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A Metal-Organic Framework with Nonpolar Pore Surfaces for the
One-Step Acquisition of C,H, from a C,H, and C,H; Mixture

Zhengyi Di", Caiping Liu", Jiandong Pang, Shuixiang Zou, Zhenyu Ji, Falu Hu, Cheng Chen,

Dagqgiang Yuan, Maochun Hong, and Mingyan Wu*

Abstract: Because C,H, plays an essential role in the
chemical industry, economical and energy-efficient sepa-
ration of ethylene (C,H,) from ethane (C,Hg) is
extremely important. With the exception of energy-
intensive cryogenic distillation, there are few one-step
methods to obtain polymer-grade (>99.95 % pure) C,H,
from C,H,/C,H¢ mixtures. Here we report a highly
stable metal-organic-framework (MOF) FJI-H11-Me-
(des) (FJI-H=Hong’s group in Fujian Institute of
Research on the Structure of Matter) which features
one-dimensional hexagonal nonpolar pore surfaces con-
structed by aromatic rings and alkyl groups. This FJI-
H11-Me(des) adsorbs C,Hg rather than C,H, between
273 and 303 K. Practical breakthrough experiments with
C,H, containing 1% C,H,; have shown that FJI-H11-
Me(des) can realize the acquisition in one-step of
polymer-grade, 99.95% pure C,H, under various con-
ditions including different gas flow rates, temperatures
and relative humidity.
J

Introduction

As an important raw material to produce polyethylene,
polyvinyl chloride, synthetic rubber, and other organic
chemical products, ethylene (C,H,) will have an annual
global production capacity of more than 200 million tons in
2023 and maintains an annual growth trend of about 5 %.["
In industry, steam cracking or thermal decomposition of
ethane (C,Hy) is an important method to produce
ethylene,” but the C,H, produced in this way contains a
small amount of residual C,Hi. The production of pure
ethylene is one of the most important processes in the
industrial repertoire.”™! Separation of C,H, and C,Hj
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however is challenging owing to their very similar physico-
chemical properties and molecular size (3.28x4.18x4.84 A®
and 3.81x4.08x4.82 A® for C,H, and C,H,, respectively).
Currently, the industrial separation of C,H, from C,Hj is
typically achieved by cryogenic distillation at high pressure
and low temperature. This process is energy-intensive
however due to the very close boiling points of C,H, and
C,H,, and requires very large distillation columns with 120
to 180 trays and high reflux ratios. Usually, the total
worldwide energy consumption of this process is about
800 PJ per year, which is more than 0.3 % of annual global
energy consumption.”) Therefore, efficient separation of
C,H, and C,H; is of great significance to reduce worldwide
energy consumption.”

Recently, efficient and convenient adsorptive separation
processes based on porous materials have attracted increas-
ing attention.”! Some adsorbents, such as zeolite, metal-
organic frameworks (MOFs) and other crystalline materials,
have been developed for C,H,/C,H; separation.”>®" Since
the C,H, molecule has a larger quadrupole moment (1.50 x
107 esucm?) than C,Hg (0.65x 107 esucm?),’! most of the
current adsorbents adsorb C,H, preferentially over C,Hy,"
due to the stronger interactions between the C,H, molecule
and the open metal sites or clusters. Consequently, an
additional desorption process is required to release the C,H,
gas absorbed in the porous materials,'” and this consumes
much energy and prolongs the separation procedure. Due to
the common co-adsorption phenomenon, it is also difficult
to obtain polymer-grade (>99.95%) C,H, through one
adsorption-desorption cycle.”!"! In order to obtain C,H, in
a one-step process, the development of new porous materi-
als which adsorb C,Hj preferentially is necessary. Since the
polarizability surface of C,H, (42.52x107% cm®) is lower
than that of C,Hg (44.7x107* cm’), the nonpolar pore
surfaces of porous materials, which are typically comprised
of aromatic or aliphatic moieties, may afford a substantial
energy contribution to the preferential adsorption of C,Hy
over C,H,." Using the above porous materials as adsorb-
ents, one-step acquisition of C,H, from C,H, and C,Hy
mixture can be realized. However, at present the construc-
tion of C,H,-selective MOFs is still a difficult problem.['’]

With the above considerations in mind, we have design-
edly synthesized a tetracarboxylic ligand with six phenyl
rings as the skeleton and methyl groups as substituents. A
flexible porous framework with NbO topology can be
obtained when assembled with classical paddlewheel
dicopper(I1) units.'] With the loss of solvent molecules, the
flexible framework will contract gradually and the dinuclear
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Cu" units may be shielded by the organic ligands, resulting
in a nonpolar pore surface decorated with aromatic phenyl
and aliphatic methyl groups. As a result, these nonpolar
pores will be helpful not only to preferentially capture C,Hg
over C,H, but also to improve the humid stability of the
framework due to the hydrophobic surface of the channel.!"”
As anticipated, we developed a highly stable copper-organic
framework with nonpolar pore surfaces (Figure 1a). In this
structure, the methyl groups of the ligands are arrayed in an
orderly fashion along a one-dimensional hexagonal channel
and are directed into the center of the channel. Thus, the
methyl groups, together with phenyl rings of the organic
ligands constitute a nonpolar pore surface, while the Cu"
ions are shielded by the aromatic rings and have no access
to gas molecules. Due to this unique nonpolar pore
structure, this porous material exhibits as anticipated,
delivering preferential adsorption of C,Hy over C,H, at
ambient temperature and pressure. Experiments have shown
that high-pure C,H, (>99.95% pure) be obtained by this
material directly from C,H¢/C,H, mixtures containing 1 %
C,H¢. The porous material described here retains its
excellent separation performance under various conditions
including different gas flow rates, temperatures and relative
humidity.

Results and Discussion
FJI-H11-Me can be obtained as blue-green crystals from the

solvothermal reaction of Cu(NO;),-3H,0 with the designed
synthetic tetracarboxylic ligand (Figures S1 and S2).1" The

(a)
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as-synthesized sample was changed with low boiling solvents
for 3 days and were then heated at 80°C for 10 h in dynamic
vacuum to obtain the solvent-free FJI-H11-Me (termed FJI-
H11-Me(des)). Single crystal X-ray diffraction experiments
show that FJI-H11-Me(des) crystallizes in monoclinic space
group C2/m (CCDC No. 2189349, as shown in Table S1),['%!
and constructed with fully deprotonated tetracarboxylic
ligands and classical dinuclear Cu" units (See Figures S3 and
S4). Each dinuclear Cu" unit is connected to only four
carboxylic groups and there are no solvent molecules on the
axial sites, which distinguishes it from the coordination
modes of the classical dinuclear Cu" units."”’ A unique
feature of FJI-H11-Me(des) is that the unsaturated dinuclear
Cu" units are shielded by the phenyl rings and the
separation between Cu" ions and the centers of the phenyl
rings is 3.06 A (Figure S5). As a result, the Cu" jons have no
access to guest molecules. Upon packing, there are two
kinds of pores, the hexagonal pore A and the triangular
pore B, along the c¢ axis in FJI-H11-Me(des). As seen in
Figures 1a, b and S6, the hexagonal pores are connected
with each other to form a one-dimensional channel, while
the triangular pores B are discrete. On the wall of
channel A, the ligand is obliquely arranged and the methyl
group of the ligand is directed into the center of channel A
to form the nonpolar pore surfaces (Figure S7).

The gas adsorption capacity of FJI-H11-Me(des) was
studied with an N, isotherm at 77 K and a CO, isotherm at
195 K (Figure 1c¢), indicating an obvious breathing behavior.
The N, isotherm exhibits a step at 43 kPa and CO, isotherm
exhibits a step at 54 kPa and these can be assigned to the
structural transformation from the state with small pores
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Figure 1. a) and b) One-dimensional channels (A and B) in desolvated FJI-H11-Me along the ¢ axis. c) Single-component sorption isotherms of N,
at 77 K and CO, at 195 K for desolvated FJI-H11-Me. d) and €) Single-component adsorption isotherms of C,H, and C,H, at 273, 283, 288, 293, 298
and 303 K respectively. f) The comparison of adsorption isotherms of C,H, and C,H, at 298 K.
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changing to a state with large pores.'! There are also
obvious hysteresis loops upon desorption. These results
indicate that FJI-H11-Me(des) has some structural flexibil-
ity. To study the potential of FJI-H11-Me(des) for separa-
tion applications, single-component adsorption isotherms of
C,H, and C,H; at 273, 283, 288, 293, 298 and 303 K were
performed (Figures 1d and e) to evaluate the potential in
the separation of a binary C,H¢/C,H, mixture at ambient
temperature and pressure.'” As shown in Figures 1d and e,
the C,Hg adsorption capacity of FJI-H11-Me(des) is much
higher than that of C,H, at the same temperature, implying
the stronger affinity of FJI-H11-Me(des) for C,Hq." At
298 K, the maximum uptakes for C,H¢ and C,H, are
57.97 cm®g ! and 46.65 cm®g ™!, respectively. Further tests at
298 K indicate there is no obvious decrease in C,H, and
C,Hy uptakes after three adsorption-desorption cycles
(Figures S9 and S10). FJI-H11-Me(des) was exposed to the
atmosphere for 2 or 7 days, and then the adsorption tests for
C,H, and C,Hg were repeated. The results showed that the
adsorption amounts did not experience a significant de-
crease (Figures S11 and S12), which indicates that FJI-H11-
Me(des) has high moisture stability. Such high stability is
comparable to other famous MOFs such as TIFSTX-3-Nil*!
and Azole-Th-1%! (Table S2).

The heats of adsorption (Q,) of C,H¢ and C,H, on FJI-
H11-Me(des) were calculated from the isotherms at 273, 298
and 303 K. The values of Q, for C,Hy and C,H, were
calculated to be 38.9 kJmol™! (Figure S14) and 25.9 kJmol ™!
respectively (Figure S15) at zero coverage, which indicates
the stronger interactions between FJI-H11-Me(des) and
C,H; than those for C,H, molecules.” Ideal adsorbed
solution theory (IAST) calculations were performed to
estimate the adsorption selectivity of C,H¢/C,H, (1:99) for
FJI-H11-Me(des). As we can see from the Figure S16, the
adsorption selectivity of C,H¢/C,H, (1:99) is 2.09, which is
larger than developed MOF materials such as NUM-9a
(1.62) or TIT-100 (1.2)®1 Overall, FJI-H11-Me(des)
affords a large C,Hy/C,H, uptake ratio of 124 % and the
adsorption heat (Q,,) ratio of C,H¢/C,H, for FJI-H11-
Me(des) was calculated to be 150 %. The above results are
consistent with FJI-H11-Me(des) realizing one-step C,Hy/
C,H, separation.

In order to estimate the actual gas separation achieve-
ment of FJI-H11-Me(des), we performed the experiments in
a packed column of activated FJI-H11-Me(des) to evaluate
its separation performance with actual 1/99 C,H¢/C,H,
mixtures. First, we removed solvent molecules from the
surface of the sample with a vacuum pump for 2 h. Then the
sample was placed in a stainless-steel tube and activated at
80°C for about 10h to completely remove the solvent
molecules. As can be seen in Figure 2a, FJI-H11-Me(des)
can effectively separate C,Hy/C,H, (v/v, 1/99) gas mixtures
with the gas flow rates of 1 mLmin'. C,H, gas passes
through the adsorption bed first at ca. 41 min to directly
yield polymer-grade C,H, (>99.95% pure) gas with an
undetectable amount of C,Hy (the detection limit of the
instrument is 100 ppm). In contrast, the C,Hy gas can be
detected by GC at ca. 50 min, due to the stronger force
between the ethane molecules and FJI-H11-Me(des). In
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order to examine the separation performance of FJI-H11-
Me(des) under ambient conditions, the recycling experi-
ments were also carried out. As shown in Figure 2a, the
breakthrough performance remains almost unchanged dur-
ing three continuous cycles, confirming its good recycling
ability for C,H¢/C,H, separation. We also tested the
separation ability of FJI-H11-Me(des) at different gas flow
rates (1, 1.5 and 2mLmin") (Figure2b) and different
temperatures (298, 303, 308 and 313 K) (Figure 2c). The
above tests indicate that FJI-H11-Me(des) can still realize
the one-step separation of the C,Hs/C,H, mixture. From the
breakthrough curves, we can see that FJI-H11-Me(des)
adsorbs both C,H, and C,H¢ simultaneously. The simulated
diffusion energy barrier for C,H, is found to be 93.2 kI mol ™
in the one-dimensional hexagonal channel of FJI-H11-Me-
(des), which is significantly greater than the value of
243 kJmol™ for C,H, (Figure S18). The simulation results
showed that the larger-sized C,H; is more favorably
adsorbed. Therefore, the separation is likely thermodynami-
cally driven. In order to simulate the humid environment in
a practical situation, we also tested the C,Hs/C,H, separation
performance of FJI-H11-Me(des) at conditions with differ-
ent relative humidity (RH). As can be seen in Figure 2d, the
separation performance showed no obvious change in the
range of 33-100 % RH. The separation time persists at a gas
flow rate of 1 mLmin"!, which indicates that the humidity
has no obvious effect on the C,Hy/C,H, separation perform-
ance. It was concluded that the excellent C,H¢/C,H,
separation performance of FJI-H11-Me(des) is due to the
hydrophobic nonpolar pore surfaces, which have stronger
interactions with C,H, than with C,H,.

In order to identify the sites of the interaction between
gas molecules and the framework of FJI-H11-Me(des), we
performed Grand Canonical Monte Carlo (GCMC) simu-
lations. As anticipated, C,Hy interacts with the pore surfaces
of FJI-H11-Me(des) and has multiple supramolecular inter-
actions as shown in Figure 3a. There are seven C—H-n
interactions between the H atoms of C,H; and the phenyl
rings of the ligands with the H-n separations from 3.485 to
4.920 A.* There are also four C—H--O interactions (H--O
separations from 3.361 to 4.096 A)?" as well as a C-C
interaction (C-C separation, 4.122 A).>>*! In comparison,
there are fewer supramolecular interactions between C,H,
and the pore surfaces of FJI-H11-Me(des). There are only
four C—H-n interactions (H--n separations, from 3.318 to
4.718 A), two C—H--O interactions (H--O separations, 3.258
and 3.992A) and a C-~C interaction (C-~C separation,
4.125 A) (Figure 3b). For C,Hy, the calculated static binding
energy is 62.70 kJmol™', which is higher than that of C,H,
(55.74 kJmol ™). The difference between the static binding
energy for C,Hg and C,H, is 6.96 kimol™', indicating that
FJI-H11-Me(des) prefers to adsorb C,Hg over C,H,, promis-
ing good performance for C,H¢/C,H, separation. The above
results indicate the nonpolar pore surface favors adsorption
of C,Hg rather than C,H,.
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Figure 2. Experimental column breakthrough curves for a C,Hs/C,H, (v/v, 1/99) mixture in an absorber bed packed with FJI-H11-Me(des) at 298 K
and 1 bar. a) The cycling breakthrough experiment tests of FJI-H11-Me(des) (1 mLmin™"). b) An experiment with F|I-H11-Me(des) under different

gas flow rates (black 2 mLmin™'

,red 1.5 mLmin™", green T mLmin™").

c) The experiment of FJI-H11-Me(des) under different temperatures with

gas flow rate of the 1 mLmin~" (red 25°C, black 30°C, green 35°C, blue 40°C). d) The experiment of FJI-H11-Me(des) under different relative

humidity with gas flow rate of the 1 mLmin~".

Figure 3. Schematic adsorption sites for a) C,H, and b) C,H, obtained
from theoretical calculations. For clarity, the hydrogen atoms of the
ligands are omitted and the hydrogen atoms of C,H¢ and C,H, are in
green. The dashed lines show the weak interactions between the gas
molecule and the pore surface.
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Conclusion

We report a stable metal-organic framework with one-
dimensional hexagonal nonpolar aromatic pore surfaces
constructed by aromatic rings and alkyl groups. Due to this
unique nonpolar pore structure, FJI-H11-Me(des) as antici-
pated, prefers to adsorb C,Hy rather than C,H, over a wide
range of temperatures. Experiments conducted under am-
bient conditions show that >99.95% pure C,H, can be
obtained directly from mixtures containing 1 % C,H,. More
importantly, FJI-H11-Me(des) retains good separation per-
formance at different gas flow rates, temperatures, and
relative humid conditions. The above results indicate that
the nonpolar pore surfaces can realize one-step acquisition
of pure CH, from C,H,/C,Hy mixtures.
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