In the case of the NTf2 anion, the time needed
for glucose consumption decreased in the following order (Table 3):

[Pyrr] = [Triaz] > [Morph] > [S] = [Im] > [Iq]
Regarding the cation effect in IL toxicity, results show that lag time varies as follows:
[NfO] > [PFe] > [NTf2]
While the time needed for glucose consumption follows:
[PF6] > [NfO] > [NTf2]

For both parameters, the [NTf2] anion appears to be the less toxic. From this, ILs containing
the [NTf2] anion with different cation + alkyl chain configurations appeared to be the most
relevant to be tested for implementation in the proposed application.

Ether / hydroxyl-functionalized ILs are cation-modified ILs which has been reported in the
literature to be less toxic than their non-functionalized analogue ®. Indeed, even though they
seem to be more water soluble than their non-functionalized analogue, they diffuse less
rapidly in water, and therefore they interact less with the microorganisms present in the
system. In our case, all studied ILs are immiscible in water (concentration in solution up to
ImM), and thus toxicity towards microorganisms must be correlated to the presence of two
liquid phases in the system. The obtained results show that ether-functionalized ILs are not
toxic as expected, however the acclimation time and the glucose consumption time vary
according to the cation type and the alkyl chain size for imidazolium ILs (Figure 1.c). The -O
position in the alkyl chain seems to have a clear impact on the time needed for glucose
consumption; while the acclimation time appears to be similar to those of their non-
functionalized analogue (e,g. [MeOEmim][NTf2]/[Bmim][NTf2]). The acclimation time
increased with the alkyl chain length and consequently with the presence of several ether
groups in the alkyl chain. Variation of acclimation time for hydroxyl-functionalized ILs
follows the order (Table 3):

[MeOC20C:Mim][NTf:]> [EtOEmim][NTf:] > [MeOEmim][NT£].
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Regarding glucose consumption time, it decreased when alkyl chain length increased (e,g.
[EtOEmim][NTfz] < [MeOEmim][NTfz]). Contrarily, for isoquinoliniums ILs (Fig 1.b), ether-
functionalized ILs cannot be compared with their non-functionalized analogue because they
are solids at room temperature, and hence they are not eligible for implementation in the
considered application. Nevertheless, results suggest that the presence of oxygen in the side
alkyl chain does not affect microorganisms’ behavior, due to the cation size which has a
higher effect towards microorganisms than the side alkyl chain. Consequently, acclimation
time and glucose consumption remained unchanged in the presence of whether
[MeOEIq][NTf2] or [EtOEIq][NTHf2].

For morpholinyniums ILs (Fig 1.c), the —O position in the alkyl chain modifies directly their
kinetics, both the times needed for acclimation and glucose consumption decreased when the
alkyl chain is longer [EtOEMMorph][NTf2] < [MeOEMMorph][NTf:].

Toxicity against Zebrafish Danio rerio

Zebrafish is an aquatic organism often used to evaluate ILs impact on the environment. Pretti
et al.>*% and Du et al.’"%2% puyblished studies reporting acute toxicity of ILs and the
mechanisms involved. Results showed that alkylimidazoliums and pyrrolidiniums
([BMim][PF¢s], [BMim][NTf2] and [BMPyrr][NTf2]) exhibit LCso (median lethal
concentration) higher than 100 mg.L! after 96 h exposure. Histological studies demonstrated
that ILs exposure induced a reduction of general activity and erratic swimming *°. It is
commonly admitted that IL toxicity to aquatic organisms is mostly directed by the cationic
moiety and especially by the side chain length . The ILs concerned by our work can be
considered as practically harmless to Danio rerio (median effective concentration ECso range
from 100 to 1000 mg.L™"). In order to establish the impact of ILs on zebrafish organism, Du et
al. (2012) considered the effect of the hydrophobic [OctMim][PFs] after 28 days exposure. As
[OctMim][PFs] inhibited antioxidant enzymes activities, the authors observed an
accumulation of ROS (reactive oxygen species) and DNA damages (mutations) that could
explain the toxicity of ILs towards several microorganisms .

Toxicity studies were performed in collaboration with the ImPACCell plateforme (Rennes,
France) to evaluate both influence on both egg hatching and further development. The
evaluation was performed using several IL concentrations: 10, 25, 50 and 100uM (Figure 2).
DMSO (0.25uM) and Doxorubicine (0.5uM) were used as controls. First, it was observed that
the hatching was not altered by the presence of the tested ILs, no matter the concentration.
Concerning the fish’s development, various parameters were considered, such as the fish area
(indication for growth retardation), dynamic behavior, morphology (fish shape, head-tail
distance and fish curvature) and mortality. Up to 100 uM IL, no effect was noticed on the
fish’s development after 72h. Standard growth rhythms were measured, the swimming
behavior was not modified; morphological parameters fitted standard values and no mortality

11



was detected.

Fluoride release in water

Another parameter to assess is the hydrolysis of some anions (e.g. hexafluorophosphate)
which has been described as influencing the toxicity of ILs on several targets, especially
microorganisms 723646366 In a previous work, we showed that in the case of [Bmim][PFs]
and [Bmim][NTfz], fluoride release was not high enough to induce a toxic effect 3. An
evaluation of fluoride toxicity towards activated sludge established that aerobic glucose-
degrading bacteria could support high concentrations of fluoride reaching 500 mg.L' ¢’.
Fluoride release in water with an IL ratio of 25% vol. was monitored and the results are
presented in Table 4.

These results show that only few ILs generate fluoride production in relevant quantities.
[iBuMim][PFs] inducing low fluoride concentrations in the aqueous phase and in principle,
this concentration would not induce toxic effect according to previous reports in the literature
3667 However, in the case of [CF2CFEBTriaz][NTf:], fluoride amounts were very high (from
200 mg.L! to 1g.L") and can cause toxic effects towards bacteria and microorganisms. Hence
this IL must be removed from the project even if no toxic effects have been observed towards
bacteria and zebrafish. According to the literature, more significant fluoride release was
expected, especially concerning hexafluorophosphate and bis(trifluorosulfonyl)imide based
ILs. However, from these results it appears that the side chain could have a preponderant role.
For example, the fluorinated side chain of the [CF2CFEBTriaz][NTf2] seems to induce intense
fluoride release in the aqueous phase whereas the bis(trifluorosulfonyl)imide based triazolium
does not.

Cytotoxicity

For an industrial or a semi-industrial application, it is necessary to establish a complete
toxicity profile, including toxicity towards human, even if the IL will not be in direct contact
with operators. Several exhaustive reports were published in 2010 and 2011 and summarize
all known studies concerning cytotoxicity of ILs towards mammalian cell lines (HeLa, CaCo-
2, IPC-81, HT-29, C6, MCF-7, NCI60, V79). They confirmed the interdependence between
lipophilicity, structure, concentration and cytotoxicity %% About 230 ILs with various
structures were evaluated on IPC-81 (mammalian cell lines derived from a model of acute
myelogenic leukemia) and a QSAR/QSTR (Quantitative Structure Activity-Property

12



Relationships) profile was established, confirming the classical tendencies (chain length,
hydrophobic anions...) ¢.

For this purpose, the synthesized ILs were submitted to a cytotoxicity evaluation. The first
evaluation at a 25 uM concentration showed that only isoquinoliniums could be considered as
potentially cytotoxic against the involved cell lines (Table 5). A second evaluation led to 1Cso
measurements in a micromolar range of concentration, from 1 to 31 uM (Table 5), which
indicates that these ILs are cytotoxic towards the considered cell lines.

It is interesting to note that the introduction of an alkoxy group on the isoquinolinium scaffold
decreased the cytotoxicity in agreement with the literature ’°. Indeed, the [MeOEIq][NTf:] did
not inhibit cell proliferation whereas [Octlq][NTfz] did. Moreover, the alkyl side chain effect
between Cs, Cs and Cio was not obvious, while the C4 homolog was not cytotoxic (no
inhibition observed at 25 uM) (Table 5).

Biodegradability

Coleman et al. proposed an exhaustive summary of the biodegradability studies reported in
the literature 2. Our previous results were in agreement with the literature !> and the
previous evaluated ILs were shown to be non-biodegradable in contact with activated sludge.
Indeed, with an imidazolium-based cation, irrespective of the considered anion, no
biodegradation was observed. Similarly, Stolte et al. >* reported that activated sludge is not
able, even after 31 days, to assimilate [Bmim] cations.

Functional groups not easily biodegradable (nitriles, ethers ...) were selected, while esters or
amides were excluded to avoid enzymatic cleavage.

The BODg2s tests showed that all ILs are not biodegradable; negligible biodegradation
percentages were obtained for all ILs (Table 6). In addition, for ILs, the BOD2s values were
notably lower than those obtained for the endogenous oxygen uptake controls. Even if the
difference was small, results suggest that metabolic activity of microorganisms was affected
by the presence of IL which was in agreement with the results of the glucose uptake inhibition
tests where an acclimation time was observed before the occurrence of glucose consumption.
Therefore, BOD2s tests indicate that none of the ILs tested were readily biodegradable, even
at a concentration of 1 mM.

The results herein obtained from BOD2s are in agreement with the literature. Different
imidazolium ILs were tested with different anions such as [Br], [Cl], [NTfz] and [BF4] using
activated sludge to assess IL biodegradability and concluded that none of the tested
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combination was biodegradable "2, Moreover, no biodegradability of the [Bmim] cation in
31 days was reported >’ Nevertheless, partial biodegradation was observed for
imidazolium-based cations for ILs with long alkyl chains (e.g. Cs chains instead of C4 as in
[Bmim]). As a matter of fact, biodegradation of the alkyl chain ceased when the chain length
reached two carbon atoms and the aromatic ring remained intact . Concerning our results,
the absence of biodegradability of hydroxyl-functionalized ILs and non-functionalized ILs
with long alkyl chains (such as [MeOC20CoMim][NTf2] and [Ciolq][NTf2] respectively),
while the contrary was expected, suggests an important anion effect towards ILs
biodegradability.

The present work assessed the toxicity of 23 hydrophobic ILs towards activated sludge and
Zebrafish, cytotoxicity, fluoride release in aqueous phase and biodegradability of ILs. The
results show that only 3 ILs inhibited glucose consumption in the case of activated sludge, but
for microorganism such as Zebrafish, no inhibition of fish’s development was found. Only
1soquinoliniums could be considered as potentially cytotoxic against the involved cell lines;
however activated sludge seemed to be less stressed by the presence of isoquinolinium ILs
than in the presence of any other IL. Moreover, none IL was found to be biodegradable.
Results also show that the side chain could have a preponderant role in fluoride release, thus
explaining why the fluorinated side chain of the [CF2CFEBTriaz][NTf2] induces intense
fluoride release in the aqueous phase whereas the bis(trifluorosulfonyl)imide based triazolium
does not. Therefore, these results show that while most of these compounds are classified as
“green solvents” given their physico-chemical properties, their toxicity vary from one
microorganism to another and that their future application for air treatment by TPPB should
be feasible; nevertheless, precautions should be taken during handling.
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Figure 1.a Glucose uptake kinetics at 5% (v/v)
of IL with the [NTf:] anion; ()
[Bmim][NTf:], () [Butenylmim]|[NTf:], (A)
[ipentmim][NTf2], (®) [nprmim][NTf:] and
(®) control without IL.
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Figure 1.c Glucose uptake Kinetics at 5% (v/v)
of IL with the |[NTf] anion; (#)
[MeOmim][NTf:], () [EtOEmim][NTf:], (A)
[MeOC20C:Mim][NTf:], (=)
[MeOEMMorph][NTf], ®)
[EtOEMMorph|[NTf] and (®) control
without IL.
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Figure 1.b Glucose uptake Kkinetics at 5%
(v/v) of IL with the [NTf:] anion; (%)
[OctIq][NTfz], (@) [Cuwlq][NTf2], (4)
[MeOEIq][NTfz], (®) [EtOEIq][NTf:] and
(®) control without IL.
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Figure 1.d Glucose uptake kinetics at 5%
(v/v) of IL with the [NTf:] anion; (®)
[CNC3im][NTf:], (M) [BMPyrr][NTf:], (A)
[BMTriaz][NTf], (=)
[CF2CFEMTriaz][NTf] ®
[AllylEt:S|[NTf;] and (®) control without IL.
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Figure 1.e Glucose uptake kinetics at 5% (v/v) of IL
with the [PF¢] anion; (¢) [Bmim][PF¢, (M)
[ipentmim][PFs], (A) [Butenylmim][PF¢], and (@)
control without IL.
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Figure 1.f Glucose uptake kinetics at 5% (v/v)
of IL with the [NfO] anion; () [Bmim][NfO],
() [Bunetylmim][NfO], »)
[MeOEmim|[NfO], and (®) control without
IL.
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Figure 2. Zebrafish Pictures after 72h: Doxorubicine (0.5uM); DMSO (0.25uM) and IL (100pM).
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Table 1. Partition coefficients for toluene in several ILs.

voC Liquid Phase K (Pa.m’.mol™) Reference
Water 676.75 37
[nPrmim][NTf3] 0.73 Art diffusion
[(Pentmim][NTf;] 0.63 Art diffusion
[Octlq][NTf] 0.5 Art diffusion

Toluene [AllylEGS][NTL] 0.88 Art diffusion
Silicone oil (0.0049 kg m s ) 2.5 37
[Bmim][NTf2] 1.51 37
[Bmim][PF6] 2.38 37
Di-(2-ethyl)hexyladipate. 1.0 3
n-Hexadecane 1.6 3

Table 2 Cytotoxicity References of IC50 in pM for cytotoxicity assays.

Compound Huh7 Caco2 MDA HCTI16 PC3 NCI  HaCat Fibroblast
Diméthylsulfoxide 0 0 0 0 0 0 0 0
Roscovitine 8 8 14 6 7 22 13 3
Doxorubicine 0.02 0.04 0.01 0.04 0.05 0.03 0.03 0.01
Taxol 0.005 0.02 0.002  <0.001 <0.001 0.005 0.002 >0.25

26



Table 3. Variation of the acclimation time and the total glucose consumption time during toxicity test

against activated sludge.

Acclimation time

Total glucose

Ionic Liquid consumption time

Control 14h 12h
[Bmim][NTf;] 24h 10h
[Bmim][PF¢] 24h 16h
[Bmim][NfO] 24h 14h
[nPrmim][NTf] 32h 12h
[iPtmim][PF¢] 26h 18h
[iPtmim][NTf;] 32h 10h
[Butenylmim][PFs] 26h 14h
[Butenylmim][NTf] 24h 16h

[Butenylmim][NfO] 30h 18h (-23%)
[MeOEmim][NTf;] 24h 16h
[EtOEmim][NTf;] 26h 14h
[MeOC,OCoMim][NTHf] 28h 16h

[MeOEmim][NfO] Total inhibition Total inhibition

[OctIq][NT1] 20h 12h
[Ciolq][NTH>] 16h 12h
[MeOEIq][NTf;] 26h 16h
[EtOEIq][NT>] 26h 16h
[CNC3mim][NT£] 24h 14h

[BMTriaz][NT;] 28h 20h (-32%)
[CF3;CF2BTriaz][NTf;] 24h 16h
[BMPyrr][NTf] 24h 16h
[AllylEt,S][NT1] 26h 14h
[MeOEMMorph][NTf;] 28h 14h
[EtOEMMorph][NTf;] 24h 16h
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Table 4. Fluoride Releasing (mg.L™") in contact with water (at 25% vol.) in mg.L! after 30 minutes, 5 days,
19 days, 1 month, 2 months and 3 months under agitation at room temperature.

ILs Days 0 5 19 30 45 60 90
[Bmim][PFe] 0 0 0 0 0 0.101 -0.303
[BmimNTH;] 0 0 0 0 0 -2.424 0

[Butenylmim][PFs] 0 0 0 0 ND 0 -1.919
[Butenylmim][NfO] 0 0 0 0 ND 0 0

[iPtmim][PF¢] 0 0 0 0 8585 3.838 -3.03

[MeOEmim][NTf;] 0 0 -2.727 0 -1.111 -0.202 0

[MeOEMim][NfO] ND 0 0 0 2222 0 -0.606

[EtOEmim][NTf:] 0 0 0 0 -505 ND 0

[MeOC,OCMim][NTH1:] 0 0 0 0 -2.828 0 0
[Octlq][NTf] 0 0 0 0 -1.818 -3.232 0
[MeOEIq][NTT:] 0 0 0 -l.616 -1414 -4.141 0
[CNCsmim][NTH;] 0 ND 0 0 0 0 0
[HexIq][NTf] 0 0 ND 4.848 0 0 0
[BMPyrr][NTf,] ND 0 ND 0 2222 ND 0

[MeOEmim][NfO] ND 0 0 0 2222 0 -0.606

[Butenylmim][NfO] 0 0 0 0 0 0 0

[BMTriaz][NTf] 0 0 0 0 0 0 0
[MeOEMMorph][NTf] 0 0 ND 0 0 0 0
[Butenylmim][NTf;] 0 0 0 0 0 0 0
[CF.CFEBTriaz][NTf,]  218.867 491.365 ND 700.435 ND 913.04 1150.087
[AllylIEGS][NTT] -2.828 0 0 0 0 0 0
[(Ptmim][NTf;] 0 0 0 0 0 0 0
[nPrmimNTf ] ND 0 0 0 0 0 0
[Ciolq][NTHS2] ND 0 0 0 0 0 0
[EtOEMMorph][NTf;] 0 0 0 0 0 0 0
[EtOEIq][NTf] ND 0 0 0 0 0 0
Table 5. Cytotoxicity Results ICso (uM) for cytotoxic ILs.

Compound Huh7 Caco2 MDA HCTI16 PC3 NCI  HaCat Fibroblast
[Octlq][NTf] 5 8 16 4 6 4 4 7
[Octlq][NfO] 1 9 31 6 11 6 5 >25
[HexIq][NTf3] 4 12 >25 5 >25 2 13 >25
[Ciolq][NTH] 2 2 10 1 2 3 1 >25
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Table 6. Biodegradability tests based on BOD:2s experiments.

Ionic Liquid

BOD»g (Il’lg L' 02)

COD (mg L' Oy)

% Biodegradation

Control (endogenous breath)
Control (glutamic acid+glucose)

[Bmim][Ntf>]
[Bmim][PF]
[Bmim][NfO]
[nPrmim][Ntf;]
[iPtmim][PFs]
[iPtmim][Ntfz]
[Butenylmim][PFs]
[Butenylmim][Ntf>]
[Butenylmim][NfO]
[MeOEmim][Ntf>]
[EtOEmim][Ntf>]
[MeOC,OCMim]|[NTf3]
[MeOEmim][NfO]
[OctIq][NTf]
[Ciolq][NTH2]
[MeOEIq][Ntf3]
[EtOEIq][Ntf3]
[CNC3mim][Ntf;]
[BMTriaz][Ntf]
[CF3CF,BTriaz][Ntf3]
[BMPyrr][Ntf3]
[AllylEtS][Ntf3]
[MeOEMMorph][Ntf3]
[EtOEMMorph][NTf;]

25.8+8.9
276.3£35.9

8.4
8.6

14.1
11.3
5.6

8.4
7.1

5.6

1.4

15.5
11.3
11.3
2.8

18.3
9.9

19.7
11.3
4.2

1.4

8.4

7.0

9.9
12.7
11.3

312.0
311.0
298.0
263.0
345.0
332.0
322.0
324.0
368.0
275.8
261.0
277.0
312.0
176.0
80.0
362.0
390.0
151.4
111.0
167.8
189.7
172.6
127.4
159.6
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