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d photocatalytic degradation of
ionic liquids in water under solar light†

Jorge Bedia, * Juan José Rodriguez, Daniel Moreno, José Palomar
and Carolina Belver

The aim of this work is to study, (i) the photostability of different imidazolium and pyridinium ionic liquids

(ILs) in water under solar light; and (ii) the photocatalytic degradation of those ILs in water with TiO2

under solar light. The effects of the type of cation and anion as well as the length of the cationic chain

of the imidazolium ILs have been analyzed. These imidazolium-based ILs show high solar stability,

slightly decreasing as the length of the cationic chain increases. The anion plays a main role in the

stability of ILs under solar light, decreasing in the case of hydrophobic anions. The kind of head group

(pyridinium or imidazolium) or the presence of functional groups (allyl, OH) also influence the solar light

stability. DFT calculations on the fundamental and excited electronic states of the ILs were carried out to

obtain a deeper insight on their photostability. In the case of the photocatalytic degradation of the ILs,

complete conversion was achieved for all the ILS tested but mineralization reached 80% at the most.

The rate of degradation increased with the length of the alkyl chain while the anion showed little effect.

The pyridinium-based IL tested was the easiest to breakdown.
Introduction

Ionic liquids (ILs) are molten salts composed of equimolar
mixtures of organic cations and organic/inorganic anions. They
are considered green solvents, an alternative to traditional
solvents, because of their unique characteristics, such as very
low vapor pressure, high solvent capacity, high chemical and
thermal stability, non-ammability and the possibility of
modulating some of their properties (for instance, polarity,
solvent miscibility or hydrophobicity) by the proper selection of
the pair anion–cation.1,2 Due to all these features, ILs are being
extensively studied in many different research areas, like gas
absorption, catalysis, biomass hydrolysis and synthesis among
others.3–5

ILs are usually considered environmentally friendly, mainly
because of their negligible vapor pressure. However, their high
water solubility and chemical stability and their low volatility
makes them potentially persistent in aqueous phase. It is ex-
pected an increasing amount of ILs in wastewater streams in the
near future. Furthermore, most ILs show a low biodegradability
and they present a wide range of toxicities, being in general
more toxic than conventional solvents.6–8 Consequently, the
study and development of cost-effective technologies for the
removal of ILs from water are of current interest. So far,
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different alternatives have been investigated, mainly based on
adsorption and catalytic processes. Adsorption of ILs has been
studied with different materials, such as, activated carbons,9–12

resins,13,14 aluminium-based salts,15 clays16 or zeolites.17 The
amount of IL adsorbed can be increased by modifying the
surface of the adsorbent. For instance, activated carbons with
high content of polar groups are more efficient for adsorbing
hydrophilic ILs due to adsorbate–adsorbent hydrogen bonding.
On the opposite, heat-treated activated carbons, with very low
content of surface oxygen groups are preferred for the removal
of hydrophobic ILs.18 On the other hand, Advanced Oxidation
Processes (APOs) are powerful methods for the removal of water
pollutants upon “in situ” generation of strong oxidizing radi-
cals. These methods include ultrasonic19 and electrolytic
degradation20,21 as well as some other well-known and more
widely used technologies like different Fenton-based systems.
Conventional Fenton process,22–25 sono-Fenton26–28 or electro-
Fenton29–31 have been studied for ILs breakdown. Photocatalytic
oxidation uses a semiconductor that can be excited by photons
generating electron–hole pairs. These charges can interact at
the surface of the photocatalyst with adsorbed compounds
yielding radical species able to induce redox reactions. Photo-
catalytic processes have been scarcely investigated for ILs
degradation. Stepnowski and Zaleska32 compared different
photo-assisted oxidation processes, namely UV, UV/H2O2 and
UV/TiO2, for the degradation of imidazolium ILs. They
concluded that the greatest degradation efficiency was achieved
by UV/H2O2. Morawski et al.33 analysed the photocatalytic
degradation under UV light in the presence of TiO2 of different
This journal is © The Royal Society of Chemistry 2019
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types of ILs, including imidazolium, ammonium, phospho-
nium and pyridinium. The work concluded that the degrada-
tion rate depends on the cation and anion of the IL, being the
ILs with lower molar mass the most stable. Furthermore,
phosphonium ILs seem the easiest to decompose under UV
irradiation. Finally, Itakura et al.34 studied the decomposition of
imidazolium based ILs using Pt–TiO2 and TiO2 photocatalysts
under UV light. They achieved high cation degradations, but the
anions were more resistant and needed an additional hydro-
thermal treatment with Ca(OH)2. However, to the best of our
knowledge, neither the stability not the photocatalytic degra-
dation of ILs in aqueous solution under solar light have been
studied in the literature so far. Recently, Calza et al.35 reported
on the photocatalytic degradation of pyridinium-based ionic
liquids in water but under UV irradiation. They analysed the
effect of the length of the alkyl chain, the kind of inorganic
anion and the type of substituents. The nature of the anion
deeply affected the transformation pathways and the extent of
mineralization.

The aim of the current work is to study, (i) the photostability
of different ILs in water under solar light, a crucial issue
regarding potential applications; and (ii) the photocatalytic
degradation of ILs in water with TiO2 under solar light. Eight
different ILs have been tested in this study. DFT calculations on
the fundamental and excited electronic states of the ILs were
carried out in order to obtain a deeper insight on their photo-
stability. The work analyses the effects of the cations (alkyl
chain length, head group, functional groups) and anions of the
ILs on their breakdown and mineralization.
Experimental
Materials

1-Ethyl-3-methylimidazolium chloride, 1-butyl-3-methyl-
imidazolium chloride, 1-decyl-3-methylimidazolium chloride,
1-butyl-3-methylimidazolium tetrauoroborate, 1-butyl-3-
methylimidazolium tris(pentauoroethyl)triuorophosphate,
1-allyl-3-methyl-imidazolium chloride, 1-(2-hydroxyethyl)-3-
methylimidazolium chloride and 1-butyl-4-methylpyridinium
chloride were the ILs selected for the study. Table 1 summa-
rizes the nomenclature, molar mass and molecular structure of
these ILs. Most of them are imidazolium-based ILs with
different lengths of the cationic alkyl chain ([Emim], [Bmim]
and [Dcmim]), modications of that alkyl chain by adding
functional groups ([EtOHmin] and [Allylmim]) and different
anions ([Cl], [FAP] and [BF4]). Furthermore, a pyridinium-based
IL has also been studied ([Bu4MePy][Cl]). All the ILs were ob-
tained from Sigma-Aldrich and IoLiTec and used as received.

Commercial TiO2, Aeroxide® P25 (Evonik Degussa) supplied
by Sigma-Aldrich, was used as photocatalyst. This photocatalyst
is commonly used in photocatalysis and its properties have
been detailed in literature.36 Therefore, the characterization
results are shown in ESI (Fig. S1†), together with the description
of the characterization techniques. In summary, the photo-
catalyst contains 72 and 28% (w/w) of anatase and rutile phases
respectively, with primary particle size of around 21 nm. The
This journal is © The Royal Society of Chemistry 2019
BET surface area is 50m2 g�1, and the band gap value calculated
from the UV-vis DRS prole is 3.00 eV.
Solar photocatalytic tests

The photocatalytic degradation tests of the ILs under solar light
irradiation were performed in Pyrex glass reactors (500 mL),
with sampling and owing air ports and a magnetic stirrer. The
experiments were carried out in a Suntest solar simulator
(Suntest XLS+, ATLAS) equipped with a Xe lamp (320–800 nm)
whose details could be found elsewhere.37–39 The intensity of
irradiation was xed to 450 W m�2 in all the experiments. The
reaction temperature did not overcome 35 �C. Two types of tests
were performed, (i) photolysis tests, in the absence of photo-
catalyst, to assess the stability of the different ILs under solar
light, and (ii) photocatalytic tests, where TiO2 was used as
photocatalyst for the degradation of the ILs. In both, the reac-
tion volume was 300 mL and the initial concentration of the ILs
was 20 mg L�1. In the photocatalytic tests, 75 mg L�1 of TiO2

were dispersed in the aqueous IL solution. Before each photo-
catalytic experiment, the suspension was stirred in dark for 2
hours to achieve the adsorption equilibrium. Subsequently, the
suspension was exposed to solar irradiation for 10 h. At given
time intervals, 8 mL of the suspension were collected and the
photocatalyst was removed by ltration using nylon bre lters
(Tecknocroma 0.45 mm).

The composition of the liquid phase was analysed by HPLC
(Varian Pro-Start 310) with diode array detector (330 PDA) and
an amide C16 Discovery RP Supelco column. The mobile phase
consisted in a mixture of acetonitrile (5% v), orthophosphoric
acid (430 mL L�1) and disodium hydrogen phosphate (0.71 g
L�1), with a constant ow of 0.5 mL min�1. The detection
wavelength for the different ILs was set according to the
maximum of the UV-vis absorption spectrum (Fig. 1) recorded
in an UV-vis spectrophotometer (Cary 60 UV-vis, Agilent Tech-
nologies). Total organic carbon (TOC) was measured with
a Shimadzu TOC equipment and the organic acids were ana-
lysed by ionic chromatography with a Metrohm 790 Personal IC
equipment.
Computational details

Ionic liquids geometries (for independent ions and ion-pair
molecular models) were optimized using Gaussian v09 so-
ware.40 Optimizations were carried out using gas-phase envi-
ronment and DFT calculations with B3LYP41 functional and 6-
311**G++ basis set. To simulate the solvent effect, additional
optimizations using PCM water solvation model calculations
were performed. In order to study the photochemical behaviour
of ionic liquids in the excited states, TD-DFT/B3LYP/6–
311++G**, absorption spectra were predicted by a single point
TD-DFT calculation42 of excitation energies (S0/S*1, etc.). In
addition, the molecular structure in the rst excited electronic
singlet state (S1) was optimized to obtain a minimum of energy
at TD-DFT/B3LYP/6–311++G** computational level. Next, the
S1/S*0, transition energy was calculated by single-point TD-DFT
calculation using the optimized geometry in S1. Additional
RSC Adv., 2019, 9, 2026–2033 | 2027
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Table 1 Nomenclature, molar mass and molecular structure of the ILs

IL Nomenclature
Molar mass
(g mol�1) Empirical formula Molecular structure

1-Ethyl-3-methylimidazolium chloride [Emim][Cl] 146.62 C6H11N2Cl

1-Butyl-3-methylimidazolium chloride [Bmim][Cl] 174.68 C8H15N2Cl

1-Decyl-3-methylimidazolium chloride [Dcmim][Cl] 258.83 C14H27N2Cl

1-Butyl-3-methylimidazolium tetrauoroborate [Bmim][BF4] 226.02 C8H15N2BF4

1-Butyl-3-methylimidazolium tris(pentauoroethyl)
triuorophosphate

[Bmim][FAP] 511.95 C8H15N2F18P

1-Allyl-3-methylimidazolium chloride [Allylmim][Cl] 158.63 C7H11N2Cl

1-(2-Hydroxyethyl)-3-methylimidazolium chloride [EtOHmim][Cl] 162.62 C6H11ON2Cl

1-Butyl-4-methylpyridinium chloride [Bu4MePy][Cl] 185.69 C10H16NCl
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frequency calculations were always carried out to check the
existence of a local energy minimum.
Results and discussion
UV-vis absorption

Fig. 1 depicts the UV-vis proles of the ILs at 10 mg L�1 in
aqueous solution. As can be seen, all of them show adsorption
exclusively within the 200 to 300 nm range of wavelength,
namely in the UV region of the light spectrum. It is clearly seen
that most of the ILs analysed absorb light only at wavelengths
below 240 nm. Only [Allylmin][Cl], [EtOHmin][Cl] and especially
[Bu4MePy][Cl] absorb at wavelengths above that value. DFT
calculations were performed to complete the analysis of UV-vis
absorption of ILs. It is well known that an equilibrium between
dissociated ions and ion-pair species of ILs exists in water
solutions.43,44 In addition, several works demonstrated that
those different ionic species are responsible of in the complex
2028 | RSC Adv., 2019, 9, 2026–2033
photophysical properties of ILs in solution.45,46 Then, current
simulations involve “independent ions” and “ion-pair” molec-
ular models (see Fig. S2 in ESI†). Table 2 collects the calculated
Franck-Condon transition energies (labs) for the B3LYP ground-
state (S0) structures at the TD-DFT rst excited-state level (S1). As
can be seen, independent [Emim]+, [Bmim]+ and [Dmim]+

present calculated labs at near 200 nm, whereas the absorption
of [Emim][Cl], [Bmim][Cl] and [Dcmim][Cl] is similarly pre-
dicted in the region of 270 nm (the complete calculated UV-
visible spectra are available in Fig. S3 of ESI†). These results
indicate that the equilibrium of ILs based on the hydrophilic
chloride anion in water is signicantly displaced toward the
dissociated ions, in good agreement with experimental obser-
vations.43,44 In the case of [Bmim][BF4] and [Bmim][FAP] both
“independent ions” and “ion-pair” molecular models predict
labs values near 200 nm, in correspondence with the UV-vis
spectra of these ILs. However, it should be emphasized that
experimental evidences43,45–47 and calculations48 indicate an
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07867j


Fig. 1 UV-vis profiles of the different ILs (10 mg L�1) in aqueous
solution.

Fig. 2 Reduction of IL concentration and TOC after 10 hours of solar
irradiation (450 Wm�2) in the absence of the photocatalyst (photolysis
experiments).
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increasing concentration of ion-pair species when increasing
anion hydrophobicity (see octanol–water partition coefficients,
KOW, in Table 2) in the order [FAP] > [BF4] > [Cl]. Finally, the
presence of functional groups (allyl, hydroxyl) does not modify
the absorption of the solvated cation (labs�200 nm), although it
Table 2 Calculated S0 / S1 absorption wavelength (labs), Mülliken charg
(S0) and first excited (S1) electronic state and octanol–water partition co

Ionic liquid

Independents ions (C + A)

labs (nm)

qMülliken

C4 (S0) C4 (S1)

[Emim][Cl] 199.9 �0.092 �0.061
[Bmim][Cl] 200.8 �0.094 �0.069
[Dcmim][Cl] 195.9a �0.081 �0.147
[Bmim][BF4] 200.8 �0.094 �0.069
[Bmim][FAP] 200.8 �0.094 �0.069
[Allylmim][Cl] 227.4 �0.150 �0.179
[EtOHmim][Cl] 230.3 �0.027 �0.021
[Bu4MePy][Cl] 233.4 — —

This journal is © The Royal Society of Chemistry 2019
seems to affect the equilibrium of IL pairs in water, being
observed absorbance in the region of 370 nm, corresponding to
ion-pair excitation energies. The pyridinium-based IL presents
clearly different experimental spectra, with two intense
absorption bands with maxima at 255 and 225 nm. DFT calcu-
lations (Fig. S3 of ESI†) indicate that the concentration of both
independent ions and ion-pair species are signicant in the
case of [Bu4MePy][Cl].
Photostability tests

The chemical and thermal stability of ILs has been studied in
the literature,49–53 although not under solar irradiation, to the
best of our knowledge. Fig. 2 summarizes the reduction of the IL
concentration and TOC aer 10 hours of solar irradiation in the
absence of the photocatalyst. As can be seen all the ILs analysed
suffer degradation, although in different extent. The ILs with
imidazolium-based cation and chloride anion ([Emim][Cl],
[Bmim][Cl], [Dcmim][Cl] and [EtOHmim][Cl]) show the highest
stability, with only 10 to 15% concentration decrease and TOC
reductions below 10%. It can also be observed that the stability
increases as the length of the alkyl chain of the imidazolium
cation decreases ([Emim][Cl] > [Bmim][Cl] > [Dcmim][Cl]). The
S0 / S1 electronic excitation of [Bmim] involves mainly HOMO
and LUMO orbitals implying a charge displacement from the
es (q) of carbon atom at 4 position of imidazolium ring in fundamental
efficient (KOW)

Ion-pair (CA)

log KOW (ref. 4)labs (nm)

qMülliken

C4 (S0) C4 (S1)

372.3 �0.146 �0.215 �5.4
370.3 �0.187 �0.260 �4.4
370.7 �0.102 �0.197 �1.2
197.4 0.002 �0.017 �2.0
218.1 �0.034 �0.131 5.3
373.7 0.032 �0.032 �5.0
373.8 �0.106 �0.183 1.4
756.6 — — �3.8

RSC Adv., 2019, 9, 2026–2033 | 2029
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C4–C5 bond to the N atoms of the imidazolium ring (See Fig. S4
in ESI†). Therefore, light absorption to rst excited state
reduces the electronic density of C4 and C5 atoms (see Mülliken
charges in Table 2), thus becoming more active sites for
oxidation. On the other hand, the anions have a more
pronounced effect on the solar light stability of the ILs. [Bmim]
[FAP] show little stability under solar light with IL and TOC
reductions higher than 60 and 35%, respectively, aer 10 h. As
indicated before, [FAP] anion presents a strong hydrophobic
character and, consequently, the concentration of ion-pair
species in [Bmim][FAP] is expected to be much higher than in
[Bmim][Cl]. Therefore, the lower light stability of this ILmust be
ascribed to the ion-pair species, which present a clearly
different photophysical behaviour than the solvated ions, as
shown by the potential energy surfaces of S1 and S0 states of
Fig. 3 and the electrostatic potential surface in Fig. S5 of ESI,†
obtained from DFT calculations. The introduction of the double
bond in the alkyl chain of the cation ([Allylmim]) notably
decreases the stability of the IL under solar light. Even more
noticeable is the stability decrease associated to the pyridinium
cation. These results are in agreement with those previously
reported by Morawaski et al.33 for the degradation of different
ILs under UV light in the presence of TiO2. The relatively low
stability of [Allylmim][Cl] and [Bu4MePy][Cl] may be also related
to the higher concentration of ion-pair species in aqueous
solution, evidenced by the spectroscopic analyses and DFT
calculations. On the other hand, [Bmim][BF4] and [EtOHmim]
[Cl] show high light stability, similar to that found for [Bmim]
[Cl], despite other behaviour would be expected from the
experimental and calculated spectroscopic results.
Fig. 3 Potential energy surfaces of fundamental (S0) and first excited
(S1) electronic state of [Bmim] cation and [Bmim][FAP] ionic pair
calculated at TD-B3LYP/6-311++G** computational level.

2030 | RSC Adv., 2019, 9, 2026–2033
Photocatalytic degradation

Photocatalytic experiments were performed rstly with those
ILs based on imidazolium cations with the same anion and
different length of the cationic alkyl chain. It is known that
photocatalytic reaction occurs on the surface of the catalyst,
where the reactants are adsorbed. Thus, prior to irradiation,
adsorption tests were carried out in dark for 2 hours (see Fig. S6
of ESI†). In these conditions, only [Dcmim][Cl] was signicantly
adsorbed (z25%) on TiO2 while the two other ILs showed
negligible adsorption. This can be explained by the higher
interaction of the long aliphatic chain of [Dcmim][Cl] with the
titania surface, in good agreement with the previous study of
Farooq et al.54

Fig. 4a and b show the evolution of IL concentration and
TOC upon the irradiation time in the presence of TiO2

(75 mg L�1) for ILs with the same anion ([Cl]) and different
length of the alkyl chain of the cation (imidazolium-based).
Much higher degradation was achieved compared with the
previous photolysis experiments, both in terms of IL and TOC
conversions. Despite the relatively low TiO2 loading (75 mg L�1)
the ILs were completely converted in relatively low time. The
TOC evolution does not follow the same prole than IL
concentration, thus suggesting the formation of intermediate
and nal by-products. Nevertheless, fairly high mineralization
levels (80% in some cases) were achieved. These results probe
Fig. 4 Evolution of (a) IL concentration and (b) TOC upon irradiation
time in the presence of TiO2 for ILs with the same anion ([Cl]) and
different length of the cationic alkyl chain (imidazolium-based).

This journal is © The Royal Society of Chemistry 2019
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for the rst time that photocatalysis under solar light could be
an effective method for the degradation of ILs in water. It can be
also observed the effect of the length of the cationic alkyl chain
on the degradation rates of the ILs. As can be seen, the longer
the alkyl chain the faster degradation rate ([Dcmim] > [Bmim] >
[Emim]). Aer 60 min, [Dcmim][Cl] undergoes 80% conversion
whereas for [Emim][Cl] only about 55%was reached. It is known
that longer alkyl cations show higher oxidability.55 The
remaining TOC evidences the presence of some residual by-
products refractory to photocatalytic degradation under solar
light in our working conditions.

Despite the literature establishes the importance of the
anion in the properties and reactivities of the ILs, very few works
have studied the effect of the anion in photocatalytic degrada-
tion. Fig. 5a and b depict the evolution of IL concentration and
TOC upon irradiation time in the presence of TiO2 for ILs with
the same cation ([Bmim]) and different anions. As indicated
before, adsorption was negligible (Fig. S5†). Again, it is observed
that the three ILs were completely converted regardless of the
anion analysed. The anion shows little effect on the rate of
degradation, being slightly higher for the ILs containing [BF4]
and [Cl] anions than for the one with [FAP]. However, more
important differences can be seen relative to TOC. The TOC
reduction for [Bmim][BF4] and [Bmim][Cl] follows quite similar
trend, with about 80% aer the 10 hours of experiments,
whereas much lower mineralization is observed in the case of
Fig. 5 Evolution of (a) IL concentration and (b) TOC upon irradiation
time in the presence of TiO2 for imidazolium-based ILs with different
anions.

This journal is © The Royal Society of Chemistry 2019
[Bmim][FAP]. It should be noted that, in this IL, TOC is asso-
ciated to both [Bmim] cation and [FAP] anion, since both
contain organic carbon, in contrast to the ILs with [Cl] or [BF4]
anions. Meanwhile the IL concentration was measured through
the absorbance of the heterocyclic cation. Therefore, the low
TOC reduction in the case of [Bmim][FAP] can be attributed to
negligible degradation of the [FAP] anion under solar light
irradiation in presence of TiO2.

The effect of the type of cation on the photocatalytic degra-
dation of the ILs was also analysed. Fig. 6 represents the
evolution of IL concentration and TOC upon irradiation time in
the presence of TiO2 for different ILs with the same anion ([Cl])
and different cations. All these ILs were completely converted
with comparable nal TOC reductions within 65–80%. The
degradation rate follows the order [Bu4MePy] > [Allylmim] z
[Bmim] > [EtOHmim]. These results indicate that the
pyridinum-based IL is easier to degrade that the imidazolium-
based ones, being [Bu4MePy][Cl] the more reactive IL among
those tested. The similar results with the ILs containing [Allyl-
mim] and [Bmim] cations indicate that the presence of a double
bond in the aliphatic chain does not affect to photodegradation,
opposite to the observed for the stability under solar light.
Finally, it is interesting that the presence of an OH group in the
alkyl chain reduces the susceptibility of the imidazolium-based
ILs to photocatalytic degradation under solar light.

Regarding the remaining TOC, Fig. 7 shows the time-course
of carboxylic acids from the solar photocatalytic degradation of
Fig. 6 Evolution of (a) IL concentration and (b) TOC upon irradiation
time in the presence of TiO2 for ILs with the same anion ([Cl]) and
different types of cations.
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[Bmim][Cl] and [Bu4MePy][Cl]. These results show the forma-
tion of formic, acetic and malonic acids, in addition to very low
amounts of oxalic acid, as residual by-products from both ILs. It
is interesting to notice that the formation of these short-chain
organic acids starts in both cases once the IL conversion
reached about 80%, suggesting that the breakdown of those ILs
occurs in several steps. To the best of our knowledge, there are
not works dealing with the identication of by-products from
solar photocatalytic degradation of ILs but some works have
reported on that issue using Fenton oxidation.22,24 Authors
described the formation of hydroxylated by-products upon the
rst step of the process, which are further oxidized by OH
radicals yielding short-chain organic acids like the ones iden-
tied in our work. It has to be highlighted that malonic and
acetic acids are the most refractory by-products in our case. It is
also interesting to check the different evolution of these organic
acids for each IL studied. The evolution of formic and acetic
acids shows a maximum at 6 h of irradiation in the case of
[Bmim][Cl] that it found for [Bu4MePy][Cl]. Complimentary, the
carbon balance of the degradation of both [Bmim][Cl] and
[Bu4MePy][Cl] ILs has been included in ESI (Fig. S7†). This
gure represents the evolution of TOC, IL, organic acids and
other non-identied products, all in terms of carbon. The non-
identied products were estimated from the difference among
the TOC measured and the TOC calculated from IL and the
identied reaction products. It is noteworthy that upon
Fig. 7 Evolution of ILs and organic upon photocatalytic oxidation with
TiO2 of [Bmim][Cl] (a) and [Bu4MePy][Cl] (b).

2032 | RSC Adv., 2019, 9, 2026–2033
irradiation times of 4 h although the IL disappeared from the
solution the mineralization rate was considerably low, remain-
ing in solution a high amount of unidentied by-products.
Nevertheless, these non-identied byproducts were almost
removed aer 10 h of reaction, transforming both CO2 and
organic acids, achieving mineralization rates close to 80%.
These results prove the signicant application of solar photo-
catalysis for the removal of ILs in water.
Conclusions

The stability of different ILs and their photocatalytic degrada-
tion under solar light with TiO2 in aqueous solution (20 mg L�1)
have been studied. All ILs undergo degradation upon solar light
irradiation, although in different extent. Imidazolium-based ILs
with hydrophilic anion (chloride) and shorter alkyl chains are
more stable than the ones with hydrophobic anion or structural
features (kind of cation, functional groups) increasing the
concentration of ion-pair species in water.

Regarding photocatalytic breakdown under solar light,
despite the relatively low TiO2 concentration (75 mg L�1) used,
all the ILs tested were completely converted. Furthermore,
except for the IL with [FAP] anion, the TOC removal is also
relatively high, which indicates a high mineralization. These
results probe for the rst time that photocatalysis under solar
light could be a feasible method for the removal of ILs from
water. The ILs with longer alkyl chains, are more susceptible to
photocatalytic degradation, so that the following order can be
stablished: ([Dcmim] > [Bmim] > [Emim]). The anion has shown
little effect on the rate and extent of degradation. Looking at the
type of cation, IL degradation follows the order [Bu4MePy] >
[Allylmim] z [Bmim] > [EtOHmim].
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors acknowledge the nancial support from Spanish
MINECO (projects CTQ2013-41963-R and CTQ2016-78576-R)
and Comunidad Autónoma de Madrid (project S2013/MAE-
2800). We are very grateful to Centro de Computación Cient́ıf-
ica de la Universidad Autónoma de Madrid for computational
facilities.
References

1 J. F. Brennecke and E. J. Maginn, AIChE J., 2001, 47, 2384–
2389.

2 R. D. Rogers and K. R. Seddon, Science, 2003, 302, 792–793.
3 N. V. Plechkova and K. R. Seddon, Chem. Soc. Rev., 2008, 37,
123–150.

4 J. P. Hallett and T. Welton, Chem. Rev., 2011, 111, 3508–3576.
5 J. Bedia, J. Palomar, M. Gonzalez-Miquel, F. Rodriguez and
J. J. Rodriguez, Sep. Purif. Technol., 2010, 95, 188–195.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra07867j


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Ja

nu
ar

y 
20

19
. D

ow
nl

oa
de

d 
on

 2
/8

/2
02

6 
8:

56
:4

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
6 A. Romero, A. Santos, J. Tojo and A. Rodŕıguez, J. Hazard.
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