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Abstract: Propene/propane separation is challenging due to
the very small difference in molecular sizes, boiling points and
condensabilities between these molecules. Herein, we report
a strategy of introducing ZIF fragments into traditional
mordenite (MOR) zeolite to decorate the 12-membered ring
of MOR. After decoration, the originally ineffective zeolite
MOR exhibited high kinetic propene/propane selectivities (139
at 25 8C) and achieved efficient propene/propane separation.
The propene/propane separation potentials of the resulting
adsorbents were further confirmed by breakthrough experi-
ments with equimolar propene/propane (50/50) mixtures.

Olefin/paraffin separation is believed to be one of seven
chemical separations that will change the world.[1] The very
similar physical and chemical properties of propene and
propane make the currently used cryogenic distillation highly
energy-consuming and expensive.[2] Adsorption separation is
thought to be a promising alternative with lower energy
consumption and cost. Nevertheless, the development of
adsorbents for efficient propane/propene separation remains
challenging in the gas separation field. Due to their tunable
porosities and adjustable surface group functionalities, sev-
eral MOFs exhibit kinetic separation performance towards
propene and propane.[3] Traditional zeolites are one of the
most important classes of porous materials featuring easy
synthesis, low cost and high stability. It has been recognized
that Lewis or Brçnsted acid sites inside the zeolite framework
can cause strong adsorption of propene and may catalyze the
polymerization of propene inside the pores.[3c] With well-
defined structures, very few 8-memberd ring silicate zeolites
show potential for the kinetic separation of propene/propane,
and the synthetic processes of these materials are relatively
difficult.[4]

In our recent work, the strategy of decorating traditional
zeolites with MOF subunits proved to be efficient for
increasing the CH4/N2 selectivities of zeolites.[5] Here, we
developed a series of propene/propane adsorbents by deco-
rating mordenite (MOR) with ZIF fragments whose signifi-
cant kinetic selectivities were determined. The 12-membered
ring (12-MR) of MOR was directionally decorated by ZIF
fragments, which were anchored the imidazoles inside the
zeolite pores by taking advantage of the strong covalent
binding between Zn2+ and imidazole groups. The introduction
of the three different fragments resulted in different degrees
of 12-MR decoration, and the diffusion of propene and
propane molecules was greatly affected; the adsorption
amount of propene remained constant or even slightly
increased, whereas the adsorption amount of propane
decreased dramatically. Thus, the originally ineffective
MOR showed good separation performance towards pro-
pene/propane. Moreover, the acid sites of MOR were
occupied upon decoration, and the strong adsorption of
propene by MOR was also significantly eliminated. Three
different fragments, ZIF-8 fragments (Zn-mIM, mIM = 2-
methylimidazole), ZIF-14 fragments (Zn-eIM, eIM = 2-eth-
ylimidazole) and their derivatives Zn-pIM (pIM = 2-propyl-
imidazole), were used. Typically, cation-exchange occurred
first to convert the zeolite MOR to zinc form, which then
reacted with mIM (decorated with Zn-mIM), and the product
was denoted ZnMOR-mIM (for details, see the Supporting
Information). The proposed process and typical structures of
the adsorbents are illustrated in Scheme 1.

The ICP-OES results indicated that MOR underwent
successful cation-exchange to form ZnMOR (Table S1).
Characteristic resonances of mIM� , eIM� and pIM� were

Scheme 1. Schematic illustration of the propene and propane adsorp-
tion process on MOR decorated with ZIF-8 fragments.
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observed in the 13C CP/MAS NMR spectra (Figure S2).[6] Zn
2p XPS spectra revealed that compared with pristine
ZnMOR, the binding energy for Zn 2p in decorated MOR
shifted toward lower values and tended to close to that of
ZIF-8, suggesting the bonding of Zn2+ and imidazolate ions in
decorated MOR zeolites and the formation of Zn-IM frag-
ments (Figure S3). 15N CP/MAS NMR spectra also indicated
the formation of ZIF fragments (Figure S4). Compared with
the Brunauer-Emmett-Teller (BET) surface areas (SBET) and
micropore surface areas (Smicro) of pristine MOR, those of
ZnMOR-mIM, ZnMOR-eIM and ZnMOR-pIM decreased
dramatically as a function of Zn-IM decoration (Table S1).
The significant decreases in the SBET and Smicro of MOR
suggested that the Zn-IM fragments occupied the space inside
the MOR pores. TGA revealed (Figure S5) that the combi-
nation of imidazoles and zeolite were very stable, and the
imidazoles were not lost until approximately 500 8C, which
also confirmed the covalent binding of Zn2+ and imidazolate
ions. PXRD patterns (Figure S6) of the resulting adsorbents
indicated that the crystalline structure of MOR remained
intact after decoration of ZIF fragments. SEM images (Fig-
ure S7) also revealed that there were no obvious changes in
the morphology between pristine MOR and the decorated
MOR.

Single-component adsorption isotherms of propene and
propane on pristine and decorated MOR are presented in
Figure S8. Before decoration, the pristine zeolite HMOR and
ZnMOR exhibited similar adsorption amounts of propene
and propane. After decoration, the adsorption amounts of
propene remained the same or even slightly increased, while
the adsorption amounts of propane decreased dramatically,
from 1.14 mmolg�1 of ZnMOR to 0.50 mmolg�1,
0.54 mmol g�1 and 0.58 mmolg�1 of ZnMOR-mIM,
ZnMOR-eIM and ZnMOR-pIM, respectively, at 25 8C and
100 kPa. Moreover, for comparison, HMOR-eIM was pre-
pared by direct reaction of 2-eIM with HMOR, and both the
propene and propane uptake decreased to a large extent,
confirming the unique superiority of decoration with ZIF
fragments (Zn-IMs).

Time-dependent propene and propane kinetic adsorp-
tions of pristine and decorated MOR were measured at 25 8C
and 50 kPa (Figure 1). NaMOR, HMOR (Figure S9) and
ZnMOR did not exhibit large differences in the kinetic
adsorption of propene and propane. Upon decoration with
ZIF fragments, the diffusion of propane inside the zeolite was
affected significantly, with considerably faster uptake of
propene over propane. Furthermore, the diffusion time
constants D/r2 were calculated from the kinetic adsorption
profiles and kinetic selectivities were obtained as the ratio of
the diffusion time constants of propene and propane
(Table 1).[3b, 7] For the pristine MOR, the propene diffusion
rate was slightly lower than that of propane, which may be due
to the stronger adsorption interaction of propene with MOR.
After decoration, the accessible strong adsorption sites
decreased to a large extent, and the larger propane molecule
was affected more than propene by the large ZIF fragments,
resulting in an obvious decrease in diffusion rates. Therefore,
the kinetic selectivities of the decorated MOR adsorbents
greatly improved, and ZnMOR-mIM, ZnMOR-eIM and

ZnMOR-pIM achieved high kinetic selectivity of 75, 118
and 139, respectively.

The propene/propane separation potential of the resulting
adsorbents was further verified by breakthrough experiments
with binary mixtures of equimolar propene/propane (50:50).
Breakthrough curves of the resulting samples are shown in
Figure 2. The pristine zeolite ZnMOR exhibited almost no
propene/propane separation performance, for which propene
and propane eluted from the packed bed at almost the same
time and the separation factor apropene/propane is 1.0. For the
decorated ZnMOR-mIM, ZnMOR-eIM and ZnMOR-pIM
adsorbents, propane achieved a fast breakthrough at approx-
imately 3 min, which were equivalent to 0.06 mmolg�1,
0.08 mmol g�1 and 0.09 mmolg�1 uptakes for ZnMOR-mIM,
ZnMOR-eIM and ZnMOR-pIM, respectively. Whereas pro-
pene was retained in the packed bed until 9–14 min, which
were equivalent to 0.31 mmol g�1, 0.47 mmol g�1 and
0.53 mmol g�1 uptakes for ZnMOR-mIM, ZnMOR-eIM and
ZnMOR-pIM, respectively. The separation factors apropene/

propane were 5.2, 5.9 and 5.9 for ZnMOR-mIM, ZnMOR-eIM
and ZnMOR-pIM, respectively. The breakthrough adsorp-
tion amounts of propene and propane were lower than the
adsorption amounts from single component isotherms.
Because for those decorated MOR, kinetic component plays

Figure 1. Time-dependent propene and propane uptake profiles for
a) ZnMOR, b) ZnMOR-mIM, c) ZnMOR-eIM and d) ZnMOR-pIM at
50 kPa and 25 8C.

Table 1: Kinetic selectivities for the uptake of propene over propane in
NaMOR, HMOR, ZnMOR, ZnMOR-mIM, ZnMOR-eIM and ZnMOR-
pIM, expressed as the ratio of the two relevant diffusion time constants
(D/r2).

Diffusion time constant D/r2 (s�1) Kinetic
Sample Propene Propane selectivity

NaMOR 7.67 � 10�4 4.03 � 10�4 1.90
HMOR 6.12 � 10�6 4.61 � 10�5 0.13
ZnMOR 3.50 � 10�6 3.40 � 10�5 0.10

ZnMOR-mIM 1.71 � 10�5 2.27 � 10�7 75
ZnMOR-eIM 2.01 � 10�5 1.70 � 10�7 118
ZnMOR-pIM 1.98 � 10�5 1.42 � 10�7 139
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a significant role in the dynamic separation processes. The
breakthrough time of propene and propane were far less than
the equilibrium time of adsorption. It also indicated that
propene/propane separation performance of decorated
adsorbents were mainly influenced by kinetic factors. Break-
through cycle experiments revealed that after the first cycle
and regeneration under vacuum (2 kPa, 25 8C, 2 h), the
breakthrough time of both propene and propane on pristine
ZnMOR decreased to a large extent and could not be
recovered due to the strong adsorption effect (Figure S10).
Nevertheless, upon regeneration under vacuum (2 kPa, 25 8C,
2 h), there were slight decreases in the uptakes of propene
and propane on decorated ZnMOR-mIM and ZnMOR-eIM,
which retained their highly efficient propene/propane sepa-
ration performance, and exhibited good reproducibility after
the first breakthrough experiment. While for ZnMOR-pIM,
due to the larger size of Zn-pIM fragments, less strong
adsorption sites were occupied and the reproducibility was
poorer than that of ZnMOR-mIM and ZnMOR-eIM (Fig-
ure S10).

The above results indicated that the strategy of decorating
MOR with ZIF fragments is clearly successful, which converts
the futile zeolite HMOR and ZnMOR into highly efficient
adsorbents for propene/propene separation. Further charac-
terizations were carried out to determine the reason for this
interesting phenomenon. Figure 3 shows the HP-129Xe NMR
results of the resulting adsorbents. In the HP-129Xe NMR
spectra, two distinct resonances except for 0 ppm which
assigned to free gas xenon were observed for zeolite MOR,
which was similar to the previously reported literature.[8] The
resonance at low fields could be ascribed to Xe adsorbed in
the 8-membered ring (8-MR) side pocket, and the resonance
at high fields could be assigned to Xe in the 12-membered ring
(12-MR).[8] The broadening linewidth of the peak attributed
to Xe in the 12-MR indicated the decreased mobility of Xe in
the12-MR, while that of the peak attributed to Xe in the 8-
MR side pocket was almost unchanged.[9] After decoration,
the peak attributed to Xe in the 12-MR of the decorated

adsorbents was relatively decreased compared to the peak
attributed to Xe in the 8-MR side pocket, suggesting that the
decoration strategy primarily resulted in decoration of the 12-
MR and the 8-MR side pockets were hardly decorated due to
the large size of the Zn-IM fragments. That is, the 12-MR of
MOR has been directionally decorated, and the 8-MR side
pockets were less affected, which was similar to previous
reports.[8b, 10] The pore size distributions calculated by density
functional theory (DFT) based on the Ar adsorption iso-
therms also confirmed this conclusion (Figure S11). It may
also be inferred that the 12-MR of MOR near the pore mouth
were decorated. As many studies have reported, some 8-MR
zeolites exhibited good kinetic propene/propane separation
performances.[4] Moreover, guest gas molecules can only enter
the 8-MR side pockets through the 12-MR.[8b] Therefore, it is
not difficult for us to understand that after decoration,
ZnMOR-mIM, ZnMOR-eIM and ZnMOR-pIM exhibited
high kinetic propene/propane selectivities: the diffusion of
propane decreased to a large extent, while the diffusion of
propene increased due to the decreases in the number of acid
sites occupied by imidazole decoration. The resulting adsorb-
ents also exhibited comparable kinetic selectivities to the
current typical MOFs (Table S2), which certifies the effec-
tiveness and potential of the strategy of decorating traditional
zeolite with ZIF fragments. In-situ Fourier transform infrared
spectroscopy using pyridine as a probe molecule (Py-FTIR)
also demonstrated the substantial decreases in the number of
acid sites in the 12-MR of MOR (Figure S12). The simple
decoration strategy with ZIF fragments resulted in highly
efficient propene/propane separation performances of the
originally ineffectual MOR, reflecting the perfect combina-
tion of traditional zeolites and advanced MOFs materials.

In conclusion, ZIF fragments were used to decorate the
12-MR of MOR directionally, causing the futile MOR to
exhibit efficient propene/propane separation performances.
After decoration, high kinetic selectivities of 75, 118 and 139
were achieved for ZnMOR-mIM, ZnMOR-eIM and
ZnMOR-pIM, respectively. The potential of the propene/

Figure 2. Breakthrough curves of equimolar propane/propene (50:50,
v/v) mixtures on a) ZnMOR, b) ZnMOR-mIM, c) ZnMOR-eIM and
d) ZnMOR-pIM at 25 8C and 100 kPa.

Figure 3. HP-129Xe NMR of a) ZnMOR, b) ZnMOR-mIM, c) ZnMOR-
eIM and d) ZnMOR-pIM at �60 8C (0 ppm: Xe in the gas phase).
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propane separation of the resulting adsorbents has been
further demonstrated by breakthrough experiments. More-
over, propene and propane uptake of the HMOR-eIM that
had undergone direct ion-exchange with imidazole decreased
simultaneously, showing no potential for propene/propane
separation, which further verified the superiority of the
strategy of using the strong interaction between zinc cations
and imidazole ligands to selectively anchor imidazole in the
interior of MOR. The highly efficient separation perform-
ances of the resulting adsorbents with simple synthetic
processes and stable structures might potentially be appli-
cable for industrially significant propene/propane separation.
This strategy also reflected the unique advantages of the
combination of traditional and new materials, which has an
extensive reference value.
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