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Degradation of five methylimida-
zolium ionic liquids (ILs) was studied.
Degradation of the ILs can be
described by the second order
kinetic model.
A number of intermediates were
identified and the degradation path-
ways were suggested.
Ultrasonic nanoscale zero-valent
iron/H2O2 is effective for the ILs
degradation.
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a b s t r a c t

Fenton and Fenton-like oxidation has been already demonstrated to be efficient for the degradation of imi-
dazolium ionic liquids (ILs), but little is known for their degradation pathway and kinetics in such systems.
In this work, degradation pathway and kinetics of 1-alkyl-3-methylimidazolium bromides ([Cnmim]Br,
n = 2, 4, 6, 8, and 10) were investigated in an ultrasound nanoscale zero-valent iron/hydrogen peroxide
(US-nZVI/H2O2) system. For this purpose, 1-butyl-3-methylimidazolium bromide ([C4mim]Br) was used
as a representative ionic liquid to optimize pH value, nZVI dose, and H2O2 concentration for the degrada-
tion reaction. Then, the degradation kinetics of [Cnmim]Br was investigated under optimal conditions, and
their degradation intermediates were monitored by gas chromatography-mass spectrometry (GC–MS).
anoscale zero-valent iron
ydrogen peroxide
ltrasound

It was shown that the degradation of [Cnmim]Br in such a heterogeneous Fenton-like system could be
described by a second order kinetic model, and a number of intermediate products were detected. Based
on these intermediate products, detailed pathways were proposed for the degradation of [Cnmim]Br in
the ultrasound-assisted nZVI/H2O2 system. These findings may be useful for the better understanding of
degradation mechanism of the imidazolium ILs in aqueous solutions.

© 2014 Elsevier B.V. All rights reserved.
∗ Corresponding author. Tel.: +86 373 3325805; fax: +86 373 3326445.
E-mail address: jwang@henannu.edu.cn (J. Wang).
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1. Introduction

Ionic liquids (ILs) are usually composed of an inorganic or

organic anion and an asymmetric bulky organic cation like alkylim-
idazolium, alkylpyridinium, alkylpyrrolidinium, morpholinium, or
piperidinium. Due to the unique physical and chemical prop-
erties such as extremely low vapor pressure, wide liquid-state
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emperature range, and good thermal and chemical stability, ILs
re considered as a new class of environmental-friendly solvents
ollowing supercritical fluids and aqueous two-phase systems, and
how a good prospect in synthesis chemistry, catalysis reactions,
lectrochemistry, separation, and purification science [1–3]. How-
ver, with the development of ILs, scientists gradually realized that
he green characteristic of ILs is controversial. It has been found
hat most of the ILs reported up to now is toxic and corrosive,
nd ecotoxicity of some ILs is even higher than that of traditional
rganic solvents [4–6]. Consequently, study on the removal of ILs
rom aqueous solutions is of great significance.

Current studies have shown that the majority of ILs, especially
he most commonly used imidazolium salts, was stable and highly
esistant to biodegradation [7–11]. By contrast, chemical degrada-
ion can offer an efficient way to conquer the chemical and thermal
tability of ILs. In recent years, therefore, advanced oxidation meth-
ds have been used for the degradation of ILs, such as UV irradiation,
V/H2O2, UV/TiO2 [12], ultrasound-H2O2/CH3COOH [13], Fenton
nd Fenton-like reagent [14–17] and so on. Among these methods,
enton and Fenton-like processes are believed to be efficient and
eliable for the degradation of ILs.

Fenton oxidation using hydrogen peroxide as oxidant and iron
alts as catalyst can result in the generation of hydroxyl radicals
•OH), which are powerful but relatively non selective oxidizing
gent and can oxidize many organic contaminants rapidly [18,19].
enton reaction is usually modified for environmental application
14–16,20], and the modified Fenton reaction (Fenton-like reac-
ion) is more vigorous than the standard Fenton system.

The use of homogeneous Fenton-like processes (H2O2/Fe3+)
as studied by Siedlecka et al. [15–17,21] for the degrada-

ion of 1-butyl-3-methylimidazolium chloride ([C4mim]Cl),
-butyl-3-methylimidazolium trifluoromethanesulfonate
[C4mim][CF3SO3]), 1-butyl-3-methylimidazolium tricyan-

ethide ([C4mim][C(CN)3], 1-hexyl-3-methylimidazolium
hloride ([C6mim]Cl), and 1-octyl-3-methylimidazolium chlo-
ide ([C8mim]Cl) in water. It was found that the reaction rate for
C4mim]+ degradation was influenced by the anions in the order:
l− > C(CN)3

− > CF3SO3
−, and by using 1 mmol L−1 of Fe(III) and

00 mmol L−1 of H2O2, the degradation efficiency was 97%, 88%,
nd 68%, respectively, for [C4mim]Cl, [C6mim]Cl, and [C8mim]Cl
uring 90 min of degradation reaction. Investigations of the degra-
ation process revealed that the oxidation rate of the imidazolium

Ls by •OH was structure related, and the level of degradation was
ependent on the alkyl chain length. Despite the high degradation
fficiency reported in the literatures, it is surprising to find that
egradation pathway and kinetics of ILs are poorly understood in
enton and Fenton-like systems.

In addition, although these processes have been effective in
egradation of environmental pollutants, a large amounts of
ludge-containing iron has to be produced, which weakens their
pplications [22–24]. To overcome the disadvantages of homoge-
eous Fenton and Fenton-like processes, and to consider also the
ossibility of catalyst recovery, heterogeneous Fenton-like systems
sing iron supported catalysts have been developed [23–26]. It was
hown that zero-valent iron and hydrogen peroxide (ZVI/H2O2)
ould be considered as an effective alternative system for the treat-
ent of some organic pollutants. In the heterogeneous system of

VI/H2O2, ZVI can induce the Fenton reaction as follows:

e0 + 2H+ → Fe2+ + H2 (1)

e2+ + H2O2 → Fe3+ + •OH + OH− (2)

3+ 0 2+
Fe + Fe → 3Fe (3)

In acidic condition, the surface of ZVI is easy to be corroded to
enerate Fe2+ and hydrogen gas (Eq. (1)), and the Fe3+ produced
n this system (Eq. (2)) can be reduced into Fe2+ by zero-valent
Materials 284 (2015) 241–252

iron metal (Eq. (3)). The reagents used in ZVI/H2O2 heterogeneous
system are safe to handle and the process is environmentally benign
[23,25].

It is reported that nanoscale zero-valent iron (nZVI) exhibits
greater reactivity than micro-sized particles of ZVI. Because of
its large surface area and low diffusion resistance, nZVI is more
efficient for the acceleration of Fenton-like reactions than the
conventional heterogeneous catalysts [27–29]. Under acidic condi-
tions, nZVI together with H2O2 is able to produce reactive species
similar to those in Fenton system, and to form a heterogeneous
Fenton-like system. Additionally, it is well known that ultrasound
(US) is a form of energy and can be used to generate cavitation
microbubbles and radical reactions. Introduction of US can signif-
icantly improve pollutants degradation in Fenton and Fenton-like
reaction systems [30,31]. Therefore, it is expected that the degrada-
tion of IL wastewater would be effective in an ultrasound-assisted
nZVI/H2O2 system.

In this work, we focus our attention on the degradation pathway
and kinetics of the commonly used imidazolium ILs in ultrasound
nanoscale zero-valent iron/hydrogen peroxide (US-nZVI/H2O2)
systems. Here, the ILs of 1-alkyl-3-methylimidazolium bromides
([Cnmim]Br, n = 2, 4, 6, 8, and 10) have been chosen for the
degradation investigations. This consideration makes it possible
to examine the effects of alkyl chain length on the degradation
pathway and kinetics of such ILs in aqueous solutions. From a
detailed kinetic and degradation intermediate study, important
results have been found for the understanding of imidazolium ILs
degradation.

2. Materials and methods

2.1. Chemicals and reagents

The ILs used in this work were as follows: 1-
ethyl-3-methylimidazolium bromide ([C2mim]Br),
1-butyl-3-methylimidazolium bromide ([C4mim]Br),
1-hexyl-3-methylimidazolium bromide ([C6mim]Br), 1-
octyl-3-methylimidazolium bromide ([C8mim]Br), and
1-decyl-3-methylimidazolium bromide ([C10mim]Br). All the
ILs (purity > 99%) were provided by Key Laboratory of Green
Chemical Media and Reactions, Henan Normal University, and
used without further purification. Stock solutions of [Cnmim]Br
(25 mmol L−1) were prepared in water purified from a Milli-Q
apparatus (Millipore, Co., USA) and then stored at 4 ◦C.

nZVI powders (polycrystalline nano-iron with a face-centered
cubic structure, purity 99%) with a claimed average particle size of
around 20 nm were purchased from Qinhuangdao Taiji Ring Nano
Products Co., Ltd. (Qinhuangdao, China). The nZVI was character-
ized with an environmental scanning electron microscope (ESEM,
Quanta 650 FEG, FEI, USA) and an energy dispersive X-ray spec-
trometer (EDX, Genesis Apex 2, EDAX, USA). Reductive iron powder
of zero-valent iron (99%, 325 mesh) was from Beijing Chemi-
cal Reagent Co., Ltd. (Beijing, China), and 30% hydrogen peroxide
was from Haohua Chemical Reagent Co., Ltd. (Luoyang, China).
Methanol and acetonitrile (LC grade) were from Kermal Chemical
Reagent Development Center (Tianjin, China). Ethyl acetate, ben-
zene, ether, potassium dihydrogen phosphate, and triethylamine
(analytical reagent grade) were acquired from Beijing Chemical
Factory (Beijing, China).

2.2. Degradation experiments
All the degradation experiments were conducted in a flask
(50 mL) placed in a KQ-300GVDV ultrasonic cleaner (300 W,
45 kHz, or 80 kHz, Kunshan Ultrasonic Instrument Co., Ltd., China).
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Fig. 1. SEM micrographs of the nZVI: (a),

hen ultrasonic irradiation was not employed, the degradation
xperiments were carried out in a commonly used temperature
ontrolling apparatus with a magnetic stirrer. Reaction mixture
as prepared by the addition of 25 mL of [Cnmim]Br sample

2.0 mmol L−1) and appropriate quantity of nZVI particles in the
ask, and the pH of the mixture was adjusted to 3.0. The reaction
as started with the addition of a given amount of H2O2. Samples
ere collected from the flask by a 0.45-�m-pore-size membrane

yringe filter (Shanghai Anpel Scientific Instrument Co., Ltd.) after
arious reaction times, and immediately quenched with 0.2 mL of
ethanol. The degradation reaction was carried out at 30 ◦C and

topped at the reaction time of 120 min.

.3. Analytical procedures

.3.1. HPLC analysis
The concentrations of [Cnmim]Br and hydrogen peroxide were

etermined by means of a high-performance liquid chromatogra-
hy (HPLC, Waters Series 1525, USA) equipped with a Symmetry
-18 column (150 × 4.6 mm, 5 �m) and an UV/VIS variable wave-

ength detector at 212 nm, and the column temperature was
aintained at 30 ◦C. Samples were analyzed at a flow rate of

.8 mL min−1 and the injection volume was 10 �L. The mixture
f methanol (35%, v/v) with 25 mmol L−1 of phosphate buffer
KH2PO4/H3PO4) in 0.5% triethylamine (pH 3.0) was used as the

obile phase for the analysis of [Cnmim]Br (n = 2, 4, and 6)
nd hydrogen peroxide, while the mixture of acetonitrile (35%,
/v) with 25 mmol L−1 of phosphate buffer (KH2PO4/H3PO4) in
.5% triethylamine (pH 3.0) was used as the mobile phase for
he analysis of [C8mim]Br and [C10mim]Br [32]. Each sample
as measured in triplicate, and then the average value was

iven.

.3.2. GC–MS analysis
The mixture of degradation reaction was extracted with a

ixed solvent of benzene/ethyl acetate/ether (2:2:1) and analyzed
y GC–MS (Agilent 6890/5973N series, USA) for the identifica-
ion of degradation products of [Cnmim]Br. The optimal detection
onditions are as follows: Agilent capillary column, HP-5 ms
30 m × 0.25 mm × 0.25 �m); carrier gas, He (1.0 mL min−1); tem-
erature program, column oven temperature, 43 ◦C; heating rate,
0 ◦C min−1; final temperature, 250 ◦C; injection temperature,

50 ◦C; injection mode, splitless; injected sample volume, 2 �L;
S detector, ionization mode, EI (70 eV); ion source tempera-

ure, 230 ◦C; interface temperature, 270 ◦C; scan mode, full scan
14 m/z–310 m/z).
reaction; and (b), after 120 min reaction.

3. Results and discussion

3.1. Characterization of the nZVI

Surface morphology and composition of the nZVI particles
were investigated by SEM-EDX before and after the heterogeneous
Fenton-like reaction. As shown in Fig. 1a, the nanoscale iron was
composed of spherical particles, and most of them had diame-
ters in the range of 10–120 nm. After 120 min reaction, a flake-like
structure was observed and most of the particles surface was cov-
ered with a certain scale cluster (Fig. 1b). EDX results showed that
before the reaction, element composition of the iron particles was
98.6 wt% of iron and 1.4 wt% of oxygen, whereas 95.7 wt% of iron and
4.3 wt% of oxygen were observed after the reaction. This demon-
strated that the original iron surface was oxygenated at a very small
scale, and after the reaction iron oxide layer was formed by adopt-
ing a certain amount of oxygen on the nZVI surface. Although we
could not identify the iron oxide species, previous studies reported
that in the presence of oxygen, lepidocrocite (�-FeOOH) with a
flake-like structure was formed as the first iron corrosion product
[25,29,33].

3.2. Effect of operational parameters on the degradation of
[C4mim]Br

Here, [C4mim]Br was used as a model IL to optimize the degra-
dation reaction conditions of the ILs at 30 ◦C, such as initial pH value,
nZVI dosage and H2O2 concentration.

3.2.1. Effect of pH value
It has been proved that solution pH value is one of the impor-

tant factors influencing the Fenton-like process in the removal of
organic pollutants. Thus, the influence of initial solution pH value
on the degradation efficiency of [C4mim]Br by nZVI/H2O2 was
investigated at five different pH values of 3.0, 4.0, 5.0, 6.0, and 7.0.
The result depicted in Fig. 2a showed that degradation efficiency
of [C4mim]Br increased with the decrease of solution pH value,
and the best degradation degree (90.8%) was achieved at pH 3.0
within 120 min reaction. This trend is in agreement with previous
reports for heterogeneous Fenton-like system: acidic condition is
conducive to the increase of Fe2+ concentration and the genera-
tion of OH radical (Eqs. (1) and (2)) during ultrasonic irradiation
[30,31]. The decreased degradation efficiency at higher pH values

can be ascribed to the decomposition of H2O2, the lower oxidation
potential of OH radical, and the deactivation of the catalyst with
the formation of Fe3+-hydroxo complexes in the solution, which
greatly prevents the production of OH radical [15,23,24].
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ig. 2. Effect of operating parameters on the degradation of [C4mim]Br in US-nZ
arameters were fixed at [IL] = 2.0 mmol L−1, [nZVI] = 0.25 g L−1, [H2O2] = 60 mmol L−

.2.2. Effect of nZVI dosage
To clarify the effect of nZVI dosage on the degradation

f [C4mim]Br, the measurements were carried out at pH 3.0,
0 mmol L−1 of H2O2 and four initial concentrations of nZVI: 0.125,
.25, 0.50, and 1.0 (g L−1). It can be seen from Fig. 2b that at a given
eaction time, degradation efficiency increased with the increase
f nZVI content. When nZVI content was increased from 0.125
o 0.25 g L−1, the degradation efficiency of [C4mim]Br at 120 min
ncreased from 75.1% to 90.8%. This is owing to the increased fresh
urface of iron available for H2O2 decomposition, which led to the
roduction of more reactive oxidants such as •OH [29]. As nZVI dose
as increased to 0.50 g L−1 and 1.0 g L−1, the degradation efficiency

nly increased slightly to 91.6% and 92.1%, respectively. This indi-
ated that using 0.25 g L−1 of nZVI, the degradation efficiency was
o longer significantly enhanced by superfluous fresh iron surface.
herefore, the optimum nZVI dosage of 0.25 g L−1 was used in the
ext experiments.

.2.3. Effect of H2O2 concentration
The effect of H2O2 concentration on the degradation of

C4mim]Br was investigated over the concentration range from 20
o 100 mmol L−1 at pH 3.0 and 0.25 g L−1 of nZVI dose. The results
hown in Fig. 2c indicated that with the increase of H2O2 con-
entrations from 20 to 100 mmol L−1, the degradation efficiency of
C4mim]Br first increased and then decreased, and the maximum
egradation efficiency was observed at 60 mmol L−1 of H2O2. This
rend can be rationalized by the fact that at low concentration, H2O2
ould not generate enough hydroxyl radicals, and thus the degra-
ation efficiency and degradation rate of [C4mim]Br were logically
ow. At the H2O2 concentration of 60 mmol L−1, the degradation
ppeared to be most effective because more hydroxyl radicals
ight be formed. However, at higher concentrations of H2O2, the

resence of excess H2O2 induced a decrease of the degradation
O2 system at 30 ◦C: (a), pH; (b), nZVI dosage; (c), H2O2 concentration. The other
3.0 and ultrasound frequency = 45 kHz.

efficiency due to the competition of H2O2 with the IL for •OH. The
reaction can be described by the equation:

H2O2 + •OH → HO2
•/O2

•− + H2O (4)

Although other radicals such as HO2
• and O2

•− were also gener-
ated in this system, they are much less reactive than •OH and may
be neglected [24,25,29,34]. Thus, 60 mmol L−1 H2O2 was selected
for the efficient degradation of [C4mim]Br.

In addition, we determined H2O2 concentrations after 120 min
degradation of [C4mim]Br by means of HPLC at different initial con-
centrations of H2O2. It was found that the H2O2 concentrations after
120 min degradation were 14.2, 18.7, 16.9, and 20.5 mmol L−1 at the
initial H2O2 concentrations of 20, 40, 60, and 80 mmol L−1, respec-
tively. This indicated that during the process of IL degradation, the
higher the initial H2O2 concentration, the faster the H2O2 decom-
position, and the concentration of residual H2O2 was at a similar
level. In fact, the residual hydrogen peroxide after reaction can be
removed by heating after being adjusted to alkalinity.

3.2.4. Effect of ultrasonic irradiation
The effect of ultrasonic irradiation on the degradation of

[C4mim]Br was also studied under the condition: pH 3.0,
60 mmol L−1 of H2O2 and 0.25 g L−1 of nZVI. The experiments were
performed by changing the frequency of ultrasonic irradiation
or without ultrasonic treatment, and the results were presented
in Fig. 3. It can be seen that [C4mim]Br could be degraded in
nZVI/H2O2 (without US) system and the degradation efficiency
was about 46% within 120 min reaction. As ultrasonic irradiation
was introduced in the nZVI/H2O2 system, the degradation effi-

ciency of [C4mim]Br was enhanced, and 90.8% of [C4mim]Br was
degraded at 45 kHz. It was reported that ultrasonic irradiation
was able to completely destroy highly stable organic molecules
by inducing chemical effects through the formation of cavitation
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Fig. 5. The linear correlation between �t /[C0(1 − �t )] and reaction time for
ig. 3. Effect of ultrasonic frequency on the degradation of [C4mim]Br in
S-nZVI/H2O2 system under the experimental conditions: [IL] = 2.0 mmol L−1,

nZVI] = 0.25 g L−1, [H2O2] = 60 mmol L−1, pH 3.0 and T = 30 ◦C.

icrobubbles to produce a localized and transient high temper-
ture and pressure [13,35]. The presence of ultrasonic irradiation
ot only improved mass transfer significantly, but also activated
urface reaction in a heterogeneous system by the generated shock
ave which could enhance dissolution of Fe2+ from iron surface and

ccelerate the decomposition of organic pollutants [31]. Our exper-
mental result showed that ultrasonic treatment alone (45 kHz,

ithout nZVI/H2O2) did not have any effect on the degradation of
C4mim]+ [36]. It can be seen from Fig. 3 that the degradation effi-
iency of [C4mim]Br in US-nZVI/H2O2 was much greater than the
um of degradation efficiency in US and nZVI/H2O2 systems. This
ndicated that ultrasonic irradiation could stimulate Fenton-like
eaction and a synergistic effect was obtained for the degradation
f [C4mim]Br.

The influence of ultrasound frequency upon [C4mim]Br degra-
ation was examined, and the result was also shown in Fig. 3. It

s noted that the degradation efficiency of [C4mim]Br was much
igher at 45 kHz than at 80 kHz, indicating that lower frequency
as more conducive to the degradation of [C4mim]Br. The possible

eason is that with the increase of ultrasonic frequency, the inten-
ity of cavitation decreased [37,38], which was less effective for the
egradation of [C4mim]Br.
.2.5. Comparison of nZVI and ZVI
Finally, a comparison of nZVI with ZVI was made by using

0 mmol L−1 of H2O2 and 0.25 g L−1 of nZVI or ZVI. At the
ame time, the degradation experiments of [C4mim]Br were also

ig. 4. Comparison of nZVI and ZVI on the degradation of [C4mim]Br under the
xperimental conditions: [IL] = 2.0 mmol L−1, [nZVI] = 0.25 g L−1, [ZVI] = 0.25 g L−1,
H2O2] = 60 mmol L−1, pH 3.0, ultrasound frequency = 45 kHz and T = 30 ◦C.
the second-order degradation kinetics of [C4mim]Br in US-nZVI/H2O2 system:
[IL] = 2.0 mmol L−1, [nZVI] = 0.25 g L−1, [H2O2] = 60 mmol L−1, pH 3.0, ultrasound fre-
quency = 45 kHz and T = 30 ◦C.

conducted only with 0.25 g L−1 of nZVI or 60 mmol L−1 of H2O2. All
the experiments were ultrasound-assisted at 45 kHz and carried
out at pH 3.0. As shown in Fig. 4, [C4mim]Br was hardly degraded in
the US-nZVI (without oxidant) and US-H2O2 (without catalyst) sys-
tems, and only 12% and 16% of degradation efficiency was obtained,
respectively. Although US-ZVI/H2O2 system was capable of degrad-
ing [C4mim]Br, the degradation efficiency was only about 50%. Once
nZVI was presented in US-H2O2 system, the degradation efficiency
was remarkably increased. Thus it is appropriate to conclude that
the size of iron particles played an important role in this hetero-
geneous Fenton-like process. The smaller the particle, the more
active it was. Compared with the micro-size iron powders (325
mesh of ZVI, average diameter of 45 �m), nZVI showed a signifi-
cantly higher catalytic activity because of its large specific surface
where catalytically active sites were greatly exposed [28,39].

3.3. The degradation reaction kinetics of [Cnmim]Br

The reaction kinetic data for the degradation of [C4mim]Br at
30 ◦C, shown in Fig. 2b and c, were analyzed by the kinetic equations
with different reaction orders including zero-, first-, second- and
third- order. It was found that the best fitting was the second-order
kinetic model. Therefore, the degradation process of [C4mim]Br
would be described by the equation:

�t/[C0(1 − ˛t)] = k2t (5)

where �t is the degradation degree of [C4mim]Br at t reaction time
and can be expressed by �t = (C0−Ct)/C0, C0 is the initial concentra-
tion of the IL, Ct is the IL concentration at t reaction time, and k2 is
the apparent rate constant for the degradation of [C4mim]Br. Fig. 5
shows the linear relationship between �t/[C0(1 − �t)] and reaction
time (with a correlation coefficient of 0.995) at the initial concen-
trations of 0.25 g L−1 of nZVI and 60 mmol L−1 of H2O2. It is clear
that the k2 value can be determined from slope of the linear plot
of �t/[C0(1 − �t)] against t. Thus obtained k2 value of [C4mim]Br by
using a linear least-square analysis was included in Table 1. The k2
values for the degradation of [C4mim]Br at the other initial concen-
trations of nZVI and H2O2 were calculated in the same way, and the
results were also included in Table 1.

The data of apparent rate constants shown in Table 1 can be

used to examine the effect of different initial concentrations of
nZVI and H2O2 on the degradation reaction rate of [C4mim]Br in
US-nZVI/H2O2 system under the given reaction conditions. It can
be seen from Table 1 that nZVI dosage influenced the degradation
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Table 1
The second order rate constants for the degradation reaction of [Cnmim]Br in US-nZVI/H2O2system at 30 ◦C.a

IL nZVI dose (g L−1) H2O2 concentration (mmol L−1) k2 (L mmol−1 min−1) R2

[C2mim]Br 0.25 60 0.0511 0.962

[C4mim]Br 0.25 60 0.0415 0.990
0.50 60 0.0456 0.989
1.0 60 0.0482 0.997
0.25 20 0.0088 0.957
0.25 40 0.0269 0.975
0.25 80 0.0211 0.948
0.25 100 0.0198 0.962

[C6mim]Br 0.25 60 0.0179 0.990

[C8mim]Br 0.25 60 0.0147 0.949

z.
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w
1
T
t
[

t
t

T
T

[C10mim]Br 0.25 60

a Experimental conditions: [IL] = 2.0 mmol L, pH 3.0, ultrasonic frequency = 45 kH

ate of [C4mim]Br to a small extent. For example, when nZVI dosage
as increased from 0.25 to 1.0 g L−1, the k2 values only increased

rom 0.0415 to 0.0482 L mmol−1 min−1 at the initial H2O2 con-
entration of 60 mmol L−1. However, the initial concentration of
2O2 was found to have a significant influence. At a given nZVI
osage of 0.25 g L−1, the apparent rate constants increased from
.0088 to 0.0415, and then decreased to 0.0198 L mmol−1 min−1

ith the increase of the initial H2O2 concentrations from 20 to
00 mmol L−1, and a maximum value was observed at 60 mmol L−1.
hese trends were in agreement with those of the initial concen-
ration effects of nZVI and H2O2 in the degradation efficiency of

C4mim]Br discussed before.

[Cnmim]Br (n = 2, 6, 8, and 10) were also degraded to study
he degradation reaction kinetics of the imidazolium ILs under
he above optimal experimental conditions, and the results were

able 2
he degradation intermediates of [C4mim]Br in US-nZVI/H2O2system detected by GC–MS

Intermediate Retention time (min) Characteristic fragment(m

a 13.77 56,129,184

b 13.36 58,30,186

c 14.11 128,57,30

d 12.66 58, 100,158

f 8.13 58,30,129

g 7.73 58,30,101

h 8.78 41,99

i 4.48 59,30

j 3.96 59,30
0.0101 0.951

shown in Fig. 6. It can be seen that >93% of [C2mim]Br was degraded
during 120 min and the degradation degree of [C4mim]Br was
slightly lower. However, [C10mim]Br was more resistant to the
oxidation by •OH, and only 73.7% of the IL was removed within
120 min reaction. These results suggest that oxidation degree of
the imidazolium ILs was structure-dependent, and was depen-
dent on the alkyl chain length substituted at the N-1-position.
Degradability of the ILs in this system decreased in the order:
[C2mim]Br > [C4mim]Br > [C6mim]Br > [C8mim]Br > [C10mim]Br,
which is consistent with the results reported by Stepnowski and
co-workers [12,16].
Similarly, the data of degradation degree (�t) of [Cnmim]Br
(n = 2, 6, 8, and 10) and responding degradation reaction time
were also fitted by the degradation reaction kinetics equations
with different reaction orders. The results showed that like

.

/z) Molecular structure Molecular weight

184

186

186

158

129

101

99

87

59
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Table 3
The degradation intermediates of [Cnmim]Br (n = 2, 6, 8, and 10) in US-nZVI/H2O2 system obtained from GC–MS analyses at 20, 40, 70, and 120 min of reaction time.

IL Intermediate Retention time (min) Main fragment (m/z) Peak area of main fragment (×105)

20 min 40 min 70 min 120 min

[C2mim]Br a1 11.39 ± 0.04 56 37.37 88.40 119.3 166.0

b1 11.06 ± 0.03 58 138.0 199.9 176.1 156.9

d1 9.95 ± 0.03 58 0.34 0.48 0.34 0.22

e 8.47 ± 0.03 58 0.65 1.26 1.60 2.44

f1 5.22 ± 0.02 73 40.54 57.56 56.52 62.39

g1 4.70 ± 0.02 73 4.18 6.25 5.34 10.15

i 4.53 ± 0.02 59 16.04 22.17 23.05 22.78

j 3.98 ± 0.02 59 2.59 3.67 4.94 5.63

[C6mim]Br a2 16.14 ± 0.04 56 7.15 5.78 2.36 NDa

b2 15.76 ± 0.05 58 24.11 17.97 5.35 NDa

c2 16.51 ± 0.05 128 3.74 2.85 0.73 NDa

d2 15.22 ± 0.04 128 15.64 12.25 3.72 0.35

f2 11.12 ± 0.03 58 17.97 11.11 3.31 0.23

g2 10.84 ± 0.04 58 33.71 18.54 5.04 0.46

h2 11.75 ± 0.04 99 3.58 7.35 8.95 3.94

i 4.54 ± 0.02 59 8.90 10.96 14.37 15.86

j 3.98 ± 0.02 59 8.26 13.30 15.79 12.57

k 6.13 ± 0.03 82 4.39 3.02 0.98 0.11

l 7.37 ± 0.03 60 4.10 3.72 1.71 0.37

m 5.91 ± 0.02 60 0.38 0.68 0.77 0.60

n 4.56 ± 0.02 60 1.05 2.12 5.77 8.22

[C8mim]Br a3 18.40 ± 0.06 142 7.70 5.51 1.44 0.14

b3 18.02 ± 0.05 60 16.90 15.31 2.94 0.35

c3 18.77 ± 0.05 156 8.93 5.40 0.58 0.09

d3 17.55 ± 0.06 156 20.41 14.18 1.04 0.26

f3 13.88 ± 0.04 74 21.57 13.32 1.63 0.10

g3 13.65 ± 0.04 58 61.58 34.98 5.04 0.75

h3 14.37 ± 0.05 99 7.83 15.71 14.55 2.53

i 4.52 ± 0.02 59 9.18 11.96 14.49 16.59

j 3.97 ± 0.02 59 8.76 18.35 20.16 17.11
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Table 3 (Continued)

IL Intermediate Retention time (min) Main fragment (m/z) Peak area of main fragment (×105)

20 min 40 min 70 min 120 min

k 6.01 ± 0.03 82 13.24 15.47 5.40 1.55

o 10.27 ± 0.04 60 1.16 1.81 0.42 NDa

p 8.89 ± 0.04 60 0.32 0.86 0.31 NDa

l 7.44 ± 0.04 60 0.47 1.26 0.97 0.48

m 5.87 ± 0.03 60 0.39 2.72 3.76 2.06

n 4.47 ± 0.03 60 2.84 9.48 17.04 19.60

q3 6.83 ± 0.03 43 0.91 0.73 NDa NDa

[C10mim]Br a4 20.45 ± 0.08 142 17.12 6.64 3.12 0.41

b4 20.10 ± 0.08 60 22.88 14.53 7.47 0.84

c4 20.79 ± 0.07 184 2.96 1.88 0.84 0.39

d4 19.66 ± 0.06 184 35.64 23.32 10.48 1.24

f4 16.35 ± 0.04 74 22.91 12.39 5.33 0.71

g4 16.16 ± 0.05 59 17.32 9.34 3.73 0.47

h4 16.89 ± 0.04 99 34.52 31.28 18.54 4.59

i 4.51 ± 0.02 59 15.25 18.84 20.38 20.86

j 3.96 ± 0.02 59 28.23 35.20 36.32 33.45

k 6.11 ± 0.03 82 82.22 76.93 38.52 11.84

r 12.89 ± 0.07 60 2.59 1.21 0.46 0.14

s 11.58 ± 0.06 60 0.98 0.88 0.43 0.28

o 10.24 ± 0.08 60 0.88 0.98 0.61 0.49

p 8.81 ± 0.06 60 1.48 2.01 1.61 0.97

l 7.35 ± 0.03 60 3.16 5.36 5.50 4.24

m 5.87 ± 0.02 60 3.29 7.49 8.87 11.09

n 4.48 ± 0.02 60 7.04 12.08 17.43 31.40

[
a
a
(
i
a
c
a
t
s

q4 9.96 ± 0.03

a ND: not detected.

C4mim]Br discussed above, degradation of [Cnmim]Br (n = 2, 6, 8,
nd 10) followed the second-order kinetic model. The values of
pparent rate constant k2 and the linear correlation coefficients
R) obtained from linear regression analysis were also listed
n Table 1. Obviously, there was a significant decrease in the
pparent rate constants of [Cnmim]Br with the increase of alkyl

hain length. This indicated that lengthening the substituent of
n imidazolium ionic liquid at position N-1 increased the resis-
ance to chemical degradation. In the cations of the ILs, both the
ide chain and the imidazolium core would be targeted by •OH
43 2.11 1.51 1.04 0.45

radical attack. When the substituted side chain was longer, the
imidazolium core was less likely to be attacked by •OH radicals
[40]. Similar results have been reported for the degradation of
imidazolium ILs in UV, UV/H2O2 and Fenton-like systems [12,16].
However, these results are not consistent with our previous
report [32], in which no strong alkyl chain length dependence

of the apparent rate constants of the ILs was observed in the
US-ZVI/AC system, although they decreased slightly in the order:
[C6mim]Br > [C10mim]Br ≈ [C8mim]Br > [C4mim]Br ≈ [C2mim]Br.
The possible reason is that in the US-ZVI/AC system, synergic
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Fig. 6. Effect of alkyl chain length on the degradation of [Cnmim]Br (n = 2,4,6,8,10)
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n US-nZVI/H2O2 system under the experimental conditions: [IL] = 2.0 mmol L−1,
nZVI] = 0.25 g L−1, [H2O2] = 60 mmol L−1, pH 3.0, ultrasound frequency = 45 kHz and
= 30 ◦C.

ffect of ultrasonic cavitations and ZVI/AC galvanic cells on the
egradation of the imidazolium ILs reduced the hydrophobic effect
f the ILs. Therefore, the degradation degree and degradation rate
f [Cnmim]Br in the US-ZVI/AC system were less influenced by
heir alkyl chain length.

Additionally, a comparison has been made for the apparent rate
onstant of [Cnmim]Br in US-nZVI/H2O2 and US-ZVI/AC systems.
t was found that the degradation reaction rate of [C2mim]Br and
C4mim]Br was faster in US-nZVI/H2O2 system than in US-ZVI/AC
ystem, while that of [C6mim]Br, [C8mim]Br, and [C10mim]Br was
uch slower in US-nZVI/H2O2 system. This observation confirmed

gain that degradation reaction rate of the imidazolium ILs were
ore dependent on the alkyl chain length in the Fenton-like system

han in the ZVI/AC system.

.4. Analysis of degradation intermediates and pathway for
C4mim]Br

Analysis of intermediates by GC–MS was carried out at 20, 40,
0, and 120 min degradation of [C4mim]Br in the US-nZVI/H2O2
ystem. The structures of nine intermediates identified by GC–MS

ere shown in Table 2 and their mass spectra were provided in Figs.

1–S9 (available in Appendix A. Supplementary data). It is predicted
hat intermediate 1-butyl-3-methyl-2,4,5-trioxoimidazolidine ( a)
as a product resulted from the oxidation of the imidazolium ring,

Fig. 7. The degradation pathway suggested f
aterials 284 (2015) 241–252 249

and the oxidized ring opened to give product b and c. The interme-
diate d was a diamide, obtained by eliminating the formaldehyde
group of b and c, and could be further degraded to give f , j, and
g. The intermediate h was from the dehydrogenation of g, and
a could also be decomposed into i and g. It is well known that
the peak area of main fragment of the intermediate can be used
to estimate its concentration. The results of the peak area (data
not displayed) showed that most intermediates were abundant at
the degradation time of 20 min, but their concentrations decreased
with further increase of reaction time and vanished at 120 min
degradation. However, concentrations of the intermediates i and j
peaked at 40 min degradation and then they gradually attenuated.

According to the structure and concentration trends of the
degradation products, a postulated degradation pathway was pre-
sented for [C4mim]+ cation in Fig. 7. It is clear that the imidazolium
ring was first oxidized in positions C2, C4, and C5 into three car-
bonyl groups to form product a, and this has been supported by
the previous reports [13,36,41,42]. It can be expected that prod-
uct a was not stable against further oxidation and would tend to
degrade subsequently. The favorable oxidative cleavage of the C N
bond happened at C2 N3 or C2 N1 in the ring and induced the
opening of the heterocyclic ring to give products b and c. Although
X-ray data showed that the bond lengths of N1 C2 and C2 N3 are
significantly shorter than those of N1 C5 and N3 C4 in the ring of
[C4mim]+ cation [43,44], oxidative cleavages of N1 C5 and N3 C4
bonds on the ring of intermediate a were not observed, and this
is possible because product a may have a cyclic conjugated sys-
tem, where lower electron density in N1–C2 and C2 N3 made them
easy to be attacked. The formaldehyde groups of b and c then broke
away and d was generated. The cleavage between two amide bonds
in compounds b, c, and d led to the formation of products f and
j, g and i, and j and g, respectively. Then the intermediate g
might be dehydrogenated under the action of OH radicals to give
h. Coincidentally, Gao et al. [42] found that a, g, and i were the
intermediates of [C4mim]Cl in plasma electrolysis system and six
products were detected in their work.

3.5. Degradation intermediates and pathways for the other
imidazolium ILs

Intermediate products produced in the degradation processes
of [Cnmim]Br (n = 2, 6, 8, and 10) were also analyzed using GC–MS

at 20, 40, 70, and 120 min of the degradation. The chemical struc-
tures of intermediates identified were shown in Table 3. It was
shown that more degradation products were detected by GC–MS
for the ILs with longer side chain, and the number of interme-

or [C4mim]+ in US-nZVI/H2O2 system.
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Fig. 8. The degradation pathway suggested for [C2mim]+, [C6mim]+, and [C10mim]+ in US-nZVI/H2O2 system.
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iates was 8, 13, 16, and 18 for the degradation of [C2mim]Br,
C6mim]Br, [C8mim]Br, and [C10mim]Br, respectively. The data of
eak area of their main fragments at different reaction time were
lso listed in Table 3. Compared with the degradation of [C4mim]Br,
he same intermediates N-formyl-N-methylformamide ( i) and
-methylformamide ( j) were detected, and some similar interme-
iates such as a, b, c, d, f , g, and h were also identified. It can be
een that the concentrations for most of the degradation products
ncreased in the initial stage of the reaction and then decreased,
nd the downward trend illustrated further decomposition of the
ntermediates. It was also observed that the concentrations of i and

continuously went up with the increase of the reaction time and
eanwhile, the concentration of j produced from the degradation

f [C6mim]Br, [C8mim]Br, and [C10mim]Br peaked at 70 min degra-
ation and then slowly diminished. This clearly suggested that i,
, and n were likely to be the late-stage products from oxidation of
he imidazolium ILs.

As a result, similar pathways were suggested for the degra-
ation of [C2mim]Br, [C6mim]Br, and [C10mim]Br (Fig. 8). It is
redictable that the degradation pathway of [C8mim]+ was similar
o that of [C10mim]+ because of their complete identical degrada-
ion products. Notably, compound 1-ethyl-3-methyl-urea ( e) had
een detected in the degradation process of [C2mim]Br, but no sim-

lar product was found for [C4mim]Br, [C6mim]Br, [C8mim]Br, and
C10mim]Br. This demonstrated that in the degradation process
f [C2mim]Br, e could be formed by simultaneously breaking of
1 C5 and N3 C4 in the oxidized ring of a1, in which each of the
ve bonds on the ring might be broken to generate subsequent four
egradation products b1, e, g1, and i. However, in the degradation
rocess of [Cnmim]Br (n = 4, 6, 8, and 10), further oxidation of the
rst product a took place only through the cleavage of N1 C2 and
2 N3 bonds on the oxidized imidazolium ring. At this stage, it can
e speculated that the ethyl is more similar to methyl in [C2mim]Br,
nd each of the five bonds on the ring of a1 has the chance to be
ttacked.

Unlike the degradation of [C4mim]Br, another degradation path-
ay for [C6mim]Br, [C8mim]Br and [C10mim]Br was suggested

ccording to the identified intermediates: the cleavage of N-alkyl
ide chain and the formation of N-methylimidazole ( k). The alkyl
ide chain was successively oxidized to the corresponding aldehyde
nd carboxylic acid, and the latter was likely to be decarboxylated
o form shorter-chain carboxylic acid step by step, and the final car-
oxylic acid detected by GC–MS is butyric acid. It was noted that
oncentrations of the detected N-methylimidazole ( k) and butyric
cid ( n) increased with lengthening alkyl side chain. This illustrated
hat the longer the alkyl side chain, the easier the breakage of the

C bond in the N-alkyl side chain.
It is therefore believed that the degradation pathway of

Cnmim]Br was structure-related. For [C2mim]Br and [C4mim]Br,
he main degradation pathway was oxidation of the imida-
olium ring and subsequent ring-opening. But for [C6mim]Br,
C8mim]Br, and [C10mim]Br, a more complex degradation process
as revealed, and the degradation through the breakage of the

C bond in the N-alkyl side chain became important. This is
ifferent from the previous reports on the degradation of 1-alkyl-3-
ethylimidazolium ILs in US-H2O2/CH3COOH [13], US-ZVI/AC [32]

nd plasma electrolysis systems [42]. For example, in our previous
ork, three intermediates and the same degradation pathway
ere observed for the degradation of each of [Cnmim]Br (n = 2, 4,

, 8, and 10) in US-ZVI/AC system [32]. Although ultrasonic irradi-
tion and zero-valent iron were both employed in US-nZVI/H2O2
nd US-ZVI/AC systems, US-ZVI/AC systems is a combination

f ultrasonic irradiation and ZVI/AC internal micro-electrolysis,
hereas US-nZVI/H2O2 is a combination of ultrasonic irradiation

nd Fenton-like process. The difference in the degradation effi-
iency, degradation rate and degradation intermediates of the ILs
aterials 284 (2015) 241–252 251

in the two different systems may be resulted from their difference
in the nature of chemical reactions. In the current literatures,
few investigations have been reported to study the degradation
intermediates of imidazolium ILs. Limited results also showed that
the use of different degradation methods might result in different
degradation products and pathways [40,45–47].

As mentioned above, the degradation rate of
[Cnmim]Br in the US-nZVI/H2O2 system was in the order
[C2mim]Br > [C4mim]Br > [C6mim]Br > [C8mim]Br > [C10mim]Br.
However, the order for the degradation rate of their interme-
diate products was not synchronous with the degradation rate
of [Cnmim]Br themselves: decomposition rate of the intermedi-
ates of [C4mim]Br was very fast, that of [C6mim]Br was slightly
slower, and that of [C2mim]Br was the slowest. This demonstrated
that [C2mim]Br could quickly be oxidized, but its intermediate
products were relatively stable. In addition, it should be stressed
that the final degradation products i, j, n, and k are commonly
low-toxic organic species and can be used in the pharmaceutical
and chemical industry. Dominguez et al. [14] also reported that
Fenton oxidation allowed the almost complete abatement of the
ecotoxicity even in the cases of the highly ecotoxic ILs with long
alkyl chain.

4. Conclusions

Our results indicate that the degradation of [Cnmim]Br (n = 2, 4,
6, 8, and 10) in the ultrasound-assisted nZVI/H2O2 system is depen-
dent on the length of the alkyl side chain, and can be described
by the second order kinetic model. In the degradation process,
8, 9, 13, 16, and 18 intermediates were detected by GC–MS for
[C2mim]Br, [C4mim]Br, [C6mim]Br, [C8mim]Br, and [C10mim]Br,
respectively. Based on these intermediate products, detailed path-
ways were proposed for the degradation of [Cnmim]Br. To the best
of our knowledge, the present study is the first report to illustrate
the degradation pathways and kinetics of imidazolium ILs in US-
nZVI/H2O2 system. It is believed that these results could be useful
for developing Fenton-like process handling of ILs in aqueous solu-
tions.
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