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ABSTRACT

The efficient separation of acetylene (C,H,) from carbon dioxide (CO,) and C,H, (n = 1 and 2) to manufacture high purity C,H,
and recover other light hydrocarbons is technologically important, while posing significant challenges. Herein, we reported a new
TiFg> anion (TIFSIX) pillared metal-organic framework (MOF) ZNU-5 (ZNU = Zhejiang Normal University) with ultramicropores
for highly selective C,H, capture with low adsorption heat through gate opening based molecular sieving effect. ZNU-5 takes up
a large amount of C,H, (128.6 cm?®g) at 1.0 bar and 298 K but excludes CO,, CH,4, and C,H,. Such high capacity has never been
realized in MOFs with molecular sieving. The breakthrough experiments further confirmed the highly selective C,H, separation
performance from multi-component gas mixtures. 3.3, 2.8, and 2.2 mmol/g of C,H, is captured at ZNU-5 from equimolar
C,H,/CO,, C,H,/CO,/CH,, and C,H,/CO,/CH,/C,H, mixtures, respectively. Furthermore, 2.6, 2.0, and 1.5 mmol/g of > 98% purity
C,H, can be recycled from the desorption process. Combining high working capacity, low adsorption heat, as well as good

recyclability, ZNU-5 is promising for C,H, purification.
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1 Introduction

Acetylene (C,H,) is a major raw feedstock for the production of
various essential chemicals and polymers in industry [1-3]. It is
produced from the partial combustion of natural gas or stream
cracking of hydrocarbons, in which carbon dioxide (CO,) and
other C,-C, light hydrocarbons are worth-noting contaminants
that need to be removed to produce C,H, in high purity [4, 5].
Currently, energy-intensive cryogenic distillation and solvent
extraction are employed for the recovery of C,H, from other gases.
Due to the close boiling points, these approaches suffer from low
energy inefficiency and are environmentally unfriendly. Therefore,
physisorptive separation using porous solid adsorbents has
attracted particular interest based on the lower cost and energy
consumption [6-16]. However, the similarities among these gas
molecules in terms of molecular size (kinetic diameter: 3.3 A for
both C,H, and CO,, 3.8 A for CH,, and 42 A for C,H,) and
physical properties make these separations a great challenge
(17-21].

Metal-organic frameworks (MOFs) are famous for their
powerful structural predictability and tunability on pore size/shape
and functionality [22-30]. However, the flexibility of MOFs is still
very challenging to predict and flexible MOFs have less been
studied in selective gas separation. UTSA-300 (SIFSIX-dps-Zn;
SIFSIX = SiF¢", dps = 44" -dipyridylsulfide) [31] is the first

reported flexible MOF that takes up 69.0 cm’/g of C,H, and
negligible CO, and C,H,. By replacing the zinc ion (Zn™) to
copper ion (Cu*), the resulting SIFSIX-dps-Cu [32] exhibits
increased C,H, uptake of 1024 cm’/g as well as an ultrahigh
selectivity of 1,787. However, the practical dynamic capacity of
CH, from equimolar C,H,/CO, mixture is only 2.48 mmol/g,
even lower than that (2.9 mmol/g) of our recently reported robust
MOF ZNU-1 (ZNU = Zhejiang Normal University) [33] with
static uptake of 76.3 cm’/g and ideal adsorbed solution theory
(IAST) selectivity of 56.6. Therefore, high practical working
capacity is still very difficult to realize by flexible MOFs in the
context of challenging C,H,/CO, separation.

Herein, we would like to report a new TiF anion (TIFSIX)
pillared flexible metal-organic framework ZNU-5 for selective
C,H, adsorption. ZNU-5 is constructed by self-assembly of
CuTiF, and 14-di(1H-imidazol-1-yl)benzene (DIB) in
MeOH/H,0 solution. It displays a large capacity of 128.6 cm’/g
for C,H, under 1.0 bar and 298 K but only adsorbs 15.2, 11.9, and
3.5 cm’/g of CO,, C,H,, and CH,. The near-zero coverage C,H,
adsorption heat is as low as 27.8 kJ/mol, indicative of its low
energy footprint for material regeneration. The calculated IAST
selectivities at 1.0 bar are 11.6 for C,H,/CO,, 255 for C,H,/C,H,,
and 850 for C,H,/CH,. Such high selectivities have rarely been
achieved by reported top-performing MOFs. The practical
separation performance is fully demonstrated by the breakthrough
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experiments of multi-component gas mixtures. 3.3, 2.8, and
2.2 mmol/g of C,H, is captured at ZNU-5 from 50/50 C,H,/CO,,
33.3/33.3/33.3 C,H,/CO,/CH,, and 25/25/25/25
C,H,/CO,/CH,/C,H, mixtures, respectively. 2.6, 2.0, and
1.5 mmol/g of > 98% purity C,H, can be recycled from the
desorption process. No separation performance reduction is
observed over 5 cycles. Therefore, combining high working
capacity, low adsorption heat, as well as good recyclability, ZNU-5
is promising for C,H, purification.

2 Experimental

2.1 Synthesis of ZNU-5

To a 5 mL long thin tube was added 1 mL of aqueous solution
with (NH,),TiFs (1 mg) and Cu(NOs),.3H,0 (1 mg). 3 mL of
MeOH/H,0 mixture was slowly layered above the solution,
followed by 1 mL of MeOH solution of 1,4-di(1H-imidazol-1-
ylbenzene (2 mg). The tube was sealed and left undisturbed at
room temperature. After several days, purple needle-shaped
crystals were formed on the glass surface. The average yield was
ca. 75%.

2.2 Synthesis of ZNU-4

To a 5 mL long thin tube was added 1 mL of aqueous solution
with (NH,),TiFs (1 mg) and Cu(NOs),:3H,0 (1 mg). 2 mL of
MeCN/H,O mixture was slowly layered above the solution,
followed by 1 mL of MeCN solution of 1,4-di(1H-imidazol-1-
ylbenzene (2 mg). The tube was sealed and left undisturbed at
room temperature. After several days, blue flake shaped crystals
were formed on the glass surface. The average yield was ca. 75%.

3 Results and discussion

3.1 Structural analysis and characterization

Light blue single crystals of ZNU-4 [34] with zsd topology was
prepared in MeCN/H,O solution (Fig. S2(a) in the Electronic
Supplementary Material (ESM)). Each Cu(Il) ion of ZNU-4 is
connected to four imidazole nitrogen atoms from four different
DIB ligands and two fluorine atoms from two TiF4 groups (Figs.
1(a) and 1(b)). The DIB ligand is in anti-configuration while TiFg"
is coordinating through trans mode. Six copper ions and six DIB
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linkers generate a very twisted loop. Every unit cell contains two
adjacent narrow one-dimensional (1D) channel with fluorine
atoms decorated in the surface (Fig. 1(c)). The solvents play an
important role in the self-assembly of the building units. In
MeOH/H,O solution, needle-shaped purple crystals of ZNU-5
were cultivated with distinct porous structures (Fig. S2(b) in the
ESM). As shown in Fig. 1(d), every Cu(Il) cation is octahedrally
coordinated to four DIB ligands in half syn and half anti
configuration and two TIFSIX anions in cis coordination mode,
extending to a non-interpenetrated pcu topology framework (Fig.
1(e)). Different from ZNU-4, ZNU-5 features two-dimensional
pore channels as shown in Fig. 1(f).

As shown in Fig. 2(a), the powder X-ray diffraction (PXRD)
patterns of the as-synthesized ZNU-5 are consistent with the
simulated ones from crystal structure, indicating the pure phase of
sample. ZNU-5 is relatively stable in humid air but sensitive to
water. A new phase appears when the sample is immersed in
water. Interestingly, the original phase can be recovered when the
water-soaked samples were re-activated or re-soaked in methanol
(Fig.S12 in the ESM). Thermo gravimetric analysis (TGA)
analysis was conducted to compare the thermal stability of ZNU-4
and ZNU-5 qualitatively (Fig. 2(b)). The weight reduction before
150 °C belongs to the loss of water and organic solvent in the
pores. ZNU-5 shows a second weight loss until 340 °C, slightly
higher than that of ZNU-4 (290 °C), suggesting the superior
thermal stability of ZNU-5.

3.2 Single-component
selectivity calculations

To evaluate the pore properties of ZNU-4 and ZNU-5, CO,
adsorption measurements were performed at 195 K (Fig. 3(a)).
ZNU-4 displays the type-I isotherm and the maximum loading is
105.7 cm’/g at 100 kPa. The Brunauer-Emmett-Teller (BET)
surface area is 3586 m¥g. In contrast, two stages of CO,
adsorption are observed for ZNU-5. The CO, uptakes in the first
and second steps are 200.9 (15 kPa) and 299.8 cm’/g (100 kPa),
respectively. The BET surface area is 751.5 m’/g (Fig. S14(b) in the
ESM). The calculated pore width is 5.2 A (Fig. S14(a) in the ESM),
perfectly consistent with the pore size (5.2 A) measured from the
single crystal structure (Fig. S10 in the ESM).

The distinct structure/pore architectures and porosity of ZNU-4
and ZNU-5 prompted us to evaluate their difference in gas

adsorption experiments and

Figure1 (a) The building blocks for the synthesis of ZNU-4 and ZNU-5. (b) The porous structure of ZNU-4. (c) Voids of ZNU-4. (d) Coordination mode in ZNU-5.
(e) The porous structure of ZNU-5. (f) Voids of ZNU-5. The voids are generated by a probe with a radius of 1.2 A.
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adsorption and separation performances. As shown in Figs.
3(b)-3(d), and Figs. S15 and S16 in the ESM, we performed unary
gas adsorption tests for C,H,, CO,, C,H,, and CH, under the
temperature ranging from 263 to 313 K. The C,H, adsorption
isotherms of ZNU-5 showed gate-opening pressure increases from
5 kPa (273 K) to around 20 kPa (298 K) and 30 kPa (313 K),
indicating that the gate-opening pressure is temperature
dependent. Such temperature dependent gate-opening has also
been observed for CO, at 263 K, which possesses a higher gate-
opening pressure (65 kPa). Impressively, ZNU-5 exhibits a
remarkably high C,H, uptake of 128.6 cm?/g at 298 K and 100 kPa
with a flexible feature (Fig. 3(c)), which is 51.1% higher than that
of ZNU-4 (85.1 cm’/g). This value sets a new record of C,H,
capacity at 100 kPa among MOF materials with C,H,/CO,
molecular sieving effect, which outperforms many benchmark
MOFs including UTSA-300 (69.0 cm’/g) [31], NTU-65 (75.4
cm’/g) [35], ZJU-196 (83.5 cm?/g) [36], CPL-1-NH, (41.2 cm’/g)
[37], SIFSIX-dps-Cu (1024 cm’/g) [32], and MOF-OH (60.0
cm’/g) [38]. Notably, ZNU-5 completely prevents the CO,, C,H,,
and CH, entrance at the pressure up to 100 kPa at 298 K.
Therefore, the exceptional C,H, capture capacity at 100 kPa
combined with the much lower CO,, C,H,, and CH, uptakes
enables ZNU-5 with great potential to achieve one-step C,H,
purification from quaternary C,H,/CO,/C,H,/CH, mixtures.

Figure 4(a) shows that the initial Q, values for C,H,
(27.8 kJ/mol) in ZNU-5 is much lower than that of ZNU-4
(50.3 kJ/mol), implying a relatively low energy consumption in
regeneration.

TAST calculations were performed to qualitatively evaluate the
adsorption selectivity of ZNU-4 and ZNU-5 for equimolar
C,H,/CO,, CH,/CH, and C,H,/CH, mixtures at 298 K,
respectively. Due to the existence of the gate-opening
phenomenon, the fitting is challenging and temperature
dependant dual-site Langmuir-Freundlich model is applied. The
comparison of experimental and simulated adsorption isotherms

Nano Res. 2023, 16(2): 3536-3541
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Figure4 (a) Q, for C,H, adsorption in ZNU-4 and ZNU-5. (b)-(d) IAST
selectivity for equimolar C,H,/CO,, C,H,/C,H,, and C,H,/CH, mixtures in
ZNU-4 and ZNU-5 at 298 K.

as well as the fitting parameters are presented in Fig. S17 and
Table S3 in the ESM, which showed the fitting is in excellent
accuracy. For equimolar C,H,/CO,, C,H,/C,H,, and C,H,/CH,
mixtures, as presented in Figs. 4(b)-4(d), ZNU-5 exhibits a higher
selectivity up to 12, 255, and 850 at 100 kPa, which is superior to
ZNU-4 with the selectivity of 9, 12, and 300.

The comparison of C,H, and CO, uptake in top-performing
materials is presented in Fig. 5(a). ZNU-5 is the best example that
shows a very high C,H, uptake as well as a very low CO, uptake,
which is also reflected in the C,H,/CO, uptake ratio in Fig. 5(b).
SNNU-65-Cu-Sc [39], MIL-160 [40], FJU-90 [41], SIFSIX-Cu-
TPA [42], and SIFSIX-1-Cu [43] exhibited a higher C,H, uptake,
yet a higher CO, uptake as well, leading to decreased C,H,/CO,
selectivity. Besides, ZNU-5 is the only porous materials that
exhibit a C,H,/CO, uptake ratio > 8 and Q value < 30 kJ/mol
[44-53]. A more comprehensive comparison table is listed in
Tables S4-S6 in the ESM, among which ZNU-5 is still a
benchmark material for C,H, recovery from other gases.

3.3 Dynamic breakthrough experiments

Transient breakthrough simulations were conducted to evaluate
the separation performance of ZNU-5 for equimolar C,H,/CO,
(50/50) mixture. As shown in Fig. 6, ZNU-5 exhibits a stepped
breakthrough curve for C,H, which is not seen in rigid
adsorbents [54]. Nonetheless, the captured C,H, amount is still
very large while that of CO, is negligible, thus leading to a high
separation factor. Besides, as C,H,, the target gas, needs desorption
process to obtain, slight leakage in the breakthrough process will
not have large influence on the dynamic capacity of C,H,.

To evaluate the practical separation performance as well as
confirm the stepped breakthrough phenomenon, experimental
breakthrough tests were conducted. The results showed that the
experimental breakthrough curves are very similar with the
simulations (Fig.S18 in the ESM). For equimolar C,H,/CO,
mixtures, efficient separations could be accomplished by ZNU-5
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Figure5 (a) Comparison of the C,H, and CO, uptakes at 100 kPa and 298 K
between ZNU-5 and other materials. (b) Comparison of C,H,/CO, uptake ratio
and Q, for C,H, between ZNU-5 and other materials.
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Figure6 Simulated breakthrough curve of ZNU-5 for C,H,/CO,(50/50)
at 298 K.

with 3.3 mol/g of C,H, capacity, while the uptake of C,H,
absorbed in ZNU-4 was only 2.2 mol/g (Fig. 7(a)). Subsequently,
we explored the effect of different desorption temperatures on
regeneration. Figure 7(b) shows that the desorption time of
C,H, is gradually shortened with the increase of desorption
temperature. Controlling the desorption temperature of 25 °C,
2.6 mol/g of 98% purity C,H, can be recovered from the column
after blowing CO, out at the first stage. The dynamic separation
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factor of C,H,/CO, is calculated to be 9.1 (Fig. S20 in the ESM),
higher than those of ZNU-4 (5.4) [34] and many other top-
performing materials such as CAU-10-H (3.4) [53] , JCM-1 (4.4)
[45], ZJU-74a (4.3) [55], and SNNU-45 (2.9) [8]. The capture
ability of ZNU-5 for C,H, from the ternary and quaternary
mixtures was further studied. As shown in Figs. 7(c) and 7(d),
when the gas mixtures containing equal ratios of C,H,/CO,/CH,
or C,H,/CO,/CH,/C,H, passed through the ZNU-5 packed
column, CO,/CH, or CO,/CH,/C,H, outflowed first, then
C,H, began to discharge at around 104/170 min, and up to
2.8/2.2 mmol/g of C,H, was adsorbed in this process. During
desorption process, 2.0/1.5 mmol/g of 98% purity C,H, can be
recovered from the column by stepped Ar purge process, which
are both higher than those of ZNU-4 (0.48 and 0.05 mmol/g) [34].

Recycability is a very important parameter to assess the
potential for practical application. Thus, 5 repetitive breakthrough
experiments were carried out. Negligible capacity reduction is
observed (Fig.8), demonstrating that ZNU-5 is a promising
adsorbent with good cyclic utilization performance.
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Figure7 (a) The breakthrough curve for C,H,/CO, (50/50) separation at ZNU-4 and ZNU-5. (b) The C,H,/CO, (50/50) desorption curves for ZNU-5 at 25, 40, 50,
and 75 °C. (c) The breakthrough curve for C,H,/CO,/CH, (33.3/33.3/33.3) separation at ZNU-5. (d) The breakthrough curves for C,H,/CO,/C,H,/CH, (25/25/25/25)
separation at ZNU-5. (e) The desorption curves for C,H,/CO,/CH, (33.3/33.3/33.3) separation at ZNU-5. (f) The desorption curves for C,H,/CO,/C,H,/CH,

(25/25/25/25) separation at ZNU-5.
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Figure 8 Five cycles of dynamic breakthrough curves for C,H,/CO, (50/50,
v/v) mixture.
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4 Conclusions

In a nutshell, we reported a novel fluorinated anion pillared MOF
with flexible molecular sieving effect that can efficiently capture
C,H, from CO, and C H, (n = 1 and 2). The foregoing results

revealed that ZNU-5 exhibits not only high C,H, uptake capacity
but also simultaneously excellent C,H,/CO, (12), C,H,/C,H,
(255), and C,H,/CH, (850) selectivity under ambient conditions,
outperforming most of the flexible molecular sieving MOFs
reported. Experimental breakthrough tests further confirmed the
effective capture of CH, from binary C,H,/CO,, ternary
C,H,/CO,/CH,, and quaternary C,H,/CO,/CH,/C,H, mixtures
with large productivity and good recycability. Thus, combining
large working capacity, low adsorption heat, as well as excellent
recyclability, ZNU-5 is a promising adsorbent for practical C,H,
purification and separation. The mechanism of the selective gate
opening behavior is under study.
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