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SO2/CO2 separation†
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A cucurbit[6]uril cage-based hydrogen-bonded organic framework

(HOF) shows high capacity of SO2 capture (up to 4.98 mmol g�1 at 1

bar and 293 K), high SO2/CO2 selectivity, good chemical stability

toward dry SO2, and outstanding cycling performance. The prefer-

ential adsorption sites on the cage of the HOF are revealed by DFT

calculations and FT-IR.
The release of toxic gas pollutants such as sulphur dioxide (SO2)
into the atmosphere is a worldwide risk of growing concern.1,2

Anthropogenic SO2 emissions are mainly caused by the
combustion of fossil fuels with high sulphur content causing
serious detriment on the environment (i.e. smog and acid rain)
and risk for human health.3,4 In addition, SO2 is noxious to
many industrial operations, such as degrading the performance
of adsorbents for CO2 removal from ue-gas,5 and deactivating
the catalysts in CH4 combustion and NOx reduction.6 Currently,
ue gas desulfurization (FGD) can be performed by limestone
scrubbing and ammonia scrubbing techniques to remove only
about 90–99% SO2 from the gas mixtures.7 Thus, the develop-
ment of porous solid adsorbents for the selective removal of the
remaining SO2 from ue gas and other SO2-containing gases is
warranted for a sustainable development.1

Along this direction, an increasing number of porous
materials, including zeolites,8 metal–organic frameworks
(MOFs),9–14 and covalent organic frameworks (COFs),15,16 have
been evaluated to give promising results due to their high
Brunauer–Emmett–Teller (BET) surface areas, high pore volume
and programmed structures. Besides, amorphous materials,
such as poly(ionic liquid)s,17 have also attracted attention for
their high uptake capacity and high stability. Porous organic
cage (POC) based crystalline materials are a newly developed
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class of porous materials, in which the pores consist of the
intrinsic pores in the cage itself and the potential extrinsic pores
from the POC molecule packing in the crystal structure.18–20

POCs have aroused great interest during the last decade for
their unique features, such as dened structures based on
strong covalent bonds, tuneable intrinsic and extrinsic pores for
specic guest molecules and, good solubility in certain solvents
for easy subsequent processing.21–24 The rapid development of
POC-based materials including hydrogen-bonded organic
frameworks (HOFs) has led to promising applications including
gas capture and storage,25 vapor sorption,26 molecular separa-
tions,27 and pollutant removal.28 However, POC-based crystal-
line materials are barely investigated for toxic gas capture and
separation, such as SO2 separation from SO2-containing gas
mixtures.29,30

Cucurbit[6]uril (CB6 or Q6), synthesized by the condensation
of formaldehyde and glycoluril under acidic conditions, has
a hydrophobic cavity with a diameter of 5.8 Å and two
symmetric hydrophilic windows with a pore diameter of about
3.9 Å.31 The unique properties of CB6 cage have led to various
applications from catalysis to molecular sorption and separa-
tion due to its excellent chemical and thermal stability reported
by Kim et al.32,33 In the hydrogen-bonded organic framework of
CB6–H (H stands for polymorph H)34 (Fig. 1), the windows of
each CB6 molecule are partially blocked by adjacent CB6 cages
by the formed hydrogen bonds. Yet, polar molecules like CO2

could enter the intrinsic pores of CB6 thanks to the dynamic
HOF architecture. Herein, we have investigated the properties
of this very stable HOF CB6–H with honeycomb-like structures
and channel-type pores with a diameter of 6 Å for SO2 storage
and separation.

To achieve the maximum accessibility and gas uptake of CB6
molecules in the HOF, a short diffusion path length seemed
desirable and nanoCB6–H particles were prepared with sizes
between 100 nm and 500 nm based on scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
analyses (Fig. S1, ESI†). The phase purity of nanoCB6–H is
conrmed by powder X-ray diffraction (PXRD) (Fig. 2a). In
J. Mater. Chem. A, 2020, 8, 19799–19804 | 19799
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Fig. 1 (a) View of the honeycomb-like hydrogen-bonded organic
framework of CB6–H along the c-axis. All solvent molecules are
omitted. (b) The intermolecular C–H/O hydrogen bonds (2.24 to
2.60 Å) between neighbouring CB6 molecules in CB6–H. The yellow
sphere represents the intrinsic pore while the blue sphere represents
the extrinsic pores with a diameter of 6 Å (CCDC no. 676880, Refcode
KOBNEV).
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addition, nanoCB6–H can be stable up to 300 �C in air as sug-
gested by the temperature-dependent PXRD and TGA curves
(Fig. S2 and S3, ESI†). NanoCB6–H features a BET surface area
of 441m2 g�1 and a total pore volume of 0.22 cm3 g�1 before SO2

sorption (Fig. 2b and Table S1, ESI†). Pore size distribution
(PSD) analysis indicates the existence of dominant micro
Fig. 2 (a) PXRD data and (b) nitrogen-sorption isotherms at 77 K of nano
isotherms measured for recycled nanoCB6–H at 293 K. Filled and empty
enthalpy of adsorption of SO2, CO2, CH4, and N2 for recycled nanoCB6–
to dry SO2.
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tunnels at 6 Å and hierarchical defect mesopores (2–5 nm)
(Fig. S4, ESI†).

As a rst exposure to dry SO2 resulted in a slight drop in SO2

uptake capacity, aer which the values remained constant
(Fig. 3b), all porosity values discussed hereaer refer to a ‘recy-
cled’ sample which had been exposed to dry SO2 in order to have
reproducible uptake results. Recycled nanoCB6–H shows high
SO2 uptake capacity (120 cm3 g�1 at 293 K and 0.97 bar), good
chemical stability towards dry SO2, excellent recyclability over
ten successive runs and high IAST selectivity of 120 for SO2/CO2

(molar ratio 10/90) gas mixtures at 1 bar. The strong interac-
tions between CB6 and SO2 molecules are revealed by experi-
mental sorption results and DFT calculations. The results
obtained indicate that nanoCB6–H is promising for SO2 gas
separations under application-oriented conditions.

NanoCB6–H recycled e.g. over 7th run exhibits type-I
isotherms for SO2 with high uptakes of 120 cm3 g�1 (corre-
sponding to 4.98 mmol g�1) and 140 cm3 g�1 (corresponding to
6.18 mmol g�1) at 293 K and 273 K at 0.97 bar, respectively
(Fig. 2c and S5, ESI†). Using the total pore volume, the storage
density of SO2 in nanoCB6–H is calculated to be 1.52 g cm�3 at
293 K, which is 57% of the liquid density of SO2 (2.63 g cm�3) at
263 K indicating the efficient packing of SO2 in the pores of
nanoCB6–H. To the best of our knowledge, these are the highest
uptake values for organic cage-based materials in the literature
CB6–H materials before and after SO2 sorption. (c) Single gas sorption
symbols refer to adsorption and desorption, respectively. (d) Isosteric

H materials. ‘Recycled’ refers to a sample measured after first exposure

This journal is © The Royal Society of Chemistry 2020



Fig. 3 (a) IAST selectivities of SO2/CO2 mixtures with varying SO2

molar fractions in gas phase at 293 K and 1 bar. (b) Successive SO2

adsorption capacity in recycles of nanoCB6–H at 293 K and 0.97 bar.
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so far (Table S5, ESI†). It should be noted that the SO2 adsorp-
tion isotherms of nanoCB6–H exhibit a steep increase in the low
relative pressure range and the SO2 uptake reaches 81 cm3 g�1

at 0.1 bar. These values also outperform other porous materials
with similar BET surface areas, such as MFI zeolite (61.1, 68.5),35

MOFs including ELM-12 (43.7, 61.2),36 KAUST-8 (39.7, 70.3),37

SIFSIX-3-Zn (46.2, 51.3),38 Prussian blue analogues ZnCo (13.3,
44),39 and FMOF-2 (10.8, 43.7)40 at both 0.1 bar and 1 bar,
respectively (Fig. S6, S7 and Table S6, ESI†). Furthermore, the
desorption branch of SO2 sorption shows a hysteresis from 0.97
bar to 0.01 bar, indicating relatively strong SO2 interaction with
nanoCB6–H. We expect this CB6-based HOF to display a highly
selective SO2 uptake capability in gas desulfurization processes
due to the existence of polar carbonyl and C–H groups in the
ring.

As expected, recycled nanoCB6–H shows good CO2 uptake
capacities with 58 cm3 g�1 at 0.97 bar and 293 K, which is higher
than the reported value (45 cm3 g�1) (Fig. 2c and S8, ESI†).34 It is
worth noting that, although CO2 has a smaller kinetic diameter
(3.30 Å) than SO2 (4.1 Å), the CO2 uptake was much lower than
SO2 (120 cm3 g�1). In addition, the SO2 adsorption isotherm is
obviously steeper than the CO2 adsorption isotherm, indicating
stronger affinity toward SO2 by nanoCB6–H. This is supported
by its much higher isosteric enthalpy of adsorption at zero
loading, DH0

ads of �48 kJ mol�1 for SO2 compared to
�35 kJ mol�1 for CO2 (Fig. 2d). These results suggest that the
interactions between CB6 molecules with polar groups and SO2

molecules are much stronger than those with CO2, which might
be explained by the higher polarizability of SO2 (47.7 � 10�25

cm3) than that of CO2 (29.1 � 10�25 cm3) and a higher dipole
moment of SO2 (1.62 D) than that of CO2 (0 D).37 In contrast,
nanoCB6–H only displays a small CH4 and N2 uptake with 13.3
and 5.5 cm3 g�1 under 0.97 bar at 293 K, respectively (Fig. 2c, S9
and S10, ESI†). This can be explained by the low polarizability
for CH4 (5.88 � 10�50 cm3) and N2 (17.4 � 10�25 cm3). The
much steeper increase of SO2 adsorption isotherms than for
CO2 etc. at low pressures indicates a high application potential
of nanoCB6–H in FGD processes, where residual SO2 (up to 500
ppm) needs to be removed.

To evaluate the potential of nanoCB6–H for separating SO2

from binary gas mixtures, we applied ideal adsorbed solution
theory (IAST) calculations on dual-site Langmuir (DSLAI) tted
isotherms to determine selectivities of mixed-gas adsorption
with the “3P sim” soware.41 The best ts for our isotherms
This journal is © The Royal Society of Chemistry 2020
were achieved with the DSLAI tting model with tting
parameters given in Table S3.† IAST calculations have been
widely used in predicting gas separation performance and
proved to be a rst and reliable estimation of the selectivity
within low pressure range.42 The results from the IAST calcu-
lations indicate that recycled nanoCB6–H holds IAST selectiv-
ities between 120 and 142 for SO2/CO2 gas mixtures with the
molar ratio between 1/99 and 50/50 at 293 K and 1 bar (Fig. 3a
and S15–S18†). To best of our knowledge, the SO2/CO2 IAST
selectivity value obtained with nanoCB6–H is the highest
among reported cage-based materials and even comparable to
the leading MOFs in the literature (Fig. S19 and Table S6, ESI†).
Moreover, the IAST selectivities are 662 for SO2/CH4, and 1720
for SO2/N2 with a molar ratio of 10 : 90 gas mixtures at 293 K
and 1 bar (Fig. S20, S21 and Table S4, ESI†).

In addition to the excellent selectivity, the recycle capability
of nanoCB6–H is also very important for evaluating the appli-
cation potential. Thus, we have conducted ten successive runs
of SO2 adsorption at 293 K on nanoCB6–H. It is observed the
SO2 uptake capacity decreases only slightly from 138 cm3 g�1 to
124 cm3 g�1 for the rst and the second run, respectively, and
an uptake around 120 cm3 g�1 can be readily reached for the
next runs (Fig. 3b and S22, ESI†). This shows that aer an initial
loss of uptake capacity, SO2 is ad- and desorbed to the same
degree in the following cycles. The DH0

ads values also decrease
from �65 kJ mol�1 for newly activated to �48 kJ mol�1 for
recycled nanoCB6–H samples (Fig. S23, ESI†), indicating that
some strong binding sites for SO2 are lost during the rst run.
DH0

ads ¼ �48 kJ mol�1 for SO2 in this HOF is similar to those
reported for some MOFs, and indicates a regeneration of this
material under relatively mild conditions (Table S6, ESI†). The
PXRD analyses indicate that nanoCB6–H could retain its crys-
tallinity aer SO2 sorption for ten runs (Fig. 2a). The decreased
SO2 uptake capacity is accompanied by a slightly decreased BET
surface areas from 441 to 383 m2 g�1 and decreased micropore
volumes aer ten runs (Fig. 2b and Table S1, ESI†), which might
be caused partially by the detrimental effect of very small
amount of “sulfurous acid” species formed by SO2 and residual
water molecules in nanoCB6–H (Fig. S25†). In general,
nanoCB6–H shows excellent recycle stability in SO2 adsorption
experiments at 293 K up to 0.97 bar.

We further evaluated the sorption properties of nanoCB6–H
at 353 K, which is a common temperature to condense water
vapor before ue gas desulfurization.12 As expected, the gas
uptake capacities at 353 K and 0.97 bar for SO2 and CO2

decreased to 66 and 9.6 cm3 g�1, respectively (Fig. S26, ESI†).
Still, the SO2 adsorption curve remains of type I, and shows
a steep rise up to 20 cm3 g�1 at 0.01 bar, and quickly approaches
63% (42 cm3 g�1 at 0.1 bar) of the maximum uptake (66 cm3 g�1

at 0.97 bar). Notably, the desorption branch of SO2 sorption still
shows a hysteresis from 0.97 bar to 0.01 bar, indicating strong
SO2 interaction with nanoCB6–H at 353 K. In contrast, CO2 is
poorly adsorbed by nanoCB6–H at this temperature (Fig. S26,
ESI†). As a result, SO2/CO2 selectivities remain high because of
the low CO2 affinities at 353 K, thereby positioning nanoCB6–H
as the rst HOF ever reported for SO2 removal and separation
which we see as a subsequent benchmark system. The
J. Mater. Chem. A, 2020, 8, 19799–19804 | 19801



Fig. 4 View of the binding sites of SO2molecules with the CB6 cage as
determined by DFT calculations. The closest contacts between SO2

molecules and CB6 cages are depicted by dashed lines: O2S/O]C in
pink; SO2/H–C in light green; SO2/C]O in teal; O2S/N in yellow.
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structural stability of nanoCB6–H is demonstrated by the PXRD
analyses (Fig. 2a).

Encouraged by the strong SO2 affinity and high SO2/CO2

selectivity based on IAST predictions, we simulated break-
through curves with a gas mixture of N2/CO2/SO2 (84.9 : 15 : 0.1
v/v/v) at 293 K based on the DSLAI-tted isotherm data of
nanoCB6–H (Table S3, ESI†). Our previous work on SO2 sepa-
ration showed that breakthrough simulations can give a good
and reliable estimate for the breakthrough onset time of SO2 in
microporous MOFs.12 The simulated breakthrough plot in
Fig. S27† shows an immediate rise of the N2 and CO2 concen-
trations at the outlet, indicating the relatively low sorption
capacity for N2 and CO2 of nanoCB6–H under the set condi-
tions. In contrast, SO2 could be retained for about 760 min g�1

in nanoCB6–H, which indicates its solid separation capability
for SO2 versus CO2 at 293 K and 1 bar.

To better understand the results of the SO2 sorption with
nanoCB6–H at 293 K, we revisited the HOF structure, elemental
analysis and TGA results. To estimate the accessible cavity void
of CB6–H, the solvent molecules were eliminated to give a cavity
volume of 2671 Å3 per unit cell (Fig. S28, ESI†). As the molecular
volumes of SO2 are accessible from its solid-state structures
(VSO2

¼ 55 Å3),43 the theoretical amount of SO2 per unit cell of
nanoCB6–H was calculated to be about 48 molecules. On the
other hand, the uptake capacity of 4.98 mmol g�1 of SO2 by
nanoCB6–H at 293 K indicates the activated nanoCB6–H
adsorbs �45 molecules per unit cell, which is close to the
theoretical value (48). The observed slightly lower amount of
adsorbed SO2 molecules in nanoCB6–H can probably be
ascribed to the presence of trace water in HOF nanoparticles.
While the higher amount of adsorbed SO2 with a value of 55
molecules per unit cell by nanoCB6–H at 273 K was due to
weaker adsorbed SO2 molecules on the external surfaces. This is
also evident from the difference in DHads values ranging from
�48 kJ mol�1 for the stronger binding sites until �25 kJ mol�1

for the weaker external interactions.
In order to gain a molecular understanding of the excep-

tional good adsorption performance of nanoCB6–H, we used
DFT-D3 (dispersion-corrected DFT) calculations to investigate
the possible binding sites for SO2 by CB6 cages. Gas-phase
geometry optimization of SO2 with CB6 yields ve different
possibilities (SOI

2, SO
II
2 , SO

III
2 , SOIV

2 , and SOV
2) for SO2 binding

(Fig. 4 and Table S7, ESI†). Specically, SO2 can be located above
the portal plane (SOI

2), in the portal plane (SOII
2 ), and in the

cavity of CB6 cage (SOIII
2 ). SO2 molecules are mainly adsorbed

through the Sd+$$$Od� electrostatic interaction with the O]C
group of CB6 with a S/O distance of 2.69–3.04 Å, indicating an
extremely strong interaction that arises from the positive charge
of the S atom in the SO2 molecule and the electronegative
nature of the carbonyl group with binding energies up to
�82 kJ mol�1 (site III, Table S7, ESI†). It should be noted that
the intrinsic pore of CB6 is large enough to encapsulate two SO2

molecules, which have intermolecular Sd+$$$Od� interactions
(3.40 Å) in the conned space (Fig. 4 and S29, ESI†). Moreover,
SO2 can be located around the outer surface to form binding
sites (SOIV

2 and SOV
2), which involve multiple Sd+$$$Od� and

Sd+$$$Nd� electrostatic interactions (2.63 Å and 3.52 Å,
19802 | J. Mater. Chem. A, 2020, 8, 19799–19804
respectively), and Od�$$$Hd+ dipole–dipole interactions
between O atoms of SO2 molecules and C–H atoms of CB6 cages
with a Od�$$$Hd+ distance of 2.49–2.85 Å. Considering the
structural features of nanoCB6–H (Fig. 1), in which each portal
of CB6 is partially blocked by an adjacent cage, SOIII

2 , SOIV
2 , and

SOV
2 are suggested to be the predominant binding sites, while

SOI
2, SO

II
2 could be available in defect areas and on the external

surfaces of nanoCB6–H. DFT calculated static binding energies
of SO2 molecules on CB6 are �82, �50, and �19 kJ mol�1 for
SOIII

2 , SOIV
2 , and SOV

2, conrming the strong interaction between
SO2 molecules and nanoCB6–H. The higher static SO2 binding
energies (�82 kJ mol�1) than the experimental DHads value
(�48 kJ mol�1) is caused by the limitation of the DFT approach.
Thus, SO2 molecules could be rmly trapped around or in CB6
cages via the Sd+$$$Od� and Od�$$$Hd+ interactions.

To verify the interactions predicted by DFT calculations
above, FT-IR spectroscopic studies of nanoCB6–H loaded with
dry SO2 under atmosphere conditions show a new peak at
1144 cm�1 assigned to the symmetric stretch of adsorbed SO2,
which is redshied from 1152 cm�1 (D ¼ �8 cm�1) for free
SO2,11 demonstrating its interaction with CB6 cages (Fig. S30,
ESI†). The V3 asymmetric stretch bands of SO2 (between
This journal is © The Royal Society of Chemistry 2020
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1361 cm�1 and 1320 cm�1) are not observed due to overlap with
the strong vibration bands of nanoCB6–H. Moreover, signi-
cant vibrational changes in the framework were also observed
aer SO2 adsorption. The carbonyl stretching mode at
1736 cm�1 is redshied to 1730 cm�1 (D ¼ �6 cm�1), while the
methylene stretching mode at 1461 cm�1 is blue-shied to
1465 cm�1 (D ¼ 4 cm�1), conrming the interactions between
SO2 molecules and carbonyl and, methylene groups of CB6
cages. Moreover, these shis in the CB6 bands and the
appearance of the signals of SO2 are reversible for recycled
nanoCB6–H, suggesting the successful full regeneration of
materials (Fig. 3b and S31, ESI†).

To investigate the particle size effect of the CB6-based HOF
material with both extrinsic micropores (6 Å) and intrinsic ultra-
micropores (3.9–5.8 Å), we have prepared micro-size crystallites
of CB6–H with a BET surface area of 228 m2 g�1 and a particle
size of over 10 mm which were tested for SO2 sorption
(Fig. S32†).44 As shown in Fig. S33,† CB6–H showed a signi-
cantly lower SO2 uptake capacity (98 cm3 g�1) than that of
nanoCB6–H (145 cm3 g�1) for the rst runs at 293 K and 0.97
bar. Although CB6–H also showed a steep adsorption isotherm
at low pressure range, the uptake value of SO2 (43 cm3 g�1) was
only two thirds of that of nanoCB6–H (63 cm3 g�1) at 0.01 bar.
The much higher SO2 uptake of nanoCB6–H can be ascribed to
its higher surface areas and much smaller particle size
(Fig. S1†), which facilitated the faster diffusion of SO2molecules
to those rich binding sites around and in the CB6 cages of
nanoCB6–H (Fig. 4). Although nanoCB6–H shows good stability
under dry SO2 adsorption conditions, an exposure of nanoCB6–
H to humid HCl will lead to a phase change and loss of extrinsic
pores (Fig. S34†). Thus, application conditions should be care-
fully considered for CBn-based HOF materials,26 and it's desir-
able to create acid-stable cage-based materials in the future.18,45

In summary, we have studied a cucurbit[6]uril cage-based
microporous HOF material, nanoCB6–H, for potential SO2

capture and separations processes. NanoCB6–H has shown
high SO2 uptake capacity of 4.98 mmol g�1 at 293 K, and
promising IAST selectivity of 120 for SO2/CO2 with a molar ratio
10 : 90 gas mixtures at 1 bar. The excellent selectivity arises
from the strong interactions between CB6 cages and SO2

molecules based on experimental results and DFT calculations.
Furthermore, nanoCB6–H features excellent structural stability,
recyclability, reprocessing, metal free, and easily scalable
synthesis, which make nanoCB6–H a promising material for
FGD processes. This work indicates the great potential of
functional cage-based HOF materials like nanoCB6–H for SO2

removal and separations.
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