@ @ LRI Hot Paper

GDCh
=

Research Articles

W) Check for updates

Angewandte
internatianalditiony Chemie
www.angewandte.org

How to cite: Angew. Chem. Int. Ed. 2023, 62, €202303671
doi.org/10.1002/anie.202303671

Molecular Exclusion Separation of 1-Butene Isomers by a Robust
Metal-Organic Framework under Humid Conditions

Xin Huang, Shuyi Jiang, Dou Ma, Jing Xie,* Xiao Feng,* and Bo Wang*

Abstract: Separating n-butene and i-butene by adsorp-
tion is an energy-efficient alternative, but designing
porous adsorbents that distinguish the subtle differences
between the isomers is extremely challenging. Currently,
adsorbents that can sieve 1-butene isomers and are
stable enough to withstand humid gas mixtures are
largely unmet. Herein, we propose a robust ultra-
microporous metal-organic framework (MET-Fe) that
can separate 1-butene isomers through molecular ex-
clusion. The pore aperture size (4.6 A) precisely matches
the kinetic diameters of the isomers, as verified by static
and kinetic adsorption experiments and theoretical
calculations. Furthermore, dynamic breakthrough ex-
periments confirmed the excellent separation perform-
ance, easy regeneration, and remarkable reusability of
MET-Fe in both dry and humid conditions. With its high
selectivity, large breakthrough capacity, and outstanding
stability, MET-Fe provides an ideal platform for indus-
trial butene isomers separation. )

Introduction

Separating C, linear/branched olefin isomers to obtain
highly pure components for subsequent chemical manufac-
ture is critical in the petrochemical industry.!! Isobutene (i-
butene), the most C, olefin in worldwide production
demands, with annual demand of 15-30 million tones, is
mainly used in the production of fuels, plastics, and
elastomers. Linear butene (n-butene) is used to produce
alkylate gasoline, detergent alcohols, synthetic lubricants,
and plasticizers. However, owing to the extremely similar
molecular dimensions and physical properties such as boiling
points (n- and i-butene are 266.92 and 266.25 K, respec-
tively) and polarizability of C, isomers (Table S1), industrial
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separation methods relied on extractive or cryogenic distil-
lation are energy-consuming and environmentally un-
friendly. Consequently, developing energy- and cost-effi-
cient and eco-friendly separation technologies of C, isomers
is of prime industrial importance.

Adsorptive separation utilizing porous adsorbents is
considered a promising alternative technology to traditional
methods for high efficiency, lower cost, and energy
penalties.”! Among the developed porous adsorbents, met-
al-organic frameworks (MOFs) have become fascinating
candidates for hydrocarbon separation due to their diverse
topologies, atomically tunable pore structures, and ease of
functionalization.”"¥ The corresponding separation mecha-
nisms mainly include thermodynamic separation, kinetic
separation, and molecular sieving.! However, the former
two mechanisms severely drop in breakthrough selectivity
and product purity when separating mixture components
due to unavoidable co-adsorption. In comparison, molecular
sieving can obtain the ideal selectivity benefit by the finely
adjusted pores restrict larger component entry and are fully
utilized for the smaller component adsorption.”! Never-
theless, since the kinetic diameter difference of 1-butene
isomers is only 0.38 A, requiring precise regulation of the
pore sizes at the sub-Angstrom level and consideration of
the possible changes in pore aperture size caused by the
rotation of organic linkers. In addition, although the
molecular sieving adsorbents provide high selectivity, their
capacity is generally low due to limited pore volume. Gas
diffusion in narrow pores further reduces the actual work
production capacity. Furthermore, the actual industrial 1-
butene isomer mixture inevitably contains water vapor
impurities as raw materials in the steam cracking process
and contaminants in the previous purification steps, espe-
cially the solvents in extractive distillation.”) These water
vapors may not only compete for adsorption with the
adsorbent, significantly reducing the separation perform-
ance, but can also replace coordination with the ligands of
the framework, resulting in skeleton collapse.

To the best of our knowledge, only a few molecular
sieving adsorbents for 1-butene isomers separation have
been reported (Table S2), including fluorinated anion-
pillared materials GeFSIX-3-Co (ZU-36-Co),” SIFSIX-3-
Ni, NbFSIX-2-Cu-i (ZU-52),® and M-gallate (M =Myg, Co,
Ni).) M-gallate exhibit good water stability but have a low
n-butene static adsorption capacity of less than 1.5 mmolg ™
at ambient conditions. On the other hand, F-based anion-
pillared MOFs have relatively high static adsorption capaci-
ties (>2.2 mmolg™"), but their low humid stabilities hinder
their real applications.'” Thus, it is imperative to develop

© 2023 Wiley-VCH GmbH
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highly stable MOF adsorbents with a large working capacity
and molecular exclusion effect to effectively separate 1-
butene isomers.

Herein, we report on the exceptional properties of a
highly-robust ultramicroporous MOF, Fe-triazole (MET-
Fe), for the separation of 1-butene isomers. The pore size of
MET-Fe is ideally situated between the kinetic diameters of
1-butene isomers, allowing for effective adsorption of n-
butene with relatively small dimensions while making i-
butene difficult to adsorb. Its separation performance and
mechanism have been verified by extensive static and
dynamic adsorption experiments as well as theoretical
calculations. Through dynamic breakthrough experiments,
high-purity i-butene (>99.99 %) can be obtained directly,
and the breakthrough capacity of n-butene reached
1.47 mmolg™' at ambient conditions. Importantly, MET-Fe
possessed extraordinary stability, as evidenced by its well-
maintained crystallinity in water, acid, base, organic sol-
vents, and air over a prolonged period. Notably, MET-Fe
also preserved excellent sieving performance and cycle
durability in both dry and humid conditions, which is
difficult to be achieved with other reported adsorbents.
Therefore, our results demonstrate that MET-Fe represents
an ideal adsorbent for separating 1-butene isomers and has
significant potential for application in real industrial separa-
tion processes.

Results and Discussion

MET-Fe was synthesized by reacting FeCl, and 1H-1,2,3-
triazole based on previous reports with some
modifications.”"! The structure and phase purity of the
obtained MET-Fe were confirmed by powder X-ray diffrac-
tion (PXRD) pattern (Figure S1), which matched the
simulated pattern. In MET-Fe, each Fe ion coordinates
octahedrally with six N atoms from adjacent triazoles, with
each triazole bound to three Fe ions (Figure 1a). It means
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4.84 A QB)
‘ X

Figure 1. a) The coordination environment of MET-Fe; orange, blue,
gray, and white nodes represent Fe, N, C, and H atoms, respectively.

b) Pore channels viewed of MET-Fe with a large cavity and narrow
channel windows. c) The three-dimensional branched pore structure of
MET-Fe. d) Scheme diagram of molecular exclusion separation of n-
butene and i-butene (kinetic diameter: 4.46 and 4.84 A, respectively) by
MET-Fe (pore windows: 4.6 A).
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that all the Fe ions and N atoms are coordinated with each
other, and there are no open metal sites and exposed N sites
present. The five Fe geometries occupy the vertices and
center to form a tetrahedral secondary building unit (SBU),
which is further assembled into a three-dimensional frame-
work with a dia topology by vertex sharing N atoms. The
skeleton contains regular quasi-discrete three-dimensional
branched channels of the identical topology, presented by
larger cavities connected by narrow channel windows (Fig-
ure 1b, 1c). Moreover, the atoms exposed to the internal
pore surface are all C and H atoms, leading to a large steric
hindrance that makes the guest molecules inaccessible to the
Fe or N atoms. The permanent porosity of MET-Fe was
demonstrated by measuring the adsorption isotherms of N,
at 77K (Figure S2). MET-Fe exhibits a classic type I
isotherm with a total adsorption uptake of 156.5 cm’g™" at
1 bar, and the Brunauer-Emmett-Teller (BET) surface area
was calculated to be 444 m?g~". Its pore size distribution was
calculated to be 4.6 A (Figure S3), consistent with the
previous reports (4.54 A)."!l Importantly, this pore size is
slightly larger than the kinetic diameter of n-butene (4.46 A)
but smaller than that of i-butene (4.84 A) (Figure 1d).

The suitable aperture dimension of MET-Fe prompted
us to investigate its adsorption and separation performance
for 1-butene isomers. Single-component equilibrium adsorp-
tion isotherms demonstrated that MET-Fe could adsorb
large amounts of n-butene, with a capacity of 1.82 mmolg™'
at 298 K and 1 bar (Figure 2a). In contrast, the adsorption
capacity for i-butene was negligible, at only 0.17 mmolg™"
under identical conditions (Figure 2a), indicating that i-
butene molecules were almost excluded by the pore
apertures. The apparent exclusion of i-butene was also
found at other temperatures, and the corresponding adsorp-
tion capacity of n-butene was not significantly affected by
temperature (Figure S4). The n-butene isotherms exhibited
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Figure 2. a) Adsorption isotherms of n-butene and i-butene on MET-Fe
at 298 K; b) Multiple adsorption isotherms of n-butene on MET-Fe at
298 K; c) Adsorption isotherms of n-butene and i-butene on MET-Zn at
298 K. Sphere and hollow circle represent the adsorption and
desorption curves, respectively. d) Adsorption kinetic curves of n-
butene and i-butene on MET-Fe at 298 K.
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classical Type I curves, characterized by a steep slope at low
pressure that eventually reaches a plateau, which points to
relative strong interactions between the framework and n-
butene. It was further confirmed by the calculation of the
isosteric enthalpy of adsorption (Q,,), which was found to be
50.5 kJmol™ (Figure S5, S6, and Table S3). It should be
noted the complete reversibility of adsorption and desorp-
tion isotherms indicates that guest molecules are easily
released from the framework, which is beneficial for low
energy consumption in the separation process. We further
used ideal adsorbed solution theory (IAST) selectivity to
evaluate the separation potential of MET-Fe. The calcula-
tion results showed that the IAST selectivity for an
equimolar mixture of 1-butene isomers reached 576 (Fig-
ure S7, S8, and Table S4).

The adsorption cycle capability of MET-Fe was demon-
strated by multiple adsorption isotherm measurements (Fig-
ure 2b). The adsorption capacity for n-butene remained
consistent at 1.80 mmolg™' after ten cycles, indicating its
exceptional durability. Moreover, the regeneration process
after adsorption only requires evacuation at room temper-
ature for 5 minutes, which is beneficial in reducing industrial
energy consumption. To verify that the appropriate pore
size results in molecular exclusion, an isostructural analog,
MET-Zn, was synthesized (Figure S9, S10). Due to the
small-sized linkers and rigid structures of MET frameworks,
even minor metal node differences significantly reflect on
the skeleton‘s pore aperture size, resulting in completely
different sieving capabilities. The pore aperture size of
MET-Fe falls exactly between the kinetic diameters of n-
butene and i-butene, while the pore aperture size of MET-
Zn (Figure S11) is larger than both isomers. Therefore,
unlike MET-Fe, the corresponding adsorption isotherms of
MET-Zn showed significant adsorption for both n-butene
and i-butene (Figure 2c¢).

To gain further insights into the adsorption behavior of
MET-Fe towards 1-butene isomers, we conducted Kinetic
adsorption experiments (Figure 2d). The i-butene capacity
was still negligible even after 120 minutes, which matches
well with the static adsorption isotherm, further confirming
that i-butene is difficult to diffuse into the channels. On the
other hand, n-butene had a smooth diffusion, with the
kinetic adsorption uptake of 1.54 mmolg'. Notably, fast
diffusion rates are crucial in industrial applications as they
shorten adsorption-desorption time.'” The diffusion rate
constant of n-butene in MET-Fe was calculated to be 0.71 x
107*s™!, which is higher than that of other molecular
exclusion MOFs under the same conditions, such as 0.51 x
107s™" and 0.32x107°s™" on GeFSIX-3-Co and SIFSIX-3-
Ni, respectively (Figure S12-S16). For F-based pillar-layered
MOFs, it is speculated that guest molecules with a matched
size must sequentially pass through their one-dimensional
channels, resulting in a relatively low diffusion rate. In
contrast, MET-Fe adopts a three-dimensional pore channel
that combines narrow pore apertures and larger cavities.
This structural feature allows for rapid molecular diffusion
through the wider cavity and makes the aperture window
the only limiting factor for guest molecule transport.
Furthermore, the channel’s ductility in three dimensions
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offers more paths for molecular diffusion. The kinetic
adsorption experiments not only confirmed the selective
molecular exclusion of MET-Fe on 1-butene isomers but
also suggested the potential to improve industrial production
efficiency by virtue of the fast diffusion rate.

The selective adsorption mechanism of 1-butene isomers
by MET-Fe was further elucidated by using the density
functional theory (DFT) calculation. The DFT calculations
involved diffusing one n-butene or i-butene molecule from
the skeleton outside into the aperture and eventually placing
it in the cavity. The relative energy at different positions was
calculated, and the energy barrier (AE) from the edge to the
aperture was used to evaluate the difficulty of guest
molecules entering the framework. The results showed that
the energy barrier of i-butene molecule was as high as
153.9 kImol ™" (Figure 3a, S17, S18, and Table S5), making it
difficult to pass through the narrow channels kinetically. On
the contrary, the energy barrier of n-butene is only
13.0 kJmol ™! (Figure 3b, S17, S19, and Table S6), allowing it
to diffuse smoothly into the pore channels. The theoretical
calculations were consistent with the results of the adsorp-
tion experiments, proving that the tailored pore structure of
MET-Fe is responsible for the selective 1-butene isomers
adsorption. In addition, the host-guest interaction of n-
butene on MET-Fe was evaluated by periodic DFT calcu-
lation. The result showed that the primary interaction of n-
butene molecule with the skeleton is through multiple van
der Waals interactions with nearby H atoms from the
triazole ligand towards the cavity interior (Figure 3c, S20,
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Figure 3. a), b) DFT-calculated energy pathways and the corresponding
energies of guest molecules i-butene (a) and n-butene (b) diffusing
from outside to the cavity of the MET-Fe; the illustrations represent the
position of the guest molecule relative to the skeleton. c) The
optimized binding configurations n-butene molecule in the cavity of
MET-Fe from periodic DFT calculation; orange, blue, gray, and white
nodes from the wires model represent Fe, N, C, and H atoms from the
skeleton, respectively; yellow and grey from the ball and stick model
represent C and H atoms from n-butene molecule, respectively. The
dotted area partially enlarges the interaction between the guest
molecule and the skeleton, and the numbers represent the distances
between the atoms and the skeleton. For clarity, only representative
values are listed, and the complete values are listed in Table S8.
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Table S7 and S8). Due to the confinement of the ultra-
micropore dimensions, each H atom from the n-butene
molecule has close proximity to multiple adjacent skeleton
H atoms, giving the framework a relative strong affinity for
the n-butene molecule with a calculated binding energy of
60.4 kJmol .

Dynamic breakthrough measurements were conducted
to demonstrate the practical application potential of MET-
Fe in separating 1-butene isomers. An equimolar mixture of
1-butene isomers flowed into the fixed bed filled with
activated MET-Fe adsorbent under ambient conditions
(298 K, 1 bar) (Figure 4a). At the beginning of the test, i-
butene was immediately eluted out due to its exclusion from
the apertures, resulting in a high-purity (>99.99 %) i-butene
product. On the other hand, n-butene was completely
adsorbed and not detected until 65 min, with a saturated
breakthrough adsorption amount of 1.47 mmolg'. After the
breakthrough tests, He flow was used to regenerate the fixed
bed, and the signal intensity of i-butene remained consis-
tently neglectable throughout the desorption process. More-
over, the adsorbent can be completely activated at room
temperature without additional heating, which is beneficial
for reducing the energy consumption of industrial processes.
(Figure S21). The mild regeneration conditions of MET-Fe
seem to contradict its relative high Qg towards n-butene.
We hypothesized that, compared to the strong interaction
with the open metal site, the multiple dispersed weak
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interactions are more easily to break partially, such that the
weakened interactions allow the adsorbed molecules to
move away from the most thermally stable positions,
resulting in an efficient desorption and cyclic process.
Considering the unavoidable presence of water vapor in
real industrial conditions, the stability and separation
performance of adsorbents in humid conditions are signifi-
cant for practical applications. It is gratifying to note that
MET-Fe exhibited almost consistent breakthrough behavior
under the dry and humid (50 % RH) conditions (Figure 4a),
indicating that water vapor does not compete with n-butene
for adsorption. The corresponding water vapor adsorption
isotherm also confirmed that MET-Fe has no apparent
affinity or adsorption for water vapor (Figure S22). Various
MOF-based adsorbents suffer from low hydrostability, since
moisture may replace the coordination of metal and ligand,
resulting in framework collapse. MET-Fe was immersed in
water for one week, and its crystallinity and pore environ-
ment remained perfect (Figure 4b, c). Similar results were
found after MET-Fe was placed in the air for 180 days, and
its n-butene adsorption capacity (1.75 mmolg™') was com-
parable to that of the fresh sample (Figure S23). In addition,
its excellent thermal and chemical stability in various
organic solvents, acidic and alkaline environments also
illustrate the framework’s robustness (Figure S24-S26),
which is critical for practical applications. In comparison,
many fluorinated anion-pillared materials were susceptible
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Figure 4. a) Breakthrough experiments for n-butene/i-butene mixtures (50/50, v/v) on MET-Fe under dry and humid (50% RH) conditions at 298 K,
1 bar. The points are experimental data, and the lines are drawn to guide the eye. b) The PXRD patterns of MET-Fe after different treatments.

c) The N, adsorption isotherms of MET-Fe at 77 K after different treatments. The sphere and hollow circle represent the adsorption and desorption
curves, respectively. d) Cycling breakthrough experiments for n-butene/i-butene mixtures (50/50, v/v) on MET-Fe for 5 times dry and 5 times humid
(50% RH) conditions at 298 K, 1 bar. The points are experimental data, and the lines are drawn to guide the eye. e) Breakthrough work capacities
of n-butene on MET-Fe at 298 K under dry and humid (50% RH) conditions. f) Capacity loss degree of n-butene after 5 times cycle breakthrough
tests under humid conditions (50% RH), orange, pink, and blue represent MET-Fe, GeFSIX-3-Co, and SIFSIX-3-Ni, respectively.
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to water,"”! and the powder of GeFSIX-3-Co and SIFSIX-3-
Ni were completely dissolved after adding water, indicating
the framework had completely collapsed.

Furthermore, multiple cycles of breakthrough tests were
performed. For MET-Fe in the breakthrough test of 5 times
dry and 5 times wet condition cycles in sequence, the
breakthrough time of n-butene remained unchanged and the
separation performance was not affected (Figure 4d, e, S27,
and S28). The well-preserved structure after the cycled tests
was also confirmed (Figure 4b, c). In contrast, the break-
through separation performance of F-based pillar-layered
materials under 50% RH continuously decreased with
increasing cycles (Figure S29, S30) due to the gradual
destruction of the framework by water vapor. After 5 times
cycle breakthrough measurements under humid conditions,
the work capacity loss of n-butene for GeFSIX-3-Co, and
SIFSIX-3-Ni were 31.48 %, and 8.66 %, respectively (Fig-
ure 4f). While the capacity loss of MET-Fe was only a
negligible 0.54 %, confirming its excellent performance for
continuously operation in humid environments.

Conclusion

In summary, we have presented MET-Fe as a promising
adsorbent with excellent selective adsorption and separation
performance for 1-butene isomers. The preferred aperture
window for molecular sieving of MET-Fe was verified. The
results showed that MET-Fe could selectively adsorb n-
butene with a high diffusion rate while excluding i-butene.
Dynamic breakthrough experiments proved that MET-Fe
retained excellent separation performance even under
humid conditions, and it can be easily regenerated with high
reusability. Our findings demonstrate the potential of fine-
tuning small-linkers to optimize pore channels for molecular
exclusion separation. Given its satisfactory separation per-
formance and robust framework, MET-Fe holds great
promise for practical industrial separation of butene iso-
mers.
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