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ABSTRACT: Herein, we report a new metal—organic framework (MOF), namely, ECUT-77, which is built on rod-shaped
secondary building units, showing a high Brunauer—Emmett—Teller surface area of 760.3 cm?/ g, a pore volume of 0.4 cm?/ g and an
aperture of about 1 nm. This MOF enables both high SO, adsorption capacity up to 8.0 mmol/g at 0.92 bar and room temperature
and a high SO,/CO, selectivity of 44, resulting in excellent SO, separation upon a ECUT-77 column from a SO,/CO, mixture

containing 2000 ppm of SO,.

Recently, metal—organic frameworks (MOFs) were ex-
tensively explored. > This unique porous platform was
built on metal ions and organic ligands through coordination
bonds, thus showing a myriad of structures and functions.
Outstanding host—guest behavior directed by special organic
ligands with anchored functionalized units or by metal ions
with potential coordination ability impressively enables MOFs
with outstanding performance in catalysis and separation.””""

In contrast to traditional distillation techniques, the current
major solution in the separation industry, which is often
viewed as very extensive, a porous adsorbent-based separation
pathway is more desirable because of its low cost and energy.
In this regard, MOFs as separation adsorbents were proposed
and are now receiving increasing attention.""'* Even for some
challenging tasks such as C,H,/CO, C,H,/C,H, C,H,/
C,Hg, Xe/Kr, and H/D separation, MOFs are also
effective.'*~'° However, only very recently was removal of
trace SO, in flue gas or other SO,-containing gases upon
MOFs explored.'” This is mainly because most of MOFs
cannot survive from SO, because of its strong acidity and
corrosion.

Removing SO, resulting from the utilization of low-grade
fossil fuels, such as industrial desulfurization, has emerged as a
serious environmental issue.'® The current state-of-art of
desulfurization is based on limestone or organic solvents as the
absorbents. However, this can just give a removal of 90—95%
SO,; thus, trace SO, is still present in these SO,-containing
products.'” Thereby, a new solution is urgently needed to
eliminate trace SO,.

Generally, flue gas is mainly composed of N, and CO,, as
well as a parts per million level of SO,. From the viewpoint of
SO, separation, the major difficulty in desulfurization of flue
gas is the strong acidic nature of SO, and CO, molecules and
an extremely lower SO, concentration (relative to CO,), which
needs both high SO, adsorption capacity and high SO,
selectivity over CO,. The first investigation of using MOFs
for SO, adsorption was executed by Yaghi et al. in 2008.”
Several benchmark MOFs such as MOF-5, IRMOF-3, MOF-
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74, MOEF-177, MOF-199, and IRMOEF-62 were explored. Also
MOEF-74 was suggested to show good SO, adsorption, relative
to the commonly used activated carbon. However, because of
the sensitivity toward of water molecules for MOF-74, the SO,
adsorption performance decreases sharply under humidity
conditions. FMOEF-2 presents a typical flexible framework
during SO, adsorption, leading to 2.19 mmol/g uptake at 1 bar
and 298 K*' The simplest framework of two Prussian Blue
analogues displayed 2.65 and 2.03 mmol/g SO, uptake at 1 bar
and 298 K.** Although MOFs can be used to adsorb SO,, until
now, only a few MOFs have shown high SO, adsorption
capacity at 1 bar and 298 K, such as Ni(bdc)(ted),s (9.97
mmol/g),”> MFM-300(In) (8.28 mmol/g),”* MFM-600 (5.0
mmol/g),”> MFM-601(12.3 mmol/g),”® SIFSIX-1-Cu (11.0
mmol/g),26 SIFSIX-2-Cu-i (6.9 mmol/g),26 and MFM-170
(17.5 mmol/g).”” On the other hand, high SO, adsorption
selectivity is also a dominating factor to determine SO,/CO,
separation, especially at diluted conditions. For example,
MFM-170 shows a record SO, adsorption capacity but just a
SO,/CO, selectivity of 28.”” Accordingly, constructing MOFs
with both high SO, adsorption capacity and high SO,/CO,
selectivity is still a challenging task.

In this work, we show a new MOF, built on rod-shaped
secondary building units, showing a high Brunauer—Emmett—
Teller (BET) surface area and a pore volume with an aperture
of about 1 nm. SO, and CO, adsorption tests give both high
SO, uptake and selectivity, suggesting its superior application
in SO,/CO, separation. This was further confirmed by
breakthrough experiments for a SO,/CO, mixture containing
2000 ppm of SO,.
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The crystals of Co,(L),(,-C,H;O), [ECUT-77; HL = 4-
(4H-1,2,4-triazol-4-yl)benzoic acid; Figure S1] were synthe-
sized by the self-assembly of Co(NO;), and HL in a N,N-
dimethylformamide/C,H;OH solution at 115 °C. The yield is
up to 80% based on Co. The structure was determined by
single-crystal X-ray diffraction, giving a rhombohedral crystal
system with the R3¢ space group. In ECUT-77, there are three
crystallographically independent Co" ions. All of the Co sites
show a common octahedral geometry (Figure 1a), finished by

Figure 1. View of the structure of ECUT-77. (a) Vertex-sharing
octahedral rod composed of Co" ions, y,-C,H;O~ molecules, and
triazole and carboxylate groups. (b and c) Six-connecting rod-shaped
secondary building units (each color presents a vertex-sharing
octahedral rod). (d) 3D framework with a solvent-accessible void
space (white section).

two L™ O atoms, two L™ N atoms, and two u,-C,H;O~
molecules. There are two crystallographically independent L™
ligands, one being normal and one being disordered, in the
triazole and carboxylate sections. In the literature, this kind of
disorder was often encountered for such a type of ligand. The
C,H;OH molecule is deprotonated with a bridging coordina-
tion mode.

The secondary building unit in ECUT-77 is a rod of vertex-
sharing octahedra. As shown in Figure 1a, these Co" jons are
bridged by ,-C,H;O™ molecules and triazole and carboxylate
groups, generating a 1D chain, where each Co pair, such as
ColCo3 and ColCo2, is bridged by three connectors
composed of a u,-C,H;O™ molecule and triazole and
carboxylate groups. Each vertex-sharing octahedral rod
connects to six identical rods via L™ ligands (Figure 1b,c),
constructing the overall rod-packing framework (Figure 1d).
The solvent-accessible volume estimated by the PLATON
program™® is 48.2% of the cell volume (Figure 1d), occupied
by disordered solvent molecules.

The thermal stability of ECUT-77 was initially investigated
by thermogravimetric analysis. As shown in Figure S2, because
of the continuous weight loss of samples at 30—400 °C, we
could not give an exact estimation of its thermal stability,
where the loss at 30—200 °C is ascribed to solvent molecules,
and after 200 °C the loss could be the removal of coordinated
Hy-C,H;O™ molecules and then decomposition of the
framework. Interestingly, in the CH;OH-exchanged samples,
a clear platform after 130 °C was observed, and before this
temperature, solvent molecules were lost. In this regard, 130

°C was used to activate crystal samples. The powder X-ray
diffraction (PXRD) patterns of degassed samples match the
data simulated from single-crystal diffraction, confirming the
thermal stability of ECUT-77 (Figure S3). The permanent
porosity of degassed samples was obtained by N, adsorption at
77 K (Figure 2a), giving a type I microporous feature with a
BET surface area of 760.3 cm?/g and a pore volume of 0.4
cm’/g. A narrow pore distribution at 1 nm was observed.

The SO, adsorption at 298 K is shown in Figures 2b and S4.
At 1 bar and 298 K, ECUT-77 enables high SO, uptake up to
8.0 mmol/g, far exceeding the commercial activated carbon
(3.3 mmol/g),”® and is comparable with most reported
benchmark MOFs (Table S1),'" such as Ni(bdc)(ted),s
(9.97 mmol/g),”> MFM-300(In) (8.28 mmol/g),”* MFM-
600 (5.0 mmol/g),”* and SIFSIX-2-Cu-i (6.9 mmol/g).26 Even
at a very low pressure of 0.01 bar, SO, uptake is also as high as
2.45 mmol/ & comparable with that of Zn-MOF-74 (3.03
mmol/g),'"*" one of the top-performing MOFs for such use,
suggesting its great potential in flue-gas desulfurization (FGD)
applications. Along with the pressure increasing to 0.1 bar, the
SO, uptake amount is increased more rapidly up to 5.6 mmol/
g higher than that of Ni(bdc)(ted)ys (3.5 mmol/g)*’ at
similar conditions and comparable with those of SIFSIX-2-Cu-i
(6.01 mmol/g)*® and MEM-170 (6.2 mmol/g).”” By contrast,
ECUT-77 just enables relatively low uptake of CO,, giving
3.54 mmol/g at 298 K and 1 bar, 0.08 mmol/g at 0.01 bar, and
0.48 mmol/g at 0.1 bar. The corresponding ratio at the same
pressure is 2.2, 11.7, and 30.6 for 1, 0.1, and 0.01 bar, implying
that ECUT-77 shows higher SO, selectivity at diluted
conditions, consequently leading to its superior application in
FGD applications. Upon a comparison of the adsorption
isotherms of SO, with those of CO,, the adsorption of SO, at
low pressure is more steep than that of CO,, indicative of a
stronger affinity toward SO, than CO, from the MOF and,
consequently, selective adsorption of SO, over CO,. Moreover,
clearly, hysteresis of the desorption of SO, was observed,
suggesting its stronger affinity from the MOF skeleton,
whereas the desorption of CO, is reversible, suggesting a
physisorption process. To disclose the affinity of the MOF with
both SO, and CO, molecules, the isosteric heats of adsorption
(Qy) based on the adsorption data at 298 and 273 K (Figure
SS) were calculated, giving 33.3 kJ/mol for SO, and 26.6 kJ/
mol for CO, at the onset of adsorption (Figure 2c), suggesting
a higher affinity of the MOF toward SO, than CO,. As seen
from Q,, the values of both SO, and CO, suggest a major
physisorption process. The SO, selectivity, most likely, is due
to the size effect because SO, (2.8 A) has a smaller molecule
size than CO, (3.3 A). We further carefully checked the
entrance of the pore of ECUT-77, which shows a very narrow
size of less than 3.0 A, thus leading to the selective adsorption
of SO, over CO,.

The selective adsorption of SO, over CO, was determined
by using ideal adsorbed solution theory calculations for a 1:99
(v/v) SO,/CO, mixture, resulting in ultrahigh selectivity (S =
44-36) at 0.01—1 bar (Figure 2d). The value is bigger than
the benchmark MOF of MFM-170 (S = 28).”” The SO,
separation ability was initially estimated by the simulated
breakthrough. Figure 2e displays the complete separation of
SO, from a 1:99 (v/v) SO,/CO, mixture with a long
separation time (A7 = 3000). The real SO, separation upon
the ECUT-77 bed was next carried out for a SO,/CO, mixture
with 2000 ppm of SO,. As illustrated in Figure 2f, CO,
emerges from the bed quickly, within 10 min/g, whereas a
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Figure 2. (a) N, adsorption isotherms at 77 K. Inset: Pore distribution. (b) SO, and CO, adsorption isotherms at 298 K. (c) Q,; value based on the
adsorption data at 298 and 273 K. (d) SO,/CO, selectivity based on a 1:99 (v/v) SO,/CO, mixture at 298 K. (e) Simulated breakthrough for a
1:99 (v/v) SO,/CO, mixture at 298 K. (f) Experimental breakthrough test upon ECUT-77 (1.6 g) with a flow of 10 mL/min for a SO,/CO,
mixture containing 2000 ppm of SO,.
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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 Ka (A = 1.5406 A) at room temperature in
the range of 5-50 °(20) 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
N, 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%) N,, CO,, and SO,
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-77. 4-(4H- 1,2,4-triazol-4-yl)benzoic acid (0.1 mmol), Co(NO3), (0.1 mmol),
were dissolved in a mixture of 2 mL. C;HsOH and 3 mL DMF. The solution was moved into a 25
mL Teflon-lined stainless steel vessel and heated at 115 °C for 3 days. Then it is cooled down to
room temperature. Red crystals were filtered and washed with 10 mL methyl alcohol and 10 mL
deionized water.

Degassing ECUT-77. 100 mg MOF crystals were soaked in methanol for 3d 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 130°C.

X-ray Crystallography. X-ray diffraction data of ECUT-77 were collected at room temperature on
a Bruker Appex II CCD diffractometer using graphite monochromated MoKa radiation (A=0.71073
A). 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 2033952
contains the supplementary crystallographic data of ECUT-77. 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, Qy, is calculated from the

Clausius-Clapeyron equation.

0 :_RTz(ﬁlnpj
q

oT

IAST calculations of adsorption selectivities and uptake capacities

We consider the separation of binary SO,/CO, 1:99 v/v mixtures at 298 K. The adsorption

selectivity for SO,/CO, separation is defined by

S . = 9./4
pl/pZ

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 (Microporous Mesoporous Mater. 2014, 185, 30-50;
Sep. Purif. Technol. 2018, 194, 281-300; ACS Omega 2020, 5, 16987—17004). The SO,/CO, 1:99
v/v mixture was investigated.

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,

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

tu o . T Le
T= L_ , defined by dividing the actual time, ¢, by the characteristic time, —.
£ u



Figure S1. Photograph of ECUT-77.
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Figure S2. The TG plot of ECUT-77 and the CH;0H-exchanged samples.
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Figure S3. A comparison of PXRD patterns simulated from the single crystal data, and PXRD
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Figure S4. The SO, and CO, adsorption and desorption isotherms at 298 K. Clearly, hysteresis of
desorption was observed SO,, suggesting its stronger affinity from MOF skeleton, whereas the

desorption of CO; is reversible, suggesting physisorption process.
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Figure S6. The second breakthrough test upon ECUT-77 column.



Figure S7. Photograph of the samples after breakthrough test.

Table S1. A comparison of reported MOFs for SO, removal.

X
N

MOF tpyes SO, adsorption capacity | SO,/CO, References
(1 bar, 298 K), mmol/g | selectivity
SIFSIX-2-Cu-i 11.0 87.1 1
Ni(bdc)(ted)o s 9.97 - 2
MFM-300(In) 8.28 50 3
MFM-202a 10.2 - 4
NOTT-300 (Al) 7.1 - 5
MFM-170 17.5 28 6
MOF-5 Less than 0.016 - 7
IRMOEF-3 0.094 - 7
MOEF-74 3.03 - 7




MOF-199 0.5 - 7

P(TMGA-co-MBA) | 4.0 - 8
Activated Carbon 33 - 9
ECUT-77 8.0 44 Our work

“-” denotes the data can not be obtaind from corresponding reference.
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