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Abstract

Due to its toxicity and corrosiveness, it is of enormous significance to efficiently capture and recover sulfur dioxide (SO2) from
flue gas and natural gas. Herein, a new type of IL/MIL-0.7 composite was precisely designed to meet this challenge, which
exhibits a high adsorption capacity for SO2 (13.17 mmol·g-1) at 298 K and 1 bar while excludes almost completely carbon
dioxide (CO2) (0.27 mmol·g-1) and nitrogen (N2) (0.07 mmol·g-1). The high IAST selectivity (at least 11925) of IL/MIL-0.7
for SO2/CO2 can be achieved within the whole test pressure range. In addition, the breakthrough experiment also confirmed
the excellent performance of the composite for deep removal of 2000 ppm SO2. Furthermore, the IL/MIL-0.7 composites can
maintain excellent performance after four adsorption and desorption circulations and the thermostability can up to ~450 K.
Therefore, this stable IL@MOF composite has the potential application as an effective adsorbent for SO2 removal from flue gas.
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Abstract

Due to its toxicity and corrosiveness, it is of enormous significance to efficiently capture and recover sulfur
dioxide (SO2) from flue gas and natural gas. Herein, a new type of IL/MIL-0.7 composite was precisely
designed to meet this challenge, which exhibits a high adsorption capacity for SO2 (13.17 mmol·g-1) at 298
K and 1 bar while excludes almost completely carbon dioxide (CO2) (0.27 mmol·g-1) and nitrogen (N2)
(0.07 mmol·g-1). The high IAST selectivity (at least 11925) of IL/MIL-0.7 for SO2/CO2 can be achieved
within the whole test pressure range. In addition, the breakthrough experiment also confirmed the excellent
performance of the composite for deep removal of 2000 ppm SO2. Furthermore, the IL/MIL-0.7 composites
can maintain excellent performance after four adsorption and desorption circulations and the thermostability
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can up to ~450 K. Therefore, this stable IL/MOF composite has the potential application as an effective
adsorbent for SO2removal from flue gas and natural gas.

Keywords: ionic liquids, metal-organic frameworks, molecular-sieving separation, SO2 capture

1. Introduction

Combustion of fossil fuels, including coal, oil, and natural gas, produces sulfur dioxide (SO2), which is an
irritant, corrosive, and highly toxic gas 1-5. With the growth of the world economy, the emission of SO2
has increased significantly to meet the increasing energy demand 6. However, even trace SO2 (e.g. 1000–
3000 ppm) can cause severe environmental problems (e.g. smog and acid rain). Besides, it can irritate
the lungs and induce cancer once SO2 enters the respiratory tract of humans7. Therefore, the effective
removal of SO2 from the air has become an essential issue to ensure human health and environmental
safety. At present, various desulfurization technologies have been developed to remove SO2 from flue gas
and natural gas, such as washing with limestone slurry, ammonia and liquid adsorbents 8. However, these
technologies are accompanied by great challenges, for example, low SO2 capture efficiency, high operation
cost, corroding pipelines and producing large numbers of secondary pollutants 9-11. Although dry adsorption
technologies based on porous materials (including zeolite, activated carbon, and metal oxides) can avoid
solvent consumption, they have low adsorption capacity, high energy consumption for regeneration, and
poor durability12-13. In addition, trace SO2 will permanently deactivate amines and reduce the efficacy of
the CO2 scrubbing process. Extremely poor absorption and low selectivity of SO2 relative to N2 and CO2
make the complete removal of trace SO2 a formidable issue 14,15. Thus, designing a new porous adsorbent to
efficiently capture SO2 from flue gas and natural gas with high selectivity to achieve sustainable development.

Metal-organic frameworks (MOFs), with large specific surface area, high designability and tunability, have
attracted extensive attention in SO2 adsorption and separation 14. Nevertheless, the causticity of SO2 may
damage the coordination bonds between metal clusters and organic ligands in MOFs6. For example, Janiak et
al. suggested that MOF-177 (BET = 4100 m2·g-1) has an ultra-high SO2 adsorption capacity (25.7 mmol·g-1at
298 K and 1 bar). However, the formation of metal-sulfur bonds disrupted the coordination bonds in MOFs
which further induces its structure to collapse 16. At present, some highly stable MOFs with high adsorption
capacity for SO2 have been reported, such as DUT-67(Zr) (9 mmol·g-1) and Zr-Fum (4.9 mmol·g-1) 17.
Unfortunately, these stable MOFs also suffered the low adsorption capacity of SO2

6. It should be noted that
SO2 is often combined with several competitive gases such as CO2 and N2

11. However, only a few MOFs can
selectively capture SO2from CO2 and N2, especially in the case of deep desulfurization 16,18. For instance,
Bao et al. revealed the Mg-gallate showed a high IAST selectivity of 325 for SO2/CO2 mix-gases 14. Xing
and co-workers reported that the adsorption capacity of SIFSIX-2-Cu-i for SO2 can arrive at 6.9 mmol·g-1

and the selectivity of SO2/CO2 is 87 19. MFM-601 displayed a high SO2 capacity (12.3 mmol·g-1) at 298
K and 1 bar, while the selectivities for SO2/CO2 and SO2/N2 only reach 32 and 25520. Therefore, from a
practical perspective, it is essential to design a series of new adsorbents with high adsorption capacity and
high stability for SO2, and virtually exclude CO2 and N2 adsorption. Recently, ionic liquids (ILs) have been
widely applied in SO2adsorption studies due to their unique physicochemical properties, including low vapor
pressure, high stability, and tunability21. Unfortunately, the high viscosity of ILs can cause poor mass transfer
and hamper their industrial application. To overcome the difficulties, silica gel, porous carbon and silica have
been used as supports to disperse IL and change the adsorption capacity of SO2

22. Compared with these
materials, MOFs with large surface area and tunable size have been used as outstanding porous supports for
the incorporation of ILs. More importantly, the introduction of IL may provide additional adsorption sites to
enhance gas adsorption and separation performance of adsorbent23. For example, IL/MOF composites have
been extensively investigated on NH3, CO2,and H2O in our research group, exhibiting excellent adsorption
performances 24-26.

Herein, a novel composite material IL/MIL was designed and synthesized, as shown in Scheme 1. The
introduction of IL endows the adsorbent with unique adsorption sites (-OH, -Cl and the long alkyl chain
in IL) for SO2. Besides, the composite of IL/MIL can provide adequate space to effectively capture SO2,
such as the free space originating from the alkyl chain in IL and the inner surface of composites. Then, the
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. experiment indicated that IL/MIL-0.7 showed a high SO2 adsorption capacity (13.18 mmol·g-1) at 298 K and
1 bar, almost totally excluding CO2 (0.27 mmol·g-1) and N2 (0.07 mmol·g-1). Also, for the mixture of 10%
SO2 and 90% CO2, the SO2/CO2 selectivity could reach to11925 while the sorbent selection parameter (S
sp) could be as high as 472131, both of which are higher than those reported porous materials. In addition,
the excellent performance of the composite for the deep removal of 2000 ppm SO2 also was confirmed by
breakthrough experiments with the SO2/N2/CO2 mixed gas. These reveal that the IL/MIL-0.7 composite
has the potential application to remove SO2 efficiently from flue gas and natural gas.

2. Materials and experiments

2.1. Materials

chromium (III) nitrate nonahydrate (Cr(NO3)3·9H2O) and 1,4-ben-zenedicarboxylic acid (H2BDC) were
obtained from J&K (China). N-methylimidazolium and chlorobutanol were purchased from Shanghai Bide
Pharmatech Ltd. N,N -dimethylforma-mide (DMF), methanol and ethyl acetate were obtained from Beijing
Chemical Works. All chemicals were utilized directly from commercial purchases and without additional
purification.

2.2. Preparation of materials

According to reported work27, MIL-101(Cr) was prepared by H2BDC and Cr(NO3)3·9H2O.

IL/MIL-x : MIL-101(Cr) was degassed by vacuum activation at 353 K before sample preparation. Then,
a methanol solution of [BOHmim]Cl was mixed with activated MIL-101(Cr) powder, and the mixture was
magnetically agitated at 298 K for 1 h. Subsequently, the sample was dried at 378 K for 12 h in an oven. The
composites are identified as IL/MIL-x, where x is the weight percentage of IL in the composite (for example,
x = 0.2, 0.4, 0.7).

Detailed procedures for synthesizing [BOHmim]Cl, MIL-101(Cr) and IL/MIL-x are shown in Section S1 of
Supporting Information (SI).

2.3. Characterizations

An X-ray diffractometer (D8 ADVANCE) from Bruker (Germany) was used to perform powder X-ray dif-
fraction (PXRD) throughout the 2 range of 5-40° with a scan speed of 5° min-1 and a step size of 0.02deg.
The Brunauer-Emmett-Teller (BET) surface area and pore volume of material were determined with a gas
adsorption analyzer (Best, China). Fourier transform infrared (FT-IR) was carried out with a Thermo Sci-
entific Nicolet iS5 spectrophotometer. The spectra data were measured from 4000 to 400 cm-1. For the
analysis of solid samples, the samples were mixed with pure potassium bromide (KBr) and sample (about
1:100 mass ratio), the sample powder was compressed into flakes with a tablet machine, and then tested in
an infrared instrument. Pure ILs samples were firstly pressed to be tablets with dry pure potassium bromide,
then applied on potassium bromide by a small amount of IL and put on the instrument for testing. The mor-
phologies of samples were investigated with scanning electron microscopy (SEM, Gemini SEM 300). Energy
dispersive spectroscopy (EDS) elemental mapping images were performed. Transmission electron microscope
(TEM) images were measured by a Japan-JEOL-JEM 2011Plus. X-ray photoelectron spectroscopy (XPS)
was attained on a Thermo Scientific K-Alpha with Al Kα radiation. Thermogravimetric analysis (TGA) data
were recorded using Japan-Hitachi-TG DTA7200. Instrument under N2 atmosphere with a heating rate of
10 K·min-1 from 298 K to 783 K.

2.4. Adsorption measurements

The adsorption isotherms of SO2 by IL/MILs were determined on the BSD-PM analyzer. Before each ad-
sorption experiment, around 100 mg of samples were weighed and degassed at 353 K and vacuum (<10-5 Pa)
for 12 h. Furthermore, the adsorption isotherms of CO2 and N2 at 298 K by IL/MILs were determined on
BSD-PS (M) analyzer and ASAP 2020 plus HD88 physisorption analyzer (Micromeritics, USA), respectively.

2.5 Breakthrough experiment

3
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. The breakthrough experiment for the removal of 2000 ppm SO2 was performed at 298 K and 1 bar (Figure
S1). In the dynamic separation experiment, the stainless-steel column with an inner diameter of 11 millimeters
and a loading length of 59 mm was filled with 1.0582 grams of IL/MIL. The activation of samples was carried
out with a carrier gas (He [?] 99.999%, 30 mL*min-1) purged for 2 h at 373 K. Then, the mixed gas consisting
of 2000 ppm SO2, 15% CO2 and 84.8% N2 was pumped at the rate of 40 mL*min-1 for the adsorption of
SO2. The mass spectrometer (MS) continuously monitored the recovered gas passed through the adsorption
bed.

3. Results and discussion

3.1 Characterization

PXRD patterns of MIL-101(Cr) and IL/MIL-x were carried out. Figure 1a indicates that the PXRD patterns
of MIL-101(Cr) correspond well with their simulated ones, confirming the successful synthesis28. Besides,
the IL/MIL composites maintain similar diffraction peaks to pristine MIL-101, indicating that the materials
retain the framework stability after loading IL. However, the characteristic peaks of IL/MIL at 5-7deg are
weakened, which may be ascribed to an alteration in electron density, morphology, as well as crystalliza-
tion 29-31. Then, the porosity of the adsorbents was evaluated by analyzing the N2adsorption/desorption
isotherms at 77 K. Figures 1b and 1c suggest that the N2 uptake and the pore size of samples gradually
decrease with increasing the content of loaded IL. As listed in Table S1, the BET surface area of the sample
decreases from 3111 m2*g-1 to 3 m2*g-1 and the total pore volume decreased from 2.0 cm*g-1 to 0.14 cm3*g-1

with the increase of IL content, which can be ascribed to the pore blockage resulted by the IL entering the
pore of MIL-101(Cr). Furthermore, FT-IR spectra of MIL-101(Cr) and IL/MIL-x are shown in Figure 1d.
The asymmetric and symmetric stretching vibrations of the dicarboxylate linker O–C–O can be observed
at 1624 and 1401 cm-132. In addition, other bands on the benzene ring of the ligand can be found at 1507
cm-1 (C=C stretching) and 1158, 1107, 882 and 748 cm-1 (C-H bending)31,33. These demonstrate the MOF
framework is well preserved after loading IL, indicating that the loaded IL does not affect the structural
integrity. Besides, new peaks were observed in IL/MIL composites. For instance, the peak situated at 1579
cm-1 and the weak peaks at 2951 and 2852 cm-1 can be ascribed to the stretching vibration of C-N 31,34 and
the C-H stretching vibration of the alkyl chain in IL32,35. The above evidence indicates that IL is successfully
loaded in MIL-101(Cr).

To further illustrate the existence of IL, the XPS spectra and EDS mapping were investigated by using
IL/MIL-0.7 as a case study. Compared with that of MIL-101(Cr) (Figure 2), the spectrum of IL/MIL-0.7
displays the characteristic peaks corresponding to Cl and N elements. EDS mapping under SEM mode of
IL/MIL-0.7 shows the homogeneous distribution of N and Cl elements (Figures S2c and S2d), which shows
the excellent dispersion performance of IL in MIL-101(Cr). SEM images further confirmed the maintenance
of crystal morphology. IL/MIL-0.7 has similar particle sizes (200–500 nm) and octahedral crystals typical
of MIL-101(Cr) as shown in Figures S2a and 2b. Additionally, TEM analysis (Figure 3) reveals a layer
of transparent substance with a non-uniform thickness (more than 15 nm) on the outside of IL/MIL-0.7
compared with pristine MIL-101(Cr), suggesting that IL was deposited on the outer surface of MIL-101(Cr).
The above characterization data demonstrate the successful loading of IL.

3.2 SO2adsorption performance

To evaluate the properties of the composites, the adsorption isotherms of SO2 over four adsorbents were
determined by the volumetric method at 298 K and 1 bar. Figure 4a indicates that the maximum adsorption
uptake of IL/MIL-x decreases compared with MIL-101(Cr) due to the reduction of pore volume and the
different adsorption sites caused by the introduction of IL 9,19. Besides, the saturated adsorption capacity
of SO2 changes with the increase of loaded IL content. As shown in Figure 4a and Table S2, the SO2

uptake capacity of IL/MIL-0.7 and IL/MIL-0.4 is (13.18 and 11.36 mmol*g-1, respectively) lower than that
of IL/MIL-0.2 (13.51 mmol*g-1) at 298 K and 1 bar. Due to the BET surface area of the composite decreasing
with the increasing IL content, the adsorption capacity of the porous carrier drops somewhat. Interestingly,
the SO2 adsorption capacity of IL/MIL-0.7 (13.18 mmol*g-1) is higher than IL/MIL-0.4 (11.36 mmol*g-1),
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. but the BET and pore volume of the former material is smaller than those of the latter. This indicates
that the introduction of IL induces additional adsorption sites for the adsorbent, prompting the capture
of SO2. Therefore, it can be concluded that the saturated adsorption capacity is not only determined by
the specific surface area and pore volume but also depends on the action of IL. Although the adsorption
capacity of IL/MIL-0.7 is subequal to that of MIL-101(Cr) at 298 K and 1 bar, its performance is better
than some other materials previously reported, including PI-COF-m10 (6.3 mmol*g-1) 36, and other typical
porous materials, such as SIFSIX-1-Cu (11.01 mmol*g-1)19, Ph-4MVIm-Br (8.12 mmol*g-1)18, MFM-300(In)
(8.28 mmol*g-1)15, MIL-160 (7.2 mmol*g-1)16, ECUT-111(11.6 mmol*g-1)37, SIFSIX-2-Cu-I (6.90 mmol*g-1)
20, SIFIX-3-Ni (4.30 mmol*g-1) 19, CPL-1 (1.999 mmol*g-1) 38, ELM-12 (2.73 mmol*g-1) 39, NPC-1 (2.45
mmol*g-1) 40, and MFM-601 (12.3 mmol*g-1) 20 (Table S2). Notably, the low-pressure adsorption capacity is
increased for IL/MIL with the increase of the loaded IL content, as shown in Figure 4b. The SO2 adsorption
capacity of IL/MIL-0.7 significantly exceeds that of pristine MIL-101(Cr) at low partial pressures (below 0.1
bar). Moreover, the SO2 uptake of IL/MIL-0.7 (0.67 mmol*g-1) at 0.002 bar exceeds that of MFM-300(In)
(0.43 mmol*g-1) 15 and MFM-601 (0.24 mmol*g-1) [20], only lower than [TMEDA][DES]@BN (0.82 mmol*g-1,
293 K) 41, and P(Ph-4MVIm-Br) (1.55 mmol*g-1) 18. However, these two kinds of materials exhibit lower
adsorption capacity compared to IL/MIL-0.7 at 1 bar. SO2 adsorption performance is up to 1.68 mmol*g-1

when the partial pressure reaches to 0.01 bar, which is more than 3.3 times as high as MIL-101(Cr) (0.5
mmol*g-1). As the pressure further increases to 0.1 bar, the adsorption amount of SO2 is up to 4.7 mmol*g-1.
Compared with the other reported porous materials, this material has a much higher low-pressure adsorption
capability, including P(Ph-4MVIm-Br) (4.14 mmol*g-1) 18, SIFSIX-2-Cu-i (4.16mmol*g-1) 19, and HNIP-
TBMB-1(3.54 mmol*g-1) 42. These suggest that IL/MIL-0.7 can provide excellent SO2capacity from low
pressures to atmospheric pressures, which is of great importance from a practical point of view.

3.3 SO2 separationperformance

Since SO2 is usually involved in many industrial gases as a contaminant, for example, in flue gases (CO2

and N2)43, it is crucial to explore the separation performance of SO2from gas mixtures. The CO2 and
N2adsorption isotherms of IL/MIL-0.7 at 298 K were obtained to evaluate the separation selectivity. Al-
though both CO2 and SO2 are acid gases, their adsorption isotherms on the composites have different
adsorption behaviors. As shown in Figure 5a, the adsorption capacity of SO2 (13.18 mmol*g-1) was signif-
icantly higher than that of CO2 (0.27 mmol*g-1) and N2 (0.07 mmol*g-1) in IL/MIL-0.7. This variation
in the adsorption capacity can be attributed to the introduction of IL which induces unique adsorption
sites for SO2. In detail, the strong adsorption interaction between SO2 and IL/MIL-0.7 pushes the SO2 to
overcome the large mass transfer resistance of the IL layer to enter the material, while CO2 and N2 cannot
penetrate the adsorbent due to their weak force between them. Therefore, IL/MIL-0.7 exhibits larger SO2

capacity and lower N2 and CO2 uptake. Furthermore, from the comparison of the SO2 adsorption capacity
of IL/MIL-0.7 with reported porous materials in Figure 5b and Table S2, IL/MIL-0.7 shows superior SO2

adsorption capacity. More importantly, the CO2 and N2 uptakes of IL/MIL-0.7 are significantly lower than
other adsorbents reported.

To further evaluate the separation efficiency, SO2/CO2 selectivity was calculated based on the ideal adsorp-
tion solution theory (IAST) (Section 2 in SI). Firstly, the dual-site Langmuir (DSL) model was used to fit
the adsorption isotherm (eq. S1), and then the separation selectivity was calculated by eq. S2 from the
single-component gas adsorption isotherms. Fitted curves and fitted parameters can be found in Figure S3
and Table S2, respectively. As expected, the composite exhibits an ultra-high SO2/CO2selectivity over 104

(about 11925) for a mixture of 10% SO2 and 90% CO2 at 298 K and 1.0 bar (Figure 6a). The excellent
adsorption selectivity towards SO2 for IL/MIL-0.7 can be explained by a molecular-sieve effect. The intro-
duction of IL led to selective permeation, whereas SO2 can be accessible to the interlayer spaces IL/MIL-0.7
while the CO2 and N2molecules are excluded by their weak adsorption interaction. Then, the SSO2/CO2 of
IL/MIL-0.7 was compared with the reported adsorbent. Figure 6b indicates that the separation performance
of IL/MIL-0.7 is significantly higher than those in the benchmark materials (Figure 6b and Table S2), such
as Mg-gallate (325) 14, and P([allyl-TMG]Br-DVB)(452) 8. Furthermore, for a pressure swing adsorption
(PSA) process, selectivity and working capacity are typically regarded as two crucial criteria to identify a

5
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. new adsorbent, while the sorbent selection parameter (S sp), combining selectivity and working capacity in
a single parameter, can be used to better evaluate the potential of adsorbent. Therefore, the value ofS sp

of IL/MIL-0.7 for SO2/CO2 is calculated by eq. S3 and compared with the value of reported adsorbents.
Figure 6c indicates that IL/MIL-0.7 exhibits a higher value of S sp (about 472131) than the majority of
other materials. To summarize, IL/MIL-0.7 has a good potential to capture trace SO2 with high selectivity
during the flue gas desulfurization (FGD) process.

It is well known that the content of SO2 in industrial flue gas (such as coal combustion flue gas) is very
low (about 2000 ppm)41,44. To confirm the practical ability of IL/MIL-0.7 to capture trace SO2 and the
feasibility of composites in the application process, the breakthrough experiment was carried out on the
simulated flue gas at 298 K and 1.0 bar, that is, a ternary gas mixture SO2/CO2/N2 (2000 ppm/15%/84.8%,
v/v/v) containing 2000 ppm SO2 with a flow rate of 40 mL*min-1. Figure 7 indicates that CO2 and N2

rapidly elute through the column at the beginning, while the breakthrough time of SO2 on IL/MIL-0.7 could
reach up to 130 min*g-1, which means that the material can realize the deep and selective removal of trace
SO2. The breakthrough selectivity of SO2/CO2 in such ternary gas mixture SO2/CO2/N2 can reach up to
668 calculated by eq. S4, which is at least 5–9 times higher than those in other materials reported in the
literature (Figure 7b).

To assess the binding energy between IL/MIL-0.7 and different gas molecules, single-component adsorption
isotherms were compared at different temperatures. As shown in Figures 8a and 8b, the adsorption capacity
of both decreases significantly with the increase in temperature, indicating an exothermic adsorption process.
The heats of adsorption (Qst ) of SO2 and CO2 were calculated using the Clausius-Clapeyron equation (eq.
S5) (Figures 8c and 8d), which is from 20 to 40 kJ*mol-1 for SO2 while from 0 to 4 kJ*mol-1 for CO2.
This indicated that the affinity of IL/MIL-101 for SO2 is strong than that for CO2. To further explore
the interaction between SO2 and composites, FT-IR and XPS spectra were used to evaluate possible SO2

adsorption sites in IL/MIL-0.7. Firstly, the IL/MIL-0.7 before and after SO2 absorption was characterized by
FT-IR. Figure S4 demonstrates that the intensity of the hydroxyl peaks of IL/MIL-0.7 after adsorbing SO2

is weakened, indicating that SO2 interacts with the hydroxyl groups45. No symmetric or asymmetric stretch
band (between 1389 cm-1 and 1085 cm-1) was observed for SO2, probably because of the overlap with the
strong vibrational band of IL/MIL-0.7. At the same time, the characteristic peak of the S element appears
in the XPS spectrum, demonstrating that SO2 molecules were adsorbed in the composites (Figure S5a). The
binding energy of Cl increases with a deviation of 0.14 eV after IL/MIL-0.7 adsorption of SO2(Figure S5b),
which suggests that Cl plays a key role in the adsorption of SO2

4,46,47. Acidic hydrogens in [BOHmim]+ such
as alkyl side chain C-H and 2-CH can also form two hydrogen bonds with SO2: H***O(SO2)-S(SO2)7,48,49.
As a result of the synergistic effect of multiple adsorption sites and the inner surface of the composite,
IL/MIL-0.7 has a high adsorption capacity for SO2.

3.4 Stability and regeneration properties of composites

Considering the strong corrosive nature of SO2, the regenerative prosperities and thermostability of IL/MIL-
0.7 were investigated. Firstly, the regeneration property of IL/MIL-0.7 was evaluated. As shown in Figure
9a, 4 cycles of SO2adsorption were performed to test the reversibility of IL/MIL-0.7, which still maintains
good adsorption performance for the fourth time at 1 bar. In addition, FT-IR spectroscopy was employed
to assess the completion of SO2 desorption. Compared with the fresh composites, the characteristic peaks
of FT-IR spectra did not change significantly (Figure 9b) in recycled IL/MIL-0.7, which means that the
material can completely desorb SO2. Furthermore, Figure S6 suggests that the structure of IL/MIL-0.7 can
maintain stability until 450 K, demonstrating that IL/MIL-0.7 is stable enough for industrial applications
14. All these results indicate that the composites have good enough reversibility for SO2 adsorption.

4. Conclusion

In conclusion, an IL/MOF composite with multiple adsorption sites has been prepared and used as an
efficient adsorbent for SO2capture. IL/MIL-0.7 exhibits a high SO2 capacity at 298 K and 1 bar, and an
adsorption capacity of 4.7 mmol*g-1 at 298 K and 0.1 bar, which is higher than most known adsorbents
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. in the literature. Meanwhile, IL/MIL-0.7 excludes N2 and shows high SO2/CO2 selectivity, up to 11925
for the 10/99 mixture at 298 K and 1 bar. Finally, SO2, CO2 and N2 molecular sieving can be achieved.
In addition, the breakthrough experiment of SO2/CO2/N2 further proves that IL/MIL-0.7 has excellent
trace SO2 capture capacity in its practical application. IL/MOF also exhibits good structural stability and
sufficient reversibility. Therefore, loading ILs on MOFs to synthesize new adsorbents shows great potential
for a practical flue gas desulfurization process.
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Frogley MD, Cinque G, Sun J, Rudić S, Murden RT, Benham MJ, Fitch AN, Blake AJ, Ramirez-Cuesta
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Scheme 1. Illustration of the preparation of IL/MIL composites.
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Figure 1. (a) PXRD patterns, (b) N2adsorption/desorption isotherms at 77 K, (c) pore size distribution
and (d) FT-IR spectra of IL/MIL-x (0.2, 0.4, 0.7) and MIL-101(Cr).

Figure 2. XPS spectrum of MIL-101(Cr) and IL/MIL-0.7.
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Figure 3. TEM image of IL/MIL-0.7(a) and MIL-101(Cr)(b).
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Figure 4. SO2 sorption isotherms for IL/MIL-x (20%, 40%, 70%) and MIL-101(Cr) at 298 K: (a) 0–1 bar.
(b) 0–0.1 bar (the desorption isotherms are omitted for clarity in a, b).
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Figure 5. (a) SO2, CO2 and N2adsorption isotherms of IL/MIL-0.7 at 298 K; (b) comparison of the SO2

uptake of IL/MIL-0.7 with reported materials (more details in SI).
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Fig. 6. IAST selectivity for SO2/CO2 mixtures (10/90) of IL/MIL-0.7 at 298 K and 1.0 bar (a); and
comparison of the separation performance of SO2/CO2: (b) selectivity at 298 K and 1.0 bar, and (c) S sp

at 298 K.
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Figure 7. (a)The column breakthrough curves for SO2(2000 ppm)/CO2/N2separation with IL/MIL-0.7 at
298 K and 1 bar; (b) SO2/CO2 breakthrough selectivity ((1), (3): 2000 ppm/15/84.8, v/v/v, SO2/CO2/N2;
(2): 5000 ppm/10/89.5, v/v/v, SO2/CO2/N2).
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Figure 8. (a) SO2 adsorption isotherm at 273 K, 298 K; (b) CO2 adsorption isotherm at 273 K, 298 K; (c)
SO2 adsorption heat; and (d) CO2adsorption heat of IL/MIL-0.7.
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Figure 9. (a) 4 consecutive adsorption cycles of IL/MIL-0.7; (b) FT-IR spectra of IL/MIL-0.7 after ad-
sorption and desorption; (c) TGA curve of IL/MIL-0.7.
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A new type of IL/MOF composite was prepared through a precise design to achieve deep removal of sulfur
dioxide (SO2), and the molecular sieving of SO2, CO2, and N2 can be achieved.
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