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Abstract: Metal-organic frameworks (MOF) materials are
promising materials for gas separation, but their application
still faces various challenges. A strategy is now reported for
introducing subunits of MOFs into traditional zeolite frame-
works to obtain applicable adsorbents with advantages of both
zeolites and MOFs. The subunits of ZIFs were introduced into
zeolite Y and zeolite ZSM-5 for CH/N, separation. Both the
molecular simulation and experimental results validated that
the IAST CH/N, selectivity of the resulting samples greatly
improved (above 8, at 100 kPa and 25°C) with the incorpo-
ration of ZIF subunits into zeolites structure, and the
selectivities were obviously higher than that of zeolites and
even better than that of ZIFs. This strategy not only gave rise to
an efficient adsorbent for CH /N, separation but also provided
ideas for design of other adsorption and separation materials.

M etal-organic frameworks (MOFs) have rapidly emerged
as advanced crystalline porous materials in the last two
decades. Owing to their ultrahigh surface areas, tunable
porosities, and adjustable surface group functionalities, MOFs
exhibit high adsorption capacity towards various gases as well
as high selectivity towards many gas mixtures.!"! Therefore,
MOFs show great potential as selective adsorbents, partic-
ularly in some difficult separation systems, such as CH,/N,,
C,H,/C,H,/C,H, and isomers of xylene.”) Among these
systems, CH,/N, separation is one of the most challenging
endeavors in gas separation which is of particular importance
in natural gas utilization.®’! The development of efficient
selective adsorbents can solve the highly energy-consuming
problems caused by the current method of cryogenic distil-
lation. However, most of the traditional porous materials
including zeolites do not show sufficient separation towards
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CH,/N, for industrial application because of the very similar
properties of methane and nitrogen molecules in terms of
diameter, polarity, and so on. Furthermore, previous studies
have shown that zeolitic imidazolate frameworks (ZIFs),
a particularly interesting class of MOFs, exhibited preferen-
tial CH, adsorption over N,.! Theoretical studies revealed
that the preferential adsorption sites for CH, on ZIF-8 are
located in specific regions close to the organic imidazolate
linker, suggesting that the imidazolate linkers facilitate the
adsorption of methane.”! Inspired by the reported theoretical
results, herein, we report a strategy by introducing ZIF-8
subunits, ZIF-14 subunits, and their derivatives into tradi-
tional zeolites to increase the CH,/N, selectivity of traditional
zeolites. The low cost and mature synthesis technology of
zeolites make it possible for this strategy to overcome the
problems faced by MOFs, such as complicated synthesis
processes, high costs, and forming difficulties, and to realize
the combination of advanced MOFs and traditional zeolites.
ZIF-8 subunits (Zn-mIM, mIM =2-methylimidazole), ZIF-14
subunits (Zn-eIM, eIM = 2-ethylimidazole), and their deriv-
atives Zn-pIM (pIM =2-propylimidazole) were used to
decorate zeolite Y and zeolite ZSM-5.

The interaction energies (IE) between the adsorbent and
adsorbate molecules were obtained by density functional
theory (DFT) calculations (see the Supporting Information).
The SilAll cluster was adopted as the zeolite framework
model.® The optimized conformational geometries and
interaction energies between adsorbate molecule of methane
or nitrogen and adsorbent clusters of Zn*/Si1All, Zn-mIM/
SilAll, Zn-eIM/Si1All, and Zn-pIM/Sil1 All are illustrated in
Figure 1. It was indicated that the IE between CH, and
decorated zeolite clusters (Zn-mIM/SilAll, Zn-eIM/SilAll,
and Zn-pIM/Si1All) were much lower than those of the Zn**/
SilAll cluster, while the IE between N, and decorated zeolite
clusters increased obviously, theoretically suggesting that with
the decoration of the ZIF subunit, the SilAll cluster has
stronger electrostatic interactions with CH, and weaker
electrostatic interactions with N,. In other words, the
incorporation of Zn-mIM, Zn-eIM, and Zn-pIM may result
in higher CHy/N, selectivity of zeolite.

First, the pristine zeolites (NaY or HZSM-5) were ion-
exchanged to zinc form. Second, the as-prepared zinc form
zeolites were reacted with the imidazoles (see the Supporting
Information). A typical adsorbent prepared with NaY, ion-
exchanged to ZnY form and then reacted with 2-methylimi-
dazole, was denoted as Zn'Y-mIM (for 2-ethylimidazole and 2-
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Figure 1. Optimized conformational geometries and simplified calcu-
lated interaction energies of a) N,-Zn/Si(1)Al(1), b) N,-Zn-mIM/Si-
(1)AI(1), ¢) N,-Zn-eIM/Si(1)Al(1), d) N,-Zn-pIM/Si(1)Al(1), €) CH,Zn/
Si(1)AI(1), (f) CH,-Zn-mIM/Si(1)AI(1), g) CH,-Zn-eIM/Si(1)Al(1), and
h) CH,-Zn-pIM/Si(1)Al(1). H white, O red, Si yellow, Al lavender,

Zn pink, N blue, C gray.

propylimidazole, it would be ZnY-eIM and ZnY-pIM respec-
tively). The proposed process and typical structures of the
adsorbents are illustrated in Figure 2. For the first step, *Na
MAS NMR spectra indicated that Zn>" were exchanged with
Na' inside the zeolite framework, confirming the existence of
Zn*' inside the zeolite framework (Supporting Information,
Figure S2)."! The Zn 2p XPS spectra (Supporting Informa-
tion, Figure S3) exhibited the two characteristic peaks of Zn
corresponding to Zn2p,, and Zn 2ps,, respectively, were
observed for the resulting materials.’! Na MAS NMR, Zn 2p
XPS, and ICP-OES (Supporting Information, Table S1)
results confirmed the existence of Zn*" inside the zeolite
framework and the successful preparation of the zinc form
zeolites. For the second step, it is the covalent binding of
imidazoles and Zn*" inside zeolite pores. In the FTIR spectra
(Supporting Information, Figure S4), adsorption bands at
3138 cm™!, 2979 cm™!, 2935 cm ™!, 1473 cm ™!, and 1432 cm™!
could be attributed to C—H stretching and deformation

Figure 2. lllustration of zeolites decorated with ZIF-8 and ZIF-14
subunits.
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vibrations of imidazole.”? Additional bands at 1569 cm™! can

be assigned to C=N stretching vibration.'”? It can be seen that
the imidazole characteristic IR bands of ZnY-mIM, ZnY-eIM,
and ZnY-pIM matches well with that of ZIF-8. The absorp-
tion band at 420 cm ! was observed for the Zn—N stretching
vibration,'®* ! indicating the covalent of imidazole and Zn**
in the zeolite. The FTIR spectra results confirms that the
functionalization of ZIF subunits into zeolite. *C CP/MAS
NMR results of decorated samples also shown resonances
which are the typical resonances of mIM, eIM, and pIM,
respectively (Supporting Information, Figure S5).'”1 The
assignment of "N CP/MAS NMR signals has been made for
pure imidazoles (mIM, eIM, and pIM) and ZIF-8 in Figure 3
and the Supporting Information, Figure S6.%1 For pure

Figure 3. "N CP/MAS NMR spectra and assignment of N environment
of pure pIM, ZnY-pIM, and ZIF-8.

imidazoles, two different N signals were observed. While for
ZIF-8, both of the N in imidazole were linked with Zn, only
a single resonance at 204.5 ppm appeared. Compared with
pure imidazoles and ZIF-8, it was very clear that among the
decorated adsorbents, two signals appeared, for which one of
the resonance agreed well with the N of imidazoles in lower
chemical shift, while the other was in accordance with the N
of ZIF-8. Thus, for the decorated adsorbents, one of the N of
imidazole bonded to Zn*" and the other N remained the same
chemical environment as pure imidazoles, implying the
formation of ZIF subunits of Zn-IM. *C CP/MAS NMR
spectra and "N CP/MAS NMR spectra further confirmed that
zinc cations were existed inside the zeolite framework and the
formation of ZIF subunit inside zeolite pores. Zn2p XPS
spectra demonstrated that the binding energy of decorated
samples shifted toward lower values compared to pristine
ZnY and close to ZIF-8, implying the formation of the ZIF
fragment (Supporting Information, Figure S3). In HP-'"*Xe
NMR spectra (Supporting Information, Figure S7), the higher
chemical shift of xenon were observed in ZnY-pIM and
ZnZSM-5-pIM compared with ZnY and ZnZSM-5 indicated
that xenon is adsorbed in a highly confined space, in other
words, the pore size of the zeolites become smaller after the
decoration.'¥! Therefore, the entirety of the zeolite crystals
are functionalized and not just the pore mouth. TEM images
also indirectly suggested that the pore mouth also be
functionalized (Supporting Information, Figure S8). The
TGA results indicated that the combination of ZIF subunits

Angew. Chem. Int. Ed. 2019, 58, 10241-10244


http://www.angewandte.org

GDCh
~—

and zeolites were highly thermally stable (Supporting Infor-
mation, Figure S9). The successful functionalization of ZIF
subunit into zeolites can also be confirmed by elemental
analysis and BET results (Supporting Information, Table S1).
PXRD patterns indicated that major diffraction peaks of the
decorated zeolites agreed well with the pristine zeolites,
confirming that these zeolites remained intact after modifi-
cation of the ZIF subunit (Supporting Information, Figur-
es S10, S11). SEM images revealed no significant morpho-
logical changes in the zeolites after modification (Supporting
Information, Figures S12, S13).

Figure 4 shows the CH, and N, adsorption isotherms of
ZnY, ZnY-mIM, ZnY-eIM, ZnY-pIM, ZnZSM-5, ZnZSM-5-
mIM, ZnZSM-5-eIM, and ZnZSM-5-pIM. CH,/N, adsorption
selectivities for equimolar CH,/N, mixtures at 100 kPa and
25°C of samples were calculated by ideal adsorbed solution
theory (IAST) after isotherms were fit to the dual-site
Langmuir-Freundlich equation (Supporting Information)."”
Fitting parameters and correlation coefficients of the DSLF
isotherms are presented in the Supporting Information,
Table S2. Compared with NaY (Supporting Information,
Figure S14), CH, and N, uptake of ZnY (Figure 4a,b) both
decreased and CH,/N, selectivity was almost unchanged.
When modified with the mIM linker, the decrease in N,
uptake was more than that in CH, uptake; thus, the CH,/N,
selectivity increased from 1.6 of pristine NaY and 2.1 of ZnY
increased to 4.25. After modification of the eIM linker, the
CH, uptake of the adsorbent (0.32 mmolg !, 100 kPa, 25°C)
was much higher than that of pristine ZnY (0.25 mmolg ',
100 kPa, 25°C) while N, uptake decreased, which agreed well

Figure 4. a),c) CH, and b),d) N, adsorption isotherms of samples at
25°C. e),f) IAST-predicted selectivities for equimolar CH,/N, mixtures
on samples at 25°C.
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with the molecular simulation predictions. A higher CH,/N,
selectivity of 4.6 was achieved. When modified with the pIM
linker, the bigger propyl group resulted in obvious decrease in
CH, and N, uptakes. The decrease in N, uptake was more
than that in CH, uptake and a high CH,/N, selectivity of 7.56
was achieved. Furthermore, the CH,/N, selectivity was higher
than that of ZIF-8 (4.23) at 100 kPa and 25°C (Supporting
Information, Figure S15). It is reported that ZIF-14 cannot
serve as a potential gas-sorption material owing to its small
aperture (2.2 A) and Sger (28.7 m?g")." Thus, ZIF-14 was
not used as a reference in this work, while its subunit was used
to decorate zeolites. Such an interesting phenomenon sug-
gests that the strategy of decorating zeolite with the ZIF
subunits to improve CH,/N, selectivity achieved desirable
results. The zeolite ZSM-5, CH, and N, uptake of zinc form
varied slightly from HZSM-5 (Supporting Information, Fig-
ure S16) as well as CH,/N, selectivity. After modification of
the mIM, eIM, and pIM linkers, the CH, and N, uptake
decreased; nevertheless, the amount of N, adsorbed was
reduced dramatically from 0.22 mmolg ' of ZnZSM-5 to
0.09 mmolg™" of ZnZSM-5-mIM, 0.07 mmolg™' ZnZSM-5-
eIM, and 0.05 mmolg~"' ZnZSM-5-pIM at 100 kPa and 25°C.
Therefore, the CH,/N, selectivities obviously increased from
425 for ZnZSM-5 to 5.94 for ZnZSM-5-mIM, 6.23 for
ZnZSM-5-eIM, and 8.44 for ZnZSM-5-pIM at 100 kPa and
25°C. CHyN, selectivities of the resulted samples are also
quite comparable to the current top performing and typical
materials (Supporting Information, Table S4). HP-'*Xe
NMR spectra (Supporting Information, Figure S7) showed
that compared with spectra of pristine zinc-form zeolites, the
broadening linewidth of the decorated zeolites demonstrated
the decrease of the mobility of xenon, which means the
diffusion of the xenon was affected.!'”] Adsorption kinetic
curves exhibited that the CH, and N, uptake of the samples
were all fast and soon reach to equilibrium (Supporting
Information, Figure S17). Diffusion time constants (D/r?) of
CH, and N, also indicated that the diffusion of CH, and N,
were slightly affected after the decoration (Supporting
Information, Table S5). The resulted samples have good
reproducibility and thermal stability as well (Supporting
Information, Figures S18-S25). All the results indicated that
the incorporation of ZIF subunits into traditional zeolites can
greatly improve the CH,/N, selectivity as expected from the
molecular simulation results.

To evaluate the dynamic separation performances of the
adsorbents, breakthrough experiments were carried out with
CH,/N,/He (10:10:80) mixtures. Breakthrough curves of CH,/
N, mixtures on two typical samples of ZnY-pIM and ZnZSM-
5-pIM are presented in Figure 5. For both of the adsorbents,
N, firstly eluted from the packed bed whereas CH, was
retained and then reached saturation. ZnY-pIM and ZnZSM-
5-pIM exhibited efficient dynamic separation performances.
Compared with pristine ZnY, the CH,/N, dynamic separation
performance was greatly enhanced (Supporting Information,
Figure S26). The N, breakthrough of ZnY-eIM was slightly
earlier than that of ZnY, while the breakthrough of CH, was
much later. CH,/N, separation performance of NaY was also
poor than that of ZnY-eIM (Supporting Information, Fig-
ure S27). The cycle and regeneration capabilities of ZnY-pIM
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Figure 5. Breakthrough curves of CH,/N,/He (10/10/80) on ZnY-pIM
and ZnZSM-5-pIM at 100 kPa and 25°C.

and ZnZSM-5-pIM were further studied by breakthrough
cycle experiments (Supporting Information, Figure S28).

In summary, we report a series of new adsorbents by
introducing ZIF subunits into traditional zeolite Y and zeolite
ZSM-5. Both the molecular simulation and experimental
results indicate that the strategy of incorporating Zn-mIM,
Zn-eIM, and Zn-pIM into zeolite Y and zeolite ZSM-5
resulted in significant enhancement in the CH,/N, selectivity
of the adsorbents, which were higher than those of pristine
zeolites and even ZIFs. Notably, resulting adsorbents exhib-
ited high thermal stability up to 500°C and 600°C, which
makes the adsorbents very applicable. This strategy has
combined traditional zeolites and MOFs perfectly, which can
solve the complicated synthesis, high costs, and forming
difficulties of MOFs as well as the problem of low CH,/N,
selectivity in traditional zeolites. This concept provides an
idea for the design of new MOF-zeolite composite materials,
ranging from various adsorbents to catalysts.
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