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ABSTRACT: Highly selective adsorptive separation of olefin/paraffin
through porous materials can produce high purity olefins in a much more
energy-efficient way than the traditional cryogenic distillation. Here we
report an ultramicroporous cobalt gallate metal—organic framework (Co-
gallate) for the highly selective sieving separation of propylene/propane
at ambient conditions. This material possesses optimal pore structure for
the exact confinement of propylene molecules while excluding the slightly
large propane molecules, as clearly demonstrated in the neutron
diffraction crystal structure of Co-gallateD0.38C;Dy. Its high separation
performance has been confirmed by the gas sorption isotherms and
column breakthrough experiments to produce the high purity of
propylene (97.7%) with a high dynamic separation productivity of 36.4
cm® cm™ under ambient conditions. The gas adsorption measurement,

pore size distribution, and crystallographic and modeling studies

comprehensively support the high sieving C;Hy/C3;H, separation in this MOF material. It is stable under different environments,
providing its potential for the industrial propylene purification.

H INTRODUCTION As emerging porous materials, metal—organic frameworks
(MOFs) feature great capability in pore engineering,"
especially precise size-tuning and functionalization of the pore
surface, and thus have been explored for gas separation and
purification."*™*° MOFs have been demonstrated as superior
adsorbents for many pivotal hydrocarbon separations.”'~*° In
terms of olefin/paraffin separation, MOFs with strong binding
sites such as open metal sites can selectively adsorb olefin over
paraffin through a #-complexation mechanism. But the
coadsorption of the paraffin counterpart usually exists and
prevents the production of high-purity olefin.”” > The second
approach is to functionalize MOF pore surfaces for preferential
binding of paraffin over olefin, which directly produces pure
olefin, as demonstrated in ethane/ethylene separation by a few
unique MOFs.”"*' ™% The third approach is to finely tune the
pore sizes of MOFs, enabling size exclusion of the large
molecule for high sieving separation, as exemplified by few
examples.’* ™%’ Compared with the molecular structure
difference between ethylene (C,H,) and ethane (C,Hy), the

Propylene is a prime olefin feedstock in the petrochemical
industry for the manufacture of a variety of chemical
commodities, including polypropylene. Due to the good
resistance to fatigue, heat, and organic solvents, polypropylene
has been widely used for films, fibers, containers, packaging,
and especially for personal protective medical or laboratory
items." The worldwide production capacity of propylene was
up to 114 million metric tons in 2018S. It is essential to upgrade
the propylene/propane mixture to high-purity propylene in
order to produce polypropylene.”” Compared to ethylene and
ethane, propylene and propane show a higher similarity in their
physical properties such as volatilities. Specifically, the boiling
point difference of propylene/propane is about 5 K, much
smaller than that of ethylene/ethane (15 K). The established
method for propylene/propane separation involves repeated
distillation—compression cycling in giant C3 splitter towers of
up to 300 feet high with over 200 trays. The energy
consumption of this separation process is theoretically
estimated about ~12.9 GJ per ton propylene which is much
higher than that of ethylene/ethane separation (~7.3 GJ per Received: September 2, 2020
ton ethylene).”” Therefore, propylene/propane separation is Published: September 29, 2020
reported as the most capital and energy-intensive distillation

process.”” There is a great demand to develop alternative and

energy-efficient separation technologies, including adsorptive

separation using porous materials.

© 2020 American Chemical Society https://dx.doi.org/10.1021/jacs.0c09466
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Figure 1. Structure of Co-gallate MOF and rationale for C;H¢/C;Hg separation. (a) The complexity of different hydrocarbon separation systems
classified by the molecular size difference. (b) The crystal structure of Co-gallate MOF without guest; purple, red, gray, and white nodes represent
Co, O, C, and H atoms, respectively. (c) The coordination mode of the gallate linker. (d) Schematic diagram of the size sieving separation for C;H,
and CyHg molecules. Co-gallate MOF shows elliptical pore window with dimensions of 5.1 and 4.2 A, respectively, which are slightly larger than
those of C;Hg molecule (5.1 and 4.1 A, respectively) and smaller than those of C;Hg molecule (5.3 and 5.1 A, respectively).

difference between propylene (CyHg) and propane (CyHg)
molecules is smaller because both molecules have the same
alkyl part (ie, CH; group). This smaller difference of
molecular structure and size makes either propane-selective
separation or propylene sieving separation a more challenging
task. 25?249 1n terms of high sieving separation, compared
with other separations of alkyne/alkene and branched/linear
alkanes, the subtle molecular size difference of olefin and
paraffin (below 0.04 nm, i.e. <0.4 A) makes their separation
difficulty at a high level, particularly for C;H¢/C;Hjg separation
(Figure 1a).

Constructed from a common substance in pharmaceutical
industry, gallic acid, a readily available and ultramicroporous
MOF Co-gallate was previously reported as high sieving
adsorbent for C,H,/C,H¢ separation, that were basically
discovered unexpectedly. Here we have carefully analyzed the
pore space of this MOF with a discovery of its pore size
distribution at 5.2 A that is between the molecular sizes of
propylene and propane, which motivated us to examine its
potential for size exclusion of propane from propylene under
ambient conditions. The optimal channel size and pore
confinement for propylene molecules indeed endows Co-
gallate with high sieving separation for propylene from propane
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with exceptional selectivity. Furthermore, Co-gallate exhibits
both high propylene capacity (66.6 cm® cm™, STP) and
dynamic separation productivity (36.4 cm® cm™, STP)
according to breakthrough experiments under ambient
conditions. The Co-gallate MOF exhibits a clear separation
mechanism as validated by pore size analyses and crystallo-
graphic and modeling studies. Moreover, the facile synthesis
and high water stability of this low-cost MOF also highlight its
promise for industrial C;Hy/C;Hjg separation in the future.

B RESULTS AND DISCUSSION

Co-gallate-2H,0 ([Co(C,0:H,)]-2H,0) was synthesized
under hydrothermal reaction of gallic acid and cobalt chloride
in aqueous solution. Because gallic acid has good water
solubility, water is used here as reaction medium without the
use of any harmful organic solvents. Crystallographic studies
based on neutron powder diffraction reveals that the activated
Co-gallate crystallizes in the P3; space group, in which each
Co’" ion is octahedrally coordinated by two oxygen atoms
from two different carboxylate groups, four oxygen atoms from
hydroxyl groups, and two deprotonated p,-O atoms in two
gallate ligands (Figure 1b,c). The CoOg octahedra are bridged
by the linkers to form rod-like infinite cobalt-oxo chains, which

https://dx.doi.org/10.1021/jacs.0c09466
J. Am. Chem. Soc. 2020, 142, 17795-17801
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Figure 2. Gas sorption properties of Co-gallate. (a) Single-component sorption isotherms of carbon dioxide at 195 K, nitrogen at 77 K. The inset
shows the pore size distribution of Co-gallate MOF (about 5.2 A) calculated from 77 K N, adsorption isotherm based on the Horvath—Kawazoe
model. (b) Gas sorption isotherms of propylene and propane at 298 K for Co-gallate. (c) Comparison of propane uptake with reported porous

. 1. 28,30,37,38,42
materials.

: 28,30,37,38,42
propylene/propane mixture.

(d) Qualitative comparison of adsorption IAST selectivity with uptake of different porous materials for an equimolar
IAST selectivity of the MOF sieves is largely uncertain associated with the low uptake of propane. Ideal

molecular sieves here are defined as those which can completely block C;Hg molecules and take up large amount of C;Hy molecules from gas

mixtures.

are further interconnected into three-dimensional structure.
Co-gallate features a three-dimensional branched channel
system interconnected by the narrow window between
neighboring ligands along the ¢ axis. Notably, the narrow
elliptical window shows an aperture size of 16.8 A% which is
slightly larger than the minimum cross-sectional area of
propylene (16.4 A*) and smaller than that of propane (21.2
A?) (Figure 1d and Figure S1), indicating a potential shape-
sieving effect for propylene from propane in Co-gallate MOF.

Prior to C3;Hg and C;Hg adsorption measurements, the
permanent porosity of Co-gallate was examined by CO,
adsorption at 195 K and N, adsorption at 77 K. The CO,
and N, adsorption isotherms of Co-gallate show reversible
type-1 adsorption profiles. The total CO, and N, uptake
capacities of Co-gallate are 141.1 and 89.6 cm® g7/,
respectively (Figure 2a). The Brunauer—Emmett—Teller
(BET) surface area and pore volume are determined as
486.8 m* g~ and 0.21 cm® g7, respectively, based on the CO,
adsorption isotherm (Figure S2). Pore size distribution analysis
from N, adsorption isotherm at 77 K confirms the pore size of
Co-gallate MOF is about 5.2 A, and it is slightly smaller than

17797

the molecular size of propane in the elliptic cylinder model,
matching well with the size difference between C;Hy and
C;H,.

Motivated by the optimal pore size of Co-gallate MOF,
single-component adsorption isotherms at 298 K were
collected to evaluate its C;H¢/C;H; separation performance.
A notable amount of propylene was adsorbed by Co-gallate
with an uptake capacity of 66.6 cm® cm™ (STP) at 1 bar,
which is higher than that of the benchmark niobium-based
KAUST-7"7 (56.8 cm® cm™, STP) and yttrium-based Y-abtc*®
(63.5 cm® cm™, STP), owing to the slightly larger pore volume
of Co-gallate (Figure 2b). The C;H¢ adsorption capacity of Ni-
gallate and Mg-gallate MOF at 298 K and 1 bar are 47.7 and
54.1 cm® cm™ (STP), respectively (Figure S3). The packing
density of C;H, in Co-gallate is calculated to be 0.36 g cm™
(~71% of liquid propylene density). In contrast, Co-gallate
only adsorbed a negligible amount of CyHg (5.2 cm?®/cm?,
STP) at 298 K and 1 bar. This low C;Hg uptake is very rare
among MOFs for C;H,/C;H; separation. The C3Hg uptake of
Co-gallate (5.2 cm® cm™>, STP) is about 2 orders of magnitude
lower than those of M,(dobdc) and M,(m-dobdc) (120—163

https://dx.doi.org/10.1021/jacs.0c09466
J. Am. Chem. Soc. 2020, 142, 17795-17801
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cm® em™3, STP, Figure 2¢ and Table 53).28’30’40’41 The Co-
gallate MOF with high sieving effect is very promising for the
recovery of high-purity C;H4 through a pressure swing
adsorption (PSA) process due to the negligible coadsorption
of C;Hg. Notably, there is also no significant C;Hg uptake by
Co-gallate at different temperatures (273—313 K), whereas the
C;H, uptake capacity can further increase to 97.5 cm® cm™
(STP) at 273 K (Figures S4 and SS). Based on adsorption
isotherms at 273 and 298 K, the isosteric heat of adsorption
(Q.) was calculated to be 41 kJ mol™" using the virial method
(Figures S6 and S7). The apparent adsorption enthalpy is quite
low compared with those of other MOFs (Table S3), which is
desirable for facile regeneration under mild conditions.

We employed the ideal adsorbed solution theory (IAST) to
evaluate the separation selectivity of a C3;Hg/C;Hg mixture.
The IAST selectivity was calculated to be 330 at 1 bar and 298
K (Figure 2d and Figure S8), which is much higher than those
of many top-performing MOFs, such as Co,(dobdc) (46),
Mn,(dobdc) (25), Fe,(m-dobdc) (60), Mn,(m-dobdc) (43)
(Table $3),°%*>*' and comparable with those of the
benchmark KAUST-7*" and Y-abtc,” implying its potential
for highly efficient separation of C;H¢ from C;Hg. It should be
noted that the IAST selectivity for molecular sieves is often
subject to uncertainties due to the large error from the ultralow
C;H;g uptake.

To structurally understand the separation performance of
Co-gallate, high-resolution neutron powder diffraction (NPD)
of C;D4-loaded Co-gallate MOF was measured to determine
the supramolecular interactions between the framework and
C3Dg molecule (Figure S9). Three types of crystallographically
independent C;D4 molecules are identified at the intersection
of the cross-linking channel system, as shown in Figure 3a. The
occupancy of Cy;D4 were refined to be 0.48(2), 0.34(2), and

Figure 3. Neutron diffraction crystal structure of Co-gallate-0.38C;Dy
and preferential binding sites for C;D;. (a) The packing diagram of
the C;Dg4 absorbed structure. The preferential binding sites for C;Dy
(site I, site II, and site III) are represented in blue, green, and pink,
respectively. The framework and the pore surface are shown in pale
gold and yellow. (b) View of the optimal aperture of Co-gallate MOF
for exact confinement of propylene molecules. The light blue and gray
spheres represent H and C atoms of propylene molecules. (c—e)
Three different preferential adsorption sites, site I (c), site II (d), and
site I11 (e), and their close contacts with the framework, with C—D---
O, C—D--z, and O—H---7 interactions highlighted as red, black, and
orange dashed lines, respectively.

0.32(2) at sites I, II, and I1, respectively, which corresponds to
62.2 cm® cm ™ (STP), in great agreement with the amount in
gas adsorption experiment (66.6 cm® cm ™, STP) at 1 bar. The
C;D4 molecules are confined inside the pore through multiple
weak interactions among three sites in slightly different binding
geometry (Figure 3b, Figures S10 and S11). Specifically, on
site I, C—D---O hydrogen bonding (1.92(4)—3.18(4) A), O—
H---z interaction (2.28(2)- 2.87(1) A), and weak van der
Waals interactions C—D--7 (2.61(4)—3.15(5) A) are observed
between C;D¢ molecule and the hydroxyl group or the
aromatic ring on the ligand (Figure 3c—e and Table SS),
enabling the C;D4 molecules to accommodate well into the
pore structure. In addition, the structural comparison of bare
Co-gallate and C;Dgloaded Co-gallate reveals a negligible
framework deformation indicating certain rigidity of Co-gallate
framework upon guest molecules inclusion (Figure S12).
Therefore, the pore structure enables sufficient diffusion and
confinement of C;Hg into Co-gallate while showing size
exclusion for the slightly larger C;Hg molecule.

Motivated by the C;Hg-exclusion of Co-gallate shown by
single component adsorption, we further evaluated its C;H/
C;H; separation performance by transient breakthrough
simulation, in comparison with several benchmark materials
(Figure S13). The simulated breakthrough curve shows that
the retention time of C;Hg in Co-gallate is negligible as the
result of molecular exclusion. In contrast, the retention time of
C3Hj for M, (m-dobdc) and M,(dobdc) series are much longer
due to their significant coadsorption of C;Hg (Figures S14 and
S15). Co-gallate also exhibits much higher dynamic selectivity
and purity of C;H in adsorbed phase based on the transient
breakthrough curve (Figure S16 and Table S4). Next, we
carried out binary gas (50/50 C;H¢/C;Hg) column break-
through measurements (Figure S17). C;H, eluted at the very
beginning of the process, indicating no noticeable adsorption
of C;Hg in the column (Figure 4a) whereas C;Hy underwent a
long retention time of ~28 min. Correspondingly, the dynamic
propylene productivity was calculated to be 36.4 cm® cm™
(STP) (Figure S18), which is higher than that of niobium-
based KAUST-7"" (26.3 cm® cm™, STP) and comparable to
that of yttrium-based Y-abtc*® (41.1 ecm® cm™, STP).
Compared with the equilibrium capacity for C;Hg at 0.5 bar,
the lower dynamic C;H, adsorption capacity of Co-gallate may
be attributed to the relatively slow diffusion of C;Hg into the
pore channels during the separation process (Figure S19). The
adsorbed propylene can be simply desorbed in 14 min by
purging pure He gas at room temperature. A small amount of
C;H; was detected in the desorbed gas, and the purity of C;Hg
was calculated to be 97.7% through a single PSA process
(Figure 4b and Figure S20). The mild desorption condition
can further reduce energy cost as compared to zeolite 4A
which requires high desorption temperature.*> To examine the
reusability of Co-gallate in multiple cycling separation, five
regeneration-breakthrough cycles were performed, and its
dynamic productivity was fully retained (Figure 4c, Figures S21
and S22).

Under practical conditions, the C;H¢/C;Hg mixtures may
contain small amount of other gas impurities including
methane and ethane.”* The effect of these impurities on
the separation performance was investigated by a breakthrough
experiment of quaternary gas mixture CH,/C,H4/C;H,/C3H,
(5/5/45/4S, v/v/v/v). As expected, Co-gallate can adsorb
C;Hg from the mixture exclusively and CH,, C,Hy, and C;H,
eluted in the first 2 min. The breakthrough result indicates that

https://dx.doi.org/10.1021/jacs.0c09466
J. Am. Chem. Soc. 2020, 142, 17795-17801
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Figure 4. Column breakthrough results of Co-gallate MOF. (a)
Breakthrough curves for Co-gallate MOF for an equimolar binary
mixture of C;Hs/C;Hg at 298 K and 1 bar. The breakthrough
experiments were carried out in a packed column with 1.26 g sample
at a flow rate of 1.7 mL min~". The points are experimental data, and
the lines are drawn to guide the eye. (b) Concentration curve of the
desorbed CyH, from Co-gallate during the regeneration process. (c)
Dynamic adsorption capacity of Co-gallate for C;Hy with five
breakthrough experimental cycles. (d) Multicomponent breakthrough
curves for a quaternary mixture of CH,/C,Hq/C3Hy/C3Hg (5/5/4S/
45) at 298 K and 1 bar. The points are experimental data, and the
lines are drawn to guide the eye.

Co-gallate is a very promising absorbent for propylene
recovery from multicomponent gas streams (Figure 4d and
Figure $23). Considering that the material stability is very
important in practical application, powder X-ray diffraction
(PXRD) and gas adsorption measurements of Co-gallate were
carried out after immersion in water for 7 days to examine its
water stability. The PXRD result shows that the crystallinity of
Co-gallate was retained upon water immersion (Figure S24).
Moreover, the C;Hg and C;Hg adsorption measurements
reveal that the adsorption capacity and selectivity of the water-
soaked Co-gallate remain unchanged (Figures $25—29). The
above results demonstrate that Co-gallate material is highly
stable in water. The as-synthesized Co-gallate MOFs do not
show framework decomposition until approximately 280 °C
(Figure S30). In addition, Co-gallate can be obtained at low
cost from inexpensive and readily available chemicals via a
green synthetic method using only water as the solvent. Such
low production cost and high sieving separation of propylene
from propane endow Co-gallate with excellent potential for
industrial applications.

B CONCLUSIONS

In summary, by virtue of optimal pore structure and surface
functionalities of MOF materials, challenging gas separations of
different complexities can be realized. For the important
C;H/C;H; separation, the above results illustrate that high
sieving separation is a highly efficient approach to minimize the
coadsorption of impurity components and boost the product
purity. In this context, ultramicroporous MOFs featuring pore
confinement and pore size matching represent potential
adsorbent candidates, although there are still concerns on
their separation capacity limit, material cost, and scalable
synthesis. Overall, continuous research efforts on exploring

superior adsorbents for advanced adsorptive separation
technologies would reap great energy benefits.
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