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With the development of the methanol-to-olefins (MTO) process, research focus on the C3Hg/C2H4 separation has
become more urgent. The separation process based on physical adsorption has been widely studied due to its
environmentally friendly and energy-efficient advantage. Herein, we reported a cage-like metal-organic
framework which exhibits both high C3Hg adsorption capacity and excellent C3Hg/C2oHy4 selectivity even at high
temperatures. Dynamic breakthrough experiment shows it can realize the one-step acquisition of polymer-grade
CoHy (99.95 %) with an ultra-high productivity of 85.8 Lekg ™! at 298 K. Meanwhile, high purity CsHg (99.5 %)
can also be obtained in the desorption step, with a high productivity of 75.5 LeKg ™. More importantly, both
CoHy and CsHg yields can still be maintained even at high temperatures or with high gas flow rates, which is
rarely reported and of great value for practical applications. Furthermore, density functional theory (DFT)
simulation reveals that supramolecular binding sites play the key role in the remarkable C3He/C2Hy separation

performance.

1. Introduction

As one of the most important raw materials for the chemical in-
dustry, ethylene (C2H4) is an essential raw material for production of
organic products such as synthetic fibers, rubber and polyvinyl chloride
[1-3]. In 2023, its total annual production will exceed 200 million tons
and is still growing at a rate of 5 % [4-6]. Meanwhile, propylene (CsHe)
is the second largest volume hydrocarbon in the world [7,8]. Further-
more, C3Hg occupies a vital position in the production of products for the
chemical industry as it is a commercially important precursor for higher-
value chemicals [9,10]. In the traditional industrial production, low
carbon olefins are usually prepared by thermal cracking of petroleum
hydrocarbons in the petroleum route, which is heavily rely on crude oil
[11-14]. The dramatic fluctuations in crude oil prices and declining
reserves have a huge impact on CaH4 and CsHg production [15].

The methanol-to-olefins (MTO) process, a newly emerging and
attractive technology, is an important means to realize the conversion of
coal chemicals to petrochemical products [16-21]. Furthermore, using
MTO process to consume methanol and produce olefin as the entry point

can effectively alleviate the problem of excess methanol production
[22]. In the MTO process, 51.10 wt% CyH4 and 20.91 wt% CsHg are
produced [23,24]. However, the low purity of CoH4 and C3Hg does not
meet the requirement for the industrial applications. For example, the
production of ethylbenzene requires high purity CoHy, with a volume
fraction of C3Hg less than 0.15 % [25]. The conventional separation of
C3Hg/CoHy mixtures is based on cryogenic distillation with different
vapor pressures and high energy consumption [19,26]. Additionally, the
traditional separation method of MTO products is alkaline washing,
which generates large amounts of butter and affects equipment safety
[27]. Compared with cryogenic distillation and alkaline washing tech-
niques, adsorption-based separation is safer and more energy efficient
[20,25]. The separation step can be used to obtain polymer grade CoHy
and the desorption step to obtain high purity C3He, thus maximizing
economic efficiency and improving energy efficiency. Therefore, the
preparation of porous materials for highly selective adsorption of CgHg is
important to achieve safe and efficient separation of C3Hg/CoHy.
Metal-organic frameworks (MOFs) have been widely investigated as
a new kind of promising adsorbents for the separation of light
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hydrocarbons mixtures, such as CoHy/CO5 [28-30], CoHa/CoHy [31,32],
CoHy4/CoHg [33] and C3H4/C3Hg [34,35]. However, there are relatively
few studies on the separation of C3Hg/CoH4 mixtures. Actually, the
separation of CoH4 from C3Hg/CoHy is much challenging in view of their
similar sizes and physical properties [36]. Considering that C3Hg have
more C-H groups than CyHy, it is necessary to establish accessible su-
pramolecular binding sites to capture C3Hg and thus effectively improve
the separation efficiency of C3Hg/CoH4. As we know, the cage-like space
is one of the important ways to improve gas adsorption and separation
capacity. For example, Li et al. achieved an effective separation of CoHy/
CO, by the suitable pore cages decorated with high-density supramo-
lecular binding sites [37]. The suitable windows which can selectively
capture gas molecules and cage-like spaces which can accommodate
more gas molecules, work together to achieve efficient purification of
CoHy while having high C3Hg adsorption capacity. Thus, high CoHy
separation performance and high CsHe desorption capacity can be
achieved in one separation cycle.

With the above thought in mind, herein we report a metal — organic
framework (FJI-H8-Me) which exhibits high CsHe adsorption capacity
especially at low pressure. Dynamic breakthrough experiments
demonstrate that it exhibits excellent C3He/CoHy separation perfor-
mance and can realize the one-step acquisition of polymer-grade CoHy
with an ultra-high productivity of 85.8 Lekg ™! at 298 K. In the mean-
time, high purity CsHe (99.5 %) can also be obtained in the desorption
step with a high productivity of 75.5 Lekg™'. Surprisingly, raising the
temperature from 298 K to 338 K or increasing the flow rates of the gas
mixture barely affects the yields of CoH4 and C3Hg. Furthermore, density
functional theory (DFT) simulation reveals that the windows of the cages
have much more supramolecular interactions with C3Hg than CoHy,
which play the key role in the remarkable C3Hg/CoH4 separation per-
formance. We think this supramolecular binding sites strategy provides
a new way to design porous materials with excellent C3Hg/CoHy sepa-
ration performance.

2. Experimental methods
2.1. Gas sorption experiment

All gas sorption isotherms were measured with a Micromeritics ASAP
2020-M surface area and pore size analyser. The fresh crystalline sample
of FJI-H8-Me was followed solvent exchange with methanol and then
dichloromethane for 3 days and evacuation of the dichloromethane by
heating at 80 °C for 10 h under a high vacuum. The nitrogen sorption
isotherm was collected at 77 K in a liquid nitrogen bath. The specific
surface areas were determined using the Brunauer-Emmett-Teller
model from the Nj sorption data. For selective adsorption evaluation,
the gas sorption experiments of CoH4 and C3Hg were carried out at 273 K
in an ice — water bath, and at 298 K, 303 K, 308 K, 318 K, 328 K, 338 K in
a liquid bath, respectively. The isosteric heat of adsorption was calcu-
lated through the Clausius-Clapeyron equation using the four sets of
acetylene adsorption data collected.

2.2. Breakthrough measurements

Breakthrough experiments for the separation of C3Hg/CoH4 (v/v, 50/
50) were carried out in a fixed bed. A stainless-steel column with a
length of 180 mm and an internal diameter of 3 mm was used for sample
packing. The flow rates of all gases are regulated by mass flow con-
trollers, and the effluent gas stream from the column is monitored by gas
chromatography (GC) detector. All measurements were performed
following a protocol established by literatures. The initial activated FJI-
H8-Me crystals were packed into a stainless-steel column tightly. Then,
the column was activated with He flow under 80 °C for 10 h. Then, a
mixture flow was dosed into the column. Breakpoints were determined
when the first peak was detected. For the cycling of breakthrough ex-
periments, the sample was regenerated by desorption under He flow for
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30 min at 353 K. Recovery of high purity C3Hg is realized during the
desorption step. Experimental dynamic desorption curves of FJI-H8-Me
are obtained after breakthrough experiments of C3Hg/CoH4 (v/v, 50/50)
with He flow rate of 15 mL/min at 80 °C.

3. Results and discussion

FJI-H8-Me has three types of polyhedral nanocage, i.e., regular
cuboctahedron (Cage-A), distorted octahedron (Cage-B) and distorted
cuboctahedron (Cage-C) (Fig. 1). One Cage-A is interconnected with
eight Cage-B through eight triangular faces and as well as with six Cage-
C through six rhombic faces. Furthermore, Cage-B is interconnected
with four Cage-A through four triangular faces and with four Cage-C by
sharing four m-benzenedicarboxylate moieties. Cage-C is interconnected
with six Cage-A through six rhombic faces of and with eight Cage-B by
sharing eight m-benzenedicarboxylate acid groups. Finally, the above
different molecular cages are stacked to form a three-dimensional
porous framework structure. If we consider Cage-A, Cage-B and Cage-
C as a 14-connected node, an 8-connected node and a 14-connected
node respectively, FJI-H8-Me has a rarely seen (8,14,14)-connected
framework.

The permanent porosity of activated FJI-H8-Me was established by
nitrogen (N3) adsorption isotherms at 77 K, which revealed that FJI-H8-
Me exhibits a typically reversible type-I behavior (Figure S4), the
Brunauer— Emmett-Teller surface area is 2054 + 6 m?/g. Motivated by
the cage-like structure of FJI-H8-Me, the single component adsorption
isotherms at 273, 298, 303, 308, 318, 328 and 338 K were tested to
evaluate its C3Hg/CoHy separation performance. As shown in Fig. 2a and
2b, compared with CoHy the adsorption isotherms of C3Hg show a
distinct sharp step at relatively low pressures in the range of 273 K —
338 K. For example, the C3Hg uptake is 100.7 cm® g~! and the CyH,4
uptake is 15.9 cm® g"lat 298 K under 2 kPa, with the C3Hg/CoH4 uptake
ratio of 6.3. In particular, the adsorption capacity of C3He reached 156.1
em® g1 at 298 K under 10 kPa, surpassing most reported outstanding
materials, such as Zn-BPZ-SA (46.6 cm?® g_l) [38], iso-MOF-4 (57.9 cm?®
g’l) [25], Zny(oba)s(dmimpym) (56.0 cm® g’l) [39], spe-MOF (41.5
em® g71) [40], NKMOF-11 (33 cm® g™1) [41], and Mn-dtzip (86.3 cm®
g’l) [42]. In comparison, the CaHy4 uptake increases slowly with the
increase of pressure and shows lower adsorption capacity of 55.1 cm®
g~ ! under the same condition. Such big difference between CsHg and
CoHy4 uptakes manifests that FJI-H8-Me has great potential to efficiently
separate CsHg/CoH4 mixtures. In addition, when the test temperature is
raised to 338 K, the single component adsorption isotherm for C3Hg does
not have major change compared with that at 298 K. The uptake of C3Hg
is still up to 181.3 cm® g ! at 338 K and 100 kPa (211.0 cm® g~! at 298
K). In comparison, the single component adsorption isotherm for CoHy
has obvious decrease. The adsorption capacity of CoH4 decreases to
121.1 cm® g ! at 338 K and 100 kPa (173.1 cm® g~ at 298 K). The above
results indicated that FJI-H8-Me may have good C3Hg/CoH4 separation
performance even at high temperatures.

It is well-known that the magnitude of the adsorption heats of porous
materials reveals the affinity of the pore surface toward the adsorbates.
To evaluate the affinity of C3Hg and CoH, to FJI-H8-Me, the adsorption
heats (Qg) were calculated by the Clausius — Clapeyron equation. As
shown in the Fig. 2¢, the Qg for C3Hg is in the range of 44.3—26.3 kJ
mol’l, which is obviously higher than those for CoH4 (34.3 — 25.2 kJ
mol~1). The stronger affinity of FJI-H8-Me for GsHg will lead to the
preferential capture for C3Hg over CoHy in the separation process.
Meanwhile, the Qg value of C3Hg is moderately high and lower than
most MOFs such as srl-MOF (44.7—35.9 kJ mol 1) [40], ANPC-2-700
(54.2—-33.1 kJ molfl) [43], SIFSIX-3-Ni (54.7—47.1 kJ molfl) [44]
and JNU-3a (44.6—36.2 kJ mol™1) [9]. Such moderate Qs endows the
preferential C3Hg adsorption as well as facile recovery of C3Hg under
mild conditions with a low energy input during the desorption process.
Therefore, the separation and desorption steps yield high purity CoHy
and C3Hg respectively, minimizing energy waste and improving the
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Fig. 1. Structure description of FJI-H8-Me. View of three types of polyhedral nanocages and the combination. (Yellow ball represents regular cuboctahedral Cage-A;
Pink ball represents distorted octahedral Cage-B; Blue ball represents distorted cuboctahedral Cage-C). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

efficiency of energy utilization.

To evaluate the C3Hg/CoHy separation performance of FJI-H8-Me,
the ideal adsorbed solution theory (IAST) was applied to calculate the
C3He/CoHy selectivity for the mixture of C3Hg/CoH4 (50/50, v/v) at
different temperatures (Fig. 2d). The result indicates that FJI-H8-Me has
an exceptionally high C3He/CoHy selectivity (24.1 —9.9) at 298 K, which
is higher than the benchmark porous MOF materials for C3Hg/CoHy
separation, such as Zn-BPZ-TATB (11.3 - 7.4) [45], Zn-BPZ-SA (7.5 -
4.8) [38], Cu3(OH)2(MeyBPZ), (2.0 — 7.4) [46], spe-MOF (9.2 - 7.7)
[40], MAC-4 (10.8 - 8.4) [47] and UPC-33 (13.1 - 10.2) [48]. More
importantly, there is no significant decrease in the C3Hg/CoHj, selectivity
when increasing the temperature. Even at 338 K, the selectivity remains
16.8—7.6. The above result also indicates that FJI-H8-Me has great
potential for C3Hg/CoHy4 separation.

To validate the feasibility of using FJI-H8-Me to separate MTO
products in a packed column, transient breakthrough simulations for
C3sHg/CoHy (50/50, v/v) mixtures were done at 298 K using the meth-
odology described by Krishna (see Supporting Information) [49-51].
The simulated curves in Fig. 3a show that the mixtures can be
completely separated, whereby CaH,4 breakthrough occurs first to yield
the pure CoHy4 but C3Hg passes through the column after a longer time.
To evaluate the actual C3He/CoH4 separation performance of FJI-H8-Me,
we have performed the fixed-bed breakthrough tests under different
conditions. During these experiments, the mixture of C3Hg/CoH4 (50/
50, v/v) was passed through a fixed-bed (180 mm x 3 mm) column
packed with activated FJI-H8-Me. As shown in Fig. 3a, CoH4 passes

through the packed column at 97.7 min and reaches the equilibrium
with undetectable C3Hg (detection limit: 100 ppm) at 298 K and with a
total flow rate of 2 mL min . However, C3Hg does not elute until 183.5
min and then rapidly achieves the concentration of feed gas. The sepa-
ration time for CoHy is ca. 85.8 min. There is an excellent match between
the experimental and simulated curves. Therefore, the one-step acqui-
sition polymer-grade of CoHy can be realized with a ultra-high produc-
tivity of 85.8 L kg ! at 298 K, which is much higher than the benchmark
C3Hg/CoHy separation materials such as Zn-BPZSA (21.9 L kg’l) [38]
and spe-MOF (67 L kg™!) [40]. In view of the importance of the recy-
clability of porous materials in practical applications, cycle tests also
have been carried out. As shown in Fig. 3b, FJI-H8-Me shows excellent
reusability. After five-cycle C3Hg/CoHy separation experiments, FJI-H8-
Me still maintains an excellent separation performance with the sepa-
ration performance almost unchanged, which indicates that FJI-H8-Me
has excellent stability for C3He/CoH4 separation.

As we know, the gas flow rates usually have the influence on the gas
separation performance. Therefore, the breakthrough experiments with
different gas flow rates have also been investigated. As shown in Fig. 3c,
at 298 K FJI-H8-Me shows an excellent separation performance when
the flow rates of the mixed gas have been increased from 2.0 mL min?
to 4.0 mL min ' and even up to 6.0 mL min~!. Accordingly, the sepa-
ration times are 44.5 and 30.7 min respectively and the CyH4 pro-
ductivities have no obvious change (Figure S5). More important, FJI-H8-
Me also exhibits very good recycling performance at different flow rates
(Figure S6 and S7).
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Fig. 2. (a) and (b) The C;H,4 and C3Hg sorption isotherms at 273 K, 298 K, 303 K, 308 K, 318 K, 328 K and 338 K respectively; (c) Adsorption heats of FJI-H8-Me for
CyH,4 and C3Hg respectively; (d) The IAST selectivity of FJI-H8-Me for 50/50 C3Hg/CoH, at 273 K, 298 K, 303 K, 308 K, 318 K, 328 K and 338 K respectively.
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Fig. 3. Breakthrough curves of FJI-H8-Me for C3Hg/CoH,4 (50/50, v/v). (a) The actual and simulated breakthrough curves of FJI-H8-Me for C3Hs/CoH,4 separation at
298 K. (b) Five-cycle tests at 298 K with the gas flow rate of 2 mL-min’l; (c) The breakthrough curves with different flow rates (2.0 mL min’l, 4.0 mL min~! and 6.0
mL min~') at 298 K; (d) The breakthrough curves with flow rate of 2 mL min~! at different temperatures (298 K, 303 K, 308 K, 318 K, 328 K and 338 K); (e) The
yields of CoHy (purity > 99.95 %) at different temperatures with flow rate of 2 mL min’l; (f) The yields of C3Hg (purity > 99.5 %) at different temperatures with flow
rate of 2 mL min ! during the desorption process.
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To meet the requirement for practical application, porous materials
should be able to maintain its good separation performance in a wide
temperature range, even at high temperature. It is found that FJI-H8-Me
can achieve excellent C3Hg/CoH4 separation performance in the tem-
perature range from 298 K to 338 K (Fig. 3d and 3e). When the tem-
perature is raised to 318 K, the C3Hg/CoHy separation performance has
no obvious change. Even at 338 K, the separation time is till up to 75.5
min. The CoHy4 productivity is as high as 75.5 L kg™}, which is much
higher than the benchmark C3Hg/CyH4 separation materials at 298 K
(Fig. 3e). More importantly, FJI-H8-Me still has good cycle performance
(Figure S8 - S12) at such high temperatures, which is rarely seen in the
porous materials. This excellent C3Hg/CoH4 separation performance is
well consistent with the obvious difference in the single-component gas
adsorption curves for CsHg and CaH, as well as the high IAST CsHg/CoHy
selectivity at high temperature.

A particular feature of FJI-H8-Me is that high purity CsHg can be
obtained during the desorption step (Fig. 3f). For example, a high C3Hg
productivity of 75.5 Lekg ! with the purity > 99.5 % can be obtained at
298 K and with a flow rate of 2 mL min~!. When raising the temperature
up to 318 K, the C3Hg productivity does not has obvious decrease. Even
at 338 K, the C3Hg productivity still reaches up to 60.1 Lokgfl. Addi-
tionally, gas flow rates also have no obvious influence on the CsHg
productivities (Figure S13). Increasing the gas flow rate up to 6 mL
min~}, the C3Hg productivity can still be maintained. As we have
established, the productivities of both CoH4 and CgHg are superior to
those benchmark materials for MTO product separation (Table S3).
Additionally, when the feeding gas is changed to 2/5 or 1/9 (v/v) CsHe/
CoHy, at 298 K FJI-H8-Me maintains good separation performance with
the flow rate of 2 mL min ' respectively (Figure S39). Moreover, an
ideal adsorbent for practical applications should have an energy-
efficient regeneration process. The repeated breakthrough experiments
of FJI-H8-Me for C3He/CoHy4 were tested at room temperature with the
simple activation treatment at 80 °C for 30 min (Table S3). This is
comparable to the benchmark materials reported. To sum up, owing to
the advantages of the simultaneous acquisition of high-purity CoH4 and
C3Hg in one separation cycle, promising separation performance even at
high temperatures or high flow rates, and good reusability, FJI-H8-Me
has the best performance for C3Hg/CyHy4 separation in the porous ma-
terials so far.

In order to understand the excellent separation effect of FJI-H8-Me
on CgHe/CoHy4 mixture and to investigate the mechanism of gas
adsorption and separation in depth, we have performed theoretical
calculations to determine the adsorption sites of C;H4 and CsHg and the

FJI-H8>C,H,
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details can be found in the supporting information. As shown in Fig. 4a,
the strongest binding site for CoH4 is beside the triangular window,
where the CoH,4 molecule interacts with two phenyl rings and four car-
boxylic oxygen atoms through two C-H---x (2.86 and 3.25 &) and four C-
H---O (2.85, 2.91, 3.17 and 3.29 1°\) interactions. As for C3Hg molecule,
the situation is similar. The C3Hg interacts with three phenyl rings and
six carboxylic oxygen atoms through three C-H---x (2.71, 3.00 and 3.81
A) and six C-H---0 (2.95, 3.17, 3.29, 3.47, 3.48 and 3.49 A) interactions
(Fig. 4b). Though both CoH4 and C3Hg primarily interact with the su-
pramolecular binding sites, it is obvious that there are significantly
stronger interactions between C3Hg molecule and the framework.
Furthermore, the calculated static binding energy for CsHg is 87.45 kJ
mol’l, which is higher than that for CoHy (63.34 kJ mol™1). The obvious
difference between the static binding energies for CsHg and C;H4 makes
the supramolecular binding site preferentially capture CsHg rather than
CyoHy and promises the excellent performance for CsHg/CoHy4 separation.

4. Conclusion

In summary, we have reported a porous cage-like material which has
much higher C3Hg uptake than CoHy4 especially at low pressure. Dynamic
breakthrough studies show that it exhibits excellent C3He/C2H4 sepa-
ration performance. A particular feature of FJI-H8-Me is that polymer-
grade CoHy and C3Hg can be obtained with ultra-high productivities in
one separation cycle. It can realize one-step acquisition of polymer-
grade CoH, (>99.95 %) with a productivity of 85.8 Lekg™!. Mean-
while, high purity C3Hg (>99.5 %) with a productivity of 75.5 Lekg ™!
can be obtained during the desorption step. Surprisingly, both temper-
ature and flow rate have almost no effect on the yield of C;H4 and CsHe,
which is rarely seen. Furthermore, theoretical calculation reveals that
the supramolecular binding site adjacent to the triangular window can
preferentially capture C3Hg and contributes much to the excellent sep-
aration performance. Therefore, FJI-H8-Me is considered as a promising
material which can be used for energy-efficient separation of MTO
products. In summary, we believe this supramolecular binding site
strategy provides a new way to design high-performance MOF materials
with excellent C3Hg/CoHy4 separation performance in the future.
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