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ABSTRACT: Herein, we report a highly rare robust 4d−5f bimetal−organic framework that shows high porosity and thermal/
chemical stability and thus is capable of removing trace SO2 from a SO2/CO2/N2 mixture even under humid conditions. This work
not only shows a novel adsorbent for SO2 removal but also extends the function of actinium-based coordination compounds.

The treatment of air pollutants is the main link of
contemporary environmental protection.1,2 As the main

body of urban pollutants, sulfur dioxide (SO2) is mainly
produced in the combustion of sulfur-containing fuels,
smelting of a sulfur-containing ore, sulfuric acid production,
and petroleum refining. The traditional technology for treating
SO2 is flue-gas desulfurization (FGD). However, this process
produces a lot of sewage, and more seriously 2000 ppm of SO2
still remains.3,4 Therefore, the search for efficient and
environmentally friendly SO2 flue-gas-treatment technology
has aroused great interest for researchers.
Metal−organic frameworks (MOFs) present a new type of

porous material5−7 often showing regular pores, a high specific
surface, a functionalized pore wall by the organic unit, and
sometimes an open-metal site, opening them to broad
applications in gas storage and separation, sensing, catalysis,
and so on.8,9 For separation scopes, in contrast to separations
such as C2H2/CO2, C2H4/C2H6, C2H4/C2H2, and Xe/Kr,

10−14

there are relatively few reports on the application of MOFs for
the separation of SO2, mainly because of the strong acidity and
causticity of SO2 molecules, which could seriously destroy the
MOF adsorbent during the separation process. Thereby,
MOFs available for the removal of SO2, especially under
humid conditions, have been extremely scarce until now.
Recently, using MOFs for SO2 removal has received increasing
attention. For example, MOF-17715 revealed a new record high
SO2 uptake (25.7 mmol/g at 293 K and 1 bar). Schröder et
al.16 reported a high SO2 adsorption capacity of 12.3 mmol/g
at 298 K and 1.0 bar. SO2 adsorption in MFM-601 is fully
reversible and highly selective over CO2 and N2. Mon et al.17

reported a new type of 3D MOF, where the weak
supramolecular interaction between SO2 and coordinated
water molecules triggers the selective and reversible SO2
adsorption. Zhang et al.18 disclosed a dual specific adsorption
site for SO2 in CPL-1 by dispersion-corrected density
functional theory. Xing et al.19 created record SO2/CO2
selectivity in SIFSIX-2-Cu-i. Ibarra et al.20 observed an
effective approach to enhancing the SO2 adsorption capacity
by loading a small amount of C2H5OH into the adsorbent.
Although SO2 removal has been successfully achieved by
MOFs, weaknesses such as the stability of MOFs, SO2

selectivity, and separation ability under humid conditions still
need to be overcome.
In this work, we report a new MOF for SO2 removal,

especially under humid conditions. Also, in the following
sections, the synthesis, structure, and SO2 removal are
discussed in detail.
The MOF ECUT-100 [(UO2)Cd(L)2, where H2L = 2,4-

pyridinedicarboxylic acid] was synthesized by a mixture of
Cd(NO3)2·4H2O (0.049 mmol, 15 mg), UO2(NO3)2·6H2O
(0.03 mmol, 16.7 mg), and H2L (0.1 mmol, 16.7 mg) in a
mixed solution of N,N-dimethylformamide (DMF; 4 mL) and
C2H6OH (1 mL) with 200 μL of HClO4. The reaction
temperature and time were 120 °C and 3 days. Pure yellow
block crystals were obtained with yields of up to 90% based on
Cd. The phase purity was confirmed by powder X-ray
diffraction (PXRD; Figure S1).
The structure was determined by single-crystal X-ray

diffraction, giving a monoclinic crystal system and C2/c
space group. The symmetric unit contains one Cd center, one
U center, and two L2− ligands. Cd1 is coordinated by four L2−

O atoms and two L2− N atoms, creating a somewhat distorted
octahedral configuration (Figure 1a). The U1 site is a typical
uranyl ion, showing the UO bond (O4 and O5) on the
orbital plane with a bond length of 1.77 (2) Å, located in the
normal range, while O1, O2, O3, O6, O7, and O8 from the L2−

ligands locate on the equatorial plane, resulting in the overall
pentagonal-bipyramidal configuration for the U1 site (Figure
1a). The Cd−O/N and U−O bond lengths are in the normal
range. The L2− ligands use both the carboxylate and pyridine N
atoms to bind with metal ions, rendering two distinct
coordination modes for carboxylate groups, one showing the
dibidentate mode for the two carboxylate groups and the other
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one showing chelate plus tridentate mode for the two
carboxylate groups (Figure 1a,b) .
For ECUT-100, a structural feature is a unique rod

secondary building block. As shown in Figure 1c, along the b
axis, two CdII ions are combined together by two carboxylate
O atoms (O10) to give a 4-membered-ring dinuclear fragment
(Figure 1b), which further connects to four UVI ions through
four carboxyl groups, resulting in the 16-membered-ring
tetranuclear fragment. Interestingly, these 4- and 16-membered
rings are in turn connected together to construct the overall
rod secondary building block (Figure 1c). Each rod connects
to four identical rods, generating the final rod packing
framework (Figure 1d). Along the b axis, a clear 1D
rectangle-like channel is observed. However, because of the
location of the UO bond within the pore, a narrow but long
pore with a size of 3.1 Å × 8.5 Å was thus observed in ECUT-
100 (Figure 1e). The solvent-accessible volume estimated by
Platon21 is 43.3% of the cell volume (Figure 1e), occupied by
disordered solvent molecules.
To test the stability of ECUT-100, thermogravimetric

analysis was initially performed (Figure S2). Two major losses
at 30−84 and 130−340 °C belong to the loss of one C2H5OH
molecule (exptl 5.5%; calcd 5.4%) and 1.5 DMF molecules

(exptl 11.6%; calcd 12.4%). Thus, the chemical formula of
ECUT-100 is (UO2)Cd(L)2·(C2H5OH)(DMF)1.5. Then we
tested the CH3OH-exchanged samples, where the loss of
solvent molecules is at 30−140 °C, meaning that DMF
molecules were completely exchanged by CH3OH. Accord-
ingly, the activating temperature was set as 140 °C.
The permanent porosity was confirmed by N2 adsorption at

77 K. A typical type I adsorption was observed, suggesting a
microporous framework of ECUT-100. The Brunauer−
Emmett−Teller specific surface area was calculated to be 688
m2/g (Figure 2a) with a total pore volume of 0.27 cm3/g. A
narrow pore distribution among 5.5 Å was observed,
comparable with the crystal data.
We further carried out SO2 adsorption tests (Figures 2b and

S3). Interestingly, a step adsorption of SO2 in the low-pressure
range was observed, indicating a high affinity of the framework
toward SO2. For any separation, the step adsorption isotherm
in the low-pressure range is highly desirable, which implies
high selectivity. Especially for SO2 removal, the magnitude of
SO2 uptake at low pressure is highly important because almost
all SO2-containing products just contain a trace amount of SO2
in the level of parts per million. Then we analyze the
adsorption data at low pressure. At 0.01 bar and 298 K, the

Figure 1. (a) Coordination polyhedra of Cd and U atoms. (b) Coordination surrounding the metal ions. (c) Rod-shaped secondary building unit
constructed by in turn connected 4- and 16-membered rings. (d) 3D framework with the 1D channel. (e) Connolly surface of the 1D channel.
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SO2 uptake is as high as 1.88 mmol/g, comparable with those
of some top-performing MOFs such as SIFSIX-3-Zn (1.68
mmol/g)19 and SIFSIX-3-Ni (2.43 mmol/g).19 At 0.1 bar, the
SO2 uptake increases to 3.3 mmol/g, bigger than those of some
top-performing MOFs such as SIFSIX-3-Zn (1.89 mmol/g),19

SIFSIX-3-Ni (2.55 mmol/g),19 and MFM-202a (3.0 mmol/
g).22 At 1 bar, the adsorption capacity is 4.95 mmol/g, bigger
than those of commercial porous carbon (3.3 mmol/g) and
some MOFs such as SIFSIX-3-Zn (2.1 mmol/g),19 SIFSIX-3-
Ni (2.74 mmol/g),19 P(TMGA-co-MBA) (4.06 mmol/g),23

and MOF-74 (3.03 mmol/g).24 By contrast, the CO2
adsorptions at 1, 0.1, and 0.01 bar are 2.76, 0.71, and 0.08
mmol/g, suggesting the highly selective adsorption of SO2 over
CO2 at low pressure.
Because of the trace amount of SO2 in the SO2-containing

product, we first estimated the Henry constant and selectivity
based on the adsorption data at low pressure (Figure S4). The
Xe Henry constant is 177 (mmol/g)/bar, whereas the
corresponding value for CO2 is 6 (mmol/g)/bar (Figure S5),
resulting in high Henry selectivities of up to 29.5. Moreover,
on the basis of ideal adsorbed solution theory (IAST)
calculations (Figure 2c), we can obtain theoretical SO2/CO2
selectivities among all adsorption processes, giving selectivities
of 27.5−26.9 for a 1:99 (v/v) SO2/CO2 mixture, comparable
with the Henry selectivity. The value is also close to that of one
of the benchmark MOFs, MFM-170 (S = 28).25

To obtain the SO2/CO2 separation ability on ECUT-100,
we carried out both simulated breakthrough calculation and
dynamic breakthrough experiments, confirming its big
potential in the removal of SO2 from a SO2/CO2 mixture
with 2000 ppm of SO2. Breakthrough calculation for a 1:99 (v/
v) SO2/CO2 mixture discloses complete separation with a
separation time of Δτ = 3500 (Figure S6). Dynamic

breakthrough experiments on the ECUT-10 column also
render complete separation for a SO2/CO2 mixture containing
2000 ppm of SO2, where CO2 breaks the column within 6
min/g, but the retention time for SO2 is as long as 160 min/g,
confirming its real SO2 separation ability for a simulated flue
gas (Figure 2d). Impressively, repeating this dynamic break-
through experiment three times does not reduce its separation
performance, suggesting its excellent recycle use, an important
factor for its practical application (Figure 2e).
As we know, flue gas also contains a great deal of N2, except

for CO2 and SO2. Then, we next tested the N2 adsorption at
298 K (Figure 2b). The N2 uptakes at 1, 0.1, and 0.01 bar are
0.2, 0.025, and 0.0035 mmol/g, implying the ultrahighly
selective adsorption of SO2 over N2. The corresponding Henry
constant, Henry selectivity, and IAST selectivity are 0.2
(mmol/g)/bar, 895, and 950−2302 (Figure S7, 2c). The
value of the IAST selectivity is comparable with that observed
in SIFSIX-1-Cu (S = 2510)19 and larger than those in SIFSIX-
2-Cu-I (S = 1285)19 and MFM-170 (S = 260).25 Furthermore,
similar simulated breakthrough calculation and dynamic
breakthrough experiments were carried out. We carried out
breakthrough experiments for a SO2/CO2/N2 mixture
containing 1000 ppm of SO2. The separation time of Δτ =
7540 for SO2 from a SO2/CO2/N2 mixture was estimated from
simulated breakthrough calculation, suggesting complete
separation (Figure S8). The dynamic breakthrough experi-
ments of a SO2/CO2/N2 mixture are shown in Figure 2f,
where N2 immediately breaks the column within 1 min/g, then
CO2 follows within 5 min/g, and after 151 min/g outflow of
SO2 is detected. These breakthrough experiments were further
executed three times without any decrease in the performance,
implying excellent recycle use (Figure S9). In addition, we also
found that moisture (3% water) has little effect on the

Figure 2. (a) N2 adsorption isotherm at 77 K and pore distribution. (b) CO2, SO2, and N2 adsorption isotherms at 298 K (highlighted is the low-
pressure section). (c) SO2 adsorption selectivity over CO2 and N2 for a 1:99 (v/v) SO2/CO2 or SO2/N2 mixture. (d) Breakthrough experiments
based on a ECUT-100 bed (1.5 g) under a 10 mL/min flow for a SO2/CO2 mixture containing 2000 ppm of SO2. (e) Recycle use of a ECUT-100
bed for the separation of a SO2/CO2 mixture. (f) Comparison of the separations of a SO2/CO2/N2 mixture without water and with 3% water.
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separation performance (Figure 2f), indicative of its superior
application for real flue gas. The stability after breakthrough
experiments was also confirmed by PXRD (Figure S1) and a
photograph of ECUT-100 (Figure S10).
In conclusion, a novel Cd−U MOF of ECUT-100 was

constructed by a bimetal approach. This MOF contains a
highly rare rod-shaped secondary building unit composed of in
turn connected 4- and 16-membered rings, thus affording high
thermal and chemical stability. The high porosity and
matchable pore size for SO2 over CO2 lead to both high
SO2 uptake and selectivity at low pressure, finally resulting in
the complete separation of SO2 from a SO2/CO2 or SO2/
CO2/N2 mixture with a parts-per-million-level SO2. Most
importantly, this separation can also be highly effective under
moisture conditions, fully meeting the practical application of
FGD. For SO2 removal such as FGD, it owns a complicated
system; thus, further investigation close to the real environ-
ment is needed. Moreover, the cost of MOFs is also an
important factor.
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Experimental Methods 

Materials and Physical Measurements. All chemicals are directly purchased from innochem with no 

further purification. The data of X-ray powder diffraction were collected on a Bruker AXSD8 Discover 

powder diffractometer at 40 kV/40 mA for Cu Kα (λ = 1.5406 Å) at room temperature in the range of 5-

50 °(2θ) with a scan speed of 0.1 °per step. Thermogravimetric analysis (TG) was performed by a TGA 

Q500 thermal analysis system. All TGA experiments were performed under a N2 atmosphere from 40-

800°C at a rate of 5°C /min. The gas sorption isotherms were collected on ASAP2020 PLUS (anti-

corrosion version). Ultrahigh-purity-grade (>99.999%) N2, CO2, and SO2 gases were used in this 

adsorption measurement. To maintain the experimental temperatures liquid nitrogen (77 K) and 

temperature-programmed water bath (273 and 298 K) were used respectively. 

Synthesis of ECUT-100. 2,4- pyridinedicarboxylic acid (0.1 mmol, 16.7 mg)，Cd(NO3)2·4H2O (0.049 

mmol, 15 mg) and UO2(NO3)2·6H2O (0.03 mmol, 16.7 mg)  in a mixed solution of DMF (4mL) and 

C2H6OH (1mL) with 200 μL HClO4. The reaction temperature and time is 120℃  and three day. Pure 

yellow block crystals were obtained with yield up to 90% based on Cd. The element analysis (%) is, 

calc. C/20.31, H/1.87, N/2.31; exp. C/20.40, H/1.85, N/2.39.

Caution! U used in this study is an α emitter. All U compounds used and investigated were operated in 

an authorized laboratory designed for actinide element studies. Standard precautions for handling 

radioactive materials should be followed.

Degassing ECUT-100. 100 mg MOF crystals were soaked in methanol for three days and fresh 

methanol was added every 8 h. After decanting the methanol extract, the sample was dried at room 

temperature overnight, then further degassed using ASAP2020 PLUS for 24 h at 140°C.

X-ray Crystallography. X-ray diffraction data of ECUT-100 were collected at room temperature on a 

Bruker Appex II CCD diffractometer using graphite monochromated MoKα radiation (λ=0.71073 Å). 

The data reduction included a correction for Lorentz and polarization effects, with an applied multi-scan 

absorption correction (SADABS). The crystal structure was solved and refined using the SHELXTL 

program suite. Direct methods yielded all non-hydrogen atoms, which were refined with anisotropic 

thermal parameters. All hydrogen atom positions were calculated geometrically and were riding on their 

respective atoms. The SQUEEZE subroutine of the PLATON software suite was used to remove the 

scattering from the highly disordered guest molecules. CCDC 2047397 contains the supplementary 

crystallographic data of ECUT-100. These data can be obtained free of charge from the Cambridge 

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.



Isosteric heat of adsorption

The binding energy is reflected in the isosteric heat of adsorption, Qst, is calculated from the Clausi

us-Clapeyron equation

  2 ln
st

q

pQ RT
T

     

For the1-site Langmuir-Freundlich model the differentiation of the Clausius Clapeyron equation 

can be carried out analytically.

IAST calculations of adsorption selectivities and uptake capacities

We consider the separation of binary 1/99 SO2/CO2 mixtures and 1/99 SO2/N2 mixtures at 298 

K. The adsorption selectivity for SO2/CO2  and SO2/N2 separation is defined by 
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Transient breakthrough simulations

The performance of industrial fixed bed adsorbers is dictated by a combination of adsorption 

selectivity and uptake capacity. Transient breakthrough simulations were carried out using the 

methodology described in earlier publications. The following two mixtures were investigated.

1/99 SO2/CO2 mixtures at 298 K and 100 kPa, 

1/49.5/49.5 SO2/CO2/N2 mixtures at 298 K and 100 kPa, 

For the breakthrough simulations, the following parameter values were used: length of packed bed, L 

= 0.3 m; voidage of packed bed,  = 0.4; superficial gas velocity at inlet, u = 0.04 m/s.



The y-axis is the dimensionless concentrations of each component at the exit of the fixed bed, 0i ic c

normalized with respect to the inlet feed concentrations. The x-axis is the dimensionless time, , 
tu
L






defined by dividing the actual time, t, by the characteristic time, . 
u

L

Figure S1. A comparison of PXRD patterns of the simulated data, the as-synthesized samples after 
140°C activation,  and the samples after all breakthrough experiments.



Figure S2. The TG polt of ECUT-100 and the CH3OH-exchanged Samples



Figure S3. The Henry fitting of SO2 adsorption on ECUT-100.



Figure S4. The Henry fitting of CO2 adsorption on ECUT-100.



Figure S5. The transient breakthrough simulations for a 1:99 v/v SO2/CO2 mixture based on ECUT-100 
bed.



Figure S6. The Henry fitting of N2 adsorption on ECUT-100.



Figure S7. The transient breakthrough simulations for a 1:49.5:49.5 v/v SO2/CO2/N2 mixture based on 
ECUT-100 bed.



Figure S8. The recycle use of ECUT-100 bed for separating SO2/CO2/N2 mixture.



As-synthesized After 
breakthrough

Figure S9. The photograph of ECUT-100 and the samples after breakthrough tests.
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