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Five kinds of anion-functionalized ionic liquids (ILs) with different basicity and substituent were selected, prepared and
applied in the capture of SO2 from flue gas, where the concentration of SO2 is only 2000 ppm. The effect of the anion
on SO2 absorption capacity, desorption residue, and available absorption capacity under 2000 ppm was investigated.
The relationship between available absorption capacity and absorption enthalpy was also studied. Through a combina-
tion of thermodynamic analysis and quantum calculation, the results indicated that the effect of the cation in the IL on
absorption enthalpy was significant. However, the effect of chain length in the cation was weak. Hence, a new IL with
low molecular weight, [P4442][Tetz], was further designed and applied for the capture of SO2, which shows the high
absorption capacity of 0.18 g SO2 per g IL and excellent reversibility for 2000 ppm SO2. VC 2015 American Institute of

Chemical Engineers AIChE J, 61: 2028–2034, 2015
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Introduction

With the increasingly serious air pollution around people,
the hot topic about air purification will last for a long time.
SO2, the prime source of atmospheric pollution that hazards
the environment and human health, has attracted increased
attention. Although the concentration of SO2 is at a low
degree (about 2000 ppm) in flue gas, it will make a great
difference in CO2-capture process, for its irreversible reac-
tion with the absorbent and reducing its capacity. That is
why we should eliminate SO2 ahead of CO2.1,2 In industry,
the flue gas desulfurization is a kind of classic and effective
mode to remove SO2 from the flue gas. However, these proc-
esses also bear plenty of disadvantages, such as the produc-
tion of wastewater and useless metal salts (e.g., calcium
sulfate), where they use limestone or organic solvent as the
absorbent.3–9

In the past decades, ionic liquids (ILs) have experienced
rapid development, because of their unique properties, such
as negligible vapor pressure, wide liquid temperature range,
tunable structure, and high thermal stability.10–19 Thanks to
these properties, ILs have been proved to be the ideal
absorbent for many gases such as SO2,20–29 CO2,30–38

H2S,39–42 CO,43 and NOx.44,45 For instance, Han and

coworkers demonstrated the first example of SO2 chemical
absorption by functionalized ILs, tetramethylguanidinium
lactate, which absorbed about 1 mol SO2 per mol IL with
8% SO2 in a gas mixture of SO2 and N2 under ambient pres-
sure.27 After that, some other functionalized ILs were
explored for SO2 capture, including guanidinium-based
ILs,26,46,47 imidazolium ILs,2,48–51 and supported ionic liquid
membranes.52–54 Generally, these methods were mainly
based on the strong interactions between SO2 with some
nucleophilic atoms21,55–57 such as O or N atom. Recently,
multiple-site absorption was developed as a novel strategy
for improving SO2 capture, where the absorption capacity
was up to 4.8 mol SO2 per mol IL.24 With the study goes
further, a dual-tuning method for both enhancing SO2

absorption capacity and decreasing absorption enthalpy was
developed, which leads to the enhanced absorption capacity
and improved desorption simultaneously.22

Although SO2 capture by these functionalized ILs has

made significant progresses, little attention was given to SO2

capture in a very low concentration, such as SO2 from flue

gas (about 2000 ppm). In this respect, a strong chemical

interaction with SO2 is necessary for these ILs, which often

means a high absorption enthalpy. However, for the release

of SO2 and the reusability of the ILs, the low absorption

enthalpy is desired, since high absorption enthalpy leads to

difficult desorption and high energy consumption for desorp-

tion. Thus, how to design a functionalized IL with proper

absorption enthalpy is critical for the efficient capture of

SO2 in such a low concentration.

Additional Supporting Information may be found in the online version of this
article.
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In this work, several kinds of anion-functionalized ILs
with different basicity and different substituent were
selected, prepared, and applied for the capture of SO2 in a
low concentration of 2000 ppm. The effect of the basicity
and the substituent of the anion on the SO2 absorption
capacity, desorption residue, and available absorption
capacity was investigated under 2000 ppm. Moreover, the
relationship between the available absorption capacity and
absorption enthalpy was studied. Through a combination of
absorption experiment, thermodynamics analysis, and quan-
tum calculation, the results show that the anion [Tetz] is an
excellent candidate and the effect of chain length in the cat-
ion is weak. Thus, a new IL with low molecular weight,
[P4442][Tetz], was further designed and applied for the cap-
ture of 2000 ppm SO2, which exhibited the excellent absorp-
tion performance.

Experimental

Materials

All chemicals used in this work were purchased from
commercial and used without further purification unless oth-
erwise stated. Methyl-1,2,4-triazole-3- carboxylate (CO2Me-
Triz) and trihexyl(tetradecyl)phosphonium dicyanamide
([P66614][DCA]) were purchased from J&K Scientific. Tetra-
zole (Tetz) and 5-phenyltetrazole (Ph-Tetz) were purchased
from Energy Chemistry Co. Trihexyl(tetradecyl)phospho-
nium bromide ([P66614][Br]), 1,2,4-triazole (Triz), tributyl-
phosphine (P444), and bromoethane were purchased from
Aladdin Ind. Co. N2 (99.99%), SO2 (0.2%) which was com-
posed of 0.2% SO2 and 99.8% N2, and SO2 (99.9%) were
purchased from Hangzhou Jingong Special Gas Co. 1H NMR
and 13C NMR spectra were recorded on a Bruker spectrome-
ter (400 or 500 MHz) in CDCl3 with tetramethylsilane as the
standard.

The synthesis of the ILs

[P4442]Br was prepared by the procedure reported by the
literature method23 with a slight modification. A solution of
bromoethane (1.20 g, 11 mmol) in MeCN (10 mL) was
added dropwise via syringe into a solution of P444 (2.02 g,
10 mmol) in MeCN (10 mL) at room temperature. Then, the
mixture was heated to 60�C and stirred for 1 day. After
being cooled to room temperature, MeCN was distilled off
under reduced pressure at 70�C, and the residue was washed
with ethyl acetate (3 3 20 mL). The product was dried

under high vacuum at 80�C for 1 day to give [P4442]Br as a
white solid in a yield of 90%.

These anion-functionalized ILs were prepared by the neu-
tralization of azole and an ethanol solution of [P66614]OH or
[P4442]OH, which was prepared from [P66614]Br or [P4442]Br
using an anion-exchange resin according to the literature
method.33 In a typical preparation, equimolar tetrazole was
added to the [P66614]OH solution in ethanol. The mixture
was then stirred at room temperature for 12 h. Subsequently,
ethanol and water were distilled off at 70�C under reduced
pressure. [P66614][Tetz] obtained was dried in high vacuum
for 1 day at 80�C. The structures of these anion-
functionalized ILs were confirmed by NMR and IR spectros-
copy. No impurities were observed in the NMR spectra. The
spectra data of these ILs are given in Supporting
Information.

Absorption and desorption of SO2

In a typical absorption of SO2 from flue gas, SO2 at 2000
ppm was bubbled through about 1 g IL in a glass container
about 5 mL at a flow rate of about 80 mL min21. The glass
container was partly immersed in an oil bath at 20�C. The
amount of SO2 absorbed was determined at regular intervals
by an electronic balance with an accuracy of 60.0001 g.

The IL was regenerated by bubbling N2 at 80�C through
the IL. In a typical desorption of SO2, N2 of atmospheric
pressure was bubbled through about 1.0 g IL that captured
SO2 in a glass container, which was partly immersed in a
circulated oil bath at 80�C, and the flow rate was about
100 mL min21. The desorption of SO2 was determined at
regular intervals by an electronic balance with an accuracy
of 60.0001 g.

Calculation method

All calculations were performed using the GAUSSIAN03
programs package. For each set of calculations, we calcu-
lated geometry optimization for each free anion, the free
SO2 molecule, and each anion-SO2 complex at the B3LYP/
6–3111G (d,p) level.

Results and Discussion

Absorption of SO2

In the real situation, we would like to have the IL that can
absorb SO2 as much as it can, and can release SO2 effec-
tively. In other words, the suitable ILs must have a high
available absorption capacity, which is the difference
between SO2 absorption capacity and desorption residue.
Especially for the capture SO2 from flue gas, the strong
interaction between the anion in the ILs and SO2 plays a key
role in these processes.21,22,24,58 Accordingly, three kinds of
anions with different basicity were chosen, where the pKa
values in DMSO, including [Triz], [Tetz] and [DCA], range
from 13.9 to 5.1 (Scheme 1).59 Furthermore, two kinds of
substituted group containing an interaction site such as phe-
nyl group was introduced on the anion to further improve
SO2 absorption (Scheme 1).20,60

The SO2 absorption capacity of these anion-functionalized
ILs under 2000 ppm was investigated, which was listed in
Table 1. It was seen that the effect of the anion on SO2

absorption and desorption were significant. Strong basicity
led to high SO2 absorption capacity, however, the desorption
residue was high. On the contrary, weak basicity resulted in

Scheme 1. The structures of the cation and the anion
in anion-functionalized ILs for SO2 capture
under 2000 ppm.
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low desorption residue, while the SO2 absorption capacity
was also low. For example, for the IL [P66614][Triz] with
strong basicity, SO2 absorption capacity and desorption resi-
due were 1.22 and 0.89 mol SO2 per mol IL, respectively;
However, for the IL [P66614][DCA] with weak basicity, the
SO2 absorption capacity and desorption residue were 0.09
and 0 mol SO2 per mol IL, respectively. Clearly, SO2

absorption capacity and desorption residue increased with
the increase of the basicity of the ILs. Furthermore, the pres-
ence of the substituted groups such as phenyl group led to
the improved desorption performance, however, SO2 absorp-
tion capacity did not increase because the interaction
between the substituted groups and SO2 was weak.

Table 1 also shows the effect of the anion on SO2 avail-
able absorption capacity. It can be seen that SO2 available
absorption capacity increased from 0.33 to 0.81 mol SO2 per
mol IL when the pKa values of the anion reduced from 13.9
to 8.2. However, when the pKa values of the anion further
reduced to 5.1, SO2 available absorption capacity reduced to
0.09 mol SO2 per mol IL. Obviously, the IL [P66614][Tetz]
with moderate basicity exhibited the best performance under
2000 ppm SO2.

The relationship between SO2 absorption performance

and absorption enthalpy

To further investigate the relationship between SO2

absorption performance and the interaction of the ILs with
SO2, quantum chemical calculation was used as a useful

tool. Generally, the calculated absorption enthalpy (DHcal)
between the anion and SO2 is a key parameter to evaluate
the interaction between the IL and SO2.24,61,62 Figure 1
shows the relationship between SO2 absorption capacity
under 2000 ppm and DHcal between the anion and SO2 for
these anion-functionalized ILs. It was seen that SO2 absorp-
tion capacity reduced with decreasing the DHcal. For
instance, SO2 absorption capacity decreased significantly
from 1.22 to 0.09 when the DHcal reduced from 2107.2 to
257.0 kJ/mol. Figure 1 also shows the relationship between
desorption residue and DHcal. It was understandable that
desorption residue decreased with the reduction of the DHcal.

Figure 2 shows the relationship between SO2 available
absorption capacity under 2000 ppm and DHcal for these
anion-functionalized ILs, which is a volcano plot. The high-
est available absorption capacity of 0.81 mol SO2 per mol IL
was achieved when the DHcal is 289.4 kJ/mol. It was
emphasized that the relationship between SO2 available
absorption capacity and DHcal for different SO2 concentra-
tion is different. For example, under 1 bar SO2, the highest
available absorption capacity of 3.67 mol SO2 per mol IL
was reached when the DHcal is 293.1 kJ/mol (Supporting
Information Table S1). These results showed that the effect
of the interaction enthalpy on SO2 absorption at different
SO2 concentrations was different, which led to different SO2

available absorption.
On the basis of DFT calculation at B3LYP 6–3111G(d,p)

level, the calculated equilibrium constant K, can be obtained
using the Eq. 1

Table 1. The SO2 Absorption by Five Kinds of Anion-Functionalized ILs Under 2000 ppm
a

Ionic Liquid
Absorption
Capacityb

Desorption
Residueb

Available
Absorptionc pKa in DMSO

Absorption
Enthalpyd

[P66614][Triz] 1.22 0.89 0.33 13.9 2107.2
[P66614][CO2Me-Triz] 0.95 0.26 0.69 – 293.1
[P66614][Tetz] 0.87 0.06 0.81 8.2 289.4
[P66614][Ph-Tetz] 0.67 0.00 0.67 – 272.3
[P66614] [DCA] 0.09 0.00 0.09 5.1 257.0

aThe absorption was carried out at 20�C for 5 h, and the desorption was carried out at 80�C for 1 h.
bMol SO2 per mol IL.
cEqual to the absorption capacity minus the desorption residue.
dCalculated values between the anion and SO2 based on B3LYP 6–3111G(d,p) method, kJ/mol.

Figure 1. The relationship between absorption capacity
or desorption residue and calculated absorp-
tion enthalpy DHcal.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 2. The relationship between available absorp-
tion capacity and calculated absorption
enthalpy DHcal.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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DG52RTln ðKÞ (1)

To our surprise, for [P66614][Tetz], it reached a very large
value of 2.24 3 108 (Table 2). In common sense, it can be
considered as a completed reaction while the K is beyond
105 level. In other words, [P66614][Tetz] should absorb nearly
1 mol SO2 per mol IL for so large K value. However,
according to the experimental results, [P66614][Tetz] can only
absorb 0.87 mol SO2 per mol IL. Why the gap exists
between the calculation and experiment result? This puzzle
led us to find out a solution.

Thermodynamics analysis

It was known that absorption enthalpy can also be
obtained on the basis of the variation of SO2 absorption
capacity with the temperature. Thus, the effect of the tem-
perature on SO2 absorption by [P66614][Tetz] was investi-
gated (Figure 3). It was seen that SO2 absorption capacity
decreased with the increase of the temperature. For example,
SO2 absorption capacity decreased from 0.87 to 0.07 mol
per mol IL when the temperature increased from 20�C to
85�C.

During SO2 absorption by the IL [P66614][Tetz], physical
and chemical absorption are two kinds of SO2 absorption,
which can be easily expressed as Eqs. 2 and 3, respectively

SO2ðgÞ�!
H

SO2ðlÞ (2)

SO2ðlÞ1ILðlÞ�!K IL2SO2ðlÞ (3)

where H is Henry’s constant and K is equilibrium constant.
An overall reaction is showed as

SO2ðgÞ1ILðlÞ ! IL2SO2ðlÞ (4)

Considering that physical solubility of SO2 in
[P66614][Tetz] can be ignored because the concentration of
SO2 is very low, a model can be obtained to fit the isotherm
data according to the Eq. 5

K5
xSO2

PSO2
ð12xSO2

Þ (5)

where the xSO2
is SO2 absorption capacity on a molar ratio

basis. PSO2 is the SO2 pressure in bar.
Thus, SO2 absorption enthalpy can be obtained from the

temperature-dependence of the equilibrium constants K
according to the van’t Hoff equation, Eq. 6, which is shown
in Figure 4. As seen, this plot has a good linear relationship
between ln(K) and 1/T, and the value of R2 is 0.997. The
experimental absorption enthalpy DH was found to be 253.2
kJ/mol for [P66614][Tetz]

ln ðKÞ52
DH

RT
2

DS

R
(6)

However, according to the calculated results, the DHcal is
289.4 kJ/mol. There is a big gap of more than 30 kJ/mol
between them. What led to the significant difference between
them?

Effect of the cation on the calculated absorption
enthalpy

Generally, the microenvironment including the anion-
cation and ion-solvent interactions of ILs would influence
the binding energy of ILs.62,63 Among them, the cation in
the ILs would often influence the gas absorption signifi-
cantly.65–69 In this point, it is possible that the gap may be
caused by the cation that was not considered during the cal-
culation. In this regard, [P1111]1 was taken into consideration
as a model during the calculation at the B3LYP/6-
31G11(d,p) level. The optimized structures and the

Figure 3. The effect of the temperature on SO2 absorp-
tion under 2000 ppm by [P66614][Tetz].

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. The linear relationship between ln(Kexp) and
1/T for [P66614][Tetz].

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 2. Thermodynamic Constant of Five Kinds of Anion-

Functionalized ILs

Ionic Liquid DGa Kb

[P66614][Triz] 268.3 1.48 3 1012

[P66614][CO2Me-Triz] 249.1 5.59 3 108

[P66614][Tetz] 246.7 2.24 3 108

[P66614][Ph-Tetz] 228.8 1.35 3 105

[P66614] [DCA] 212.5 1.70 3 102

aCalculated values between the anion and SO2 based on B3LYP 6–
3111G(d,p) method, kJ/mol.
bCalculated equilibrium constant according to the equation: DG 5 2RTln(K).
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energetics of [Tetz]-SO2 and [P1111][Tetz]-SO2 were showed
in Figure 5. It can be seen in Figure 5a that the distance of
S6. . .N2 in [Tetz]-SO2 is predicted to be 2.196 Å, while O8

and H3 would have a weak interaction (the distance between
them is 2.918 Å). As for [P1111][Tetz]-SO2, the distance of
S7. . .N2 in [P1111][Tetz]-SO2 is predicted to be 2.357 Å,
which is further than that in [Tetz]-SO2. In addition, O9 and
H3 would have no interaction anymore, for such a far dis-
tance (3.792 Å, Figure 5b). All of these clues indicate that
the interaction between [Tetz] and SO2 is weaker when
[P1111]1 is introduced in the calculation. Furthermore, the
calculated absorption enthalpy DHcal is 263.6 kJ/mol when
regarding [P1111] as the cation, which is significantly lower
than that of 289.4 kJ/mol for [Tetz]-SO2, also indicating the
weaker interaction for [P1111][Tetz]. These results demon-

strate that the effect of the cation on SO2 absorption
enthalpy during the calculation is significant, leading to the
big gap between them.

The effect of the length of the alkyl chains in the cation
on the calculated absorption enthalpy was also investigated,
which was shown in Table 3. It was seen that the effect of
the chain length in the cation on absorption enthalpy was
weak. For example, absorption enthalpies for [P1112][Tetz]
and [P2222][Tetz] were 263.5 and 261.8 kJ/mol, respec-
tively. Clearly, the calculated absorption enthalpy is closer
to the experimental value when the cation was considered
during the calculation.

The design of [P4442][Tetz] and its reusability

For the real situation, SO2 absorption capacity based on
the weight is more important. Furthermore, according to the
above calculated results, the effect of the length of the
alkyl chains in the cation on absorption enthalpy was weak.
Therefore, a new IL with low molecular weight,
[P4442][Tetz], was designed, prepared and used for SO2

absorption under 2000 ppm, which was shown in Table 4.
It was seen that [P4442][Tetz] captured 0.90 mol SO2 per
mol IL at 20�C under 2000 ppm SO2, and the desorption
residue was 0.07 mol SO2 per mol IL at 80�C for 1 h,
which was similar with that by [P66614][Tetz]. The effect of
water on SO2 capture was also investigated, which was
shown in Supporting Information Table S2. As can be seen,
the effect of water on the absorption of SO2 by
[P4442][Tetz] was weak. To the best of our knowledge,
compared with dozens of ILs for the capture of SO2,
[P4442][Tetz] exhibits the highest available absorption
capacity under 2000 ppm SO2, where the available absorp-
tion capacity is 0.18 g SO2 per g IL (Table 5).

Table 4. The SO2 Absorption by [P4442][Tetz] Under 2000

ppm

Ionic liquid
Absorption
Capacitya

Desorption
Residuea

Available
Absorptionb

[P4442][Tetz]c 0.90 0.07 0.83

aMol SO2 per mol IL.
bEqual to the absorption capacity minus the desorption residue.
cThe absorption was carried out at 20�C for 9 h, and the desorption was car-
ried out at 80�C for 1 h.

Table 5. The Comparison of SO2 Available Absorption at Low Concentration by [P4442][Tetz] with Other ILs

Ionic Liquidsa SO2 Concentration Absorption Temperature/�C Available Absorptionb Reference

[P4442][Tetz] 2000 ppm 20 0.18 This work
[P66614][BenIm] 2000 ppm 20 0.06 20
[C10mim][Tetz] 2000 ppm 20 0.13 23
[N2224][disuccinate] 4000 ppm 40 0.12 28
[N2222][diglutarate] 2000 ppm 40 0.12 29
[DMEA][diglutarate] 4000 ppm 40 0.11 29
[MEA]L 3440 ppm 25 0.11 67
[TMG]L 3440 ppm 25 0.16 67

a[C10mim][Tetz], 1-decyl-3-methyl imidazolium tetrazole; [P66614][BenIm], trihexyl(tetradecyl)phosphonium benzimidazolate; [TMG]L, 1,1,3,3-tetramethylguani-
dinium lactate; [MEA]L, monoethanolaminium lactate; [N2222][diglutarate], tetraethylammonium diglutarate; [DMEA][diglutarate], dimethylethanolammonium
diglutarate; [N2224][disuccinate], triethylbutylammonium disuccinate.
bAbsorption capacity on the basis of weight, g SO2 per g IL.

Figure 5. The optimized structures of [Tetz]-SO2 and [P1111][Tetz]-SO2 at B3LYP 6–3111G(d,p) level.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 3. The Effect of Chain Length in the Cation on Calcu-

lated SO2 Absorption Enthalpy
a

[Tetz] [P1111][Tetz] [P1112][Tetz] [P2222][Tetz]

DHcal 289.4 263.6 263.5 261.8

aBased on B3LYP6-3111G(d,p) method, kJ/mol.
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The reusability of an IL is a critical property for gas
absorption, which has a direct impact on the costs because it
determines the frequency of the IL’s replacement. Therefore,
we selected [P4442][Tetz] as a sorbent material to investigate
the stability of SO2 absorption under 2000 ppm during the
recycling of the IL. The results for 5 absorption/desorption
cycles of [P4442][Tetz] were shown in Figure 6. To our
delight, the high available absorption capacity was well-
maintained during the 5 cycles, which indicates that the SO2

absorption process by [P4442][Tetz] is highly reversible.

Conclusion

In conclusion, the effect of the basicity and substituent in
the anion on SO2 absorption under 2000 ppm was investi-
gated, indicating that the effect of the basicity and substitu-
ent on absorption capacity, desorption residue, and available
absorption capacity was significant. The relationship between
available absorption capacity and absorption enthalpy was
investigated, which is a volcano plot. Through a combination
of thermodynamic analysis and quantum calculation, the
results demonstrated the importance of the cation in the cal-
culation as well as the weak effect of chain length in the cat-
ion. Therefore, a new designed IL with low molecular
weight, [P4442][Tetz], was applied to SO2 capture under 2000
ppm, which exhibits the high SO2 available absorption
capacity of 0.18 g SO2 per g IL and excellent reversibility.
We believe this method can be used in other gases capture
and be helpful for designing the effective absorbent.
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