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no-traps in a stable metal–
organic framework for highly efficient removal of
propyne from propylene†

Hui-Min Wen,‡ab Libo Li,‡b Rui-Biao Lin, b Bin Li, *c Bin Hu,d Wei Zhou, e

Jun Hu *a and Banglin Chen *b

Despite tremendous efforts, precise control in the synthesis of porous materials with ideal nanocages for

desired gas separation applications still remains a challenge. Microporous metal–organic frameworks

(MOFs) have provided rich chemistry to enable precise control and design of structures, pore cavities,

and functionalities at the molecular level. Here, we propose and design a microporous MOF (termed as

ZJUT-1, ZJUT ¼ Zhejiang University of Technology) with a fine-tuned nanocage, exhibiting the desired

size, shape, and functionalities that are suitable for trapping a single propyne (C3H4) molecule.

Adsorption and computational studies indicate that such optimized nanocages can not only reduce the

uptake of propylene (C3H6), but also strengthen the C3H4–host interactions through multiple hydrogen-

bonding between SiF6
2�/–NH2 and C3H4 molecules. This material thus shows remarkably different C3H4

and C3H6 adsorption capacities, with the largest uptake ratio of 3.06 at 1 bar and 298 K, affording a very

high selectivity (up to 70) for C3H4/C3H6 (1/99) separation. The actual breakthrough experiments

demonstrate that ZJUT-1 can efficiently remove trace amounts of C3H4 from the important raw C3H4/

C3H6 mixtures under ambient conditions with 0.19 mmol g�1 C3H4 uptake capacity to produce

99.9995% pure C3H6.
Introduction

Gas separation and purication through adsorbent-based
separation technologies have attracted considerable attention
from both academia and industry in recent years, which might
enable a possible transition from traditional energy-intensive
cryogenic distillation to energy-efficient adsorbent-based
separation in the future.1–3 As an emerging type of porous
material, microporous metal–organic frameworks (MOFs) have
shown great potential as adsorbents for gas separation and
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purication.4–7 Owing to their reticular chemistry and modular
design, MOF materials have enabled the prospective design of
target materials with great structural predictability and subse-
quently an accurate control of the pore size, shape, and func-
tionality at the molecular level.8–10 Although thousands of MOFs
have been prepared for diverse gas separation and purication
in the past two decades, precise design of a pore cavity in MOFs
that can specically capture a single target gas molecule is
rarely reported and still remains a challenge. To our knowledge,
this adsorption phenomenon was only clearly realized in few
MOFs with pre-designed single-molecule traps for CO2

capture.11 However, the design of porous materials with an ideal
nanocage for single-molecular trapping of light hydrocarbons
has been rarely reported yet.12

Propylene is one of the most prime olen raw materials for
petrochemical production, second in importance to ethylene.
The capture and removal of a trace C3H4 impurity (typically 1%)
from C3H6 is a very important separation to produce high-purity
C3H6 in industry, while it remains very challenging due to their
similar molecular sizes (6.2 � 3.8 � 3.8 Å3 for C3H4 and 6.5 �
4.0 � 4.2 Å3 for C3H6).13 The only example was recently realized
by Li et al. in a exible robust MOF as a potential separating
adsorbent.14 In this work, we aim to show how it is possible to
elaborately design a nanocage within porous MOFs specically
for the capture of a single C3H4 molecule. As we know, C3H4 is
a linear molecule, and four H atoms are distributed at two ends
J. Mater. Chem. A, 2018, 6, 6931–6937 | 6931
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of the molecule. Recent studies have shown that the SIFSIX
series are promising candidates for light hydrocarbon separa-
tion, because the SiF6

2� anions have strong H-bonding inter-
actions with the H atoms of hydrocarbon molecules to enhance
their separation capacities.15,16 In particular, SIFSIX-3-M (M ¼
Cu, Ni, and Zn) materials possess distinct CO2 capture and
C2H2/C2H4, and C3H6/C3H8 separation properties.17–19 Detailed
structural studies have indicated that SIFSIX-3-Ni contains a lot
of nanocages with a size of 7.5 � 4.2 � 4.2 Å3 that are separated
by four SiF6

2� anions (Fig. S1, ESI†).20 This nanocage size and
shape as well as decorated SiF6

2� sites make it suitable to
capture a single C3H4 molecule. Unfortunately, SIFSIX-3-Ni was
found to adsorb large amounts of both C3H4 and C3H6 under
ambient conditions (Fig. S2, ESI†) because the nanocage size is
slightly larger than both gas molecules.

In order to reduce the C3H6 uptake, it is highly necessary to
further ne-tune the nanocage size in this platform so that it
can become more suitable for capture of a single C3H4 molecule
while not for C3H6. We anticipated that if a bigger ligand with
functional sites (2-aminopyrazine, pyz–NH2) instead of pyrazine
(pyz) was used to construct the isoreticular ZJUT-1 (Fig. 1), the
resulting microporous material was expected to exhibit
a smaller nanocage with a contracted aperture size that might
be more favorable to trap a single C3H4 molecule while limiting
the passage of C3H6 to a certain degree. In addition, the
immobilization of dual functionalities (–NH2 and SiF6

2�) into
the nanocage can create a multi-binding environment to
improve the specic recognition of C3H4 toward C3H6. In this
work, our experimental and simulation studies verify this
hypothesis, and we herein report the structure, stability,
adsorption isotherms, and experimental breakthrough curves
of the activated material (ZJUT-1a). These data revealed that the
contracted nanocages in ZJUT-1a with a size of 7.5 � 3.7 � 3.7
Å3 can efficiently reduce the C3H6 adsorption amount from 88
cm3 cm�3 in SIFSIX-3-Ni to 28 cm3 cm�3, while retaining the
high uptake for the preferred C3H4 (89 vs. 91 cm3 cm�3 in SIF-
SIX-3-Ni) attributed to the multi-binding environment, as
Fig. 1 Structure description of ZJUT-1. (a) Illustration of the square-sh
pillared by anion SiF6

2� blocks to generate a 3D MOF, which is isostru
revealing an aperture size ofz 3.7 Å, viewed along the b-axes. (c) The nan
four SiF6

2�anions, when viewed along the a- and c-axes. Color code: F,

6932 | J. Mater. Chem. A, 2018, 6, 6931–6937
supported by computational studies. Therefore, this material
exhibits the largest C3H4/C3H6 uptake ratio of 3.06 at 1 bar for
the reported MOFs, and thus a high C3H4/C3H6 selectivity of
�70 for the 1/99 mixture. Highly efficient separation of C3H4

from the 1/99 C3H4/C3H6 mixture was further conrmed by
experimental breakthrough tests.
Results and discussion

Reaction of pyz–NH2 with NiSiF6 in methanol solution at 85 �C
afforded a powder sample of [Ni(pyz–NH2)2(SiF6)]n (ZJUT-1). The
PXRD patterns of the as-synthesized and fully activated ZJUT-1
are shown in Fig. S4 (ESI†). The diffraction peak positions
remain unchanged before and aer sample activation, indi-
cating that the ZJUT-1 framework is robust. The PXRD diagram
of ZJUT-1 was found to match well with those of the SIFSIX-3
analogues reported previously (Fig. S5, ESI†), suggesting that
the structure of ZJUT-1 should be isostructural to the net of the
SIFSIX-3. Despite extensive attempts, we were not able to obtain
single crystals for single-crystal X-ray diffraction studies and
therefore structural determination was conducted by powder
diffractometry.

On the basis of the PXRD data, we solved the structure of
ZJUT-1 by using a direct method that can be found in our
previous work (see ESI† for more details).21 Through indexing of
the PXRD data, a monoclinic B2 space group was rst identied
for the ZJUT-1 crystal (note that the B2 setting, instead of the
standard C2 setting, was selected in order to show the channel
pore structure more straightforwardly in the unit cell). We thus
further modeled its structure, using the same framework
connection as SIFSIX-3-Ni. The simulated PXRD pattern of our
structural model agrees excellently with the experimental data
(Fig. 2a and S6, ESI†), strongly supporting its validity. Detailed
structural information of ZJUT-1 is provided in Tables S1 and S2
(ESI†). Similar to the net of SIFSIX-3-Ni, this framework consists
of two-dimensional nets based on pyz–NH2 linkers and metal
nodes that are pillared by SiF6

2� anions in the third dimension
aped arrangement in the Ni–pyrazine (4,40) square grid that is further
ctural to the net in SIFSIX-3-Ni. (b) The channel structure of ZJUT-1
ocages of ZJUT-1 with a size of 7.5� 3.7� 3.7 Å3 that are separated by
red; Si, cyan; C, gray; H, green, N, blue; Ni, purple.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Powder X-ray diffraction experiments showing the stability of ZJUT-1 after exposure to moisture (85% humidity) and H2S (5%). (b) Gas
adsorption isotherms of ZJUT-1a for CO2 at 196 K. (c) Adsorption isotherms of C3H4 and C3H6 for ZJUT-1a and SIFSIX-3-Ni at 298 K and 1 bar. (d)
IAST selectivity of ZJUT-1a for C3H4/C3H6 (1/99, v/v) at 298 K.
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to form three-dimensional (3D) nets (Fig. 1a and b). The use of
amino-functionalized pyz–NH2 instead of pyz as a linker offers:
(i) a slight reduction of the aperture size due to the immobilized
–NH2 groups; and (ii) a certain degree of tilting of pyridine rings
which are rotated by around 14 degrees with respect to the
crystal axis (Fig. S7, ESI†). The SiF6

2� pillars are interconnected
with the –NH2 group of pyridine through a strong hydrogen
bonding of N–H/F (1.930 Å) to restrict the rotation of pyridine
rings. As a result, the aperture size of ZJUT-1 was ne-tuned
from 4.2 Å in SIFSIX-3-Ni to 3.7 Å. Most importantly, this
material shows contracted cylindrical nanocages with a size of
7.5 � 3.7 � 3.7 Å3 that are separated by four SiF6

2� anions,
viewed along the a- and c-axes (Fig. 1c). This ne-tuned nano-
cage matches better with the size and shape of C3H4 (6.2 � 3.8
� 3.8 Å3) than C3H6 (6.5 � 4.0 � 4.2 Å3), making it an ideal
single-molecule trap for the capture of a single C3H4 molecule.
In addition, the immobilized dual functionalities of –NH2 and
SiF6

2� groups are located around the cylindrical nanocages,
which can create a multi-binding environment to strengthen
the interactions with the C3H4 molecule. Thus, the combination
of optimized nanocages and dual functionalities toward C3H4 in
a single material may offer us great promise for selective sepa-
ration of C3H4 from C3H4/C3H6 mixtures.

Prior to evacuating ZJUT-1 as a potential separating agent, we
rst examined its stability against moisture and H2S by moni-
toring the PXRD patterns upon exposure to various humidity
levels and H2S concentrations (Fig. 2a). When the sample is
exposed to air for more than 6 months, ZJUT-1 can retain its
structural integrity (Fig. S8, ESI†). Further, during the exposure
of ZJUT-1 to humidity from 20 to 85% or H2S (up to 5%), we
found that there is also no loss of crystallinity and no phase
This journal is © The Royal Society of Chemistry 2018
change observed (Fig. S9 and S10, ESI†), indicating its excellent
chemical stability to moisture and H2S. The permanent porosity
of the activated ZJUT-1a was conrmed by CO2 adsorption
measurements at 196 K with a CO2 uptake of 4.1 mmol g�1

(Fig. 2b). The Brunauer–Emmett–Teller (BET) surface area was
calculated to be 222m2 g�1, which is slightly lower than those of
the SIFSIX-3 analogues (�250–350 m2 g�1).19

Single component gas adsorption isotherms for ZJUT-1a
toward C3H4 and C3H6 weremeasured at 298 K and compared to
those of SIFSIX-3-Ni, as shown in Fig. 2c. ZJUT-1a exhibits
a high C3H4 uptake of 89 cm3 cm�3 at 298 K and 1 bar, which is
comparable to that of SIFSIX-3-Ni and higher than that of ELM-
12.14 However, the uptake of C3H6 increases very slowly
following this pressure, with a low adsorption amount of 28 cm3

cm�3 at 298 K and 1 bar. This C3H6 value is much lower than
that of SIFSIX-3-Ni (88 cm3 cm�3) because of the contracted
nanocages of ZJUT-1a with respect to SIFSIX-3-Ni. The C3H4/
C3H6 uptake ratio at 0.01 and 1.0 bar for ZJUT-1a was estimated
to be 12.8 and 3.06, respectively, notably higher than those of
SIFSIX-3-Ni (3.38 and 1.04) and the best-performing ELM-12
(2.73 and 1.92). These adsorption results combined with the
excellent stability further endow this material with great
potential for C3H4/C3H6 separation under ambient conditions.

We rst utilized ideal adsorbed solution theory (IAST) to
calculate the adsorption selectivity of ZJUT-1a for both 1/99 and
50/50 C3H4/C3H6 mixtures at room temperature. As shown in
Fig. 2d, ZJUT-1a exhibits a high IAST selectivity for the 1/99
mixture, up to 70 at 1 bar and 298 K. In addition, the selectivity
for the 50/50 mixture can reach 296 under ambient conditions
(Fig. S12, ESI†). Both values are comparable to those of ELM-12
(84 and 279 for the 1/99 and 50/50 mixtures).
J. Mater. Chem. A, 2018, 6, 6931–6937 | 6933
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Fig. 4 (a) Experimental column breakthrough curves for a C3H4/C3H6

mixture containing 1% C3H4 (298 K, 1.01 bar) with a total flow of 2 mL
min�1 in an absorber bed packed with ZJUT-1a. (b) The recyclability of
ZJUT-1a in multiple mixed-gas column breakthrough tests.
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To gain further insight into the high C3H4 adsorption
capacity of ZJUT-1a, grand canonical Monte Carlo (GCMC)
simulations were performed to investigate the interactions
between ZJUT-1a and the C3H4 molecule (see ESI† for details).
As shown in Fig. 3a, due to the contracted nanocage (7.5 � 3.7
� 3.7 Å3) in ZJUT-1a that matches well with C3H4 (6.2 � 3.8 �
3.8 Å3), one unit cell of ZJUT-1a can only trap a single C3H4

molecule through multiple hydrogen bonding and van der
Waals interactions between dual functionalities (–NH2 and
SiF6

2�) with the C3H4 molecule (Fig. S13, ESI†). Detailed anal-
yses revealed that three hydrogen atoms in the methyl group
interact with four SiF6

2� anions and one –NH2 group through
cooperative C–H/F and C–H/N$H-bonding (Fig. 3a). In
addition, the hydrogen atom in the moiety of H–C^C is also
bounded by four independent F atoms and one –NH2 group
(Fig. 3b), where the calculated distance of C^H/F and C^H/
N is about 4.2 and 3.018 Å, respectively. Evidently, the immo-
bilized SiF6

2� and –NH2 groups synergistically contribute to
interact with the C3H4 molecule. The corresponding isosteric
heat of adsorption (Qst) for ZJUT-1a was calculated to be about
38 kJ mol�1 (Fig. S14, ESI†). This value is even higher than the
Qst for C2H2 discovered in the SIFSIX-3 series (21–31),19a further
conrming that ZJUT-1a has very strong binding affinity for
C3H4 capture. Overall, we believe that it is the synergistic effect
of the ne-tuned nanocage and dual functionalities make this
material preferentially adsorb C3H4 over C3H6 signicantly.

To examine the separation performance of ZJUT-1a in the
actual C3H4/C3H6 separation, experimental breakthrough
studies were conducted in a packed column of activated ZJUT-
1a solid under a C3H4/C3H6 (1 : 99, v/v) gas mixture with a total
ow of 2 mL min�1 at 298 K. As illustrated in Fig. 4a, highly
efficient separation for the C3H4/C3H6 mixture was realized in
ZJUT-1a. We found that the C3H6 gas rst eluted through the
adsorption bed to yield a polymer-grade gas, while C3H4

breakthrough did not occur until 130 min (the C3H4 concen-
tration in the outlet below 5 ppm). The purity of C3H6 from the
outlet effluent is >99.9995%, whichmeets the requirement of <5
ppm C3H4 in the downstream polymerization reaction. During
this breakthrough process, the C3H6 production from the outlet
effluent and the captured C3H4 amount for a given cycle were
calculated to be 11.5 and 0.19 mmol g�1, respectively.
Fig. 3 The GCMC calculated C3H4 adsorption binding site in the
nanocage of ZJUT-1a, indicating multiple H-bonding and van der
Waals interactions between dual functionalities (–NH2 and SiF6

2�) and
the C3H4 molecule. Color code: F, red; Si, cyan; C, gray; H, green; N,
blue; Ni, purple; C (in C3H4): orange; H (in C3H4): white.

6934 | J. Mater. Chem. A, 2018, 6, 6931–6937
In the practical C3H4 removal applications, the amenability
to recycling and stability in the presence of moisture are also
important. We thus performed multiple C3H4/C3H6 (1/99)
mixed-gas column breakthrough tests to examine the preser-
vation of the separation performance of ZJUT-1a (Fig. S16, ESI†).
As shown in Fig. 4b and S17 (ESI†), the recycling measurements
indicated that the breakthrough time and C3H4 capture capacity
remain almost unchanged during 6 breakthrough experiments,
conrming the good recyclability of this material for C3H4/C3H6

separation. In addition, the framework of ZJUT-1a remains
stable aer multiple C3H4 adsorption and breakthrough
experiments, as revealed from the PXRD patterns of associated
samples (Fig. S18, ESI†). To further conrm the moisture
stability of this material, we measured the C3H4 adsorption
properties of ZJUT-1a aer the exposure of the sample to
a humidity of 80% for 1 day. The results revealed that this
activated sample retains its C3H4 adsorption capacity at 298 K
(Fig. S19, ESI†), indicating its good stability toward moisture.
Conclusions

In summary, our foregoing ndings demonstrated that it is
feasible to precisely ne-tune the size, shape and functionality
of the nanocage in MOFs to address important gas separations.
Through using the larger 2-aminopyrazine to replace pyrazine
as a linker, the resulting microporous MOF (ZJUT-1a) possesses
a smaller nanocage with a contracted aperture size as well as
multiple binding sites, compared to SIFSIX-3-Ni. Our results
This journal is © The Royal Society of Chemistry 2018
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indicate that such a ne-tuned nanocage is more suitable to
serve as a single-molecule trap for the capture of a single C3H4

molecule over C3H6, exhibiting a high C3H4/C3H6 selectivity that
is even comparable to the previously best-performing MOF re-
ported. ZJUT-1a thus can readily remove trace amounts of C3H4

from the 1/99 C3H4/C3H6 mixture, affording a high C3H4 uptake
capacity of 0.19 mmol g�1 to produce 99.9995% pure C3H6 as
demonstrated in the breakthrough experiments. In combina-
tion with the excellent recyclability and resistance to moisture
and H2S, ZJUT-1a represents bright promise as an adsorbent to
be applied in industry for the removal of trace propyne from
propylene.

Experimental section
General procedures and materials

All starting reagents and solvents were purchased from
commercial companies and used without further purication.
Thermogravimetric analyses (TGA) were carried out using
a Shimadzu TGA-50 analyzer under a N2 atmosphere with
a heating rate of 5 �C min�1. Powder X-ray diffraction (PXRD)
patterns were measured using a Rigaku Ultima IV diffractom-
eter operated at 40 kV and 44 mA with a scan rate of 0.5 deg
min�1.

Synthesis of [Cu(pyz–NH2)2(SiF6)]n (ZJUT-1)

ZJUT-1 was synthesized by the solvothermal reaction of nickel
hexauorosilicate (NiSiF6, 1 mmol) with 2-aminopyrazine (pyz–
NH2, 2 mmol) in 20 mL methanol at 85 �C. A light blue powder
was obtained aer 3 days, collected by ltration and then
washed with methanol (65% yield based on pyz–NH2).

Gas sorption measurements

A Micromeritics ASAP 2020 surface area analyzer was used to
measure gas adsorption isotherms. To remove all the guest
solvents in the framework, the fresh powder samples were rst
solvent-exchanged with dry methanol at least 10 times within
two days, and evacuated at room temperature (298 K) for 24 h
and additional 12 h at 323 K until the outgas rate was 5 mmHg
min�1 prior to measurements. The sorption measurement was
maintained at 196 K in a dry ice-acetone bath. An ice-water bath
(slush) and a water bath were used for adsorption isotherms at
273 and 298 K, respectively.

Breakthrough experiments

The breakthrough curves were measured on a homemade
apparatus for gas mixtures C3H4/C3H6 (1/99) at 298 K and 1.01
bar. In the separation experiment, ZJUT-1 (0.5233 g) particles
with diameters of 200–300 mm were prepared and packed into
a F 4 � 150 mm stainless steel column, and the column was
activated under reduced pressure at 323 K overnight. The
experimental set-up consisted of two xed-bed stainless steel
reactors. One reactor was loaded with the adsorbent, while the
other reactor was used as a blank control group to stabilize the
gas ow. The gas ows were controlled at the inlet using a mass
ow meter at 2 mL min�1, and a gas chromatograph (TCD-
This journal is © The Royal Society of Chemistry 2018
Thermal Conductivity Detector, detection limit 0.1 ppm)
continuously monitored the effluent gas from the adsorption
bed. Prior to every breakthrough experiment, we activated the
sample by ushing the adsorption bed with helium gas for 2
hours at 373 K. Subsequently, the column was allowed to
equilibrate at the measurement rate before we switched the gas
ow.
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