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Abstract

The photolytic degradation of 2-chlorophenol (2-CP), 4-chlorophenol (4-CP), 2,4-dichlorophenol (2,4-DCP), 2,4,6-trichlorophenol
(2,4,6-TCP), 2,3,4,5-tetrachlorophenol (2,3,4,5-TeCP) and pentachlorophenol (PCP) in 1-butyl-3-methylimidazolium hexafluorophos-
phate{[bmim*]PFs~ } and 1-ethyl-3-methylimidazolium bis(perfluoroethylsulfonyl)imidemim*]beti} room temperature ionic liquids
(RTILs) has been investigated using UV radiation of 253.7 nm. Stability study revealed that these RTILs are relatively resistant to pho-
totransformation when used as pure phases. At low concentrations (less than 1.57 mM), chlorinated phenols could be degraded in these
RTILs following pseudo-first-order kinetics. Intermediate product identification using Electrospray TOF MS, GC-MS and HPLC revealed
the formation of phenol among the stable phototransformation intermediates of 2-CP. It is proposed here that two possible pathways, via
formation of phenoxyl radical or carbene, could lead to phenol generation. In these two mech@jtistite;” PR~} may participate in
the reaction as H-donor. The increase of the chlorine atoms in the phenolic ring generally resulted in a decrease in the phototransformation
rates, with exception of 2,4,6-TCP. UV absorbing impurities present in the ionic liquids as received from the manufacturer had a significant
negative effect on the phototransformation rate of chlorophenols. Purification of RTILs using activated carbon enhanced the photodegra-
dation rates. On the other hand, these impurities could, at some extent, protect the ionic liquid from photolysis and enhance the stability
of the solvent. Recyclability study indicated that the recycling of the solvents was hindered at some extend by the presence of organic
impurities that were resistant to photolysis or by the generation of byproducts that were resistant to photolytic degradation and compete
with the chlorophenols for photon absorption. While further research is necessary to examine all aspects of this system, including the use
of non-toxic RTILs, it is feasible that this technology can be further developed into a two-step process for extraction of organic pollutants
from solid matrices, such as contaminated soils or dredged sediments, using ionic liquid solvents followed by in situ photodegradation of
the organic contaminants in the ionic liquid extractant phase while achieving simultaneously regeneration of the solvent.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction uids at or below room temperature. These low melting points
are a result of the chemical composition of RTILs, which
During the last few years, room temperature ionic liquids contain larger asymmetric organic cations compared to their
(RTILs) have captured the interest of chemists and engi- inorganic counterparts of molten salts. In some cases, even
neers as a new and novel generation of solvents and stimuthe anions are relatively large and play a role in lowering
lated scientific curiosity, research and product and processthe melting poin{1,2].
development in a large number of innovative applications. One of the most distinct advantages of RTILs that has
Composed entirely of ions, RTILs are different than molec- been the rationale for their characterization as “Green
ular solvents, water and organic solvents, and chemically Solvents” is their negligible volatility. This characteristic
analogous to molten salts. Conventional molten salts exhibit renters them promising replacements to volatile organic
a high melting point (i.e., 809C for sodium chloride and  compounds (VOCs), which are used in large quantities in
614°C for lithium chloride), which greatly limits their use as  chemical and engineering industries and are a source of ma-
solvents in most applications. RTILs, however, remain lig- jor environmental problems. In addition, RTILs possess a
unique array of physicochemical properties that make them
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effective [3-9]. Such properties include high thermal sta- matrices such as soils and dredged sediments, VOCs are
bility, high electrical conductivity, large electrochemical usually used to wash them off. This may cause other envi-
window, low nucleophilicity and capability of providing ronmental problems.
weekly coordinating or non-coordinating environment. RTILs can be used for the extraction of chlorophenols,
Moreover, by fine-tuning the structure, these properties canPCBs or PAHs from contaminated solid matrices. The con-
be tailor-designed to satisfy the specific application require- taminants transferred to the ionic liquid phase can be subse-
ments[10,11] It has also been found that RTILs are very quently degraded in situ using UV radiation. This two-step
good solvents for a wide variety of organic, inorganic and remediation technology avoids the use of VOCs and can also
organometallic compound§,9]. In some cases, the solu- result in the regeneration of the ionic liquid solvent (step 2).
bility of certain solutes in RTILs can be several orders of Since ionic liquids are capable of solubilizing a wide variety
magnitude higher than that in traditional solvefi2]. of hydrophobic organic compounds to high concentrations
As a result, RTILs are currently considered as environ- [7,12], one batch of ionic liquid solvent can be repeatedly
mentally promising solvents and have been used for pol- used for extraction in order to highly concentrate the organic
lution prevention or minimization of waste production in a compounds in the ionic liquid phase, while simultaneously
variety of chemical and engineering processes, especially inachieving minimization is solvent use. For certain contami-
the fields of electrochemistry, catalysis, chemical synthesis, nants, such as PCP, PAHs, and PCBs, this approach is im-
liquid—liquid separations, photochemistry and nuclear fuel practical when water is used as solvent due to their very low
cycle [1-20]. However, in most of these applications, the solubility in water. In addition, a higher contaminant con-
stability of ionic liquids, at least at a certain extent, is crucial centration in the solvent during the photodegradation pro-
for optimum process performance. Previous studies have in-cess will result in lowering process cost. This is because the
dicated that, although not 100% inert, certain ionic liquids photodegradation rates will be higher and the reactor vol-
incorporating 1,3-dialkyl imidazolium cations are generally ume will be smaller.
more resistant than traditional solvents under certain harsh Motivated by the potential of RTILs as a new gener-
process conditions, such as those occurring in oxidation, ation of solvents and aiming at exploring some of their
photolysis and radiation proces48sl6,17,20] properties as alternative solvents to replace VOCs, this
Chlorinated aromatics, such as chlorophenols, are envi-study deals with a new application of RTILs as sol-
ronmental pollutants of great health concih,22] Among vent media for the photodegradation of organic com-
the 19 different chlorophenols, 2-chlorophenol (2-CP), pounds of environmental concern. Here, we report
2,4-dichlorophenol (2,4-DCP), 2,4,6-trichlorophenol (2,4,6- the photolytic degradation of certain chlorinated phe-
TCP) and pentachlorophenol (PCP) have been listed by thenols from one to five chlorine atoms in two RTILs,
US EPA as priority pollutantf23]. These compounds have namely, 1-butyl-3-methylimidazolium hexafluorophosphate
widely been used in the production of pesticides, herbicides, {[obmim*]PRs~} and 1-ethyl-3-methylimidazolium bis-
and wood preservatives. They can also be generated agperfluoroethylsulfonyl)imideg/[emim™]beti}. The stability
byproducts in industrial operations, such as the paper pulpof the ionic liquids, the influence of impurities present in
bleaching process and water disinfection with chlorine. Be- these ionic liquids, the role of oxygen on the photodegrada-
ing released into the environment, chlorophenols can entertion reaction, and the recyclability of the solvents are also
water streams through various transport mechanisms anddiscussed in this work. It should be noted that in this study,
can also chemisorb onto soil surfaces and aquatic sedimentstelatively water immiscible ionic liquids have been used.
Due to their toxicity, these xenobiotics are consequently The selection of [bomim*]PFs~} was mainly based on the
harmful to humans, animals, and fish that are exposed tofact that it is the most common RTIL used in most recent
such contaminated environments. Because of their toxic studies and it can be obtained at a relatively low price.
properties to microorganisms, these compounds are also{[emim*]beti} was selected because of its lower water
recalcitrant to conventional biological treatmép4,25] solubility and its high electrochemical window. It should
Such substances may, however, be treated using UV irra-be emphasized that the purpose of the study was mainly to
diation. Previous studies suggest that photolytic transforma- explore the potential of this approach. Further development
tion is one of the major mechanisms contribute to the degra- of the process will require water immiscible RTILs that are
dation of chlorophenols in aquatic environmef26—32] less expensive, non-toxic (or at least significantly less toxic
Direct photolysis of chlorophenols involves both homolytic than relevant VOCs), and recyclable.
and heterolytic C—Cl bond cleavage followed by a series
of subsequent reactions. Although photolytic degradation of
chlorophenols in water has been proven to be feasible, this2, Experimental
technique may not be cost effective when the contaminant
concentration in water is low and the volume of polluted 2.1. Chemicals
water is large. For those hydrophobic compounds [i.e., poly-
chlorinated biphenyls (PCBs), polycyclic aromatic hydro-  The following chlorophenols with purity ranging from
carbons (PAHSs)] that are tightly chemisorbed on the solid 97 to 99% were used in this study: 2-CP, 4-chlorophenol
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(4-CP), 2,4-DCP, 2,4,6-TCP, 2,3,4,5-tetrachlorophenol was then removed by decanting. This process also resulted
(2,3,4,5-TeCP), and PCP. These compounds were obtainedn achieving equilibrium of 2-CP between the two phases
from Aldrich and used as received. Two different ionic [12]. By carefully adjusting the concentration of 2-CP in
liquids, {[obmim*]PFs~} and {[emim*]beti} were used in  the aqueous phase, it was feasible to obtain ionic liquid
this study.{[bmim*]PFs~} has been involved in a num- phases containing the desired initial concentration of 2-CP
ber of studies concerning ionic liquids. These two ionic after achieving equilibrium between the two phases. Some
liquids are commercially available and are used as probesloss of {[bmim™]PF;~} due to its solubilization in wa-

to investigate applicability of ionic liquids in this process. ter was observed. The solubilities flomim*]PFRs~} and
{[bmim*]PFs~} with 97% purity (yellowish color) was  {[emim*]beti} in water and those of water in these two
provided by Sachem, Inc. (Austin, TX{[bmim*]PFs~} ionic liquids were reported in one of our previous studies
and{[emim*]beti} of 98% purity (both are colorless) were [12]. Photodegradation studies of the other chlorophenols in
provided by Covalent Associates, Inc. (Woburn, MA). The {[bmim*]PFs~} were conducted by using air-equilibrated
ionic liquids with 98% purity were used without further ionic liquid after dissolving the chlorophenols directly in
purification. The less pure ionic liquid was used either this RTIL.

as received or after purification using activated carbon. FILTRASORB 400 activated carbon produced by Calgon
Whenever used, aqueous solutions of chlorophenols wereCarbon Corp. (Pittsburgh, PA) was used for the removal

prepared using double deionized water (18 M of impurities from the less pure ionic liquid. The activated
carbon was pretreated with double deionized water wash-
2.2. Methods ing and then dried at 10% overnight. The residual acids

present in the ionic liquid were reduced with water washing

UV-C photodegradation experiments were performed for several times until the pH of washing water remained
in an approximately 20 mL cylindrical quartz photoreac- constant. Afterwards, one more water washing was followed
tor with reaction space of 5mL. The initial solution used and the separation of water and ionic liquid phases was ac-
was 4 mL. Samples were taken every 60 min. UV radiation complished as described above. Afterwards, 2-CP was dis-
(predominantly of 253.7 nm) was generated by two UV-C solved in the resulting water-equilibrated ionic liquid phase
radiation sources positioned opposite to the reactor cell. and the photodegradation experiments were conducted. To
Each UV source contains two 15W UV tubes provided by investigate the effect of oxygen (presence or absence) on the
Spectronics Corporation (Westbury, NY). A magnetic stir- photodegradation reactions, the ionic liquid containing 2-CP
rer was used for continuous mixing of the solutions during was purged in the dark with pure oxygen or nitrogen for 1 h
the photodegradation process. followed by oxygen or nitrogen purging during the UV pho-

The photodegradation experiments of 2-CR [iomim™] todegradation process. The prolonged nitrogen purging was
PR~} were conducted using air or water-equilibrated ionic assumed to provide an anoxic or almost anoxic condition
liquid. It has been reported that ionic liquids are able to ab- since dissolved oxygen measurements were not performed.
sorb moisture from air and that equilibrium can be reached It should be noted that no detectable reduction in the con-
provided the contact time is long enoudf33,34] The centration of 2-CP over 2 h of purging was observed.
ionic liquids used in this study were kept in the contain-  The initial degradation rates (averaged in the first 60 min)
ers shipped by the manufacturers. The air in the laboratory of 2-CP in{[bmim*]PFs~} not recycled, recycled once and
had approximately 54% relative humidity. When not spec- recycled twice were compared to evaluate the recyclability
ified, the glass reactor headspace (approximately 15 mL atof the solvent in this process. UV treatment time of 6 h for
the beginning of the experiment) was air with 54% rela- one cycle and 2-CP initial concentration of 0.4 mM were se-
tive humidity. As explained later, pure oxygen (dry; water lected for this series of experiments. Previous experimental
content 1 ppmv) or nitrogen (dry; water content 3 ppmv) data have demonstrated that under this initial 2-CP concen-
was also used in certain experiments. Air equilibrated ionic tration and radiation time, the final 2-CP concentration was
liquids containing 2-CP were obtained by directly dissolv- 0.003 mM. To obtain this rate if[omim™]PFs~} recycled
ing the compound in the solvent. Water saturated ionic lig- once, 2-CP was added into the ionic liquid to achieve a con-
uids containing 2-CP were prepared by vigorously mix- centration of 0.40 mM. Then 5mL solution was transferred
ing the ionic liquid with 2-CP aqueous solutions at the ra- to the photoreactor. The solution was irradiated for 6 h with-
tio of 1:5 (v/v) for 15min. Afterwards, the aqueous and out taking any sample. Afterwards, a second dose of 2-CP
ionic liquid phases were separated by gravity. Two distinct was added into the 5mL ionic liquid in the reactor to reach
phases, both of which contained small droplets, were ob- 0.40 mM. After taking 0.5 mL sample, another 0.5 mL solu-
tained. The ionic liquid phase was at the bottom because oftion was removed to achieve 4 mL solution, the same volume
its higher density (i.e., 1.32 g/chior 97% [bmimt]PFs~) as that used to obtain the initial degradation rate of 2-CP
while the aqueous phase was on the top. Further separationn the ionic liquid not recycled. Then, the photodegradation
was achieved using centrifugation at 5000 rpm (3578 g) for process was continued for one more hour. At the end of the
30 min. Afterwards no visible droplet of one phase could be reaction, 0.5 mL sample was taken for analysis. To determine
seen in the other phase. The agueous phase (upper phasée rate in the ionic liquid recycled twice, 5 mL of 0.40 mM
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2-CP solution was irradiated by UV-C radiation for 6 h with- with a Zebron ZB-5 column (15nx 0.25mm, 0.25wm

out taking any sample. Afterwards, a second dose of 2-CPfilm thickness) and a single quadruple mass analyzer were
was added following the procedure described above bututilized for identification of photogenerated intermediate
without taking any samples. After another 6 h of irradiation, compounds. Since detection of non-polar compounds is
a third dose of 2-CP was added to achieve the concentrationdifficult with Electrospray Q-TOF Il MS, coupling of this

of 0.4 mM. By taking 0.5 mL sample and removing another instrument with GC-MS was employed to avoid over-
0.5 mL solution, 4 mL of the solution was obtained and the looking possible reaction intermediates. The samples were
photodegradation process was continued for one more houmprepared following the same procedures applied in HPLC
at the end of which 0.5 mL sample was taken for analysis. analysis.

Since UV radiation of the solvent itself (ionic liquid) may

also affect the initial degradation rate of the solute (2-CP),

control experiments were conducted to evaluate this effect3. Results and discussion

and the rate was also used as an indicator. In the control ex-

periments, 5 mL sample of ionic liquid containing no 2-CP 3.1. Sability of ionic liquids

was irradiated for 6 or 12 h for one-time and two-time recy-

cling, respectively. 2-CP was added afterwards to reach an If this application involving the use of ionic liquids as both
initial concentration of 0.40 mM. After taking 0.5 mL sample extractants and photodegradation reaction media is to be fea-
and removing 0.5mL solution, the photodegradation pro- sible, the reaction media must exhibit certain stability upon
cess was continued as in the previous approach for one moreexposure to UV radiatioH NMR, 13C NMR and UV-Vis
hour followed by taking 0.5 mL sample for analysis. The spectrometer were utilized to examine the stability of the
initial reaction rates for 2-CP photodegradation were then ionic liquids under UV-C radiation. Comparison'#i NMR
compared under these conditions (control, 1 cycle, 2 cycles).spectra of [omim*]PFs~} before and after UV-C radiation

All the experiments on recyclability were performed in trip- for 6 h indicated no detectable destruction or any other al-
licate. These experiments were repeated with the duration ofteration of the molecular structure and bonding. When the
photodegradation cycle at 12 h (or 24 h) instead of 6 h as de-treatment time was extended to 96 h, some small extrane-
scribed above. In addition, for comparison, recyclability of ous peaks emerged # NMR spectroscopy. The chemical
the photodegradation process was also tested for water as thehifts of these peaks appear at 2.10, 2.85, 3.49, and 8.01 ppm.

solvent. The intensity of these peaks was enhanced with increasing
treatment time up to 148 h, which indicated the accumulation
2.3. Analysis of these compounds. Howevé?C NMR spectroscopy did

not record any change of the ionic liquid over 148 h of irra-

IH, 13C NMR (Bruker AC-250) and UV-Vis spectrome- diation. This may be due to the presence of such photogen-
ter (Hewlett-Packard 8452A) were employed for examining erated species at concentrations that were too low to be de-
the stability of the ionic liquids. FotH NMR analysis, the  tected by the instrument. It has previously been reported that
samples were dissolved in CDCWith tetramethylsilane  less than 1% conversion of 1,3-dialkylimidazolium-based
(TMS) as the internal standard. Neat ionic liquid samples ionic liquids containing nitrate and chloride anions under
and the internal standard, tetramethylenesulfoxide (TMSO), gamma irradiation could not be observed using Nj2B].
were used fof3C NMR analysis. Neat samples were used We then utilized UV-Vis spectrometer to examine the struc-
for UV-Vis analysis and the path length of the cuvette in ture of the ionic liquidsFigs. 1-3show the absorbance of
which the sample was contained was 1 cm. Quantification of ionic liquids after UV radiation. The results indicate that 1 h
chlorophenols in ionic liquids was carried out using a Series of UV-C irradiation was sufficient enough to cause some
1100 HPLC (Agilent) equipped with a reverse phase amide changes to the ionic liquid solvents. Fibmim* PR~}
column (RP-16 Discovery Supelco) and a UV-Vis Diode with purity of 97%, the absorbance in the region between
Array Detector. Due to the high viscosity of the ionic lig- 250 and 300 nm decreased after 1h of UV radiation, but
uids, the samples were dissolved in HPLC grade acetonitrilein the region between 300 and 400 nm, a new absorbance
prior to injection into the column. The mobile phase used peak emerged, as shownhkig. 1L This new peak decreased
for HPLC analysis was a mixture of acidic water (0.01 N with further radiation. Compared to the absorbance of 98%
sulfuric acid) and acetonitrile. The flow rate of the mobile {[bmim*™]PFs~} not irradiated with UV shown irFig. 2,
phase was in the range of 1.0-1.5 mL/min. Depending on it seems in this case that UV radiation plays a role to pu-
the characteristics of chlorophenols and ionic liquids to be rify the ionic liquids with respect to UV absorbance in the
analyzed, the composition and flow rate of the mobile phaseregion between 250 and 300 nm. Although UV radiation
were optimized for better peak separation. Details of the eliminated some UV absorbing species, newly formed com-
analytical procedures for the quantification of chlorophe- pounds could absorb in a higher wavelength and could be
nols in {[bmim*]PFRs~} and {[emim*]beti} are described  more persistent in the reaction solution. The interaction be-
elsewherd35]. Both Electrospray Q-TOF Il MS (Waters) tween these compounds and 2-CP or other reaction interme-
and HP 6890 series GC-MS (Hewlett-Packard) equipped diates may shift the reaction pathway or inhibit the reaction.
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For {[bmim*]PRs~} and {[emim*]beti} ionic liquids
with 98% purity, the purification effect of UV-C radiation
was not observed. The absorbance in the region between
200 and 400 nm of both ionic liquids increased significantly
after UV-C radiation, as shown iRigs. 2 and 3These re-
sults suggest that 2% of impurities present in these ionic
liquids or even the ionic liquids themselves might undergo
degradation to some extent. This resulted in the formation
of UV-absorbing intermediates. Predictably, the degradation
rate of the probe compounds in these ionic liquids could be
reduced due to the competition of the intermediates with the
compounds on photon absorbance when using the UV-C ir-
radiation source. Combined with the results showRim 1,
these data also indicate that the UV-absorbing impurities
present in the less pure ionic liquid could compete not only
with the probe compounds but also with the ionic liquid
for photon absorption. This competition could result in the
reduction of degradation rate of the probe compounds as
well as the reduction of possible degradation of the ionic
liquid.

3.2. Photodegradation of 2-CP

The HPLC chromatograms iRig. 4 show the decrease

in the height of 2-CP peak with extending irradiation time.
The concentration of remaining 2-CP {fiomim*]PFs~}
versus treatment time is shown kig. 5. Different initial
concentrations of 2-CP were used. In the presence of UV-C
radiation, 2-CP was degraded, while no reaction had taken
place in the absence of UV-C radiation. Reduction in 2-CP
concentration from 1.57 to 0.06 MM was accomplished in
6 h of irradiation. The transformation rate of 2-CP in the
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Fig. 4. HPLC chromatograms showing the photodegradation of 2-CP
(Co = 1.57mM, Ayvy = 2537nm) in {[bmim*]PFRs~} during a 6-h
treatment process.
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Fig. 6. Average photodegradation rate of 2-CK lbmim™]PFRs~} during
Fig. 5. Concentration profiles of 2-CP in water-saturaffismim*]PFs~ } the first 60 min of reaction at different initial concentrations of 2-CP.
in the absence and presence of 253.7 nm radiation during the photolytic
degradation of 2-CP.
sampl€g2]. In previous pulse radiolysis studies dealing with

first hour of the reaction was.4 x 10-2mM min—1. This second-order reactions between gQJ* radicals and chlor-
initial reaction rate decreased t025x 103 and 28 x promazine or between Cg,* radicals and Trolox, the
10~3mM min—! atinitial concentrations of 2-CP of 0.79 and  lower reaction rate constants in ionic liquids compared to
0.40 mM, respectively. The corresponding final 2-CP con- those in water were attributed to the higher viscosity of ionic
centrations after 6 h of irradiation were 0.02 and 0.003 mM, liquids [37,38] Similar effects were also reported in other
respectively. Since the incident photon flux was the same bimolecular photochemical reactions carried out in ionic lig-
in all three cases, the removal efficiency (i.e., % reduction uids[15,18,19] However, in our study, it seems that the vis-
of the initial amount) of 2-CP over 6 h of irradiation was cosity of {[bmim*]PFs~} has little effect, if at all, on the
expected to decrease with an increase in the initial concen-early stage of the phototransformation reaction of 2-CP.
tration. The calculated values at three different initial con-  Fig. 6 shows the effect of initial concentration of 2-CP on
centrations (0.40, 0.79 and 1.57 mM) were 99, 97 and 96%, the initial reaction rate in water-saturatéhmim™ PR~ }.
respectively. In the lower concentration region (less than 1.57 mM),

Under the same experimental conditions, the degradationthe reaction followed a pseudo-first-order degradation pro-
of 2-CP in water-saturated[omim*]PFs~} followed the cess with respect to concentration. When the experiments
same trend as that observed when the contaminant was diswere performed at initial contaminant concentration above
solved directly in the ionic liquid equilibrated with air. The 15.89 mM, the reaction kinetics shifted from the pseudo-
calculation of both initial degradation rate £ 1h) and first-order to zero-order, and a transition zone existed be-
overall removal { = 6 h) of parent compound in water satu- tween the low and high concentration regions. In the low
rated ionic liquid gave the values of2lx 10-2mM min—! concentration region, the amount of photons incident in
and 96%, respectively. These results were approximatelythe photochemical reactor is adequate for the number of
the same as those.pIx 10 2mMmin—! and 97%, respec- 2-CP molecules available to absorb photon energy. The
tively) obtained in air equilibrated ionic liquid, when start- degradation rate is limited by the amount of contaminant
ing with the same initial concentration (1.57 mM). It has molecules available, and increasing the concentration of
been reported that the water conten{jbmim*]PFs~} ex- 2-CP molecules enhances the initial degradation rate. When
posed to air at a relative humidity of 59% for 24h was the initial contaminant concentration is high enough, the
2640 ppm[36], and the water saturateffbmim*]PFs~} degradation rate is limited by the amount of photons inci-
contained B+0.2 wt.% water at 25C [34]. Water has been  dent in the reaction solution. In this region, increasing the
reported to participate in the photodegradation of 2-CP in contaminant concentration has little effect on the degra-
aqueous phage7-30] In this study, the increase of water dation rate. It should also be emphasized that the use of
content in the ionic liquid phase did not show significant high initial contaminant concentration may not only change
effect on the initial reaction rates. However, the water con- the kinetics of the reaction but may also affect the reac-
tent has an influence on the viscosity of the ionic liquids. tion mechanism. Previous studies on photochemistry in
Viscosity measurement indicated that ionic liquids became aqueous solutions have reported that bimolecular and poly-
less viscous with increasing water cont¢®i33]. For ex- molecular reactions are favored in concentrated solutions,
ample, the viscosity of[omim*™]PFs~} is 397 cP, at 25C while in dilute solutions, photochemical reactions follow a
for water-saturated sample and 450 cP, at@3or a dried monomolecular proceg28,39]
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During the preparation of water-saturatg¢fomim™]- the results suggest that the viscosity may not be a critical
PFs~}, the pH of the aqueous phase decreased significantlyparameter in this photodegradation reaction. It should be
from the initial value of 5.8 to 3.0, which suggests the noted that the density dfemimt]oeti} (98%, 1.57 g cm?)
presence of acids as impurities in the ionic liquid. Since is higher than that of[omim*]PFs~} (98%, 1.38 g cm?®).
acids have been employed as catalysts in certain chemicalt is obvious that the chemical composition and physical
reactions such as nitration of benzene and hydrolysis of properties of ionic liquids are significant in investigating
ester, we suspected that such acidic impurities might affectthe reaction and further studies are necessary. As a com-
the photodegradation of 2-CP. To elucidate this, compari- parison to the reaction in the ionic liquids, the degradation
son of the degradation rate of 2-CP {fbmim*]PFs~} in of 2-CP in aqueous solution was also investigated under
the presence and in the absence of acids was carried outthe same experimental conditionSg(= 1.57 mM; Ayy =
Then, 2-CP was added directly into the ionic liquid after 2537 nm, Vo = 4mL). It was found that the degradation
washing and the photodegradation of 2-CP was performedrate of 2-CP in water was similar to those in the transparent
following the same procedure. The experiments revealed {[bmim*]PF~} and{[emim*]beti} (98% purity) samples
that the degradation rate of 2-CP was the same as thatobtained from Covalent Associates. Considering the large
in the ionic liquid without treatment. In addition, UV-Vis difference in viscosity between water (0.8904 cP at@p
spectroscopy showed that the absorbance of the ionic liquidand {[bmim*]PFs~} (450 cP at 25C, dried)[2] and based
before and after water washing was identical. Therefore, on the comparable results obtained on the photodegradation

acid impurities seem not to affect the initial reaction rates.
To investigate the effect of other impurities on the
degradation reaction, 2-CP was dissolved directly in
{[omim*]PFs~} of 98% purity and the degradation ex-
periment was performed following the same procedure.
Although the purity of this ionic liquid is enhanced only
by 1% (i.e., compared to the yellowish one of 97% purity),

rates of 2-CP in these two different solvents, it is sug-
gested that solvent viscosity is not a critical parameter in
this process and that 2-CP phototransformation may pro-
ceed following a monomolecular photochemical pathway,
at least in the early stage of 2-CP transformation. This will
be further discussed in the proposed reaction mechanism.

The decrease of the reaction rate in the less pure

the degradation rate of 2-CP was increased considerably, ag[bmim*]PF~} (yellowish color) may be due to the pres-
illustrated inFig. 7. Although the absorbance of the ionic ence of impurities that could also absorb incident photons,
liquids with higher purity increased after UV-C irradiation competing thus with 2-CP for photon absorption. The im-
as shown inFigs. 2 and 3their absorbance at 253.7nm mediate impact of these impurities on this photochemical
was still less than that of the less pure ionic liquid even process lies has two effects. First, the color is associated
after 12 h of UV-C irradiation. As a result, the competition with substances that absorb in the visible range but never-
of reaction intermediates generated from both the impuri- theless can interfere in the various photochemical reactions
ties and the ionic liquids themselves with 2-CP on photon taking place. In addition, impurities present in such solvents
absorption was relatively weaker and the degradation ratemay alter the reaction mechanism and give unpredictable
was higher. The degradation rate of 2-CRjemim™*]beti} results [14]. Second, other impurities that absorb in the
with the same purity of 98% was slightly slower than UV-C range (i.e., 250-260 nm) will absorb portion of the
that in {[obmim*]PRs~}. Considering that the viscosity incident photon energy and will attenuate the effective
of {[bmim*]PRs~} is 450cP (25C, dried)[2] which is photon flux used by 2-CP and its phototransformation inter-
much higher than that of[emim*]beti} (61cP at 26C), mediates. Therefore, the availability of spectroscopic grade
ionic liquids for studying photochemical reactions in ionic
liquids is of great importance. Moreover, impurities can

e considerably affect the physical properties of ionic liquids.
_ 1a \\ —e— {[bmim‘]PF} (97%) As mentioned before, water can lower the viscosity of the
= R\ —=- {lbm‘_milF’Fs{} after purification ionic liguids. On the other hand, the presence of chloride
= |\ I i =y it impurity makes the solvents more viscq@s33].
3 1o0r \\\\ .- Water High quality ionic liquids incorporating [bmirm] cation
“S o8l \\\ and a variety of anions, such as BPF, [BF4] ~, [CFSGs]
% \\\\\ [CF3COy]~ and [(CRSO,)2N]~ have been reported to
5 06r b be colorless, even though they are not 100% Q4.
§ 04l N The color of less pure ionic liquids generally ranges from
3 N ~ __ yellowish to orange. The formation of the color has been
021 BN ~ r e~ _ attributed to the use of raw materials with color or excessive
0.0 ‘ T, - e — heating during the synthesis of imidazolium 440,41] A
0 60 12%me (mliﬁ‘)’ 240 300 360 number of precautions for synthesis of colorless ionic lig-

uids have been describ§dll], and a procedure for removal
of color from impure ionic liquids using acidic alumina and
activated charcoal has also been propogk). Activated

Fig. 7. Degradation of 2-CP (dissolved directly) in different solvents under
253.7nm UV radiation.
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Fig. 9. Concentration profile of phenol during the photodegradation of
Fig. 8. UV-Vis absorption spectra dffbmimt]PFs~} samples obtained ~ 2-CP in {[bmim*]PFs~} under 253.7nm UV radiation.
under different conditions.

increased, the height of the peaks enhanced and then dimin-
carbon was also used in our work for the purification of ished. The retention time and UV-Vis absorption spectrum
{[bmim*]PFs~} with yellowish color (97% purity) obtained  of one major intermediate corresponded to those of phenol.
from Sachem. After prolonged treatment using activated car- Electrospray TOF MS analysis revealed that a compound
bon, the yellowish color of the ionic liquid faded. The extent with mass to charge valuen(z) of 95 was generated after
of purification achieved using activated carbon treatment UV radiation. GC-MS analysis also indicated the formation
was examined by comparing the UV-Vis spectra of the ionic of a compound witmVz value of 94. The retention time of
liquid prior to and after purification. As presentedriy. 8, this intermediate in the GC-MS column was also the same
significant reduction in the region between 245 and 300 nm as that of phenol standarélig. 9 shows the increase and de-
was achieved after treatment. In addition, removal of most crease of phenol concentration during the photodegradation
impurities that absorb in the visible light was also achieved. of 2-CP. The concentration increased from 0 to 0.12mM
This is consistent with the significant fading of the yellow- after 180 min reaction. Afterwards, the quantity of phenol
ish color after treatment. Considering that the UV radiation decreased, and at the end of the reaction, the concentration
used in this study has a wavelength mainly at 253.7 nm was 0.05 mM. This result suggests that the photo-formation
and based on the results Biig. 8, it was hypothesized that rate of phenol was faster than its photo-degradation rate
higher reaction rates could be achieved after purification of when the parent compound was in abundance. As the reac-
this ionic liquid using activated carbon. The degradation of tion continued, 2-CP was consumed, and the formation rate
2-CP in the purified ionic liquid is also shown Fig. 7. of phenol decreased and became less than its degradation
The results showed that the degradation rate in the purifiedrate. Consequently, phenol concentration profile=ig. 9
{[bmim*]PFs~} is higher than that prior to purification but goes downward after 180 min of reaction. Due to the simul-
still is lower than those in the electrochemical grade ionic taneous degradation of phenol, it is difficult to calculate the
liquids (98% purity, colorless) and water. These results amount of 2-CP transformed to this compound. Some low
along with those ofFig. 8 suggest that certain impurities molecular weight compounds could not be identified. High
could not be removed with the activated carbon purification molecular weight compounds other thafpbmim*]PFRs~}
step and that these impurities inhibited the photodegradationwere also observed, but could not be identified. It is also
of 2-CP. possible that some of these compounds may result from

Oxygen was found to have no significant influence on the impurities originally present in the ionic liquid.

photo-transformation of 2-CP. The degradation rates of 2-CP  Phenol has been previously identified as minor product
under aerobic and anoxic conditions were approximately in the photolysis of 2-CP in dilute aqueous solutions of
the same. This is in agreement with results reported in a pre-the surfactants polyoxyethylene lauryl ether and sodium
vious study where neither the quantum yields nor product dodecy! sulfate alkaline where the surfactants behaved as
distribution was affected by the presence of oxy[8i. As H-donors for the transformation of 2-CP to phené2].
depicted inFig. 4, HPLC chromatographs revealed the for- The major products identified were cyclopentadiene car-
mation of new peaks after 60 min of UV irradiation. These boxylic acid and catechol. However, when concentrated
peaks were not observed when irradiating neat ionic liquids surfactant solutions (above their critical micellar concentra-
suggesting that they are associated with intermediates origi-tion) were used, phenol was the only product. Both C-Cl
nated from the parent contaminant (2-CP). As treatment time homolysis and triplet carbene mechanism were proposed
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for the product formation. In the same study, photolysis
of 2-CP in dimethoxyethane, cyclohexane, hexane and
methanol also generated pheifdi?]. The formation of car-
bene 2-oxocyclohexa-3,5-dienylidene has been observed i
laser flash photolysis of 2-bromopheridB]. The involve-

ment of carbene 4-oxocyclohexa-2,5-dienylidene has also Usi h | ohotod dati f 2 4-DCP
been proven in the photolysis of 4-CP in aqueous phase sing the same protocol, photodegradation of 2,4- '

- . iitpmim™ -

[44-46] In water, in the absence of H source, phenol was 2,4,6-TCP, 2’_3’4’5 TeCP an_d PCP{iipmim "]PFs "~} was

not observed, and the major photolysis products of 2-CP performed. S|m|lar_ degrgd_atmn trends_, to th_at of 2-CP were
were cyclopentadiene carboxylic acid and cate¢a6+30] observed. As depicted iffig. 10 starting with the same

In our system, these two products were not observed TWOinitiaI concentration (1.57 mM), the transformation rate of
possible pathways may result in the formation of phenol in chlorophenols decreases as the number of chlorines on the

the ionic liquids. One pathway involves homolytic dissoci- pgg_n_ohc rlpg r|]r|1cr_eases; W't:: except|_on f?r f),4,6-1f’CP.dThe
ation of chlorine from 2-CP excited state, which resulted & ition of ¢ orme_atom as previously ‘been foun to
in the formation of phenoxyl radical. This radical could reduce the degradation rate of chlorophenols, but, in some
abstract a hydrogen atom from an H donor and form phe- cases, the position of chlorine substituent exhibited domi-
nol as shown inScheme 1C—Cl bond may also undergo nant effect and a reverse order could be obta[Ad&tl In this
heterolytic dissociation to form triplet carbene that reacts study, it seems tha_mrtho-substltuent on the phenollc_rlng
with the H donor to give phenol. Singlet carbene has also enhanced the activity of chloroph_enols toward UV r_a_d|at|0n.
been reported to be involved in the photodegradation of Consgquently_, for2,4,§-TCP, which has targho posmons_
ortho-substituted halophenol§$2,43] This carbene can subsututed_wnh chlorlng atoms, the photq—transformatmn
produce ketene via a Wolff rearrangement to form triplet 'rate was higher. A capillary eIectrophor_etlg St.UdY of the
carbene via intersystem cross. Ketene can undergo furthegnteracgons} be;weherll hﬁlopr:gnols an(:hgnlc It;qwds dsug—
photolysis to yield cyclopentadienyl carbene in the absence_geStSt _at, or the 12lophenal ISOMers, NEno-Sut st|tute_

of a good nucelophile. Subsequent reaction of this carbene!SOMer IS more affm'tlve to the dialkylimidazolium cation
can result in the formation of other produgé2]. In our of the ionic liquid than thepara one [48]. The stronger

system, the evidence of ketene formation has not been obinteraction may be associated to the activation effect on
served. However, this possibility can not be excluded. As chlorophenols with respect to photo-transformation. If this

can be seen, the formation of both phenolic radical and is possible, the degradation rate of 4-CP in the ionic lig-
carbene involves only the excitation of 2-CP, which is not uid should be lower than that of 2-CP. We thus conducted

limited by the viscosity of the environment. In the final step experiments 1o study thg photodegradation of 4-CP. It was
to form phenol, the interaction between the active speciesfound that the degradatlpn rate of 4-CP was lower thgn
and the H-donor can be diffusion controlled and affected that of Z'C_P' Although _th's result supports.our hypothe5|§,
by the solvent properties as well as the concentration of more stu_dles are required to fl_thher eluqdate t_he details
the reactants. In a previous photochemical study, it was of such interaction and how this interaction activates the
found that an alkyl chain H atom of imidazolium-based chlorophenols.

ionic liquid cations could be abstracted by the triplet ex-

cited state of benzophenoii&6]. In our study, [bmint] 3.4. Recycling of {[bmim*™]PFg~} (Sachem)

may have the same behavior in phenol formation during

the photo-transformation of 2-CP. However, this step may Compared to the ionic liquid sample used as obtained
be diffusion controlled and will be influenced by solvent from the manufacturer, the degradation rate of 2-CP was
viscosity. slower in recycle samples. Moreover, the degradation rate

Fig. 10. Comparison of the photo-degradation rates under 253.7 nm radi-
ation of different chlorophenols ifilbmim™]PRs~} equilibrated with air.

33 Photodegradation of other chlorophenols
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T 4 Recycled once (control) reactions follow pseudo-first-order kinetics. Phenol was

$ oot | 7 Eggg:gg wwice (controh 1 found to be among the stable photo-transformation prod-

;D ¢ Recycled twice ucts of 2-CP in{[bmim*]PFs~}. Both the formation of

g 0.000 ) ) ) phenoxyl radical and carbene may lead to phenol, while

z 0 _ o 2 the ionic liquid may act as H-donor. Increasing the num-

Time of recycling ber of chlorines on the aromatic ring generally resulted

Fig. 11. Effect of recycling of{[bmim*]PFs~} on the average pho- N a.decrease in the photo—transfqrmayon rr';\t'es, with ex-
todegradation rate of 2-CP during the first 60 min. ception of 2,4,6-TCP. UV absorbing impurities present

in less pure ionic liquid samples significantly lower the

photo-degradation rate of chlorophenols. On the other hand,
decreased as the number of recycles increased, as illustratethe competition between these impurities and the ionic lig-
in Fig. 11 This could be attributed to the formation of degra- uid for photon adsorption to some extent protect the ionic
dation intermediates of 2-CP that are resistant to UV-C radi- liquid from photolysis and enhanced the stability of the
ation. Although 99% of 2-CP was transformed over 360 min, solvent. Although the ionic liquids tested in this study may
reaction intermediates were still persistent in the ionic liquid also be affected by UV-C radiation, their stability is ex-
and competed with 2-CP for photon adsorption. The results pected to be larger than that of volatile organic compounds.
obtained from the control experiments supported this hy- Use of longer wavelength radiation (i.e., UV-B or UV-A)
pothesis. The degradation rate of 2-CP decreased also in thenay help to destroy some organic impurities or reaction
control experiments, but the decrease was less than that obbyproducts that absorb in this range and could minimize
tained in the recycling experiments. In the case of the control photochemical degradation of the ionic liquid solvents.
experiments, the decrease in the degradation rate of 2-CPWhile we were preparing this manuscript, a published
could be attributed to the formation of intermediate com- study demonstrates that the toxic aspedf{bmim* PR~}
pounds from the impurities originally present in the ionic needs to be carefully investigated due to the formation of
liquid or even from the ionic liquid. Such intermediate com- its decomposition product, 1-butyl-3-methylimidazolium
pounds could absorb more in the UV region or they could fluoride hydrate, during the purification of the ionic liquid
interact with 2-CP or other reaction intermediates and shift and possible formation of toxic product HE9]. In our
the reaction pathway or inhibit the degradation rate of 2-CP. study, although the photodegradation of chlorophenols in
Further experimental results presented later in this work sug-the ionic liquids is feasible, the application of this process
gest the latter effect may more likely contribute to the reduc- for environmental remediation purpose certainly requires
tion of the reaction rate. Therefore, the combined effects of the use of ionic liquids that will give no harmful or accept-
intermediates originated from different sources contributed able impact on the environment. In any case, synthesis of
to lowering the degradation rate of 2-CP with time. As a environmentally friendly task-specific ionic liquids that are
comparison, recycling experiments using water as the sol-resistant to UV photolysis or harsh oxidation conditions
vent were also conducted following the same protocol. The could improve the applicability for such solvents in this
degradation rates of 2-CP for the control experiments were process.
the same as expected since pure water is transparent to UV. After further study, improvement, and optimization, the
Similar trend of decreasing rates was observed during theapproach presented in this study could be further developed
recycling experiments, although this decrease was less tharinto a two-step process for the remediation of solid ma-
that in the ionic liquid due to the higher degradation rate in trices, such as soils and dredged sediments, contaminated
water as mentioned before. To test the hypothesis if prolongwith recalcitrant hydrophobic organic impurities. AlNashef
treatment time could reduce the concentration of photogen-et al. [50] reported that stable superoxide ion could be
erated intermediate products and thus enhance the recyclagenerated electrochemically in ionic liquids in the absence
bility of ionic liquids, a following recycling experiment was  of impurities and water, and suggested that the superoxide
performed in which the treatment time increased from 6 to ion could be used to degrade halogen—carbon compounds.
12 or 24 h during each cycle. The results indicated that, in- In a similar approach, UV-based photolysis may provide
stead of increasing, the degradation rate slightly decreasedanother technology to degrade these compounds. Conven-
This suggests that extended treatment could generate highetional liquid-liquid or liquid—solid extraction technologies
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currently used to remove the pollutants from water or sedi-
ments involve the use of toxic and flammable VOCs, which

are the source of major environmental problems and con-

tamination of water, soil and air. The use of ionic liquids

may be a promising alternative to VOCs assuming that the

cost of ionic liquids will be reduced in the future when larger

quantities are produced and such compounds proved to have

no or minimal toxicity. In addition and after proper selection
of the UV wavelength, this technology can be used to elim-
inate a variety of organic impurities and byproducts from

contaminated ionic liquids during several chemical and en-
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