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a b s t r a c t

The solubility of SO2 in a binary mixture of water and caprolactam tetrabutyl ammonium bromide ionic
liquid (CPL-TBAB IL) was investigated. Though the ionic liquid and water were fully miscible, a phase
separation occurred when SO2 was introduced into the mixture. The SO2 concentrated in the lower
layer, and it could be released by heating the solution under reduced pressure (382.2 K, 10.1 kPa). After
desorption, the mixture could be reused to absorb SO2. It was found that SO2 acts as a switch to cause the
water and CPL-TBAB IL to phase separate, and the mechanics of this phase separation process was studied
by gas chromatography–mass spectrometry, fourier transform-infrared spectroscopy and Karl–Fisher
eywords:
aprolactam
etrabutyl ammonium bromide
onic liquids
O2

titration. The absorption and desorption of SO2 in the CPL-TBAB/water mixtures were reversible.
© 2011 Elsevier B.V. All rights reserved.
bsorption

. Introduction

SO2 emissions are a significant source of atmospheric pollution.
hen fossil fuels are combusted, SO2 is produced; if these emis-

ions escape into the atmosphere, they can cause the formation of
cid rain, which is a serious environmental concern. Additionally,
O2 emissions contribute to the formation of smog, which is a sig-
ificant human health concern. If a practical process to selectively
nd reversibly absorb SO2 could be identified, these emissions,
long with their corresponding effects on the environment and
uman health, could be minimised. However, the identification of a
aterial that can selectively and reversibly capture SO2 has proven

ifficult.
Though SO2 readily dissolves in water, upon dissolution, most

f the SO2 is converted to sulphurous acid; liberation of SO2 occurs
nly upon heating. Aqueous solutions of liquid amines can react
ith SO2 and trap it in the form of ammonium sulphite. However,
hen this process is employed on a large scale, the amines can

vaporate into the gas stream due to their volatility. Furthermore, it

s difficult to desorb the SO2 from ammonium sulphite. A promising
lternative is to use ionic liquids (ILs) to capture SO2. Ionic liquids
re non-flammable and have desirable chemical and physical char-

∗ Corresponding author. Fax: +86 311 88632361.
E-mail address: gbin69@163.com (B. Guo).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.07.059
acteristics, such as low volatilities, high thermal stabilities, and high
solvation capacities [1–3]. Accordingly, new methods to synthesise
[4] and apply [5–7] ILs have been the focus of a number of research
groups. Recently, the removal of SO2 from flue gas with ionic liq-
uids has been the focus of experimental attention, but a practical
method has yet to be identified. Thus, there is a demand to develop
a process that can efficiently and absorb and reuse SO2 from ionic
liquids [8–16].

To this end, Huang prepared the 1,1,3,3-tetramethylguanidine
(TMG)-based ILs, [TMG][BF4] and [TMG][Tf2N], which absorb a
large amount of SO2 gas. In these systems, the SO2 does not
undergo chemical transformation to a different species [8,9]. They
also found that [BMIM][BF4] and [BMIM][Tf2N] could be used suc-
cessfully for SO2 gas absorption; however, these [BMIM] ILs were
unable to separate SO2 from N2 gas mixtures. Wu has described
a suitable methodology in which an IL derived from 1,1,3,3-
tetramethylguanidinium lactate (TMGL) underwent reaction with
SO2 to form a guanidinium sulphurous acid cation; this IL was able
to absorb 1 mol of SO2 at 1 bar. The practical utility of this IL is lim-
ited because of its relatively low thermal stability, so only a fraction
of the absorbed gas can be thermally released before degradation
of the IL occurs [10]. Yuan has synthesised hydroxyl ammonium

ionic liquids and observed that the solubility of SO2 in tris-(2-
hydroxyethyl) ammonium lactate was 0.4957 mol fraction. The
solubility of SO2 sharply decreased as the temperature increased
[15]. Lee found that the solubility of SO2 in ionic liquids varied in the

dx.doi.org/10.1016/j.jhazmat.2011.07.059
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:gbin69@163.com
dx.doi.org/10.1016/j.jhazmat.2011.07.059
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Fig. 1. Apparatus of absorption of SO2 using ionic liquids: 1 – water bath and mag-

was separated again.
E. Duan et al. / Journal of Haza

resence of different halide anions and that SO2 solubility increased
n the presence of certain halide anions. The solubility of SO2
ncreased in the order of Br > Cl > I. It was proposed that the primary
nteraction of the halide occurs with the C2–H of the imidazolium
nd the S atom of SO2 [17]. Luis noted that a membrane made
f hydrophilic polyvinylidene fluoride and 1-butylimidazolium
cetate ([BIM][Ace]) has different permeability values to dif-
erent gases. Air had a permeability of 6.29 × 10−11 m2 s−1,
hile 10% SO2 in air had a permeability of 33.6 × 10−11 m2 s−1.
O2 had a permeability of 204.1 × 10−11 m2 s−1. The perme-
bility of air is an order of magnitude lower than the CO2
ermeability, and it is also lower than the permeability of
0% SO2 in air [18]. Shiflett developed a ternary equation of
tate (EOS) model for the CO2/SO2/1-butyl-3-methylimidazolium
ethyl sulphate ([BMIM][MeSO4]) system. The authors proposed

hat the enhanced selectivity of [BMIM][MeSO4] for CO2 over
O2 was significantly higher than 1-hexyl-3-methylimidazolium
is(trifluoromethylsulphonyl)imide ([HMIM][Tf2N]) [19,20]. Ren
ound that task-specific ILs could chemically absorb SO2 when
he mole ratio of SO2 to the IL was less than 0.5; when
he mole ratio was greater than 0.5, the IL could physically
bsorb SO2. The normal ILs could only physically absorb SO2
21]. We recently reported that caprolactam (CPL)-tetrabutyl
mmonium bromide (TBAB) ionic liquid (CPL:TBAB = 1:1, mole
atio) has a high affinity for SO2 [22] (mole fraction solubil-
ty 0.680, 298.2 K) and a low affinity for diatomic gases like N2,

2 and H2S [23]. However, the high viscosity (1500 mPa s at
23.2 K) of the CPL-TBAB IL made mass and heat transfer diffi-
ult. The viscosity of the mixture of CPL-TBAB IL and water was
ery low.

The solubility of SO2 at different temperatures was determined
n various compositions of CPL-TBAB IL and water. The viscos-
ty of the ionic liquid/water mixtures was also measured. Based
n the experimental solubility and viscosity data, two different
ormulas were proposed. The two phases that separate when
O2 is introduced into CPL-TBAB IL and water mixtures were
haracterised by fourier transform-infrared spectroscopy (FT-IR),
as chromatography–mass spectrometry (GC–MS) and Karl–Fisher
itration, and the concentration of SO2 in each phase was measured.
he mechanics of phase separation were studied, and the possibility
f recycling the solutions was explored.

. Experimental

.1. Materials

The CPL-TBAB ionic liquid was synthesised as previously
eported [22]. Ionic liquid aqueous solutions were prepared by mix-
ng the ionic liquid and de-ionised water. The individual CPL-TBAB
onic liquid and water components were weighed using a balance

ith an uncertainty of ±0.0001 g. SO2 with a purity of 99.9% was
upplied by Beijing Analytical Instrument Factory.

.2. The viscosity measurements

Viscosities of the binary mixtures were measured using
VDV-II + Pro viscometer, which was obtained from Brookfield-
nstruments, US. Ultra Low Adapter (ULA) was used to increase
ccuracy. And the cover was used to prevent the evaporation of
ater. The temperature was controlled with a temperature accu-

acy of ±0.1 K.
.3. Absorption of SO2 in mixtures of CPL-TBAB IL + water

The apparatus of absorption of SO2 in the mixtures of CPL-TBAB
L and water is shown in Fig. 1, which mainly consisted of a glass
netic stirrer; 2 – glass vessel; 3 – off-gas absorption.

vessel. The temperature was controlled by the water bath with a
temperature accuracy of ±0.1 K. Continuous stirring was achieved
by the magnetic stirrer. SO2 gas was bubbled through predeter-
mined amounts of the CPL-TBAB aqueous solutions (about 10 g) in
glass vessels at a rate of 10 mL min−1. Unabsorbed SO2 was neutral-
ized with sodium hydroxide. The glass vessel was weighed using
a balance with an uncertainty of ±0.0001 g to get the mass of SO2
absorbed, through which the solubility of SO2 in the mixture can
be calculated. The absorption concentration of SO2 in ILs versus
time was determined at 298.2 K and 101.3 kPa, and that versus
temperature was determined at 101.3 kPa and temperature from
293.2 K to 323.2 K. Considering the absorption rate, the equilibrium
can be considered to be reached after 2 h in the thermodynamic
experiments.

2.4. Recycling the CPL-TBAB IL

The two-phase mixture of CPL-TBAB, water, and SO2 (Fig. 2,
L1 and L2) was separated using a separator funnel. L1 (the SO2-
enriched phase) and L2 were gained. SO2 was recycled from L1. An
oil bath, fitted with a temperature controller and a vacuum indi-
cator, was used to heat L1 to release the SO2 and the little water.
During the desorption process, the weight of L1 was periodically
determined; experiments showed that the solubility of SO2 in L1
was close to zero at 383.2 K and 10.1 kPa vacuum. The binary mix-
ture, caprolactam tetrabutyl ammonium bromide ionic liquid and
water, of L2 and the residue of L1 recycled SO2 and little water was
reformed. After added the appropriate amount of water, the aque-
ous solution of CPL-TBAB was again subjected to SO2 absorption
(308.2 K, 101.3 kPa). When the mixture was saturated with SO2, it
Fig. 2. Schematic of CPL-TBAB IL/water/SO2 phase behaviour.
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Table 1
Parameters for Eq. (1) and R-square values for the equilibrium solubility of SO2 in pure CPL-TBAB IL and different concentrations of CPL-TBAB + water solutions with respect
to temperature.

Entry a (×10−3) b (×10−1) c (×102) d (×104) R2

0.1 mol L−1 1.200 −0.9734 2.629 −2360 0.998
1 mol L−1 −0.9500 1.105 −4.014 4671 0.999
2 mol L−1 5.747 −5.226 15.99 −1.643 0.999

−1 22.29 −2.289 0.999
17.14 −1.718 1.000

−21.78 2.518 0.998
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3 mol L 8.010 −7.285
4 mol L−1 6.548 −5.764
CPL-TBAB IL −5.556 6.142

. Results and discussion

.1. Effect of temperature on the solubility of SO2 in CPL-TBAB
L + water solutions

The equilibrium solubility (S, g/100 g solutions) of SO2 in the
ure CPL-TBAB IL, as well as in different compositions of CPL-
BAB and water, are presented in Fig. 3. The solubility of SO2
n these solutions decreased sharply when the temperature was
ncreased. The reason for SO2 solubility relationship with tempera-
ure is very similar to the reason that vapor pressure increases with
emperature. Increased temperature causes an increase in kinetic
nergy. The higher kinetic energy causes more motion in molecules
hich break intermolecular bonds and escape from solution. For

nstance, the solubility of SO2 in the mixture of CPL-TBAB and
ater (4 mol L−1) was 52.29 g at 293.2 K and decreased to 22.75 g

t 323.2 K. These solubility values are higher than that of 1,1,3,3-
etramethylguanidinium lactate [24] but lower than that of pure
PL-TBAB IL [22]. The solubility of SO2 in these solutions increased
hen the concentration of CPL-TBAB IL was increased. The solubil-

ty of SO2 in the CPL-TBAB solution (4 mol L−1) was higher than in
ure water, which is due to the strong interaction between the CPL-
BAB IL and SO2. The viscosity of the CPL-TBAB and water solution
as lower than that of the pure IL (Fig. 4). Therefore, the CPL-

BAB and water solutions (4 mol L−1) have excellent properties to
fficiently capture SO2.

The solubility of SO2 in the pure CPL-TBAB IL and in different
ompositions of CPL-TBAB/water solution appeared to be non-
inear with respect to temperature (Fig. 3). For the purposes of
omparison and application, the SO solubility in these solutions
2
as expressed as a function of temperature (Eq. (1)):

/g = a + b(T/K) + c(T/K)2 + d(T/K)3 (1)

325320315310305300295290
0

10

20

30

40

50

60

70 0.1 mol/L;  1 mol/L
 2 mol/L;    3 mol/L
 4 mol/L;  CPL-TBAB IL

S 
/g

T /K

ig. 3. Solubility (S) of SO2 in different concentrations of CPL-TBAB/water solutions
nd pure CPL-TBAB IL (nCPL/nTBAB = 2/1) as a function of temperature.
Fig. 4. Viscosity (�) of the CPL-TBAB/water solutions and pure CPL-TBAB IL
(nCPL/nTBAB = 2/1) as a function of temperature.

In this equation, S represents the solubility value; T is the absolute
temperature; and a, b, c and d refer to the fit coefficients. The values
of the parameters a, b, c, d and R-square (R2) are listed in Table 1.

The viscosity of pure CPL-TBAB IL and CPL-TBAB and water
solutions were determined with respect to temperature. These
data were fit to an equation, which was first proposed by
Vogel–Fulcher–Tammann (VFT) and subsequently used by other
researchers (Eq. (2)) [25,26]. The fitted data are shown in Fig. 3.

�/mPa s = A · exp
{

B

(T/K) − T0

}
(2)

In this equation, � represents the viscosity value; T is the absolute
temperature; and A, B and T0 refer to the fit coefficients. The values
of the parameters A, B, T0 and R-square (R2) are listed in Table 2.

Water and the CPL-TBAB ionic liquid (2:1, mole ratio) were com-
pletely miscible at ambient conditions. However, when SO2 was
introduced into the mixture of the CPL-TBAB ionic liquid and water,
a second liquid phase appeared; this process is represented in Fig. 4.
This phenomenon is similar to what happens when CO is added to
2
ionic liquid/organic mixtures [27,28]. The densest phase was rich
in CPL-TBAB IL and SO2 (labelled L1), whereas the least dense phase
was rich in water (labelled L2).

Table 2
Parameters for Eq. (2) and R-square values for the viscosity measurements of pure
CPL-TBAB IL and different concentrations of CPL-TBAB + water solutions with respect
to temperature.

Entry A B T0 R2

0.1 mol L−1 12.27 0.6391 297.26 0.858
1 mol L−1 11.17 12.56 287.84 0.952
2 mol L−1 14.89 14.27 291.23 0.962
3 mol L−1 29.16 10.02 295.66 0.957
4 mol L−1 42.11 19.17 291.50 0.960
CPL-TBAB IL 455.4 12.31 293.52 0.968



E. Duan et al. / Journal of Hazardous Materials 194 (2011) 48–52 51

N
N

O

H

NO H
Br

H2O  +  SO2

TBAB   SO2  CPL   H2O

NBr+N

O
H

2

S
O

OHHO+
L2

L1

H2O  CPL  TBAB   SO2

Scheme 1. Proposed reaction between CPL-TBAB, H2O and SO2.
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ig. 5. FT-IR spectra of the layers from the CPL-TBAB IL/water/SO2 system.

.2. Characterisation of L1 and L2

L1 and L2 were characterised by FT-IR spectroscopy (Fig. 5)
nd 1H NMR (Fig. 6). As shown in Fig. 4, the O–H (H2O)
nd N–H (CPL) stretches (3400–3200 cm−1), C O (CPL) stretch
1620 cm−1), N–H (CPL) bend (1490 cm−1), N–C–H (CPL) stretch
2960 and 2940 cm−1), and S O (SO2) band (2360 and 2330 cm−1)
ere observed in L2. The N–C–H (CPL) stretch (2959, 2946 and
922 cm−1), N+· · ·H (TBAB) bend (1670 and 1470 cm−1) and S O
SO2) band (2360 and 2330 cm−1) were found in L1. There is a large
mount of H2O, some CPL and small quantities of TBAB and SO2 in

ig. 6. 1H NMR spectra of the layers from the CPL-TBAB IL/water/SO2 system.
Fig. 7. SO2 adsorption (mass percent) in CPL-TBAB/water (4 mol L−1) (a) and SO2

desorption rate (mass percent) in L1 (d) over five adsorption–desorption cycles.

L2. In L1, SO2 and tetrabutylammonium bromide levels were high,
and the level of caprolactam was low. Based on the NMR data, there
was a trace amount of water in L1.

The SO2-saturated CPL-TBAB IL and water solution (4 mol L−1,
298.15 K) was characterised by thermal analysis (DTA), GC–MS and
Karl–Fisher titration. The concentrations of CPL, TBAB, H2O and
SO2 in the two phases are shown in Table 3. From the data sum-
marised in Table 3, it is clear that L1 is enriched in SO2. There was
a trace amount of water and caprolactam and a large amount of
tetrabutylammonium bromide in L1.

3.3. Theoretical basis

The theoretical basis of this process was also investigated. Using
the structure of (n-C4H9)4N+Br−·2(NH2)2CS as a model [29–31],
we propose that one CPL-TBAB IL molecule is formed from two
CPL molecules and one TBAB molecule; this interaction is formed
from two N–H· · ·Br hydrogen bonds (Scheme 1). When SO2 is added

to the aqueous CPL-TBAB IL mixture, sulphurous acid is imme-
diately formed. The N–H· · ·Br hydrogen bond is broken, and a
more stable O–H· · ·Br hydrogen bond is formed at the same time

Table 3
Concentration of CPL, TBAB, H2O and SO2 in different phases.

Entry nTBAB/mol nCPL/mol nH2O/mol nSO2 /mol

L2 0.0108 0.209 1.98 0.0189
L1 0.103 0.0265 0.0210 0.511
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32,33]. This process is followed by formation of the triple hydrate
SO2–CPL/TBAB–H2O). When the concentration of SO2 is increased,
he CPL-TBAB IL and water solution separates into two layers (L1
nd L2). The SO2 is concentrated in the lower phase (L1).

.4. Reusability of CPL-TBAB ILs

After the two layers (L1 and L2) were separated, the SO2 was
emoved from L1 by heating under reduced pressure (383.2 K,
0.1 kPa). The composition of the regenerated mixture was
lmost identical to that of the original solution, except that a
mall amount of water was lost. The results of five consecu-
ive absorption–desorption cycles with the ILs-water solution are
hown in Fig. 7. The performance of the IL and water mixture did not
ignificantly change after repeated absorption–desorption cycles.

. Conclusion

The solubility (g/100 g solutions) of SO2 in CPL-TBAB/water
4 mol L−1) is 52.29 at 293.2 K. CPL-TBAB ionic liquid and water
an completely miscible in all proportions at ambient conditions;
he second phase appears along with the SO2 is introduced into
he solution. SO2 could be a separation switch for water and the
aprolactam-tetrabutyl ammonium bromide ionic liquid. The inter-
olecular forces in the triple hydrate (SO2–CPL/TBAB–H2O) are

arger than the intermolecular forces between SO2 and water, and
he solubility of SO2 in the binary system is higher than that of
ater. Moreover, SO2 could be easily liberated from the triple
ydrate (SO2–CPL/TBAB–H2O). Thus, the binary system of CPL-
BAB IL and water is a more suitable solvent than water alone for
he removal of SO2 from flue gas. The thermodynamic data show
hat the CPL-TBAB IL and water solutions can be used to sequen-
ially absorb and release SO2. The released SO2 is easy to reuse. The
inetics and theory of this process will be studied in the near future.
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