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The separation of acetylene (C>H,) from ethylene (C;H4) is an important but challenging process in indus-
try because of their similar physical properties and kinetic molecular sizes. Here, we presented a robust
nickel-organic framework (UPC-22) with intrinsic hydrogen bonds and one-dimensional functionalized
channels, offering efficient purification of CoH4. UPC-22 exhibits excellent chemical stability at various pH
values from 1 to 11 and a high C,H,/C,H4 selectivity of 4.8 at 273 K. Actual breakthrough experiments
further demonstrate that UPC-22 is a promising potential adsorbent for C,H,/C,H, separation with a
C,H4 productivity of 1.07 mmol g‘l. Grand canonical Monte Carlo simulation and density functional
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contribution from x---x packing between aromatic rings provide stronger multipoint interactions with
C,H, over C,Hy4. This study offers practical guidance to fabricate durable materials for CoH,/CoH,4 separ-
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Introduction

Ethylene (C,H,), as one of the most important chemical feed-
stocks, is widely used to manufacture various chemicals and
polymers. More than 170 million tons of C,H, are produced
annually through petroleum cracking and ethane dehydro-
genation." During the C,H, production, trace amounts of
acetylene (C,H,, about 1%) are always mixed with the resultant
C,H,-containing gases, which can cause catalyst poisoning
and hinder further utilization of C,H, in the chemical and
polymer industries.> Therefore, the purification of C,H, is con-
sidered to be one of the most critical industrial processes.®
However, the similar physical properties and molecular sizes
of C,H, and C,H, also make their separation quite challen-
ging. Currently, industrial technologies for C,H,/C,H, separ-
ation, including partial hydrogenation and solvent extraction,
are very costly and energy-intensive.*® In contrast, adsorptive
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separation based on porous materials has attracted extensive
attention in academia and industry because of its high
efficiency and low-energy consumption.” **

Metal-organic frameworks (MOFs) exhibit excellent appli-
cation prospects in adsorption and separation because of their
designable  structures and  tunable  pore  sizes/
functionalities.'>™® Recently, MOFs have attracted increasing
attention for their potential applications in C, hydrocarbon
separation (C,H,/C,H,, C,H4/CoHg, and C,H,/C,Hg, etc.).'*™®
To improve the separation performance of MOFs, several strat-
egies have been proposed, including pore size customization,
pore surface functionalization, open metal sites (OMSs), etc.
Since the first porous MOF (M'MOF) for C,H,/C,H, separation
was reported in 2011, researchers have taken considerable
effort to implement some porous MOFs to achieve their
efficient separation.>*”*° For example, Li et al. achieved high
C,H,/C,H, selectivity through NbU-8 with ultra-microporous
building units and -OH groups, which was attributed to the
supramolecular interaction between the framework and C,H,
molecules.®® The C-H--O/N hydrogen-bonding interaction
between MOFs and gas molecules plays a significant role in
the selective adsorption of gas molecules.** A special Cu-MOF
(NbU-1) synthesized by Zhou et al. showed one of the highest
kinetic separation efficiencies of C,H,/C,H, through the
cooperation of Cu---C=C interactions and Lewis-basic sites
forming the H-C=C—H---N (pyridyl) hydrogen bond.**> Sun
et al. reported that ZNU-3 with intrinsic hydrogen bonding
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exhibited excellent C,H, separation performance in the pres-
ence of C,H,, C,H,, and CO, due to the synergistic hydrogen
bonding of carboxylate groups and n---n packing interactions.?
Therefore, an effective method to achieve special recognition
for C,H, is to introduction of particular functional sites, such
as OMSs, functional groups, and hydrogen-bonding acceptors.

Based on the above considerations, we constructed a novel
nickel-MOF UPC-22 ([Ni(¢3-OH),(HATTCA)(H,0),], H;ATTCA =
2-amino-[1,1:3,1-terphenyl]-4,4,5-tricarboxylic acid), featuring
multiple types of pores and specific pore space forming stron-
ger host-guest interactions. UPC-22 not only has excellent
thermal and chemical stability, but also has two types of opti-
mized functional channels with OMSs, -NH,, and uncoordi-
nated carboxylate groups. Breakthrough experiments show
that UPC-22 can efficiently separate C,H, from the C,H,/C,H,
mixture. Grand canonical Monte Carlo (GCMC) simulation
and density functional theory (DFT) reveal that the unsaturated
Ni" sites and hydrogen bonding from carboxylate groups play
a significant role in C,H, purification.

Results and discussion
Crystal structure of UPC-22

Conventional rod-shaped UPC-22 crystallizes in an ortho-
rhombic system with the I2b2 space group (Fig. S1 and
Table S11). The Ni*" ions in the framework adopt an octa-
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hedral geometry with oxygen atoms from carboxylate and H,O,
which are then arranged into 1D metal chains (Fig. 1c).
Adjacent chains are connected by ligands into two-dimen-
sional sheets. Only two of the three carboxylate groups of each
H3;ATTCA ligand are coordinated to the nickel ions, and the
other are protonated and hydrogen-bonded to the adjacent
ligand (Fig. 1d). These hydrogen bond arrays connect the
layers into a three-dimensional framework with one-dimen-
sional channels. The length of hydrogen bonds (1.901 A) is
largely shorter than the sum of the van der Waals radii of the
H and O atoms (2.6 A), indicating that a strong hydrogen
bonding exists (Fig. 1d). There are two rhombic channels in
UPC-22 (Fig. 1e): the smaller channel A (Fig. 1a) with approxi-
mate dimensions of 2.8 x 16 A® and the larger channel B
(Fig. 1b) with the dimensions of 6.5 x 15 A% Furthermore,
there are many open Ni*" sites and carboxylate groups, which
can be regarded as active sites around the rhombic channels
and provide a stronger binding affinity for C,H, than C,H,.

Stability of UPC-22

The stability of the adsorbent plays a significant role in practi-
cal application. Therefore, we evaluated the thermal and
chemical stability of UPC-22. Thermogravimetric analysis
(TGA) confirmed the thermal stability of the as-synthesized
UPC-22 (Fig. S21). When heated to 150 °C, the loss of guest
water molecules was observed. Up to 375 °C, a substantial
decline in quality was observed, and the structure began to col-

Fig. 1 Crystal structure of UPC-22. (a) and (b) The different channels of the framework in UPC-22; (c) the infinite secondary building units (iSBUs)
comprised of one-dimensional (1D) nickel(n) chains; (d) view of the connection of the ligand by hydrogen bonds; (e) the three-dimensional frame-
work with one-dimensional channels along the b-axis; (f) and (g) electrostatic potential (ESP) onto the pore surface of Ni-MOF mapped onto the
0.05 e A3 electron density isosurfaces. Ni, O, N and C are represented by green, red, blue, and gray, respectively.
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lapse, which was consistent with the result of variable temp-
erature powder X-ray diffraction (PXRD; Fig. S3t). The PXRD of
bulk crystalline samples was conducted to examine the purity
and chemical stability (Fig. 2). The chemical stability was
determined by soaking UPC-22 samples in solutions of
different pH values. There are no obvious peak changes in the
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Fig. 2 PXRD patterns of UPC-22 simulated from X-ray crystal diffrac-
tion data, experimental and samples sustained in a solution of a given
pH, respectively.
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PXRD patterns; thus, UPC-22 can retain its structural integrity
over 24 h in water in different acidic/basic aqueous solutions
(pH, 1-11). The high stability of UPC-22 can be attributed to
the stable multicore nickel metal chain and the strong Ni-O
bond with a length of 2.034-2.093 A. In a word, thermal and
chemical stability in acidic, basic, and neutral aqueous solu-
tions makes UPC-22 an extraordinary adsorbent.

Permanent porosity

The permanent porosity of activated UPC-22 was measured
using the N, sorption isotherm at 77 K. As shown in Fig. 3a,
UPC-22 with a typical reversible type-I N, adsorption isotherm
shows a saturated uptake of 165.6 cm® g™', revealing the per-
manent porosity of the microporous material. The corres-
ponding Brunauer-Emmett-Teller (BET) surface area and total
pore volume are 486.3 m* g~! and 0.26 cm® g™, respectively.
In addition, there are two pore systems of around 3.8 A and
6.5 A (Fig. 3a), which is consistent with the single crystal data.

Adsorption and separation of C, hydrocarbons

Considering the two types of rhombic channels decorated with
carboxylate O atoms as hydrogen bond acceptors and dense
open Ni" sites, we further investigated the adsorption perform-
ance of UPC-22 for C,H,, C,H,, and C,H,. As shown in Fig. 3b
and Fig. S5,T the single adsorption isotherms of C,H,, C,H,,
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Fig. 3 (a) The N, adsorption isotherm in UPC-22 at 77 K and the pore size distribution for UPC-22. (b) The C,H,, C,H4, and C,Hg adsorption iso-
therms in UPC-22 at 298 K. (c) Adsorption selectivities of UPC-22 calculated by the IAST method for the mixtures of C,H,/C,H,4 at 273 K and 298 K.

(d) Isosteric heats of adsorption of C,H,, C;Hy4, and CyHe.

826 | /Inorg. Chem. Front., 2023, 10, 824-831

This journal is © the Partner Organisations 2023


https://doi.org/10.1039/d2qi02398a

Published on 13 2022. Downloaded on 03-08-2024 17:24:15.

Inorganic Chemistry Frontiers

and C,Hs at 298 and 273 K were obtained, respectively. The
results show that there are significant differences in the
adsorption capacity of UPC-22 for C, hydrocarbons. Compared
with C,H, and C,Hg, the type I curve of C,H, has a steeper
upward trend, indicating a stronger host-guest interaction
between C,H, and the framework. The C,H, uptake of UPC-22
under 1 bar is 46.8 cm® g™ at 273 K and 37.4 cm® g~ " at 298 K.
For C,H, and C,H,, the maximum adsorption capacities are
relatively small, only 29.2 and 28.6 cm® g~ at 273 K and 24.2
and 23.4 cm® g7' at 298 K, respectively. The large adsorption
capacity of C,H, with the uptake ratio of C,H,/C,H, is 1.55 at
298 K, which is greater than the reported values for the
MOF-74 series (1.21-1.36),>* ZJNU-115 (1.26),>' ZJNU-119
(1.33),> and ZJNU-7 (1.4)." The great differences in the
adsorption capacity between C,H,, C,H,, and C,Hg in UPC-22
revealed the large potential for one-step purification of C,H,
and C,H,. Then, the adsorption enthalpies (Qy) of the three
gases were calculated based on the Clausius-Clapeyron
equation (Fig. 3d and Fig. S61). The Qg values for C,H,, C,H,,
and C,H, at zero loading are 21.1, 15.9, and 14.1 kJ mol™,
respectively. The Qg of UPC-22 for C,H, is much higher than
that for C,H, over the entire loading range, indicating that
UPC-22 has a strong affinity for C,H,. For practical application,
the moderate Qg values of UPC-22 show that it can reduce the
energy consumption of adsorbate recovery and adsorbent
regeneration.

Inspired by the difference in the adsorption capacity and
Qg for C,H,, C,H,, and C,Hg, the ideal adsorption solution
theory (IAST) calculations were used to evaluate the separation
performance of C,H,/C,H, and C,H,/C,Hs in UPC-22. As
shown in Fig. 3c and Fig. S7,f the C,H,/C,H, adsorption
selectivity decreased first and then remained constant, while
the C,H,/C,H, selectivity showed an increasing trend. At the
initial pressure, the corresponding IAST selectivity for C,H,/
C,H, (v/v, 1:99) was 2.7 at 298 K and 4.8 at 273 K; the C,H,/
C,H, selectivity for the molar ratio of 50: 50 (v/v) at 298 K and
273 K was 2.6 and 4.4, respectively (Fig. 3c). Obviously, under
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the ambient conditions, the C,H,/C,H, selectivity of UPC-22 is
higher than that of most reported promising MOFs, such as
MgMOF-74 (2.18),*® FeMOF-74 (2.08),%” BSF-1 (2.3),*® NUM-9a
(1.63),* NOTT-300 (2.17),° and NUM-12a (1.4),*° but lower
than that of some leading MOFs, such as SNNU-40 (4.5)*" and
ZJU-198 (7.2).*> Furthermore, the C,H,/C,H, selectivity is 2.6
and 2.4 at 298 K, corresponding to the ratio of 50:50 (v/v) and
1:99 (v/v), respectively (Fig. S71). The above results indicate
that UPC-22 is a potential C,H,-selective material to purify
C,H, and C,Hg.

Encouraged by the above results, we further tested the
actual separation performance of C,H,/C,H, and C,H,/C,H¢
under ambient conditions. The experimental breakthrough
studies of C,H,/C,H, (50:50, v/v) and C,H,/C,Hg (50: 50, v/v)
mixtures were performed using the fully degassed UPC-22
samples under a total flow of 3 mL min~". The breakthrough
curves of the C,H,/C,H, and C,H,/C,Hg mixtures are shown in
Fig. 4. For C,H,/C,H, mixtures, owing to the low C,H, affinity
of UPC-22, the breakthrough of C,H, occurred in the early
stage, while C,H, was detected after about 8 min ¢™* and the
productivity was 1.07 mmol g~ (Fig. 4a). UPC-22 can purify
the C,H,/C,H, mixture into high-purity C,H, (99.99%) at
298 K with good cycling stability (Fig. S111). The productivity
of C,H, in the C,H,/C,H, mixture is higher than those of
some promising MOFs, such as ZJU-HOF-1 (0.98 mmol g ")*
and ZnBAIm (0.3 mmol g~*).* In addition, the breakthrough
study was conducted with C,H,/C,H¢ under the same con-
ditions (Fig. 4b). The penetration of C,H, was first detected,
and the penetration time of C,H, was about 7 min g ™.

GCMC and DFT calculations were further carried out to
obtain preferential adsorption sites and gain some meaningful
insights. First, the adsorption properties of UPC-22 for C,H,
and C,H, at 298 K were investigated by GCMC simulations.
There are three primary adsorption sites between C,H, and
C,H, molecules and the channel surface (Fig. 5a, d and S9-
S10t). The adsorbed gas molecules are preferentially located
around the open Ni" sites and uncoordinated carboxylate
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Fig. 4 Column breakthrough curves of UPC-22 for (a) C;H,/C,H,4 and (b) C,H,/C,Hg mixtures at 298 K and 1 bar.
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Fig. 5 Results of the GCMC simulations showing preferential binding sites between the adsorbed molecule and UPC-22: (a) C,H, and (d) C,H4 at
298 K and 30 KPa; binding sites of C;H, and C,H,4 in UPC-22 determined by DFT simulations (b—c) and (e—f).

groups in the larger channel B, whereas few near the amine
groups of ligands in the channel A with a smaller size. DFT cal-
culations were further conducted to obtain the optimized
adsorption geometrical structures and the adsorption energy
between C,H,/C,H, and the framework. The DFT calculated
adsorption sites are in good agreement with the results of
GCMC simulations (Fig. 5b, ¢, 5e, f and Fig. S117). The adsorp-
tion energy of C,H, molecules on open Ni" sites is larger than
that of C,H,, with the corresponding values of 49.94 and
48.41 kJ mol™" (Fig. 5b and c), which are attributed to the
synergistic effect of C-H---O hydrogen bonds and stronger
Coulomb attraction between open Ni" sites and C=C with =
electrons. Another adsorption site of C,H, is the non-coordi-
nating carboxylate group and benzene ring with an adsorption
energy of 47.78 k] mol™', forming strong and multiple
O_coo-*H-C=C-H:--1 hydrogen bonds and van der Waals
interactions with close distances of 2.5/3.3 A (Fig. 5b). In con-
trast to C,H,, the adsorption energy of C,H, at this site
(42.50 k] mol™) is significantly lower with larger distances
between C,H, and the framework (Fig. 5e). Moreover, the
results of the electrostatic potential revealed that surface O
atoms of non-coordinating carboxylate sites exhibited a strong
negative potential, which could attractively interact with H
atoms from C,H, and C,H, by forming strong C-H---O hydro-
gen bonds (Fig. 1f, g and S127). Furthermore, the adsorption
energies of C,H, and C,H, at the -NH, site in channel A are
47.91 and 37.12 kJ mol™" (Fig. S11%), respectively, indicating
that -NH, is a strong adsorption site, whereas only a few gas
molecules are adsorbed (Fig. S91) due to the small size of
channel A (2.8 x 16 A%) hindering the entry of gas molecules.
Thus, the synergy between OMSs/carboxylate sites and appro-
priate rhombic channels with aromatic n-electrons can create a

828 | Inorg. Chem. Front., 2023, 10, 824-831

multi-binding environment to selectively capture C,H, from
C,H, and C,Hq.

Conclusions

In conclusion, a novel robust MOF (UPC-22) containing two
types of rhombic channels decorated with uncoordinated
—-COOH groups, -NH, groups, and OMSs was successfully con-
structed by the hydrothermal method. UPC-22 exhibits a high
selectivity toward C,H,/C,H, (2.7) under ambient conditions,
outperforming most of the promising MOFs. Theoretical calcu-
lations reveal that the excellent separation performances are
mainly attributed to the aromatic channels with abundant
functional groups and OMSs that enable stronger interaction
with C,H, molecules than that with C,H,. The high framework
stability and dynamic breakthrough experiments demonstrate
its application prospects in ethylene purification in the petro-
chemical industry.

Experimental and computational
section
Materials and measurements

All materials were used in the commercially available form
without further purification. The ligand 2-amino-[1,1:3,1-ter-
phenyl]-4,4,5-tricarboxylic acid (H;ATTCA) was prepared
according to previously published procedures.*> The powder
X-ray diffraction (XRD) data were obtained on an X-Pert PRO
MPD diffractometer with Cu-Ka radiation. IR spectra were
obtained on a Nexus FT-IR spectrometer using KBr pellets in
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the frequency range of 4000-400 cm™". Elemental analyses (C,
H, and N) were performed on an instrument EA 1110 elemen-
tal analyzer. Thermo-gravimetric analysis (TGA) experiments
were conducted from 40 to 900 °C on a Mettler Toledo TGA
instrument with a heating rate of 10 °C min™"' under a N,
atmosphere. Low-pressure (<800 torrs) N,, C,H,, C,H,, and
C,Hs adsorption isotherms were obtained using a
Micrometrics ASAP 2020 surface area and pore size analyzer.
The Brunauer-Emmett-Teller (BET) surface area was calcu-
lated from N, adsorption isotherms at 77 K. Pore size distri-
bution data were also obtained from the N, adsorption iso-
therms at 77 K based on a non-local density functional theory
(NLDFT) model in the Micromeritics ASAP 2020 software
package (assuming a slit pore geometry). The breakthrough
experiments were performed on dynamic gas breakthrough
equipment. The experiments were conducted using a stainless-
steel column. The weight of UPC-22 packed in the columns
was 0.6267 g. The mixed gas of C,H,/C,H, and C,H,/C,Hs (50/
50, v/v) was then introduced with a flow rate of 3 mL min~".
More details of breakthrough equipment are shown in the
ESL}

Synthesis of UPC-22

H3;ATTCA (7.5 mg, 0.02 mmol) and Ni(NO;),-6H,O (30 mg,
0.10 mmol) in 3 mL of DMF (N,N-dimethylformamide): H,O
(v/v = 1:1) were ultrasonically dissolved in a Pyrex vial. The
Pyrex vial was sealed, heated to 100 °C for 3 days, and then
cooled to room temperature. The resulting light-green block
crystals were washed multiple times with DMF prior to single-
crystal X-ray diffraction analysis. Yield: about 72% based on
nickel. Elemental analysis caled (%) for UPC-22: C, 38.24 N,
2.12 H, 3.64; found: C, 38.31 N, 2.19 H, 3.56.

Computational methods

In this work, the adsorption isotherms of pure C,H, and C,H,
in UPC-22 were obtained using the Grand Canonical Monte
Carlo (GCMC) method implemented in the Materials Studio
code.*® The site-site L-J potential was described with the L-]
(12, 6) model, and the electrostatic interaction was calculated
via the Coulomb law. The cutoff of 8 A was employed for the
L-] interactions. Density functional theory (DFT) was per-
formed to provide the atomic partial charges and electronic
potential of the UPC-22 framework and calculate the optimized
structures and energies of the C,H, and C,H, interaction with
fragmented clusters.”” Generalized gradient approximation
(GGA) with the Perdew-Burke-Ernzerhof (PBE) functional was
used to do all-electron spin-unrestricted DFT calculations.
DFT-D calculations were performed using the Grimme para-
meters for the van der Waals correction of gas adsorption. The
details of all the calculations are given in the ESL
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