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Abstract

Environmentally friendly and effective removal of Br� and Cl� impurities in hydrophilic dialkylimdazolium or butylpyridinium ionic
liquids was investigated and developed at room temperature to 80 �C and atomspheric pressure. Constant elelctrolysis was applied to
oxidize Br� and Cl� to their corresponding Br2 and Cl2, then the BF�4 and NO�3 ions from HBF4 and HNO3 solution in the cathode
zone move to anode zone through an anion exchange membrane and combine with dialkylimdazolium or butylpyridinium cation to form
ionic liquids. The Br2 and Cl2 in electrolyzed ionic liquids are treated with ethylene to afford the corresponding 1,2-dibromo (or dichloro)
ethane which could easily be removed by volatilisation under vacuum (ca. 10 mm Hg). Removal of Br� and Cl�impurities (0.94–
4.47 wt%) from hydrophilic dialkyl imdazolium or butylpyridinium ionic liquids through electrolysis and ethylene treatment could be
achieved at 0.06%–0.29% without any additional solvents and ionic liquid loss.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Room-temperature ionic liquids (RTILs or ILs) have
recently been investigated for a wide range of potential
applications, including electrolyte for dye-sensitized solar
cell [1–3], Li battery [4–6], supercapacitor [7,8], lubricating
materials [9], sensing materials [10,11] and optical materials
[12,13] etc. besides conventional catalytic and synthetic
applications [14]. Indeed, ILs are not environmentally
benign solvents any more. In some areas such as high per-
formance lubricating or optical materials, the purity of ILs
must be highly required. However, most of the ILs cannot
be purified directly either by distillation or by re-crystalliza-
tion due to their very low vapour pressure and relatively
lower melting points. The previous literatures [15–19]
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showed that possible impurities in conventional ILs such
as dialkyl imidazolium BF4 and PF6 were unreacted alkyl
imidazole, alkyl halide, Br�, Cl�, water etc., in which
Br�and Cl� were dominating impurities. Seddon et al.
[15] showed that some physicochemical properties of ILs
were highly dependent on the presence of Cl� impurities.

On the other hand, it has generally been accepted that
ILs, such as popular dialkyl imidazolium ILs, could be
green due to their outstanding characteristic of non-volatil-
ity: the conventional preparation processes of these ILs are,
however, less environmentally friendly. For example, in
order to remove Br� and Cl� impurities as low as possible
from the dialkyl imidazolium hydrophobic ILs, large
amount of water was generally used for washing away
these impurities, and the loss of the ILs was also inevitably
caused when the ILs were washed with water for several
times. As to removing Br� and Cl� impurities from hydro-
philic dialkyl imidazolium ILs, extraction of ILs with
organic solvent from water containing the ILs were usually
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Fig. 1. The divided cell of electrolysis equipment.
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conducted, which even caused great loss of ILs due to the
ILs partition between water and organic solvent, what is
more, such process would consume large quantities of
organic solvent. Metathesis with a silver salt would afford
ILs with the lowest content of Br� and Cl�, but produces
an equivalent molar of silver chloride, making this prepara-
tion method too expensive and environmentally unfriendly.
In view of sustainable or green chemistry, such method of
ILs preparation and purification is totally unacceptable
particularly for the preparation of ILs on a large scale.

Since Br� and Cl� as electrochemical active species can
be easily oxidized at proper oxidative potentials, the resid-
ual Br� and Cl� in ILs could be removed by electrolysis.
Although Xiao and Johnson [20] demonstrated prelimi-
narily or the removal of residue Cl� from [BMIm]BF4

by constant potential electrolysis, the practical effective-
ness of such purification process is still doubtful. Herein
we report a clean and practical method for removal of
Br� and Cl� in hydrophilic dialkylimdazolium and buty-
lpyridinium (BF�4 and NO�3 as anions) ILs through elec-
trolysis in a divided cell, halogenation with ethylene and
volatilisation under vacuum. The key innovation points
of such purification process are: (1) The Br� and Cl� were
oxidized to their corresponding Br2 and Cl2 in anode
zone, and at same time the BF�4 and NO�3 ions from
HBF4 and HNO3 solution in cathode zone move to anode
zone through an anion exchange membrane and combine
with dialkyl imidazolium cation to form ILs, thus estab-
lishing a whole electrochemical reaction. (2) The Br2

and Cl2 in electrolyzed ILs are treated with ethylene to
afford the corresponding 1,2-dibromo (or dichloro) eth-
ane, which could easily be removed by volatilisation
under vacuum (ca. 10 mm Hg). Since this method could
proceed without using any water or organic solvents
and without causing any IL loss, and the produced 1,2-
dibromo (or dichloro) ethane could be recovered as useful
chemicals, such process of ILs preparation and purifica-
tion would be environmentally friendly.

2. Experimental

All chemicals used in the experiments were of analytical
grade and used without further purification. [EMIm]BF4,
[BMIm]BF4, [BMIm]NO3, and [BPy]BF4 were prepared
with two-step method with the corresponding dialkyl imi-
dazolium bromide or chloride and n-butylpyridinium bro-
mide salts according to the literatures [21,22]. The ILs
were dried and degassed under vacuum (ca. 10 mm Hg)
at 100 �C for 4 h prior to use. Anion exchange membrane
was purchased from Zhejiang Qianqiu Environmental
Water Treatment Ltd. (China).

The quantification of Br� and Cl� in the ILs using a
METTLER TOLEDO SevenMuliti meter with Br� and
Cl� ion selective electrodes was performed. To quantify
Br� and Cl� concentration, ILs analyzed were diluted with
purified water to 0.2 g/100 ml and then added with 2 ml
ISA (ionic strength adjuster: 5 M NaNO3 solution).
Electrochemical measurements for cyclic voltammetry
were performed using a CHI660A electrochemical worksta-
tion (CH instruments, USA). Electrolysis was carried out
in a conventional three-electrode electrochemical cell
equipped with a chamber with which temperatures could
be monitored and adjusted from room temperature to ca.
90 �C through a circular water bath system, and vacuum
treating (ca. 1 mm Hg) and N2 filling could also be imple-
mented so as to minimize the influence of O2 and H2O dur-
ing experiments. The working electrode was a glass carbon
electrode (3-mm-diameter) and the auxiliary electrode was
a platinum wire. The reference electrode is Ag/AgCl, of
which porous glass frits was used to separate the internal
solutions from the working solution and 3 M KCl solution.

The electrolysis and ethylene treatment equipments are
shown in Figs. 1 and 2, which constant potential electroly-
sis was employed. The ILs (15 ml) and 20% HBF4 aqueous
solution (15 ml) or 20% HNO3 aqueous solution (15 ml)
were respectively charged into the anodic and cathodic
compartment of the cell. 1.6 V (for ILs containing Br�)
at room temperature and 1.4 V at 80 �C (for ILs containing
Cl�) were applied to the electrolysis experiment respec-
tively till the electrolysis current tended to zero, and typi-
cally the electrolysis time lasted for 12 h. During the
electrolysis, the colour of the colourless ILs containing
Br� or Cl� gradually turned into deep brown and light yel-
low, respectively, and at same time, H2 bubbles derived
from the oxidation of HBF4 or HNO3 aqueous solution
were produced in cathode zone. After the electrolysis, eth-
ylene treatment by bubbling ethylene (ca. 1–2 bubbles s�1)
into the electrolyzed ILs was conducted at 25 �C for the
electrolyzed ILs containing Br2 and 80 �C for the electro-
lyzed ILs containing Cl2 at constant pressure for 0.5 h.
Then the ILs containing 1,2-dibromo (or dichloro) ethane
were degassed under vacuum (ca. 10 mm Hg) at 80 �C for



Fig. 2. The ethylene treatment equipment.
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Fig. 3. Cyclic voltammograms of [EMIm]BF4 containing 3.20 wt% Br�

(A) and [BMIm]BF4 containing 1.16 wt% Cl� (B) 3 mm-diameter-glass
carbon working electrode; scan rate=50 mV s�1.

-0.5 0.0 0.5 1.0 1.5 2.0 2.5
-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

I/m
A

Potential V vs Ag/AgCl

 a
 b
 c
 d
 e

Fig. 4. Cyclic voltammograms of [BMIm]BF4 containing 1.16 wt% Cl� at
(a) 25 �C, (b) 40 �C, (c) 60 �C, (d) 70 �C, and (e) 80 �C.
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3 h. If necessary, the procedures of electrolysis and ethylene
treatment were repeated for the second or third times, etc.

The Raman spectra were performed with a Thermo Nic-
olet 5700 FT-Raman accessory spectroscopy meter, and
UV–vis spectra were performed with an Agilent 8453
UV–vis spectrophotometer. Qualitative analyses after the
electrolyzed ILs were treated with ethylene were conducted
with a HP 6890/5973 GC–MS with a chemstation contain-
ing a NIST Mass Spectral Database.

3. Results and discussion

Dialkyl imidazolium and butylpyridinium ILs contain-
ing 2.96–4.47 wt% Br�or 0.942–1.16 wt% Cl� were tested.
The electrochemical behaviour of Br� (3.20 wt%) in
[EMIm]BF4 and Cl� (1.16 wt%) in [BMIm]BF4 was respec-
tively measured with cyclic voltammetry at varied temper-
atures. Two oxidation waves, ca. 1.0 V and 1.4 V vs. Ag/
AgCl (see Fig. 3A) at 25 �C were observed for [EMIm]BF4

containing Br�, the former is the oxidative wave of Br�

oxidized to Br2, and the latter belongs to the oxidative
wave of Br� oxidized to Br�3 . The irreversible single oxida-
tive peak at ca. 1.7 V vs. Ag/AgCl at 25 �C was also
observed for [BMIm]BF4 containing Cl� (see Fig. 3B),
which is attributed to Cl� oxidation to Cl2. The above-
mentioned electrochemical behaviours of Br�and Cl� in
the dialkyl imidazolium ILs were consistent with the previ-
ous literatures [23–25]. This results indicated that Cl� in
the ILs was more difficult to be electrically oxidized at
room temperature. The potential at which Cl� could be
electrically oxidized was, however, decreased to ca. 1.5 V
(vs. Ag/AgCl) (see Fig. 4) when the temperature was
increased to 80 �C, at which the viscosity of the IL would
also be decreased markedly.

For [EMIm]BF4 containing Br�, when the electrolysis
was started, the colour of the IL gradually turned from col-
ourless into deep yellow, indicating that Br� was oxidized
into Br2 at anode, and formation of H2 bubbles was simul-
taneously observed in the cathode at 25 �C. In order to
remove the produced Br2 directly, an attempt was made
to treat the deep yellow colour IL under vacuum (ca.
10 mm Hg), but was not successful. Raman analysis of
the IL with deep yellow colour indicated that Br�3 spices
were formed since a strong adsorption occurred as ca.
131 cm�1, which should be attributed to the symmetric
stretching vibration of Br�3 [26] (see Fig. 5). This means
that a reaction between the electrolyzed Br2 and the exist-
ing Br� occurred to form Br�3 species, which were quite sta-
ble and well soluble in the IL. Since addition reaction of
ethylene with Br2 or Cl2 could be occur relatively easily,
an attempt was made to bubble ethylene at 25 �C to the
ILs after electrolysis. After ethylene treatment, the result-
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Fig. 6. UV–vis absorption spectra: (A) [BMIm]BF4 before electrolysis in
acetonitrile solution and (B) [BMIm]BF4 after electrolysis in acetonitrile
solution.
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ing IL was extracted with diethyl ether for three times and
the extractant was analysed with GC–MS and only 1,2-dib-
romoethane as product was detected. After the ethylene
treatment, the resulted IL was further subjected to vacuum
treatment so as to remove the produced 1,2-dibromoe-
thane, and the Raman analysis of the IL treated with eth-
ylene showed that such strong adsorption as ca. 131 cm�1

disappeared, indicating that ethylene reacted with Br�3 eas-
ily to produce 1,2-dibromoethane with high conversion and
selectivity at room temperature, and 1,2-dibromoethane
could easily be removed from the IL under vacuum (ca.

10 mm Hg) at room temperature.
For the removal of Cl� impurity from [BMIm]BF4, ini-

tially, constant potential electrolysis at ca. 1.7 V and 25 �C
was employed, but it was found that very lower electrolysis
current through the electrodes was observed and the colour
of [BMIm]BF4 IL changed gradually from colourless to
brown, indicating that IL itself may also be degraded simul-
taneously during oxidation of Cl�, although the mechanism
is still not clear at this stage. However, just as mentioned
above, the potential for Cl� electrolysis could be reduced
to 1.5 V(vs. Ag/AgCl) if the temperature of the electrolysis
was increased to 80 �C. The colour of the [BMIm]BF4 con-
taining Cl� in anode gradually turned from colourless into
light yellow during the electrolysis at 1.5 V and 80 �C, and
a strong band (302 nm), which was slightly different from
the absorbance of Cl�3 (267 nm) in [BMIm]PF6, and haloalu-
minate ILs (320 nm) [27,28] of Cl�3 , was clearly observed in
electrolyzed [BMIm]BF4 through UV–vis measurement
(see Fig. 6). This may also mean that a reaction between
the electrolyzed Cl2 and the existing Cl� occurred to form
Cl�3 species, and similarly, such Cl�3 species could not be
removed with a simple volatilisation under vacuum. So,
the procedure of bubbling ethylene to the ILs after electrol-
ysis at 80 �C due to relatively slow reaction rate between eth-
ylene and Cl2, and then removing 1,2-chloroethane with
vacuum at room temperature could be successfully con-
ducted, which was confirmed with UV–vis measurement of
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Fig. 5. Raman spectra of [EMIm]BF4 containing Br� before electrolysis
(A) and after electrolysis (B).
the IL treated with ethylene and then vacuum since such
strong band (302 nm) of Cl�3 disappeared.

The results of cyclic voltammograms of [EMIm]BF4

containing 3.20 wt% Br� before electrolysis, after the first
electrolysis and ethylene treatment, and the second electrol-
ysis and ethylene treatment (Fig. 7A and B) showed that
�0.8 wt% Br� still existed in IL after first electrolysis and
ethylene treatment, Table 1, entry 1. So, the second elec-
trolysis and ethylene treatment were carried out and resid-
ual Br� could be further reduced to 0.10% detected with
ion selective electrode and nice CV curves were obtained,
Fig. 7C. However, even with five times of electrolysis and
ethylene treatment, there was still a very small amount of
residual Br� (0.057 wt%) that could not be removed com-
pletely, entry 3. The initial content of Br� would slightly
affect the removal efficiency, i.e. the higher the initial con-
tent of Br� in the IL, the higher the residual content of
Br� in the treated IL, entries 4 and 5. For [BMIm]BF4

and [BMIm]NO3 ILs containing Cl�, satisfactory results
could also be obtained when two times of electrolysis and
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Fig. 7. Cyclic voltammograms of [EMIm]BF4 containing 3.2 wt% Br�:
(A) before electrolysis, (B) after electrolysis and ethylene treatment, and
(C) the second electrolysis and ethylene treatment, scan rate 50 mV s�1, at
a 3-mm-diameter glassy carbon working electrode.



Table 1
Comparison of halide concentration (wt%) in ILs before and after electrolysis

Entry ILs and concentration of Br�

(or Cl�) impurities (wt%)
Times of electrolysis and
ethylene treatment

The final concentration of Br� (or Cl�)
impurities after removing (wt%)

1 [EMIm]BF4-Br 3.20 1 0.80
2 [EMIm]BF4-Br 3.20 2 0.10
3 [EMIm]BF4-Br 3.20 5 0.06
4 [EMIm]BF4-Br 4.47 1 1.32
5 [EMIm]BF4-Br 4.47 2 0.24
6 [BMIm]BF4-Cl 1.16 2 0.10
7 [BMIm]NO3-Cl 0.94 2 0.12
8 [Bpy]BF4-Br 2.96 2 0.29
9 [BMIm]BF4-Br 2.96 2 0.19
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ethylene treatment were conducted at 1.5 V and 80 �C,
entries 6 and 7.

In addition, variation of anions or cations of ILs had lit-
tle effect on the removal results of Br� and Cl� impurities
(entries 6–9) as long as the differences of the ILs viscosities
were not too large.

4. Summary

In summary, removal of Br� and Cl�impurities (0.94–
4.47 wt%) from hydrophilic dialkyl imidazolium or buty-
lpyridinium ILs to 0.06–0.29 wt% through electrolysis
and ethylene treatment could be achieved with an environ-
mentally friendly method without additional solvent wash-
ing or extraction and IL loss. The electrolysis conditions
could be further optimized, and such purification method
could also be practical for ILs purification on a large scale
and very important for precise characterizations of ILs
properties.

Acknowledgement

The authors are grateful to the National Natural Science
Foundation of China (Nos. 20533080, 20225309, 60377039
and 50421502).
References

[1] W. Peng, B. Wenger, R. Humphry-Baker, J. Moser, J. Teuscher, W.
Kantlehner, J. Mezger, E.V. Stoyanov, S.M. Zakeeruddin, M.
Grätzel, J. Am. Chem. Soc. 127 (2005) 6850.

[2] P. Wang, S.M. Zakeeruddin, J. Moser, R. Humphry-Baker, M.
Grätzel, J. Am. Chem. Soc. 126 (2004) 7164.
[3] P. Wang, S. Zakeeruddin, I. Exnar, Chem. Commun. (2002) 2972.
[4] H. Sakaebe, H. Matsumoto, Electrochem. Commun. 5 (2003) 594.
[5] H. Ohno, Electrochim. Acta 46 (2001) 1407.
[6] J. Shin, W. Henderson, Electrochem. Commun. 5 (2003) 1016.
[7] T. Sato, G. Masuda, K. Takagi, Electrochim Acta 49 (2004) 3603.
[8] A. Lewandowski, M. Galin’ski, J. Phy. Chem. Solids. 65 (2004) 281.
[9] C. Ye, W. Liu, Y. Chen, L. Yu, Chem. Commun. (2001) 2244.

[10] C. Liang, C. Yuan, R.J. Warmack, C.E. Barnes, S. Dai, Anal. Chem.
74 (2001) 2172.

[11] I. Goubaidoulline, G. Vidrich, D. Johannsmann, Anal. Chem. 77
(2005) 615.

[12] R. Sesto, C. Corley, A. Robertson, J. Wilkes, J. Organometal Chem.
690 (2005) 2536.

[13] R. sesto, D. Dudis, F. Ghebremichael, N. Heimer, T. Low, J. Wilkes,
A. Yeates, in: Proceedings of SPIE, 2003, Linear and Nonlinear
Optics of Organic Materials III, vol. 5212.

[14] T. Welton, Chem. Rev. 99 (1999) 2071.
[15] K.R. Seddon, A. Stark, M. Torres, Pure Appl. Chem. 72 (2000) 2275.
[16] P. Wasserscheid, W. Keim, Angew. Chem. Int. Ed. 39 (2000) 3772.
[17] R. Rogers, K. Seddon (Eds.), ACS Symposium Series, vol. 818,

American Chemical Society, Washington, DC, 2002, pp. 321–333.
[18] K. Anderson, P. Goodrich, C. Hardacre, D.W. Rooney, Green Chem.

5 (2003) 448.
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