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ABSTRACT: One-step separation of ethylene (C,H,) from multi-
component mixtures poses significant challenges in the petrochemical
industry due to the high similarity of involved gas molecules. Herein, we

report a pillared-layer coordination network named Zn-fa-mtrz (H,fa = Q\ g*)‘
fumaric acid; Hmtrz = 3-methyl-1,2,4-triazole) possessing pore surfaces D gi &c

decorated with methyl groups and electronegative N/O atoms. Molecular - "

modeling reveals that the pore surface of Zn-fa-mtrz provides more and (Q\ g& < \ N High purity
stronger multiple interaction sites to simultaneously enhance the @@ ~ (>§9_97%)
adsorption affinity for CO, and C,H, other than C,H,. The experimental
and simulated breakthrough experiments demonstrate the ability to
produce high-purity C,H, (>99.97%) in one-step from ternary CO,/
C,H,/C,H, gas mixtures.

KEYWORDS: adsorption separation, ethylene production, pore engineering, metal—organic frameworks, coordination network

1. INTRODUCTION diameter: C,H,, 3.3 A; CO,, 3.3 A; C,H,, 416 A) and
physicochemical properties (boiling point: C,H,, 188.4 K;
CO,, 194.7 K; C,H,, 169.4 K; quadruple moment: C,H,, 33.3
X 107 esau. cm?; CO,, 29.1 X 1072 esu. cm?; C,H,, 42.5 X
107% esu. cm?)** 7 in this separation system, which will
require the specific recognition sites to simutaneously capture
CO, and C,H,. To date, very limited materials have been
reported for the effecient separation of C,H, from ternary
CO,/C,H,/C,H, mixtures in one single step.”**’~* Fur-
thermore, the deep understanding of multigas interaction
mechanism and discovering the advanced porous materials
with better performance is still highly desired.

Herein, a pillared-layer coordination network, [Zn,(fa)-
(mtrz),] (named as Zn-fa-mtrz), featuring accessible O/N
adsorption sites and methyl groups, was constructed for this
purpose. The specific pore structure affords the selective
adsorption of CO, and C,H, over C,H,. The favorable binding
interaction sites in Zn-fa-mtrz for simultaneously strong

Ethylene (C,H,) is one of the most important basic chemicals
in the petrochemical industry, with an annual output of 214
million tons in 2021."% In the petrochemical process (i.e.,
steam cracking of naphtha) of C,H, production, carbon
dioxide(CO,) and acetylene (C,H,) are the main impurities in
the downstream gas mixture.”* Thus, efficient removal of these
impurities from related gas mixtures is very important in the
chemical industry. The conventional technology used to
remove C,H, and CO, for C,H, purification relies on catalytic
hydrogenation for C,H, removal and caustic soda absorption
for CO, removal, which are sophisticated and highly energy-
intensive.” Hence, it is urgent to develop a simple, effective,
and energy-efficient C,H, purification technology for such a
requirement.

Physisorbent-based separation technology is a promising
alternative to effectively separate and purify hydrocarbon

mixtures, thanks to the fast kinetics and low regeneration
611 . °8 adsorption of CO, and C,H, over C,H, is the key factor,
cost. Removing C,H, from complex systems in one step

will simplify the separation process and further reduce the total bas;:ld on the .niolecular dmmulat}llo? res?lts. Also, .thel ablll:,ty of
energy. In this context, metal—organic framework (MOF),"*"? such a material to produce ethylene from equimolar binary

also known as porous coordination polymer (PCP)'*'/

metal—organic materials (MOM:s)'® have made considerable Received: June 9, 2024 e
achievements on efficient separation of C,H, from binary C2 Revised:  August 19, 2024
hydrocarbons, such as C,H,/C,Hy,'" "> C,H,/C,H,.”*** Accepted:  August 21, 2024

However, the one-step separation of C,H, from ternary Published: August 27, 2024

CO,/C,H,/C,H, mixtures is still in its infancy stage. The main
obstacle here is the highly similar molecular sizes (kinetic
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(a) (®)

Figure 1. (a) Perspective view of the structure along the 1D channels of Zn-fa-mtrz. (b) The structure of the zinc-triazolate layer. (c) The
maximum pore window of Zn-fa-mtrz. Color code: Zn, purple; C, gray; O, red; N, blue; H, white.
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Figure 2. CO,, C,H,, and C,H,, adsorption isotherms at 298 K (a) and 273 K (b); (c) the isosteric enthalpies of CO,, C,H,, and C,H, based on
adsorption isotherms at three different temperature (273, 298, and 313 K), respectively; (d) IAST selectivity for equimolar binary gas mixture of

CO,/C,H, and C,H,/C,H, in Zn-fa-mtrz.

C0,/C,H, and C,H,/C,H, mixtures, ternary CO,/C,H,/
C,H, mixtures (1/1/1 and 9/1/90, v/v/v) in one step at room
temperature is validated by experimental and simulated
breakthrough techniques.

2. RESULTS AND DISCUSSION

Square-shaped crystals of Zn-fa-mtrz can be harvested through
solvothermal reactions (Figure la) (see Supporting Informa-
tion for detailed synthesis procedures). Single crystal X-ray
diffraction data reveals that Zn-fa-mtrz crystallizes in the
monoclinic P2,/c space group (Table S1), which is
isostructural to the networks reported by our research
group.*”** The asymmetric unit of Zn-fa-mtrz includes one
four-coordinated Zn>* ion, one-half fa*~ ligand, and one mtrz™
ligand. The fa*~ and mtrz” ligands contain two uncoordinated
carboxyl O atoms and one methyl group on the triazole ring. In
Zn-fa-mtrz, triazole rings connects the dinuclear zinc units to
form a wavy two-dimensional (2D) layer (Figure 1b). Such
layers are bridged by fa>~ pillar ligands to afford a 3D pcu
network. The porosity of Zn-fa-mtrz was calculated to be
38.1% (by PLATON®). The network contains a one-
dimensional pore channel with a maximum pore window size
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of 5.3 A X 5.1 A (excluding the van der Waals radii) (Figure
1c), slightly larger than the kinetic dimensions of these target
gas impurities, which is suitable for C,H, purification. The
network displays the specific cavity built by the presence of
methyl groups and abundant uncoordinated negatively charged
O/N atoms from layer and pillar ligands, which are all suitable
potential hydrogen bond acceptors. These features are
promising for the selective recognition of C,H, and CO,.

Powder X-ray diffraction (PXRD) patterns of the as-
synthesized sample matched well with simulated patterns
from the crystal structure, indicating the phase purity of the
Zn-fa-mtrz sample (Figure S1). Thermogravimetric analysis
(TGA) of Zn-fa-mtrz verified its thermal stability up to ca. 350
°C. The obvious weight loss in the TGA curve of as-
synthesized sample before 210 °C is due to the release of
solvent molecules (Figure S2). Zn-fa-mtrz can be fully
exchanged with MeOH, as demonstrated by the PXRD
patterns and TGA curves (Figures S1 and S2).

The permanent porosity of Zn-fa-mtrz was established by a
reversible type-I N, sorption experiment at 77 K (Figure S3).
The Brunauer—Emmett—Teller (BET) surface area for Zn-fa-
mtrz is 633.3 m® g~ (Figure S4). The saturated adsorption

https://doi.org/10.1021/cbe.4c00113
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Figure 3. Preferential binding sites of CO,,
Color code: Zn, purple; C, gray; O, red; N, blue; H, white.
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C,H, and C,H, in Zn-fa-mtrz. The guest-network interactions are highlighted in orange dashed bonds.
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Figure 4. Experimental breakthrough curves of Zn-fa-mtrz at 298 K for (a) CO,/C,H, (1/1, v/v) (flow rate: 1.4 mL/min), (b) C,H,/C,H, (1/1,
v/v) (flow rate: 1.4 mL/min; total pressure: 1 bar), and (c) CO,/C,H,/C,H, (1/1/1, v/v/v) (flow rate: 2.1 mL/min). The simulated
breakthrough curves at 298 K for (d) CO,/C,H, (1/1, v/v), (e) C,H,/C,H, (1/1, v/v), and (f) CO,/C,H,/C,H, (1/1/1, v/v/v).

amount of the 77 K N, adsorption isotherm is 7.1 mmol g~* at
P/Py = 0.95. The experimental pore volume was estimated to
be 0.245 cm® g~', which is comparable with the theoretical
value of 0.287 cm® g~' obtained from the crystal structure
(Table S2). In addition, it is worth mentioning that Zn-fa-mtrz
retains its crystalline and porosity after water treatment or
exposure to humidity (ca. 53% RH) (Figure SS). The
corresponding average pore size distribution based on the
Horvath—Kawazoe model is approximately 5.7 A, which is
consistent with the pore size measured from the single-crystal
structure.

The adsorption isotherms of CO,, C,H,, and C,H, for Zn-
fa-mtrz were collected at 298 and 273 K (Figures 2a and 2b).
At the low-pressure region, Zn-fa-mtrz demonstrates higher
adsorption capacities for CO, and C,H, than C,H, (Figure
2a). Furthermore, the slopes of adsorption curves for CO, and
C,H, are greater than that of C,H,, indicating the stronger
binding between CO, and C,H, and the network. These
results suggested selective adsorption of Zn-fa-mtrz toward
CO, and C,H, over C,H,. Notably, the uptake values of C,H,
(3.27 mmol g”') and CO, (2.74 mmol g™') at 298 K and 100
kPa significantly surpass that of C,H, (1.97 mmol g™'). To
intuitively assess the interactions between the framework and
gas molecules, the adsorption enthalpy (Q,) for CO,, C,H,,

and C,H, in Zn-fa-mtrz were calculated based on single-
component adsorption data collected under 273, 298, and 313
K by utilizing the virial eq (Figures S6 and S7). The sequence
of the adsorption affinity values follows the trend of C,H,
(—34.1 k] mol™) > CO, (—31.8 k] mol™") > C,H, (—27.2 kJ
mol™") at low loading (Figure 2c and Table S3), which is
consistent with the adsorption uptake sequence and the slope
of the isotherms. This phenomenon has also appeared in
previous literature.***” This demonstrates the apparently
stronger binding affinity of Zn-fa-mtrz toward CO,, and
C,H, as compared to C,H,.

To assess the separation ability, the selectivity of Zn-fa-mtrz
for binary CO,/C,H,, and C,H,/C,H, mixtures were then
calculated using ideal adsorption solution theory (IAST) based
on the single-component adsorption isotherms at 298 K fitted
by the dual-site Langmuir—Freundlich (DSLF) model (Figure
S8 and Table S4). Under 100 kPa, the IAST values for
equimolar CO,/C,H, and C,H,/C,H, mixtures are 2.5 and
4.7, respectively (Figure 2d and (Table SS), which are
comparable to the benchmark porous materials with C,H,
separation ability from three-component gas mixtures, such as
Zn-atz-oba (CO,/C,H,, 1.33, C,H,/C,H,, 1.43)* and Zn-fa-
atz (2) (CO,/C,H,, 14, C,H,/C,H, 1.6)."* The high
selectivity displayed indicates the great potential of Zn-fa-
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mtrz for one-step C,H, purification from ternary CO,/C,H,/
C,H, mixtures under ambient conditions.

To fully understand the adsorption mechanism of these
three gas molecules, Grand Canonical Monte Carlo (GCMC)
simulations were performed to reveal the first favorable binding
sites between Zn-fa-mtrz and gas molecules (see SI for
simulation detail, Figure S9). As shown in Figure 3, all of these
gas molecules are likely interacting with the framework at the
corner formed by the fa’” linkers and mtrz~ ligands. C,H,
interacts with fa’>~ linkers and mtrz" ligands via four C—H---O
interactions (2.95—3.91 A), three C—H-N interactions
(3.55-3.98 A), the multiple binding effect affords the
adsorption energy of —42.07 kJ mol™". For CO,, the terminal
O atoms bind with the framework via three C = O---H (2.92—
337 A) and two C = O--C (3.43-3.61 A) electrostatic
interactions, while the central C atom interact with
neighboring O and N atoms with distance from 3.49 to 3.89
A, which give a sum of binding energy of —29.19 kJ mol™".
Owing to the shape mismatch, C,H, insert in the corner with
an uncomfortable manner, and only C—H:--O/N (2.93-3.54
A) interactions can be observed, and thus gives binding energy
of —24.46 kJ mol™'. Taken together, the binding energy
sequence of C,H, > CO, > C,H, is in good agreement with
experimental findings and in situ IR testing (Figure S10).

The actual separation ability of Zn-fa-mtrz toward CO, and
C2 mixtures was investigated by dynamic breakthrough
experiments at 298 K. First, the binary CO,/C,H, (1/1, v/
v) and C,H,/C,H, (1/1, v/v) mixtures with a flow rate of 1.4
mL/min were passed through a packed column containing Zn-
fa-mtrz (Figure 4a and 4b). C,H, first elutes through the
column to directly produce an outflow of pure C,H, (>99.95%
pure) at 59 and 61 min, respectively, while CO, and C,H,
retained in the column and detected at the outlet at 73 and 113
min, respectively. This also demonstrates the stronger affinity
toward CO, and C,H, over C,H, for Zn-fa-mtrz, resulting in
long breakthrough time intervals of 14 and 52 min,
respectively. Given the excellent separation performance for
binary CO,/C,H, with C,H,/C,H, mixtures, we further test
Zn-fa-mtrz to purify C,H, from ternary CO,/C,H,/C,H,
mixtures with different ratios (Figure 4c and Figure S11). As
demonstrated in Figure 4c, Zn-fa-mtrz can effectively separate
these ternary mixtures for CO,/C,H,/C,H, (1/1/1, v/v/v), in
which C,H, (99.97% pure) first elutes at 43 min, while CO,
and C,H, do not breakthrough until 53 and 71 min,
respectively. When the concentration ratio of CO,/C,H,/
C,H, mixtures was increased to 9:1:90 (Figure S11), Zn-fa-
mtrz still exhibited good separation behavior, C,H, (99.98%
pure) flowed out at 11 min, followed by CO, at 21 min, and
finally C,H, broke through at 42 min. This result is attributed
to the highly selective adsorption behavior of CO, and C,H,
over C,H, in Zn-fa-mtrz. Moreover, the kinetic data of Zn-fa-
mtrz for C,H, and CO, were recorded at 298 K (Figure S12).
The results showed that the diffusional rate constant of C,H,
(4.0698) is higher than that of CO, (3.5040), indicating that
C,H, diftused slightly faster than CO,, indicating that in the
breakthrough experiment, thermodynamic factors dominate
the separation. The C,H, productivity of Zn-fa-mtrz is
calculated to be 0.484 and 1.572 mol kg™ for CO,/C,H,/
C,H, (1/1/1 and 9/1/90, v/v/v).

To further confirm the realistic separation property, a single
adsorption bed model was built to simulate the breakthrough
experiments (Figure 4). All the isotherm parameters were
extracted using dual-site Langmuir—Freundlich (DSLF) model
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as described above and the methodology was set according to
the previously established methods (see SI for detail).**™>°
The mole fraction in outlet gas was plotted in Figure 4d and
4e, for the CO,/C,H, (1/1, v/v) and C,H,/C,H, (1/1, v/v)
binary mixtures, the retention times of pure C,H, were 18.8
and 42.7 min, respectively, kept in reasonable agreement with
the experimental findings. For the CO,/C,H,/C,H, (1/1/1,
v/v/v) ternary mixture, C,H,, CO,, C,H, were first detected at
47, 62, and 73 min (Figure 4f), the outflow order is the same
with experimental breakthrough curves.

Combined with high CO, and C,H, adsorption capacity and
excellent separation performance for binary (CO,/C,H, and
C,H,/C,H,) mixtures, ternary (CO,/C,H,/C,H,) mixtures,
Zn-fa-mtrz would be an exceptional material for one-step
C,H, purification. Subsequently, we conducted three cycles of
ternary CO,/C,H,/C,H, (1/1/1) mixtures breakthrough and
ten cycles of single-gas C,H, adsorption experiments to assess
the recyclability of Zn-fa-mtrz (Figure S13), with no notable
performance loss after cycling.

3. CONCLUSION

In summary, we reported a pillared-layer coordination network
of Zn-fa-mtrz with specific selective binding sites for CO, and
C,H,, other than C,H,. The designed pore structure of Zn-fa-
mtrz demonstrates excellent separation performance for C,H,,
revealed by thermodynamic single-component gas adsorption
and dynamic gas mixture breakthrough experiments. We
believe this work will provide the useful insights to design
the next-generation porous materials for complex gas mixture
separation.
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