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Abstract

Zeolitic imidazolate frameworks based on 2-methylimidazolate linkers with different particle size (200—1000 nm) and
controlled content of Zn>* and Co?* ions have been synthesized by microwave (MW) assisted technique according to
original procedures and room-temperature method. The produced materials including monometallic ZIF-8 and ZIF-67
samples, bimetallic ZIF-Zn/Co (or ZIF-8/ZIF-67) system, and “core-shell” ZIF-8@ZIF-67 and ZIF-67@ZIF-8 composites
have been studied in the practically relevant process of selective adsorption of ethane and methane (25 °C). The adsorp-
tion isotherms for both gases on the obtained ZIF materials were measured in a wide pressure range (1-20 atm) for the
first time. For ZIF-67, the isosteric heats of adsorption for both gases were obtained also for the first time. It was found
that the nature of the coordination centers in the ZIF frameworks influences their adsorption characteristics. Thus, the
obtained materials with Co*" ions show an increased adsorption capacity towards ethane, which exceEDX the capacity
measured for the Zn**-based samples, while the highest methane adsorption value is achieved on a “core-shell” ZIF-67@
ZIF-8 composite.
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The development of advanced methods of ethane separa-
tion from natural gas is an extremely important task. Among
them, the adsorption on porous solids presents an energy-
saving and highly efficient technique. A new type of hybrid
nanoporous materials - metal-organic frameworks (MOFs)
- shows a special potential as efficient ethane adsorbents.
They are crystalline porous coordination polymers com-
posed of metal ions or small clusters connected by polyden-
tate organic molecules (linkers). MOFs are characterized by
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high specific surface area and porosity, as well as a fully
open pore system. Their important feature is a possibility of
fine tuning of the framework structure, pore geometry and
functionality by rational selection of metal ions and organic
linkers for the specific process, particularly gas adsorption.
It is known that metal ions (coordination centers) in
MOF matrices can serve as adsorption sites for “guest”
molecules [1]. To study in details an impact of the coordi-
nation center (metal ions) in the framework on its adsorp-
tion performance, the zeolitic imidazolate framework ZIF-8
(Zn(MIM),, MIM =2-methylimidazolate) and its isostruc-
tural analog ZIF-67 (Co(MIM),) are valuable model sys-
tems. Both materials belong to the particular ZIF family (a
subclass of a large MOF class). Their frameworks with a
sodalite-like topology contain cavities with a diameter of
11.6 A, accessible through “windows” with diameters of 3.4
A (ZIF-8) and 3.3 A (ZIF-67) [2]. The difference in the win-
dow sizes is due to the fact that the Co-N bond in the ZIF-67
matrix is shorter than the Zn-N bond in the ZIF-8 matrix)
[3]. ZIF-8 and ZIF-67 matrices exhibit framework mobility
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or flexibility, which allows “guest” adsorbate molecules to
diffuse into their intracrystalline space [4], with faster diffu-
sion being observed for small gas molecules [2]. However,
the ZIF-67 framework is more rigid than ZIF-8 one.

The cavities in the ZIF-8 structure can accommodate
relatively large molecules, such as benzene [5]. This effect
is related to the ability of the framework to stretch or open
“windows” due to the mobility (ability to rotate) of 2-MIM
linkers forming the framework, which was shown by 2H
NMR method [5].

Obviously, the differences in the flexibility of ZIF-8 and
ZIF-67 frameworks and the diameter of “windows” affect
the adsorption behavior of these materials. In particular, it
was demonstrated by computational methods that ZIF-67
has improved separation efficiency towards ethane in eth-
ylene/ethane mixture compared to ZIF-8 [4]. The reason is
the more rigid framework and smaller pore diameter of ZIF-
67 compared to ZIF-8. The increased rigidity of the ZIF-67
framework is indicated by the fact that nitrogen adsorp-
tion at 77 K (based on the “window opening” effect caused
by the rotation of the MIM linker) begins for ZIF-67 at a
slightly higher pressure (1.0 1072 Pa) than for its analog
ZIF-8 (0.6x 1072 Pa) [3].

It is known that there are a number of isostructural com-
pounds [Zn,Co,_,(MIM),] with ZIF-8 structure, which
include both Zn?* and Co** ions in the frameworks [6].
This fact allows us to compare the adsorption properties
of such materials differing in the composition of their inor-
ganic block (Co*" ion content), since they have similar tex-
tural properties. In the same work, the adsorption of CO,,
N,, and CH, was studied on a series of [Zn,Co,_,(MIM),]
samples, and it was shown that introducing Co®* ions into
the ZIF-8 structure significantly impacts the equilibrium
adsorption values for these gases [6]. In Ref [7]. , bimetallic
nanoparticles [Zn,, sCo, s(MIM),] were deposited on porous
aluminum oxide under microwave activation. The prepared
composite membrane showed a remarkably higher separa-
tion factor for propylene/propane gas mixture (120) than its
ZIF-8 counterpart. The authors also attributed the improved
separation properties of the bimetallic sample to the smaller
pore diameter and increased rigidity of the adsorbent frame-
work compared to the monometallic carrier [7].

Zn/Co-ZIF bimetallic nanoparticles (ZIF-8/ZIF-67) used
as a nanofiller for the cross-linked poly(ethylene oxide)-
based mixed matrix membranes (MMMs) improve the
separation of CO,/N, and CO,/H, gas mixtures. In particu-
lar, these MMMs show higher CO, diffusion coefficient
and solubility, and increased Robeson upper bound (2008)
due to m-complexation between Zn**, Co?* ions and CO,
molecules. The transport of gas molecules inside the ZIF-8/
ZIF-67 bimetallic matrix is facilitated by the low diffusion
resistance of the framework channels [3].
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Other type of bimetallic adsorbents in form of the core-
shell MOF@MOF composites based on ZIF-8 and ZIF-67
materials are well described in the literature [8, 9]. These
nanostructures are formed by creating a “shell” over pre-
viously synthesized particles (“core”). The peculiarities of
their nitrogen adsorption behavior at 77 K were studied [3].
It was found that the pressure at which the adsorption starts
differs from the values for the individual ZIF-8 and ZIF-67
components, as well as for their mechanical mixture due to
the opening of “windows” for the ZIF-8@ZIF-67 composite
(ZIF-8 “core”, ZIF-67 “shell”). According to the authors,
this phenomenon is due to the cooperative effect of MIM
linker rotation. On the contrary, the adsorption behavior of
the ZIF-67@ZIF-8 carrier (ZIF-67 “core”, ZIF-8 “shell”)
corresponds to the behavior of the mechanical mixture of
both components. In the case of ZIF-67@ZIF-8 composite,
the cooperative effect of simultaneous rotation of “core”
and “shell” linkers is not realized due to the weak contact
between ZIF-67 and ZIF-8 domains in this nanostructure.

The composite materials ZIF-8@ZIF-67 and ZIF-67@
ZIF-8 show enhanced adsorption capacity towards carbon
dioxide and hydrogen compared to their individual com-
ponents ZIF-8 and ZIF-67 [10]. Similar composites in the
form of nanoparticles have also been used as a filler for the
fabrication of MMMs, which exhibit improved selectivity
for hydrogen in the separation of H,/CH, and H,/N, gas
mixtures [2]. However, there is no information in the litera-
ture on the adsorption of methane and ethane on ZIF-8@
ZIF-67 and ZIF-67@ZIF-8 materials.

Taking into account the literature data, this study is aimed
at an elucidation of the role of coordination centers - metal
ions (Zn** and Co”") - in ZIF matrices on their capacity
and selectivity in the adsorption of the main components of
natural gas - methane and ethane. For this, a series of the
sodalite-like ZIF materials, i.e., ZIF-8, ZIF-67, bimetallic
ZIF-Zn/Co systems containing Zn** and Co** ions at molar
ratiosof 1 :2,1:1,2: 1, as well as “core-shell” ZIF-8@
ZIF-67 and ZIF-67@ZIF-8 composites were synthesized
and characterized in detail by physicochemical methods,
i.e., pXRD analysis, DRIFTS, SEM, EDX-SEM, low tem-
perature N, adsorption, and elemental analysis (ICP-MS).

1 Experimental

All solvents and reagents used were purified prior to use by
standard techniques.

Zn and Co content in the obtained materials was deter-
mined by inductively coupled plasma-mass spectrom-
etry (ICP-MS) in the microanalysis laboratory of NUST
“MISiS”.
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Optimization of analytical SEM measurements was car-
ried out within the framework of the approach described
earlier [11]. Prior to imaging, samples were placed on the
surface of a 25 mm diameter aluminum stage, fixed with
conductive tape and sputtered with a 10 nm thick conductive
metal layer (Au/Pd, 60/40) by magnetron sputtering method
[12]. The microstructure of the samples was studied by field
emission scanning electron microscopy (FE-SEM) on a Hit-
achi SU8000 electron microscope. Image acquisition was
carried out in the mode of secondary electron registration
at an accelerating voltage of 10 kV. The morphology of the
samples was studied taking into account the correction for
the surface effects of sputtering the conductive layer [12].
To study the samples by X-ray microanalysis (EDX-SEM),
they were placed on the surface of an aluminum table with
a diameter of 25 mm, fixed with conductive plasticine and
sputtered with a conductive carbon layer with a thickness of
10 nm. The study was performed using an Oxford Instru-
ments X-max 80 energy dispersive X-ray spectrometer at an
accelerating voltage of 20 kV.

The powder diffraction patterns were measured in the
5-40° 26 range at room temperature on the EMPYREAN
laboratory diffractometer (PANalytical, Malvern, UK) (Ni-
filtered CuKa radiation) equipped with X’celerator linear
detector. Instrument parameters are: X-ray tube voltage/cur-
rent 40 kV/35 mA, divergence slits 1/4 and 1/2°, scan rate
0.2° min ..

The characteristics of the porous structure of the synthe-
sized materials were determined using the standard adsorp-
tion isotherm of N, vapor at 77 K measured on an ASAP
2020 Plus instrument (Micromeritics). The specific surface
area (Aggy) of the samples was calculated in accordance
with ISO 9277 standard (relative pressure range 0.003—
0.03). The total pore volume (V,,.) was estimated at p/p°
= 0.99. The micropore volume(¥,) was estimated using the
“t-plot method”. The mesopore volume was calculated as
the difference between Vi, and V.

ZIF-67, ZIF-8 and bimetallic ZIF-Zn/Co samples were
synthesized according to the original procedures using a
MW-activation of the reaction mass at atmospheric pressure.

1.1 ZIF-67

A solution of Co(CH;C0O0),4H,0 (0.75 g, 3.0 mmol)
was added to a solution of 2-methylimidazole (8.2 g, 100
mmol) in water (90 mL). The combined solution was placed
in a reactor for MW-synthesis (30 min, 200 W). The reac-
tion product was separated by centrifugation, washed with
distilled water (3 x 15 mL) and methanol (3 x 15 mL). The
obtained purple crystals were dried in air (2 h, 60 °C) and
then activated in vacuo (8 h, 150 °C). The yield of the prod-
uct was 0.40 g (~60%).

1.2 ZIF-8

A solution of Zn(CH;COO),-2H,0 (0.66 g, 3.0 mmol) was
added to a solution of 2-methylimidazole (8.2 g, 100 mmol)
in water (90 mL). The combined solution was placed in a
reactor for microwave synthesis (30 min, 200 W). The reac-
tion product was separated by centrifugation, washed with
distilled water (3 x 15 mL) and methanol (3x 15 mL). The
obtained purple crystals were dried in air (2 h, 60 °C) and
then activated in vacuo (8 h, 150 °C). The yield of the prod-
uct was 0.45 g (~66%).

1.3 ZIF-Zn/Co(1:1)

A solution of Co(CH;CO0), 4H,0 (0.87 g, 3.0 mmol) and
Zn(CH;CO0O0),-4H,0 (0.26 g, 1 mmol) in water (180 mL)
was added to a solution of 2-methylimidazole (1.968 g, 24
mmol) in water (90 mL). The combined solution was placed
in a reactor for microwave synthesis (30 min, 200 W). The
reaction product was separated by centrifugation, washed
with distilled water (3 X 15 mL) and methanol (3 x 15 mL).
The obtained purple crystals were dried in air (2 h, 60 °C)
and then activated in vacuo (6 h, 140 °C). The yield of the
product was 0.85 g (~94%).

1.4 ZIF-Zn/Co(1:2)

A solution of Co(CH;CO0), 4H,0 (0.988 g, 4.0 mmol) and
Zn(CH;CO00),-2H,0 (0.44 g, 2 mmol) in water (60 mL)
was added to a solution of 2-methylimidazole (8.2 g, 100
mmol) in water (90 mL). The combined solution was placed
in a reactor for microwave synthesis (30 min, 200 W). The
reaction product was separated by centrifugation, washed
with distilled water (3 x 15 mL) and methanol (3 x 15 mL).
The obtained purple crystals were dried in air (2 h, 60 °C)
and then activated in vacuo (6 h, 140 °C). The yield of the
product was 0.80 g (~60%).

1.5 ZIF-Zn/Co(2:1)

A solution of Co(CH;COO0), 4H,0 (0.494 g, 2.0 mmol) and
Zn(CH;CO0O0),-2H,0 (0.88 g, 4 mmol) in water (60 mL)
was added to a solution of 2-methylimidazole (8.2 g, 100
mmol) in water (90 mL). The combined solution was placed
in a reactor for microwave synthesis (30 min, 200 W). The
reaction product was separated by centrifugation, washed
with distilled water (3 x 15 mL) and methanol (3 15 mL).
The obtained purple crystals were dried in air (2 h, 60 °C)
and then activated in vacuo (6 h, 140 °C). The yield of the
product was 0.79 g (~59%).

“Core-shell” samples were synthesized using modified
method described in Ref [8].

@ Springer
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1.6 ZIF-67@ZIF-8 (Co:Zn=1:1)

The preliminary synthesized ZIF-67 sample (0.5 g) was sus-
pended in methanol (33 mL). Then, Zn(CH;COO),-2H,0
(4.39 g, 20 mmol) was dissolved in methanol (33 mL) and
the resulting solution was added under stirring to the ZIF-
67 suspension, followed by the solution of 2-methylimid-
azole (6.15 g, 75 mmol) in methanol (33 mL). The resulting
mixture was stirred for 24 h at 22 °C. The reaction product
was isolated via centrifugation, washed with distilled water
(3% 15 mL) and methanol (3 x 15 mL). The resulting pow-
der was dried in air (2 h, 60 °C), and then in vacuo (6 h,
140 °C). The yield of the product was 1.00 g (~93%)).

1.7 ZIF-8@ZIF-67 (Zn:Co=1:1)

This sample was synthesized similarly to the above pro-
cedure using ZIF-8 as a “core”. Co(CH;COO),4H,0
was used as a source of Co*" ions for “shell” taken in the
amounts necessary to provide the same metal ion : MIM
molar ratio. The yield of the product was 1.00 g (~91%).

The adsorption of methane and ethane was measured
using a volumetric adsorption apparatus (Sieverts method).
The setup and the measurement methodology are described
in detail in Ref [13].

The isosteric heat of adsorption of the investigated gases
was determined in the temperature range 0—75 °C from the
adsorption isotherms for methane and ethane obtained at
temperatures 0, 25, 50 and 75 °C, by the following formula

(1) [14]:
_ 9 (Inp)
w-rr{() v

where a is the adsorption value, p is the equilibrium pres-
sure, Z is the compressibility coefficient at a given tempera-
ture and pressure, and R is the universal gas constant.

IAST selectivity values for ethane/methane pair were
calculated using the Ideal Adsorbed Solution Theory
(IAST) according to [15] and [16]. The calculations were
performed for a mixture of methane with 10 mol% ethane,

Table 1 Elemental analysis data for the ZIF-based materials

Material w(Co), % w(Zn), % w(Co), mol%
ZIF-Zn/Co 8.7* 17.1* 36.0*
(Zn:Co=2:1)

ZIF-Zn/Co 16.5% 9.7% 65.3*
(Zn:Co=1:2)

ZIF-Zn/Co 12.5 13.6 50.5
(Zn:Co=1:1)

ZIF-67@ZIF-8 13.7 12.9 54.1
ZIF-8@ZIF-67 12.2 14.8 47.7

*The values were obtained from SEM-EDX data
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as the closest in composition to natural gas (YcyHe= 0.1 u
Yrr,=0.9).

The ideal selectivity for the C,Hs/CH, pair was deter-
mined using formula (2):

ACyH, (Pv T)
Sidea PT)= e

where acyi,(P,T) n acp,(P,T) are adsorption val-
ues calculated from experimental isotherms by B-spline
interpolation.

2 Results and discussion

To study an effect of the coordination center in the adsorbent
framework on the adsorption of methane and ethane, ZIF-8,
ZIF-67, bimetallic ZIF-Zn/Co (Zn: Co=1:2,1:1,and 2 :
1) samples were obtained by an original MW-assisted pro-
cedure at atmospheric pressure. The “core-shell” ZIF-8@
ZIF-67 (Zn:Co=1:1)and ZIF-67@ZIF-8 (Co:Zn=1:1)
composites were synthesized by RT procedure. In this case,
the pre-synthesized ZIF-8 or ZIF-67 samples were used as
“cores” for the room-temperature synthesis of ZIF-8 or ZIF-
67 “shells”, respectively.

The data on the zinc and cobalt contents in the bimetallic
and “core-shell” samples (determined by ICP-MS) are sum-
marized in Table 1.

According to the elemental analysis (EA) data (Table 1),
the zinc and cobalt contents in ZIF-Zn/Co sample (atom
ratio Zn : Co=1 : 1) are approximately the same. However,
for the “core-shell” ZIF-8@ZIF-67 and ZIF-67@ZIF-8
composites, the ratio of Zn>* and Co** ions is determined
by the type of the “core”. So, the “core-shell” ZIF-67@
ZIF-8 material contains 8% more Co** ions, and ZIF-8@
ZIF-67 has 5% more Zn>* ions. Apparently, the reaction
yield decreases when the corresponding “shell” is formed,
due to the presence of the pre-synthesized composite “core”
in the reaction mixture. A similar phenomenon has been
reported in the literature [9].

EDX-SEM results (Figs. S1-S5) for bimetallic ZIF-Zn/
Co and “core-shell” ZIF-8@ZIF-67 and ZIF-67@ZIF-8
samples are in a good accordance with EA data. They show
also a homogeneous Zn and Co distribution on the surface
of bimetallic materials.

2.1 Structural examinations of the synthesized ZIF
adsorbents

The experimental powder diffraction patterns for all sam-
ples are shown in Fig. 1. All diffraction peaks on each pat-
tern correspond to a standard cubic crystal structure specific
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Fig. 1 X-ray powder diffraction patterns of the samples ZIF-67 (1),
ZIF-8 (2), ZIF-Zn/Co (Zn : Co=2 : 1) (3), ZIF-Zn/Co (Zn : Co=1 :
2) (4), ZIF-Zn/Co (Zn : Co=1 : 1) (5), “core-shell” ZIF-67@ZIF-8
(6) and ““core-shell” ZIF-8@ZIF-67 (7). The vertical black bars corre-
spond to the calculated positions of the Bragg peaks for the cubic unit
cell (a=17.04 A) and space group I-43m

to ZIF-8 and ZIF-67 frameworks. As an illustrative exam-
ple, the Pawley [17] fitting performed using the MRIA pro-
gram [18] for the ZIF-Zn/Co (Zn : Co=1 : 2) sample led
to x>=1.08 (see Fig. S4) for the space group I-43 m and

cubic unit cell parameter a=17.052(2) A. The values of
parameter a for all samples obtained in the similar fittings
have no significant differences and are lying in the range
17.012(2) — 17.052(2) A (see also Table S1). At the same
time, there are visible differences in the width of the peaks
for the samples with opposite ratio of Zn and Co atoms.
Comparing the powder patterns of the ZIF-8 (Zn only) and
ZIF-67 samples (Co only) one can see that the width of the
peaks of the ZIF-8 materials is greater than that of ZIF-67
sample (Fig. S7), which means that the ZIF-67 crystallites
are significantly larger than the crystallites ZIF-8. The same
conclusion follows from the comparison of XRD patterns
of samples ZIF-Zn/Co (Zn : Co=2 : 1) and ZIF-Zn/Co (Zn
: Co=1:2) (Fig. S8), and “core-shell” ZIF-8@ZIF-67 and
ZIF-67@ZIF-8 (Fig. S9), where the Zn : Co ratio is > 1 in
the former sample and < 1 in the latter sample, respectively.
This observation is in a good accordance with SEM results,
i.e., the crystallites of the Co-containing samples are larger
than that of the Zn-containing ones.

2.2 Morphology of the ZIF adsorbents

The synthesized ZIF materials crystallize in the form of
submicron-sized particles (Fig. 2). Monometallic samples
consist of regular octahedron shaped crystals (Fig. 2a, b)
with the size of 0.8-1.0 pm (ZIF-67) and 190-260 nm (ZIF-
8). The bimetallic ZIF-Zn/Co (Zn : Co=1 : 1) material has

Fig.2 SEM micrographs of ZIF-8 (a), ZIF-67 (b), “core-shell” ZIF-8@ZIF-67 (c), “core-shell” ZIF-67@ZIF-8 (d) and ZIF-Zn/Co (Zn : Co=1:

1) (e) samples
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Table 2 Textural characteristics and particle size of the studied materials

Sample Aggr, Viot, Vmicro, Vineso, Pore diameter, nm Particle size,
m%/g cm’/g cm’/g cm’/g nm
ZIF-8 1900 0.733 0.643 0.090 0.7-1.7 ~190-260
ZIF-67 1844 0.685 0.623 0.062 0.7-1.7 ~800-1000
ZIF-Zn/Co 1995 0.746 0.663 0.073 0.7-1.7 ~600
(Zn:Co=1:1)
ZIF-8@ZIF-67 1986 0.720 0.678 0.042 0.7-1.7 ~160
ZIF-67@ZIF-8 1893 0.692 0.658 0.034 0.7-1.7 ~230
Table 3 Methane and ethane capacities of the obtained adsorbents (25 °C)
Sample a(C,Hg, 1 atm), a(CH,, 1 atm), a(C,Hg, 5 atm), a(CH,, 5 atm), a(C,Hg, 20 atm), a(CH,,
mmol/g mmol/g mmol/g mmol/g mmol/g 20 atm),
mmol/g
ZIF-8 2.03 0.30 4.32 1.29 5.54 3.46
ZIF-67 2.29 0.31 5.20 1.43 6.72 4.15
ZIF-Zn/Co 2.23 0.29 4.95 1.32 6.07 3.83
(Zn:Co=1:1)
ZIF-67@ZIF-8 2.17 0.73 4.80 2.36 6.09 4.81
ZIF-8@ZIF-67 1.93 0.27 4.29 1.20 5.36 3.35
Fig. 3 Methane and ethane 71
adgsorption isotherms for the 8 C2H6 J— 64 CH4
obtained ZIF-based materials 71 . J— o
(25°C) 6 et T o 5
& py ’ ZIF-8 é 31 ’,s,//f;%t' / ZIF-8
31/ ZIF-67 S 2 7l » ZIF-67
24¥ —a— ZIF-Zn/Co R Rad —e— ZIF-Zn/Co
N v zZIF8@zIF67 < 7.7 —v— g:E-8@ZIF-67
| ZIF-67@ZIF-8 o - ZF6T@ZFs8
0 T T T T T y 1 0 5 10 15 20 25 30 35 40 45
0 5 10 15 20 25 30 35

octahedral and cubic shaped particles with intermediate size
(~650 nm). The particle size of the “core-shell” ZIF-67@
ZIF-8 (Fig. 2, ¢) and ZIF-67@ZIF-8 (Fig. 2, d) composites
is insignificantly reduced in comparison with crystallites
forming monometallic and bimetallic materials (Table 2).
Thus, the ZIF-8@ZIF-67 system (Fig. 2¢) has the smallest
crystal size (~160 nm), while the regular octahedral shape
of the corresponding “nuclei” (pre-synthesized particles)
changes. Apparently, the growth of crystals of the corre-
sponding “shell” framework is simultaneously accompa-
nied by partial degradation of the used “core”, which leads
to a change both in the average size of the crystallites and
their shape.

2.3 Textural characteristics of ZIF materials

The textural characteristics of the studied isostructural
ZIF-8, ZIF-67 and ZIF-Zn/Co materials are rather similar
(Table 2, Figs. S10-S12). For the monometallic ZIF-8 and
ZIF-67 adsorbents, the values of specific surface area are
in a good accordance with the literature data ( [19, 20]).
The bimetallic ZIF-Zn/Co (Zn : Co=1: 1) and “core-shell”
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Presure, atm

ZIF-8@ZIF-67 samples show almost identical specific sur-
face areas, which are highest as compared to other materials.
However, the textural characteristics of both “core-shell”
samples differ very slightly. These differences do not exceed
the experimental error of the adsorption method.

2.4 Adsorption properties of the synthesized ZIF
materials on methane and ethane

It was found that ZIF-67 sample has a~20% higher adsorp-
tion capacity for methane and ethane (Table 3; Fig. 3) than its
isostructural analog ZIF-8 with a bit lower specific surface
area and total pore volume (Table 2). The bimetallic ZIF-
Zn/Co (Zn : Co=1:1) material exhibits an ethane adsorption
value that is closer to the adsorption value obtained for the
ZIF-67 material (Table 3). With respect to methane, these
samples show approximately the same adsorption capacity
(Fig. 3).

The ethane capacities of the cobalt-containing ZIF-8@
ZIF-67, ZIF-67 and ZIF-Zn/Co samples are quite close at
a pressure of 1 atm and slightly exceed the capacity of the
ZIF-8 material with Zn** ions (Table 3; Fig. 3). The highest
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adsorption value is demonstrated by the ZIF-67 material
comprising exclusively Co®" ions as the coordination cen-
ters. In the ethane pressure range of 5-20 atm, this trend
is more pronounced. An increase in the ethane adsorp-
tion capacity for materials containing Co** ions could be
explained by a higher rigidity of the ZIF-67 framework, as
well as by the shorter Co-N bond in it as compared to the
Zn-N bond in the ZIF-8 framework. These characteristics of
cobalt-containing adsorbents provides closer contact of eth-
ane molecule (critical diameter 4 A) with the pore surface
and realization of so-called “commensurate” adsorption.
Noteworthy, the same trend of the influence of Co** ions
on the ethane capacity was found out for bimetallic samples
ZIF-Zn/Co (1 : 2 and 2 :1 molar rations of metals). So, the
ZIF-Zn/Co (1 : 2) sample exhibited higher ethane adsorp-
tion value at higher pressure range (> 15 atm) then the ZIF-
Zn/Co (2 : 1) one (see Fig. S20).

Extremely close values of methane adsorption for the
samples ZIF-8, ZIF-67 and bimetallic material ZIF/Zn-Co at
apressure of 1 atm (Table 3) can be explained by the smaller
critical diameter of this gas molecule (3.8 A) in comparison
with the critical diameter of ethane molecule. In this case,
the small differences in the rigidity and pore diameter of
the cobalt-containing and zinc-containing frameworks have
no pronounced effect on the adsorption of methane as com-
pared to that of ethane. However, at pressure increase up
to 5 atm and higher (Table 3), the capacity of cobalt-con-
taining adsorbents, first of all, ZIF-67, noticeably exceEDX
the capacity of ZIF-8 with Zn>*. Noteworthy, the methane
adsorption values exhibited by ZIF-8, ZIF-67 and ZIF-Zn/
Co materials are 40% higher than for similar materials
described in [6]. Probably, this difference can be explained
by the reduced values of specific surface area (1100-1200
m?/g) of the literature samples [6].

ZIF-67@ZIF-8 composite is characterized by the highest
methane capacity in the pressure range of 1-5 atm, despite
a slightly reduced value of specific surface area as com-
pared to the monometallic ZIF-8 and ZIF-67 samples, as
well as bimetallic ZIF-Zn/Co adsorbent. This phenomenon
can be explained by the increased content of cobalt (II) in
this sample compared to the bimetallic material ZIF-Zn/Co
and the ZIF-67@ZIF-8 composite (Table 1). The possible
cooperative effect of simultaneous rotation of MIM “core”
and “shell” linkers during the methane adsorption may also
contribute to the increase in methane adsorption capacity. A
similar phenomenon is described in the literature for low-
temperature N, adsorption on ZIF-8@ZIF-67 materials [3].
The presence of this effect is supported by the fact that the
capacity of the ZIF-67@ZIF-8 sample exceEDX the capaci-
ties for methane (25 °C, 1 bar) and, moreover, the sum of
capacities of its individual ZIF-8 and ZIF-67 components
(Table 3).

The ZIF-8@ZIF-67 composite demonstrates a reduced
adsorption capacity for methane as compared to other sam-
ples, despite the fact that its specific surface area and total
pore volumes are a bit higher than the corresponded charac-
teristics of its ZIF-67@ZIF-8 analog (Table 2). It could be
suggested that in this case the cooperative effect associated
with the simultaneous rotation of the MIM linkers “core”
and “shell” is not realized, due to the less close contact
between the domains of ZIF-67 and ZIF-8 [3].

The energetic characteristics are important for the evalu-
ation of potential applications of the studied materials. So,
the adsorption isotherms of methane and ethane at different
temperatures (0 °C, 50 °C and 75 °C) were measured for
ZIF-8 and ZIF-67 samples to evaluate the isosteric heats of
adsorption (Fig. 4).

When the temperature is increased from 0 °C to 75 °C,
the decrease in the capacity of the ZIF-67 material is about
45% (from 6.67 mmol/g to 3.83 mmol/g at 40 atm) and that
of the ZIF-8 adsorbent is 40% (from 5.54 mmol/g to 3.35
mmol/g at 35 atm). The ethane adsorption isotherms in the
high pressure region (>20 atm) for both samples show a
sharp increase in the adsorption value, which corresponds
to capillary condensation of ethane at this temperature and
equilibrium pressure. The obtained isotherms were used to
calculate the isosteric heats of adsorption by plotting the
corresponding isosteres shown in Fig. 5. It can be seen that
the obtained isosteres are linear in the whole range of the
studied adsorption values, which allows us to use them to
calculate isosteric heats of adsorption.

Based on the calculated adsorption isosteres for methane
and ethane, the dependences of isosteric heats of adsorption
on the adsorption value were obtained (Fig. 6).

For the ZIF-8 sample, the heat of adsorption was
12.7+0.3 kJ/mol for methane and 23.0+2.1 kJ/mol for
ethane (0-75 °C). The ZIF-67 material shows a bit lower
heat of adsorption, i.e., 12.1+0.5 kJ/mol for methane and
22.3+2.2 kJ/mol for ethane. Noteworthy, the dependences
of the heat of adsorption on the adsorbate filling degree for
both materials have the same shape, probably because these
materials are isostructural. The maximum on the depen-
dence of the heat of adsorption for ethane (Fig. 6) indicates
a presence of “lateral” adsorbate-adsorbate interactions on
the surface of both studied adsorbents at significant pore
filling degrees [21]. The flat character of this dependence
for methane indicates the absence of the above-mentioned
interactions between adsorbate molecules. The heat of
adsorption for methane on both materials is almost inde-
pendent of temperature. In contrary, the maximum value for
ethane is observed at 0 °C.

There are only limited literature data relevant to the mea-
surements of the heats of adsorption of methane and eth-
ane on the ZIF-8 and ZIF-67 materials. In particular, for the
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ZIF-8 system, the heat of adsorption for methane is 13 kJ/
mol at the adsorption value of 0.1 mmol/g (25-50 °C) [6],
while the heat of adsorption for ethane is 21 kJ/mol at 25 °C
(the degree of filling is not specified) [22]. This work results
are in a good accordance with the reported values. Notewor-
thy, the adsorption values for both gases were obtained in
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this work in a wider temperature range (0—75 °C) and filling
degrees as compared to the literature data. Moreover, for
ZIF-67, the heat of adsorption values for both gases were
obtained for the first time.

Although the adsorption value for both gases on ZIF-
67 is higher than that for the ZIF-8 sample, the heats of
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Table 4 Ideal and IAST selectivities for the obtained ZIF adsorbents (25 °C)

Sample  Ideal selectivity IAST selectivity at y(CH, )=0.9

C,H¢:CH, P=1 atm C,H.:CH,P=5atm C,H..CH,P=20atm C,H,CH,P=1atm C,H.CH,P=5atm C,H. CH,P=20atm
ZIF-8 6.87 3.36 1.55 15.45 9.69 8.63
ZIF-67 743 3.64 1.62 13.45 9.51 8.28
ZIF-67@ 2.97 2.03 1.27 1.23 4.15 5.86
ZIF-8
ZIF-8@ 7.16 3.58 1.60 3.06 3.73 3.99
ZIF-67
ZIF-Zn/  7.57 3.77 1.59 9.64 9.23 8.75
Co
(Zn: Co

=1:1)

adsorption for methane and ethane are lower. Taking into
account that both frameworks are isostructural ones with
almost identical textural properties, this difference may be
caused by the nature of coordination centers in them: Co**
ions in ZIF-67 and Zn”* ions in ZIF-8. However, a confir-
mation of this effect requires a further study.

According to the literature, the opposite trends for the
adsorption capacity and adsorption heats were observed
for carbon dioxide adsorption on ZIF-8 and ZIF-67 materi-
als. For example, for the ZIF-67 sample (Sgpr = 1478 m?
/g), the heat of adsorption of CO, is 9.9 kJ/mol (25-75 °C)
[23], while for ZIF-8 (Sger = 1813 m? /g) it is 19.5 kJ/mol
[24] (both papers do not specify the pore filling degree at

which these heats of adsorption were calculated). However,
its CO, capacity is higher (~10.2 mmol/g (40 atm, 25 °C)
for ZIF-67 as compared to 8.5 mmol/g for ZIF-8 (40 atm,
25 °C).

For the synthesized ZIF materials, the values of ideal and
IAST selectivity for ethane/methane pair were calculated in
a wide pressure range (Fig. 7; Table 4).

In the case of IAST selectivity (Fig. 7), the highest
values for a mixture of methane and ethane at 1 atm are
demonstrated by ZIF-8 (15.5 : 1, 1 atm, 25 °C) and ZIF-67
(13.5: 1, 1 atm, 25 °C) adsorbents. In the pressure range of
5-20 atm, the bimetallic ZIF-Zn/Co material shows almost
identical selectivity value (9.7 : 1, 5 atm, 25 °C) as those
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for the monometallic samples, which indicates that, within
the frame of the IAST theory, the selectivity value does not
depend on the nature of the coordination center in the stud-
ied ZIF matrices. When comparing the IAST selectivity val-
ues for the “core-shell” composites, it can be seen that in the
range of 5-20 atm, this value is the highest for the ZIF-8@
ZIF-67 material having zinc-containing “core” (5.86 : 1,
20 atm, 25 °C) in comparison with the selectivity of ZIF-
67@ZIF-8 adsorbent with “core” based on Co** (3.99 : 1,
20 atm, 25 °C).

Regarding the ideal selectivity for the equimolar mixture
C,H4:CH, in the pressure range of 1-25 atm, all materi-
als except the ZIF-67@ZIF-8 composite, show identical
values of ideal selectivity. This sample shows a markedly
reduced selectivity (2.97 : 1, 1 atm, 25 °C) over the entire
range of pressures investigated. This phenomenon could be
explained by its increased adsorption capacity for methane.

3 Conclusions

Thus, a series of ZIF materials based on 2-methylimidazo-
late linkers and with a variable content of Zn>* and Co?*
ions in the framework, i.e., monometallic, bimetallic (Zn
:Co=1:2,1:1,and2: 1), and “core-shell” samples have
been synthesized using the original MW-assisted proce-
dures at atmospheric pressure (monometallic and bime-
tallic samples) and RT-method (“core-shell” composites).
These matrices were investigated in the selective adsorp-
tion of methane and ethane in a wide range of pressures
(1-20 atm) for the first time. A pronounced effect of the
coordination center (metal ion) in the framework on the
adsorption behavior of the studied samples was found.
Thus, Co**-based adsorbents, i.e., monometallic ZIF-67
sample, bimetallic ZIF-Zn/Co materials and “core-shell”
ZIF-67@ZIF-8 composite show increased capacities
both for methane and ethane. The highest IAST selectiv-
ity (9:1, 15 atm, 25 °C) is shown by the bimetallic ZIF-
Zn/Co sample. However, the nature of the coordination
center has almost no impact on the ideal selectivity value.
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