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ABSTRACT: A series of hydrogen bond donors (HBDs) functionalized deep
eutectic solvents (DESs) containing both physical and chemical action sites were
synthesized by hydroxypyridine with different structures and proportions plus 1-
butyl-3-methylimidazolium chloride (BmimCl). The effects of temperature, partial
pressure, HBDs structure, and water content on SO2 absorption were investigated,
and 4-hydroxypyridine (4-Op)/BmimCl (1:2) exhibited the highest SO2
absorption capacity. In order to decrease the viscosity of absorbent and increase
the applicability of 4-Op/BmimCl (1:2), the SO2 absorption capacities in four
hybrid absorbents based on 4-Op/BmimCl (1:2) and four high boiling point
organic solvents [sulfone, dimethyl sulfoxide (DMSO), N-methylpyrrolidone
(NMP), and 1-methylimidazole (NMI)] were further studied and compared. 4-
Op/BmimCl (1:2)-(NMI) showed the best absorption performance; the addition
of NMI significantly decreased the viscosity of the absorbent, and the absorption
capacity of absorbent was also improved compared with that of pure 4-Op/BmimCl (1:2) absorbent. The SO2 absorption capacity of
hybrid absorbents (mass fraction of NMI ω = 0.3) could reach 1.23 g SO2/g absorbent at 100 kPa SO2 and 293.15 K, and the
viscosity of the absorbent before absorption was only 12 mPa·s at 298.15 K. The gravimetric absorption capacity and desorption
performance of hybrid absorbents did not change in the continuous absorption−desorption cycle experiments. Furthermore, the
results of quantum chemical calculation and spectral analysis showed that there were physicochemical mixing interactions between
pure DESs and SO2.

1. INTRODUCTION
Acid rain haze and photochemical smog caused by SO2
released from fossil fuel burning cause serious harm to
ecological environment and human health. With the
increasingly strict sulfur dioxide emission standards, the
removal of sulfur dioxide from industrial waste gas has
attracted increasing attention. The inherent shortcomings of
traditional technologies (lime-limestone method and ammonia
washing technology) are driving researchers to develop new
materials and processes that can effectively and reversibly
remove SO2 to protect the environment.1,2

Deep eutectic solvents (DESs) have attracted broad
attention over the past decades as a kind of ionic liquid
analogues. DESs are usually prepared from two or more
components, namely, hydrogen bond acceptors (HBAs) and
hydrogen bond donors (HBDs). Quaternary phosphonium
salts or quaternary ammonium salts are commonly used as
HBAs, while alcohols, carboxylic acids, and amides are used as
HBDs. The formation of intermolecular hydrogen bonds
between the individual component results in a significant
decrease in the melting point of DESs.3 DESs have played a
significant role in acid gas absorption, such as CO2,

4 NO,5 and
SO2.

6,7 Jiang et al. investigated the SO2 absorption capacity in

different phosphonium-based HBAs; methyl-triphenyl phos-
phonium bromide (MTPB) with shorter carbon chain length
substituents exhibited the best SO2 absorption capacity (0.2 g
SO2/g DESs at 0.05 vol % SO2 and 303.15 K).8 Jiang et al.
investigated the effects of several different HBAs (EmimCl,
BmimCl, BmimBr, N4444Cl, and P4444Cl) on SO2 absorption
capacity.6 Among them, EmimCl and BmimCl exhibited
competitive SO2 absorption capacity. Compared with EmimCl,
BmimCl had similar SO2 capacity and relatively lower cost;
BmimCl was selected as HBA for the subsequent inves-
tigations. Generally, SO2 chemisorptions by these function-
alized DESs are based on the single-site interaction between
the electronegative nitrogen and SO2.

9,10 The molecule
containing hydroxyl group can physically absorb SO2 through
the formation of an −OH···O�S�O hydrogen bond.11

Therefore, we can regulate the number and type of interaction
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sites to adjust the adsorption and desorption capacity of
SO2.

12,13 In addition, most DESs or ionic liquids have high
viscosity and are difficult to transport in pipelines in practical
applications. Therefore, combining DESs with organic solvents
or water to construct mixed absorbent may be an attractive
approach.14,15

Based on the above analysis, we prepared a series of
hydroxypyridine DESs. The effects of temperature, SO2 partial
pressure, DES composition, and the type and proportion of
organic solvents on the SO2 absorption performance were
investigated. Thermogravimetric analysis (TGA) and five
continuous absorption−desorption cycles showed that the
stability and reversibility of absorbents were high. The SO2/
CO2 selectivity and physical properties of DESs were also
discussed. Furthermore, the physicochemical mixing inter-
actions between hydroxypyridine-based DESs and SO2 were
verified by quantum chemical calculation and spectral analysis.

2. EXPERIMENTAL SECTION
2.1. Materials and Characterization. The chemical

structures and abbreviations of chemicals used are shown in
Figure 1. 2-Hydroxypyridine (99%, CAS no. 142-08-5), 3-

hydroxypyridine (99%, CAS no. 109-00-2), 4-hydroxypyridine
(99%, CAS no. 626-64-2), 1-methylimidazole (98%, CAS no.
616-47-7), sulfolane (99%, CAS no. 126-33-0), N-methyl-
pyrrolidone (NMP) (99%, CAS no. 872-50-4), dimethyl

sulfoxide (99%, CAS no. 67-68-5), and 1-butyl-3-methylimi-
dazolium chloride (98+%, CAS no. 79917-90-1) were obtained
from he owns OPDE Technologies, LLC. All chemicals used
were vacuum-dried for 12 h to remove trace moisture before
DESs preparation. SO2 (99.95%), CO2 (99.95%), and N2
(99.99%) were purchased from Tianjin Dongxiang Specialty
Gases Co., Ltd. Standard gas mixture of 2000 ppm SO2 and N2
was purchased from Tianjin Boliming Technology Co., Ltd,
and other SO2 mixtures with partial pressure were obtained by
using N2 as the equilibrium gas.
The viscosities of hydroxypyridine-based DESs and hybrid

absorbents were characterized using a rotary viscometer
(Brookfield DV-II + Pro, America) at 293.15 K and calibrated
with standard silicone oil before measurement. All samples
were repeated three times to calculate the average viscosities.
The thermostability of hydroxypyridine-based DESs was
analyzed by TGA (NETZSCH, TG209F3) from room
temperature to 673.15 K at a heating rate of 10 K/min
under nitrogen atmosphere, and the decomposition temper-
atures were characterized by using the TGA curves. A 500
MHz Bruke spectrometer (AVANCE III, Germany) was used
to characterize the 1H NMR spectra in DMSO-d6, and TMS
was selected as an internal standard. A Bruker TENSOR II
Fourier transform spectrometer was used to obtain FT-IR
spectra in the wavenumber range of 400−4000 cm−1.

2.2. Preparation of the Deep Eutectic Solvents. The
preparation method of DESs in this article was consistent with
that reported in previous literature.6 All DESs used in this
article were prepared by mixing HBDs (2-Op, 3-Op, and 4-
Op) with HBAs (BmimCl) in a certain molar ratio and then
stirred at 343.15 K until all the solid particles formed a
transparent liquid. Subsequently, the prepared DESs were
vacuum-dried at 353.15 K for 24 h to remove the possible
volatile organic compounds and traces moisture. The AKF-
2010 Karl Fischer moisture titrator (Hogon Co., Ltd.) was
used to measure the water content (Table S1).

2.3. SO2 Absorption and Absorbent Regeneration.
The method and equipment of SO2 absorption and desorption
operations were consistent with those of previous literature.6

Mass flowmeters were used to regulate the flow of gas in high-
pressure cylinders to obtain simulated flue gas with different
SO2 partial pressures. The simulated flue gas with a flow rate of
100 mL/min at 100 kPa was bubbled into absorbent (about

Figure 1. Chemical structures and abbreviations for synthesizing
hybrid absorbents.

Figure 2. Effect of (a) HBDs/HBAs mole ratio; (b) temperature and types of HBDs on SO2 absorption at 100 kPa.
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1.0 g) in a glass container, which was immersed in a constant-
temperature water or oil bath. Electronic balance (Mettler
Toledo AL204, with an accuracy of 0.1 mg) was used to
determine the solubility of SO2 at regular intervals during the
absorption process. Desorption operations were conducted at
353.15 K in nitrogen atmosphere, and each measurement was
repeated three times. The repeatability was better than ±2%,
and it was estimated that the uncertainty of the results was less
than ±2.5%.

3. RESULTS AND DISCUSSION
3.1. Physical Properties. Viscosity plays an important role

in the process of mass and heat transfer, and lower viscosity of
absorbents is more conducive to industrial applications. The
measured viscosities of DESs before and after SO2 absorption
are summarized in Table S2. The viscosities of hybrid
absorbents with different mass fractions of NMI are shown
in Figure S1; the addition of NMI could effectively reduce the
viscosity of DESs. The viscosities of pure DESs decreased
obviously after 100 kPa SO2 absorption, which was related to
the destruction of the hydrogen bond between HBDs and
HBAs by SO2.

16 The viscosity of 4-Op/BmimCl (1:2) or 3-
Op/BmimCl (1:2) increased after capturing low concentration
SO2 (0.2 vol %), which indicated that there was a chemical
interaction between DESs and SO2, which will be further
explored by spectral analysis.9 Also, the hybrid absorbents
exhibited lower viscosity both before and after 100 kPa SO2
absorption. In addition, the melting point of the mixture was
lower than that of the components, conforming to the
definition of DESs (as stated by the supplier: BmimCl,
343.15 K; 4-Op, 423.15 K; 3-Op, 403.15 K; 2-Op, 380.15 K),
and all the prepared hydroxypyridinyl-based DESs were room
temperature DESs.
3.2. SO2 Absorption. As shown in Figure 2a, the influence

of HBD/HBA mole ratio in the range of 3:2−1:2 on SO2
absorption was investigated at 100 kPa SO2 and 293.15 K
(stable DESs could not be formed under experimental
conditions when the HBA/HBD mole ratio was 1:2). Notably,
molar absorption capacities of 4-Op/BmimCl (1:2) could
reach 8.05 mol SO2/mol DES. Obviously, as the 4-Op/
BmimCl molar ratio decreased from 3:2 to 1:2, the saturated
SO2 molar absorption capacities of 4-Op/BmimCl DESs
decreased and then increased, corresponding to 5.50, 4.80,
and 8.05 mol SO2/mol DES, respectively. The results
demonstrated that both HBAs and HBDs played an important
role in SO2 absorption.
The effects of temperatures and types of HBDs on the

absorption capacities of SO2 by pure DESs and hybrid
absorbents were explored at 100 kPa SO2, and the results
are showed in Figure 2b. It was found that the saturated
absorption capacities of SO2 by all absorbents significantly
decreased with the rise of temperature. Precisely, as the
temperature increased from 293.15 to 333.15 K, the saturated
SO2 absorption capacities of 4-Op/BmimCl (1:1), 3-Op/
BmimCl (1:1), and 2-Op/BmimCl (1:1) decreased from 1.14
to 0.63, 1.11 to 0.58, and 1.09 to 0.56 g SO2/g DES,
respectively. The order of SO2 absorption capacity was 4-Op/
BmimCl > 3-Op/BmimCl > 2-Op/BmimCl. The results
demonstrated that the site of N atoms may affect the
absorption capacity of SO2, and the SO2 captured by pure
DESs and hybrid absorbents could be facilely stripped out by
heating. Based on the above analysis, 4-Op/BmimCl (1:2)

exhibited better absorption performance, which will be further
studied.
As shown in Table S3 and Figure S5, the SO2 absorption

capacities of hybrid absorbents that 4-Op/BmimCl (1:2)
mixed with NMP, DMSO, NMI and Sulfone respectively at the
mass ratio of 1:2 were investigated. The SO2 gravimetric
absorption capacities of hybrid absorbents were 1.04, 1.21,
1.31, and 0.71 g SO2/g absorbents, respectively. Only the
hybrid absorbent corresponding to NMI did not generate solid
substances, while the other hybrid absorbents generated
precipitation at the bottom. Therefore, as shown in Figure
2b, the SO2 absorption capacities of NMI hybrid absorbents
with different mass ratios were further explored. When the
mass ratio of DES-NMI was 1:2, it exhibited competitive SO2
gravimetric absorption capacity (1.31 g SO2/g absorbent at
100 kPa SO2 and 293.15 K). Figure S6 indicates that the
addition of NMI reduced the thermal stability of DESs. With
the rise of temperature, the volatilization of organic solvents
causes the loss of desorption energy consumption and
environmental pollution, so the proportion of organic solvents
should not be too high.
Table S6 shows SO2 absorption capacity of 4-Op/BmimCl

(1:2) and 3-Op/BmimCl (1:2) at different SO2 partial
pressures. As depicted in Figure 3, the SO2 partial pressure

took an active effect on SO2 absorption capacities. In
particular, gravimetric absorption capacities of 4-Op/BmimCl
(1:2) and 3-Op/BmimCl (1:2) increased from 0.11 to 1.16 g
SO2/g DES and 0.07 to 1.14 g SO2/g DES as the partial
pressure of SO2 increased from 0.2 to 100 kPa at 293.15 K,
respectively. The results indicated that the SO2 absorbed by
DESs could be desorbed by bubbling N2.
As depicted in Figure 4, the influence of HBD/HBA mole

ratio on SO2 absorption was investigated at 293.15 K and 0.2
kPa [in the process of absorption, 3-Op/BmimCl (3:2) and 4-
Op/BmimCl (3:2) became turbidity gradually, and solid
particles were generated, so absorption could not be
completed]. Interestingly, as the molar ratio of 4-Op/BmimCl
declined, the equilibrium gravimetric absorption capacities of
SO2 in 4-Op/BmimCl DESs (1:1 and 1:2) decreased,
corresponding to 0.15 and 0.11 g SO2/g DES, respectively.

Figure 3. Effect of SO2 partial pressure on SO2 absorption
performance at 293.15 K.
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The results showed that HBDs played a vital role in SO2
absorption under low partial pressure.
3.3. Comparison with Other DESs That Chemically

Absorb SO2. The SO2 absorption capacities in representative
DESs and ILs reported previously are listed in Table 1. The
SO2 mass absorption capacities of DESs prepared in this work
are higher than most DESs and ILs reported in the literature.
Remarkably, the SO2 gravimetric absorption capacities of 4-
Op/BmimCl (1:2) could reach up to 1.16 and 0.46 g SO2/g
DES at 293.15 K under 100 and 10 kPa, respectively.
Moreover, all the SO2 absorbed in hydroxypyridine-based
DESs could be desorbed easily, exhibiting remarkable
desorption effect than other absorbents that chemically absorb
SO2. It is pointed out that some studies have shown that
BmimCl has potential toxicity and can cause DNA damage to
organisms.17 In order to reduce the proportion of BmimCl and
increase the application performance of the DESs, we

developed four hybrid absorbents, among which the SO2
absorption capacity of hybrid absorbents (mass fraction of
NMI ω = 0.3) could reach 1.23 g SO2/g absorbent at 100 kPa
SO2 and 293.15 K. Therefore, compared with the previously
reported DESs and ILs, the studied DESs and hybrid
absorbents showed better absorption and desorption perform-
ance, which had great application potential. Therefore, the
proportion of IL in the absorbent should be reduced in
practical application, and the development of more green and
environmentally friendly absorbent is also the direction of our
future efforts.
In addition, the SO2/CO2 selectivity of 4-Op/BmimCl (1:1)

and 3-Op/BmimCl (1:1) was also investigated. Table S4
shows the CO2 absorption capacity of 4-Op/BmimCl (1:1)
and 3-Op/BmimCl (1:1) at 313.15 K with a 100 kPa CO2 flow
rate of 50 mL/min. Concretely, the CO2 molar absorption
capacities of 4-Op/BmimCl (1:1) and 3-Op/BmimCl (1:1)
were 0.26 and 0.21 mol CO2/mol DESs, respectively. Thus,
the SO2/CO2 selectivity was determined to be 11.9 and 14.5
(ratio of molar absorption of SO2/CO2).

3.4. Thermostability of DESs and Regeneration of
Absorbents. The thermostability and regeneration of
absorbents are significant for evaluating the potential of
industrial application. The thermostabilities of 4-Op/BmimCl
(1:2) and 3-Op/BmimCl (1:2) were examined by TGA. As
shown in Figure S2, the thermal degradation temperatures (Td,
5 wt % weight loss) of 4-Op/BmimCl (1:2) and 3-Op/
BmimCl (1:2) were 509.15 and 481.15 K, respectively. The Td
values of hydroxypyridine-based DESs were higher than the
regeneration temperatures, which indicated that hydroxypyr-
idine-based DESs were sufficiently stable in the process of
regeneration. Further, to evaluate the reusability of DESs and
hybrid absorbents, five consecutive absorption and desorption
cycles were performed at 293.15 K, 100 kPa, SO2 at 50 mL/
min and 353.15 K, 100 kPa, and N2 at 50 mL/min,
respectively. As depicted in Figure 5, the saturated weight
absorption capacities and desorption remnants of DESs and

Figure 4. Effect of the HBD/HBA molar ratio on SO2 absorption
performance at 0.2 kPa SO2.

Table 1. Comparison of SO2 Absorption Capacities of Different DESs and ILsa

SO2 capacity (g SO2/g DES)

absorbent (molar ratio) temperature (K) 100 kPa 10 kPa 0.2 kPa reference

DESd-NMI(2:1)f 293.15 1.23 this work
4-Op/BmimCl (1:2) 293.15 1.16 0.46 0.11 this work
3-Op/BmimCl (1:2) 293.15 1.14 0.43 0.07 this work
4-Op/BmimCl (1:1) 293.15 1.11 0.15 this work
Gly/PPZBr (4:1) 293.15 0.42 0.15 0.10b 18
TBAB + CPL (1:2) 298.15 0.22 19
[Et2NEMim][Tetz] 293.15 1.10 0.47 20
EmimCl + EG (1:1) 293.15 1.03 0.047 21
EmimCl + SN (1:1) 293.15 1.13 0.12 22
EmimCl + TEG (6:1) 293.15 1.25 0.54 23
BmimCl-EU (2:1) 293.15 1.18 6
EG-MTPB (4:1) 303.15 0.2e 8
BmimCl−AA (1:1) 293.15 1.00 0.30 24
[P66614][NPA] 298.25 0.37 0.13 0.04b 13
Bet/EG (1:3) 313.15 0.366 0.070b 25
ChCl/thiourea (1:1) 303.15 0.70 0.09c 26
ChCl/Gly (1:1) 293.15 0.678 0.153 27
CPL/KSCN (3:1) 293.15 0.61 28

aStandard uncertainties are u(T) = 0.1 K, u(Ptotal) = 0.2 kPa, u(Ppartial) = 0.01 kPa, u(molar ratio) = 0.01, and u(massSOd2
) = 0.01 g/g. bAt 1 kPa. cAt

20 kPa. dDES: 4-Op/BmimCl (1:2). eAt 0.05 kPa. fMass ratio.
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hybrid absorbents did not alter obviously during five
continuous absorption and desorption cycles. The results
indicated that the SO2 absorption by DESs and hybrid
absorbents was reversible and could be used as a recyclable
absorbent. Under the same conditions, the desorption
efficiency of 4-Op/BmimCl (1:2), 3-Op/BmimCl (1:2), and
DES-NMI (1:2) could reach 96.7, 99, and 78.5%, and the
available SO2 absorption capacities were about 1.12, 1.13, and
0.98 g SO2/g absorbents, respectively. Although the available
absorption capacity and desorption efficiency of hybrid
absorbents were slightly lower than that of pure DES, the
lower viscosity makes it more practical. The difference of
absorption and desorption capacity between 4-Op/BmimCl
(1:2) and 3-Op/BmimCl (1:2) will be further studied by
quantum chemical calculation.
3.5. Spectroscopic Analysis. To explore the interactions

of 4-Op/BmimCl (1:2) with SO2, FT-IR spectra and 1H NMR
spectra of unreacted hydroxypyridine-based DESs as well as
DESs saturated with SO2 were characterized. As shown in
Figure 6, compared with the FT-IR spectra of the virgin DESs,
new peaks presented at 953 and 1722 cm−1 could be ascribed

to S−O stretch vibrations and the interaction of N of the 4-Op
with SO2.

9,18,25 The above result indicated that there was
chemical interactions between 4-Op/BmimCl (1:2) and SO2.
The typical characteristic peaks appeared at 536, 1128, and
1310 cm−1 after DESs saturated with SO2, which could be
ascribed to the bending vibration of SO2

10,29,30 and the
symmetrical and asymmetrical stretching vibration of S�
O,21,26 respectively. Generally, the symmetrical and asym-
metrical stretching vibration of SO2 were observed at 1145 and
1344 cm−1 in CCl4, respectively.

31 The shifts indicated strong
charge−transfer interaction between S atom of SO2 and Cl−.
As shown in Figure 7, compared with the virgin 4-Op/

BmimCl (1:2), the typical chemical shifts of the protons of N−

C6−H (4-Op) moved downfield after hydroxypyridine-based
DESs saturated with SO2. For instance, the chemical shifts of
the protons at 7.97 ppm moved downfield to 8.06 ppm after
DESs saturated with SO2 (100 kPa), indicating that the N···
SO2 chemical interaction exists between 4-Op and SO2.

18,32 It
should be noticed that the chemical shifts of C2−H (BmimCl)
at 9.5 ppm moved upfield to 9.16 ppm; besides, the intensities
of chemical shifts of N−CH3 and C3H7−CH2 (BmimCl) at

Figure 5. Five cycles of SO2 absorption−desorption experiments by (a) pure DESs and (b) 4-Op/BmimCl (1:2) mixed with NMI in mass ratio.

Figure 6. FT-IR spectra of 4-Op/BmimCl (1:2) before and after
absorption of SO2.

Figure 7. 1H NMR spectra of 4-Op/BmimCl (1:2) before and after
absorption of SO2.
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3.88 and 4.18 ppm increased, and the chemical signals became
spike peaks, indicating that the hydrogen bond between the
HBD and the HBA was broken. During the process of
absorption, the viscosity of the absorbent decreased, which also
confirmed that the hydrogen bond was broken. On the basis of
FT-IR and 1H NMR results, the 4-Op/BmimCl (1:2)
interacted with SO2 through mixed physicochemical inter-
actions.
3.6. Quantum Chemical Calculations. Density func-

tional theory calculations, at M06-2X/6-311+G(d,p),33,34 with
Gaussian 0935 were used to demonstrate how the position
between N and −OH affected the absorption−desorption
properties of DESs, and the analysis of wave function was
carried out with Multiwfn 3.8.36 Details of quantum chemical
calculations methods could be found in Supporting Informa-
tion. The geometry optimization and NPA charge distribution
of 2-Op, 3-Op, and 4-Op monomers were calculated,
respectively, as shown in Supporting Information, Table S7.
It could be seen from Figure S3 that the NPA atomic charge of
N atoms in 3-Op was obviously lower than that of 4-Op.
According to the mechanism of limited active sites,37 it
indicated that there were more potential absorption sites
corresponding to N atoms in 4-Op, which was consistent with
the experimental results that 4-Op had better absorption
capacity than 3-Op. It was worth noting that the NPA atomic
charge density of N atoms in 2-Op was also very high, but its
relatively poor absorption performance may be due to the
steric hindrance of hydroxyl group, which reduced the SO2
absorption capacities.
The geometry optimization and interaction energies of

optimized structures were calculated for 3-Op/BmimCl (1:1)-
nSO2 and 4-Op/BmimCl (1:1)-nSO2 (n = 0,1,2) clusters, as
shown in Figure 8. The interaction types and intensities in

DESs-nSO2 were quantitatively described, and topology
analysis was carried out by using Multiwfn 3.8. As shown in
Figure S3, there were many forms of hydrogen bonds between
HBDs and BmimCl, such as H−O···H−HCC2H5, C4−H···Cl−,
and so forth. It could be noted that when DESs bind a
molecule of SO2, the hydrogen bond between HBA and HBD
is broken; for example, C2−H···H−HCCH3 converted to
CH3CH−H···O(1SO2) and HC4···H−HCC3H7 converted to
(C3H7)CH−H···O1(1SO2). The above results were consistent
with the spectral analysis results, indicating that there was a
synergistic process of SO2 absorption between HBDs and
HBAs. Compared with the optimized 3-Op/BmimCl (1:1)-

SO2, 4-Op/BmimCl (1:1)-SO2 had shorter intermolecular
distance; the length of N···S was calculated as 2.19 and 2.14 Å,
respectively, indicating that there was a stronger interaction
between 4-Op/BmimCl (1:1) and SO2. The interaction
energies of 3-Op/BmimCl (1:1)-SO2 and 4-Op/BmimCl
(1:1)-SO2 were calculated as −89.80 and −105.06 kJ/mol,
respectively. The above results indicated that 3-Op/BmimCl
(1:1) had weaker interaction with SO2, which was consistent
with the experimental results that 3-Op/BmimCl (1:1) had a
better desorption performance.
In order to understand which regions of molecules were

related to weak interactions more intuitively, the reduced
density gradient (RDG) was used to visualize the weak
interaction of DESs. The RDG isosurface coloring of
interactions in geometry-optimized DES-nSO2 clusters is
shown in Figure 9. The blue areas represent halogen and

hydrogen bonding, the green areas represent the weaker van
der Waals forces, and the red areas show the mutual exclusion
effect between interacting atoms, which are mainly the strong
steric hindrance of cage and ring structures.
As can be seen from the Figure 9, the weak interaction in the

system was destroyed after SO2 absorption, and the complete
region becomes fragmented, which was in accordance with the
experimental results that the viscosity of absorbents decreased
during the experimental process. It should be noted that the
mapping screened the points with electron densities greater
than 0.05 a.u., and due to the strong interaction between N···S
and Cl−···S, the circular equivalence surface of the inner blue
and the outer red appeared between them.
In order to further verify the results of geometry

optimization, an analysis of electrostatic potential was carried
out. It could be seen from Figure 10 that 3-Op/BmimCl (1:1)
and 4-Op/BmimCl (1:1) showed semblable electrostatic
potential distribution of molecules. Specifically, the electro-
negative areas were chiefly located near Cl− and N atoms
(HBDs) and O atoms, while the electronegative areas were
chiefly located near H atoms, such as the C2−H on the Im
ring, C−H of HBDs, and branch chain of the Im ring.
Consequently, it could be inferred that the electropositive S
atoms in SO2 tend to bind to Cl− or N atoms (HBDs), while
electronegative O atoms in SO2 prefer to form hydrogen bond
with H atoms. The results of electrostatic potential distribution

Figure 8. Optimized structures of DESs-nSO2 (n = 0,1,2) complexes.

Figure 9. RDG isosurface coloring of interactions in DESs-nSO2
clusters.
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were consistent with those of geometric optimization. The
electrostatic maps of DES-2SO2 verified the above deduction.
The N atoms (HBDs) and chloride ions contacted with the
sulfur region with positive electrostatic potential of SO2, while
the positive parts of other molecules contacted with the oxygen
region with negative electrostatic potential of SO2, so that SO2
was firmly adsorbed through electrostatic interaction. Based on
the above analysis, it was suggested that the excellent SO2
desorption and absorption performance of hydroxypyridine-
based DESs on account of the weaker interaction between SO2
and DESs and the synergism between HBDs and HBAs
promotes the capture of SO2.

4. CONCLUSIONS
A series of HBD-functionalized DESs containing both physical
and chemical action sites were synthesized, and the absorption
of SO2 was investigated under different temperatures, water
contents, and partial pressures. It is worth noting that 4-Op/
BmimCl (1:2) showed an extremely high SO2 capacity up to
1.21 and 0.14 g SO2/g DES at 293.15 K under 100 and 0.2
kPa, respectively. Furthermore, the effects of the type and
proportion of organic solvents on the viscosity of 4-Op/
BmimCl (1:2) and the absorption capacity of SO2 were
investigated. The SO2 absorption capacity of hybrid absorbents
(mass fraction of NMI ω = 0.3) could reach 1.23 g SO2/g
absorbent at 100 kPa SO2 and 293.15 K, and the viscosity of
the absorbent before absorption was only 12 mPa·s at 298.15
K. The absorption mechanism between hydroxypyridine-based
DESs and SO2 was investigated by combining spectroscopic
investigations with quantum chemical calculations. It was
found that the increased SO2 absorption capacity was
attributed to multiple-site interactions and the synergism
between HBDs and HBAs. Combining NMI with DESs
provided a potential solution for the application of DES-based
absorbents, a strategy that was attractive for the development
of SO2 absorbents.
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