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DOI: 10.1039/x0xx00000x Polyoxometalate-based 3D frameworks, Na,; sH;; 4[ZnMo01,049{Zn,}]-5.5H,0 and
(NH,); sHg 5[ZnMo01,049{Zn,}]-6H,0, are synthesized in moderate yields. Rotation of the

www.rsc.org/ “T . . i .
reactor under a hydrothermal condition is essential to improve the yield. The materials show a

zeolite-like selective molecule adsorption property. Dependent on the micropore aperture size
of the materials, small molecules can be adsorbed in the materials, while large molecule
cannot. The enthalpy of adsorption and DFT calculation indicate that the materials strongly
interact with CO,, but weakly interact with CH,, due to electrostatic interaction between the
materials and molecules. CO,/CH, co-sorption experiments show that the materials can
selectively adsorb CO,, and CO, adsorption selectivity of the material with sodium cation is
higher than that of the material with ammonium cation. The material with sodium ion can be
utilized for gas chromatographical separation of CH, and CO,.

CO, separation is an important topic from the viewpoints of also interact with organic ligands or organic metal complexes to
industrial processes and environmental protection, and many form hybrid materials, including POMOFs "2 and POM-
techniques for CO, separation have been developed over the macrocation materials. "> POM-macrocation materials show
past few decades. '~ Generally, there are two kinds of materials  interesting adsorption properties.
for CO, separation based on different separation mechanisms. A novel catalog of POM-based material has recently been
One type of materials for CO, separation is based on synthesized and structurally characterized and is best described
chemisorption. Such materials include
calcium oxide and amine solution.
However, these materials have significant
disadvantages such as toxicity,
corrosiveness, and high energy for
regeneration. The second type of materials
is based on physical-sorption. Such
materials include zeolites and metal-
organic frameworks (MOFs), and they are
considered to have higher application
potential  because the corresponding
processes are environmentally friendly and
economically feasible techniques.
Polyoxometalates (POMs) are metal
oxide clusters of early transition metals,
such as tungsten, molybdenum, vanadium
and niobium, which display characteristic
redox and acidic properties, and they
therefore have many applications including  Figure 1. Polyhedral representations of a) ¢-Keggin POM unit and its connection, b)
catalysis, adsorption, separation, unit cell of e-Keggin POM-based framework, gray tetrahedron: central Zn-O
electrochemistry, and medicine. ®° In  tetrahedron, blue octahedron: surrounding Mo-O octahedron, purple octahedron: linker
material chemistry, POMs act as building  Zn-O octahedron, deep blue ball: cation and water, ¢) CPK (Corey, Pauling, and Koltun)
blocks, and inorganic metal oxides can be  representation of the material with Connelly surface (gray curved surface) that shows
synthesized on the basis of connection of  the micropore system of the material.
POMs with other metal ions. '°'* POMs
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to be fully-inorganic microporous POM-based metal oxides.
3031 Erameworks of the materials are comprised of e-Keggin
POM with metal ion linkers (Figure 1). The materials show
zeolite-like properties such as ion exchange, molecule
adsorption, and acid catalysis.

An important property of the POM-based microporous
material is its high chemical composition diversity, which
allows different kinds of elements to be incorporated in the
material. The composition of POM unit, linker ion, and
countercation can be easily changed without altering the basic
structure of the material. Several iso-structural materials have
been successfully synthesized. *

Herein, we describe the synthesis of e-Keggin POM-based
3D frameworks composed of [ZnMo;,040] and Zn ion linkers
with sodium ion or ammonium cation,
Na,; sHy; 4[ZnM0,049{Zn,}]-5.5H,0 or
(NHy); sHg s[ZnMo01,049{Zn,}]-6H,0, denoted as Na—Mo—Zn
oxide or NH,~Mo—Zn oxide, respectively. We demonstrate the
adsorption property of the materials. Small molecules such as
CO,, CHy, and C,Hg are adsorbed in the materials, while a large
molecule such as C;Hg is not adsorbed. CO,/CH, co-sorption
experiments showed that the materials selectively adsorb CO,
from a CO,/CH,4 mixture. CO, adsorption in the materials can
be tuned by altering countercations, and CO, separation
efficiency can be remarkably enhanced by incorporating
sodium ion in the material. The material of Na—Mo—Zn oxide
can be used as a material for gas chromatographic separation of
C02 and CH4

Experimental.

Material synthesis.

Synthesis of Na—Mo—Zn oxide. Na,MoO,2H,0 (2.823g, 11.7
mmol based on Mo) was dissolved in 40 mL of water. Then
metal molybdenum (0.2 g, 2.08 mmol) and ZnCl, (0.453 g, 3.33
mmol) were added in sequence. The pH value of the precursor
solution was adjusted to 4.8 by addition of H,SO, (1 M). The
mixture solution was well sealed in an autoclave with a Teflon
liner, and the autoclave was fixed in an oven with a mechanical
rotation system. Hydrothermal synthesis was performed at 448
K with rotation (1 rpm) for 24 h (see experimental apparatus in
supporting information Figure S1). After hydrothermal reaction
and cooling of the autoclave, the crude solid was transferred to
a 100-mL beaker and 60 mL of water was added. For
purification and solid recovery, the mixture was centrifuged
(1700 rpm, 2 min), and the suspension (containing the product)
solution was separated from the precipitate formed on the
bottom after centrifugation. Then after addition of 60 mL of
water to the precipitate, the solution was centrifuged and the
new upper suspension solution was separated. Addition of
water, centrifugation, and separation were carried out two more
times. The collected suspension (containing the product) was
centrifuged (3500 rpm, 120 min), and solid on the bottom of the
centrifugation tube was collected. The collected solid was
washed with water by dispersing in 10 mL of water and
subsequent centrifugation (3500 rpm, 120 min). After the
washing process had been carried out two more times, the
obtained solid was dried at 333 K overnight. Then 1.18~1.34 g
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of Na—Mo-Zn oxide (yield: 57%~63% based on Mo) was
obtained.

Synthesis of NH,—~Mo—Zn oxide. (NH4)sMo0;0,4-4H,0O (2.060
g, 11.7 mmol based on Mo) was dissolved in 40 mL of water.
Then metal molybdenum (0.2 g, 2.08 mmol) and ZnCl, (0.453
g, 3.33 mmol) were added in sequence. The pH value of the
precursor solution was adjusted to 4.8 by addition of H,SO, (1
M). The mixture solution was well sealed in an autoclave with a
Teflon liner, and the autoclave was fixed in an oven with a
mechanical rotation system. Hydrothermal synthesis was
performed at 448 K with rotation (1 rpm) for 24 h. After
hydrothermal reaction, the purification process was the same as
that for Na-Mo—Zn oxide. Then 1.29~1.46 g of NH,~Mo-Zn
oxide (yield: 62%~71% based on Mo) was obtained.

Synthesis of NH,—Na—Mo—Zn oxide by ion-exchange of Na—
Mo-Zn oxide with NH;*. 0.3 g of Na—Mo—Zn oxide was
dispersed into 15 mL of water. Then NH,Cl (0.065g, 1.21
mmol) was added. The solution was heated at 353 K for 6 h
with stirring. The resulting material was separated by filtration,
washed by water for 3 times and dried at 333 K overnight.
Elemental Analysis:

Na—Mo—Zn oxide: Calcd for Na; sZn;Mo;,0455H,,4: Zn, 9.20;
Mo, 53.99; Na, 1.62; H, 1.05, Found: Zn, 9.70; Mo, 53.45; Na,
1.39; H, 0.97.

NH;~Mo—Zn oxide: Calcd for N;5Zn3Mo,046Hsg5: Zn, 9.21;
Mo, 54.03; N, 0.99; H, 1.24, Found: Zn, 9.25; Mo, 53.95; N,
1.02; H, 1.22.

NH;—Na—Mo—Zn oxide: Caled for N;4Naj;Zn;Mo;,0455H,q:
Zn, 9.23; Mo, 54.17; Na, 0.11, N, 0.92; H, 1.32, Found: Zn,
9.61; Mo, 54.24; Na, 0.07; N, 1.20; H, 1.39.

Characterization.

Powder X-ray diffraction (XRD) patterns were obtained on
RINT2200 (Rigaku) with Cu Ka radiation (tube voltage: 40 kV,
tube current: 20 mA). Scanning electron microscopy (SEM)
images obtained with HD-2000 (HITACHI).
Transmission electron microscopy (TEM) images were taken
with a 200 kV TEM (JEOL JEM-2100F). Temperature-
programmed desorption mass spectrometry (TPD-MS)
measurements were carried out from 313 K to 893 K at a
heating rate of 10 K min™' under helium (flow rate: 50 mL
min"). Samples were set up between two layers of quartz wool.
A TPD apparatus (BEL Japan, Inc.) equipped with a
quadrupole mass spectrometer (M-100QA; Anelva) was used to
detect NH; (m/z = 16) and H,O (m/z = 18). For TPD-MS
measurements of the materials after heat treatment, the samples
were heated at 473 K under high vacuum for 2.5 h in a TPD
instrument before measurements. After the temperature had
been decreased to 373 K, TPD measurement was started.
Fourier transform infrared (FT-IR) analysis was carried out on
PARAGON 1000, Perkin Elmer. X-ray photoelectron
spectroscopy (XPS) was performed on JPS-9010MC (JEOL).
The spectrometer energies were calibrated using the C 1s peak
at 284.8 eV. Thermal analysis (TG-DTA) was performed on
Thermo Plus, TG8120 (Rigaku) under N, (200 mL/min).

were
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Elemental compositions were determined by an inductive
coupling plasma (ICP-AES) method (ICPE-9000, Shimadzu).
CHN elemental composition was determined at Instrumental
Analysis Division, Equipment Management Center, Creative
Research Institution, Hokkaido University.

Sorption experiments.

Na—Mo-Zn oxide and NH,~Mo—Zn oxide were calcined at 473
K for 2.5 h under vacuum (denoted as Cal-Na—Mo—Zn oxide
and Cal-NH,—Mo—Zn oxide) before all adsorption experiments.
N, sorption isotherms were obtained by a BELSORP
MAX (BEL Japan Inc.) sorption analyzer at 77 K. Pore size
distribution was calculated by the SF method. Molecule (CO,,
CH,;, C,Hg, and C;3;Hg) adsorption was performed on the
materials by a BELSORP MAX (BEL Japan Inc.) sorption
analyzer. Adsorption temperature was kept by at 278, 288, and
298 K using a water bath. Surface areas of the materials were
calculated from the CO, adsorption isotherm by the BET
method, and the cross-sectional area of CO, was 0.201 nm?. 3
CO,/CH, co-sorption measurements were carried out by a

multicomponent gas adsorption apparatus, BELSORP VC
(BEL Japan Inc.). In this apparatus, the total adsorbed amount
was calculated by a constant volume method, and the
composition ratio of CO, and CH, gases in equilibrium was
determined using an Agilent 490 Micro gas chromatographic
(GC) system equipped with a thermal conductive detector.
From these data, we calculated adsorbed amounts and
equilibrium partial pressures for each gas. The initial dosing
total pressures were set to 14.5 and 278.7 kPa for Cal-Na—Mo—
Zn oxide and 14.5 and 279.9 kPa for Cal-NH,—Mo—Zn oxide.
The initial gas proportion was CO,: CHy = 40: 60 (mol). After
reaching the equilibrium, a small portion of the gas phase was
used for GC analysis, leading to a slight decrease in system
total pressure. Then co-sorption measurements were continued
by using the residual gas. This process was repeated 5 times for
each initial dosing pressure.
The selectivity of CO, over CH,; was calculated by the
following equation.
Scoz = (Xco2/Veo2)/ (XcualYcua)
Vcoz: mole fraction of component CO, in gas phase;
Vena: mole fraction of component CH, in gas phase;
Xcoz: mole fraction of component CO, in adsorbed phase;
Xcn4: mole fraction of component CH, in adsorbed phase.
Enthalpy of adsorption calculation. Pure gas adsorption of
CO, and CH4 was carried out at different temperatures of 278,
288, and 298 K on the materials (Figure S2~Figure S5). The
isotherms of CO, and CH,4 were fitted with several adsorption
models (Table S1), and it was found that the dual-site
Langmuir-Freundlich model was the best model, for which the
equation is as follows:

_ qibip" N q2b2p™

B l+bip™  1+b2p™

where ¢ is adsorbed amount, p is pressure, and q1, q,, by, by, 1y,
and n, are fitting parameters, which are listed in Table
S2~Table S5.
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The resulting R? values of the fitting processes were quite close
to 1, indicating that simulated isotherms by using the dual-site
Langmuir-Freundlich model fitted the experimental isotherms
well.
The enthalpy of adsorption was calculated by the Clausius-
Clapeyron equation using the dual-site Langmuir-Freundlich
fitting results.
dlnp AH

d7  RT?

where p is pressure, T is temperature, and AH is enthalpy of

adsorption.
GC separation of CO, and CH, GC separation of a gas
mixture of CO, and CH,; using a column packed with
Na—Mo—Zn oxide was performed with a Shimadzu GC-8A
system equipped with a thermal conductivity detector.
Na—Mo—Zn oxide was well grounded and screened with a mesh
(aperture: 150 pm), and about 20 mL of Na—Mo—Zn oxide was
densely packed into a column (length: 1 m, inner diameter: 3
mm). The fresh column of Na—Mo—Zn oxide was treated at 473
K by introducing a carrier gas of He for 2.5 h to remove the
original water in the material and open the micropores of the
material. The gas mixture (0.1 mL, CO,: CHy =

injected, and separation was carried out at 363 K.

1: 1) was

Structural determination, computer-based simulation, and DFT
calculations.

Structural determination of NH,~Mo—Zn oxide was performed
by ab initio structural determination with powder diffraction, **
the detailed process
information. Material modeling, X-cell program, *°

of which is shown in supporting
Pawley
refinement, and Rietveld refinement ¢ were performed with the
Materials Studio package (Accelrys Software Inc.). The
programs of DICVOLO06 *7 and EdPCR were carried out with

the Fullprof package. A charge-flipping algorithm 3%

was
performed with the superflip program in Jana2006, and electron
density maps were generated with Chimera 1.8.1.

Monte Carlo simulation was performed to predict the
adsorbed structure of the guest molecule in the primitive cell of
Cal-Na—Mo—Zn oxide with the adsorption locator program in
the Materials studio package. First, the structure of the material,
CO,, and CH, were optimized by using the DMol® program.***°
We employed the Perdew—Burke—Ernzerhof (PBE) generalized
gradient functional and DND basis set. Calculated Mulliken
atomic charge was applied for Monte Carlo simulation. Partial
atomic charges of CO, were C = +0.70e and O = -0.35¢, *! and
CH, was recognized as an electrostatic neutral molecule. ** The
guest molecules were introduced into the framework of the
material one by one.

Results and discussion

Material synthesis and characterization

The synthesis process for Mo—Zn oxides was mainly according
to our previous paper. *> However, the previous process
produced Na-Mo—Zn oxide with a low yield (14% based on

J. Name., 2012, 00, 1-3 | 3
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Mo) with some impurities such as MoO,, ZnMoO, and Mo
(Figure S6), which might have been caused by an insoluble
starting material such as metal Mo and the poorly mixed
precursor solution. It was known that mixing of solid precursors
during reactions change selectivity of products. **** Here, we
applied the dynamic method for material synthesis, in which the
reactors were rotated under hydrothermal conditions (Figure
S1). In the case of synthesis of Mo—Zn oxides, we found that
applying rotation affected the purity and yield of the material.
XRD patterns of the crude solids of Na—Mo—Zn oxide and
NH;—Mo—Zn oxide with and without rotation (Figure S6)
indicated that rotation synthesis suppressed the side-reactions
and increased the isolated yields of the materials (about
57%~63% based on Mo for Na—Mo—Zn oxide, about 62%~71%
based on Mo for NH,~Mo-Zn oxide). We carried out the
synthesis many times and found the reproducibilities of the
synthesis for both materials are very good.

Furthermore, it was found that the rotation speed affected
the yields of the materials. Low rotation (1 rpm) speed resulted
in high isolated yields for both Mo—Zn oxides, and increasing
the rotation speed would decrease the yields of products (Figure
S7). The main impurities in crude solids of the materials from
the synthesis with different rotation speeds were metal Mo
(Figure S6). The amount of metal Mo increased in the crude
solid with increase in rotation speed (Figure S6B), which
illustrated that high rotation speeds hindered Mo consumption.
This might ascribe to our rotation apparatus (Figure S1), in
which a centripetal force would be applied to the solid in the
solution to make non-uniform mixing of the Mo metal in the
solution.

a) | b)

Intensity (a.u.)
Intensity (a.u.)
N

|

-
-

-y

—
10 20 30 40 50 60
2 theta (degree) (Cu-Ka)

i

1800 1600 1400 1200 1000 800 600 400
Wavenumbers (cm™)

Figure 2. a) Powder XRD patterns of POM-based materials, lattice
parameter of Na-Mo-Zn oxide: 19.4675 A and lattice parameter of
NH,~Mo—Zn oxide: 19.4533 A, and b) FT-IR spectra of POM-based
materials, black: Mo—V-Bi oxide, red: Na-Mo—Zn oxide using a
non-dynamic method, ** blue: Na-Mo—Zn oxide using a dynamic
method, purple: NH;—Mo—Zn oxide, and yellow: NH;—Na—Mo—Zn
oxide.

By using different Mo sources with different cations
(Na,Mo0O42H,0 and (NHy)sMo0,0,44H,0), materials of Mo—
Zn oxide with different countercations, Na—Mo—Zn oxide and
NH,~Mo—Zn oxide, were prepared. Elemental analysis
indicated that the Na: Mo: Zn ratio of 1.5: 12: 3 of Na—Mo—Zn
oxide obtained by the dynamic method that we used was the
same as that of Na—Mo—Zn oxide obtained by our last non-
dynamic method. 32 The NH4: Mo: Zn ratio of NH,~Mo—Zn
oxide was 1.5: 12: 3. XRD patterns and FT-IR spectra (peaks
below 1000 cm™ ascribed to the POM moiety) of both materials
were similar to those of Mo—V-Bi oxide and Na—Mo—Zn oxide
obtained by our last non-dynamic method (Figure 2), ***?

4| J. Name., 2012, 00, 1-3
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indicating that the structures of materials synthesized by the
dynamic method were similar to the structure of the reported
Na—Mo—Zn oxide obtained by our last non-dynamic method.
SEM images of the resulting materials showed octahedral
morphologies typical for e-Keggin-type heteropolyoxometalate-
based framework compounds with sizes of the crystallite of
100~300 nm (Figure 3a,b).

20 nm

Figure 3. SEM images of a) Na-Mo—Zn oxide and b) NH,~Mo—Zn
oxide and TEM images of ¢) Na—-Mo—Zn oxide and d) NH;—Mo—Zn
oxide.

20 nm

The structure of NH;—Mo-Zn oxide was obtained by
powder diffraction Rietveld analysis (Figure S8) (detailed
process shown in supporting information) combined with
elemental analysis, FT-IR, and XPS analysis (Figure S9). The
detailed chemical formulas of Na—Mo—Zn oxide and NH;—Mo—

Zn oxide were estimated to be
Nal _5H1 1_4[ZHHMOVI1_1M0V10_9040 {ZnHz }] -5 5H20 and
(NH4)1_5H8_5[ZHHMOVI4MOV8040 {ZnHz }] . 6H20, respectively.

The frameworks of both materials were formed by assembly of
e-Keggin-type zincomolybdate, [ZnMo0,,0,4¢], where one Zn-O
tetrahedron was surrounded by 12 Mo-O octahedra. TEM
showed that the distance of (1 1 1) plane was close to each
other, indicating that the basic structures of the materials were
the same (Figure 3c,d), and in good agreement with the results
of structural analysis.

The difference between the two oxides was the
countercation, because cation species of the starting materials
were different. The void space surrounded by the frameworks
of Na—Mo—Zn oxide and NH,~Mo—Zn oxide was occupied with
guest species, including water and sodium ion for Na—Mo—Zn
oxide and including water and ammonium cation for NH,~Mo—
Zn oxide, in the as-synthesized materials. FT-IR spectra of the
materials showed peak maxima of 1620 cm™ and 1400 cm™,
corresponding to water and ammonium cation in the materials
(Figure 2b). The amounts of sodium and ammonium in the
materials of Na—Mo-Zn oxide and NH,~Mo—Zn oxide were the
same (1.5 per one POM unit).

Micropores were constructed by cages and channels, and
the cages were connected with the channels in a tetrahedral
fashion to build a 3D pore system (Figure 1¢). The numbers of
cages and channels per one POM were 1 and 2, respectively.

Heat treatment could remove the existing water for Na—
Mo—Zn oxide and water and NH," for NH,~Mo—Zn oxide.
TPD-MS was applied to investigate desorption of guest

This journal is © The Royal Society of Chemistry 2012
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Table 1. Numbers of small molecules per one POM unit adsorbed in the materials at 100 kPa.

POM unit C02 CH4 C2H6 C3Hg
Cal-Na—Mo—Zn oxide ZnMo1,04¢ 1.84 0.86 1.04 0.11
Cal-NH;—Mo—Zn oxide ZnMo 1,049 1.44 0.89 0.99 0.16
Cal-NH,;—Na—Mo—Zn oxide ZnMo1,04¢ 1.58 0.63 0.63 0.30

number of molecule adsorbed =

The values were calculated by the equation:

molecules from the as-synthesized materials (Figure S10a,b).
The mass numbers m/z of 16 and 18 corresponded to ammonia
and water, respectively. In the case of NH,~Mo—Zn oxide, the
TPD-MS profile (m/z = 16) revealed only one peak with a peak
maxima at 600 K, indicating desorption of ammonia at 600 K.
Na—Mo—Zn oxide did not contain any ammonia in the structure.
After removal of ammonia from NH;~Mo-Zn oxide, protons
remained in the structure to make charge balance. There were
two water desorption peaks, peak maxima of which were at
about 400 K and 600 K, in both materials. For Na—Mo—Zn
oxide, Na’ could not be removed by heating and remained in
the structure after heating. TG-DTA profiles indicated the
weight loss of the materials during heating. The total weight
loss of Na—Mo—Zn oxide was 7.5% and of NH;~Mo—Zn oxide
was 10.7% (Figure S10c,d).

Thermal stability and hydrothermal stability

Thermal stability of the materials was tested. The materials
were calcined under N, flow (50 mL/min) for 2h at 473 K, 523
K, 573 K, and 623 K (NH,~Mo—Zn oxide only). The resulting
materials were characterized by powder XRD. Na-Mo—Zn
oxide was stable at 473 K, and it started to decompose at 523 K
as the diffraction peak of (111) decreased dramatically (Figure
S11A). Compared with Na—Mo—Zn oxide, NH,~Mo-Zn oxide
was thermally more stable, structure of which did not change at
523 K. Further heating would collapse the structure (Figure
S11B).

Hydrothermal stability of the materials was also tested.
The material (0.15 g) was dispersed in water (20 mL) followed
by introducing the mixture into a 50-mL autoclave, then the
autoclave was heated for 24 h at 373 K, 413 K, 448 K, and 503
K in an oven. XRD showed that the peak intensity of both
materials almost did not decrease after hydrothermal treatments,
indicating that the crystallinity of the materials did not
drastically decrease (Figure S11C, D). However, recovery rate
of Na—Mo—Zn oxide decreased with increase in the treatment
temperature, demonstrating that the material slowly dissolved
in water during the hydrothermal treatment (Figure S11E). In
the case of NH,~Mo—Zn oxide, the recovery rate of the material
was higher than that of Na—Mo—Zn oxide. The material was
stable under the hydrothermal condition below 448 K (Figure
S11E).

Both Mo—Zn oxides were thermally stable at 473 K
(Figure S11). It was found that calcination at 473 K for 2.5
hours under high vacuum could remove water and NH; without
collapse of the structure. The remaining guest molecules, water
in the calcined material of Na—Mo—Zn oxide (Cal-Na—Mo—Zn
oxide) and NH," and water in calcined NH,~Mo—Zn oxide
(Cal-NH,~Mo-Zn oxide), were estimated by TPD
measurement (Figure S12). In the case of Na—Mo—Zn oxide,
63% of the water was removed by heating. Heating of NH,—
Mo—Zn oxide removed 41% of the water and 65% of NH;. The
chemical formulas of Cal-NH;—Mo-Zn oxide and Cal-NH,;—
Mo—Zn oxide were estimated to be
Nal.sHl1.4[ZHHM0V11.1M0V10.9O40{Znuz}]'2H20 and

This journal is © The Royal Society of Chemistry 2012

adsorbed amount (cm3/g) x molecule weight of the material (g/mol)
22400 (cm?3/mol)

(NHy)o.sHo ¢[Zn™0Y ;M0 040{Zn",}1-:3.5H,0, respectively.
The amounts of guest species in the two calcined Mo—Zn
oxides was similar, 3.5~4 per one POM unit (Table S6).

Adsorption property

N, sorption measurements of both calcined oxides showed a
sudden N, uptake at very low relative pressure (p/py = 0.001),
indicating that the materials were microporous materials
(Figure S13a and Table S7). Pore size distribution calculated by
the SF method further demonstrated that both Mo—Zn oxides
were microporous materials (Figure S13b). The adsorption
properties of Cal-Na—Mo-Zn oxide and Cal-NH;—Mo—Zn
oxide were further studied by small molecule adsorption. The
materials selectively adsorbed different kinds of small
molecules based on the size of the molecules. Figure 4 shows
the adsorption isotherms of CH,, CO,, C,H,, and C3;Hg on the
materials at 298 K. The results indicated that the materials
adsorbed small molecules including CH4, CO, and C,H4 with
kinetic diameters of 0.38, 0.33, and 0.40 nm, respectively,
whereas a larger molecule of C;Hg with a kinetic diameter of
0.42 nm was not adsorbed by either of the materials.

Surface areas of the materials were calculated by the BET
method from CO, adsorption isotherms to be 88 m%g and 68
mz/g for Cal-Na—Mo—Zn oxide and Cal-NH;—Mo—Zn oxide,
respectively. Pore volumes for Cal-Na—Mo—Zn oxide and Cal—
NH,~Mo—Zn oxide were estimated by the DA method ** from
CO, adsorption isotherms to be 0.039 cm®/g and 0.033 cm*/g,
respectively. For Cal-Na—Mo-Zn oxide, about 1.84 of CO,,
0.86 of CHy, and 1.04 of C,Hg per one POM unit were
adsorbed. For Cal-NH,~Mo—Zn oxide, about 1.44 of CO,, 0.89
of CHy, and 0.99 of C,Hg per one POM unit were adsorbed
(Table 1).

Moreover, Mo—Zn oxide with NH," was obtained by ion-
exchange process (NH;—Na—Mo—Zn oxide). Here we used high
dosage of NH,CI to expect to replace all Na" in Na-Mo—Zn
oxide. XRD pattern and FT-IR spectra confirmed that the basic
structure of NH;~Na—Mo—Zn oxide was the same as other two
Mo-Zn oxide (Figure 2). The appearance of IR band at 1400
cm™' indicated that NH," was successfully introduced into Na—
Mo-Zn oxide. Elemental analysis demonstrated there was still
Na' in the material and the chemical formula of as-synthesized
NH;—Na-Mo—Zn oxide was
(NH4)1‘4N30‘1H1 1'4[ZnM012040 {an}]S.SHzo After CalCinatiOn
at 473 K (denoted as Cal-NH;—Na—Mo-Zn oxide), TPD-MS
(Figure S12d,e) indicated that the chemical formula of the
calcined material was
(NH4)1_4N30_1H11_4[ZHM012040{ZI]2}]'3H20 and most of I\”TL;r
remained.

Molecule adsorption was also carried out on Cal-NH,—
Na—Mo—Zn oxide, showing that the material could also adsorb
small molecules (Figure 4). Compared to other two Mo—Zn
oxides, the adsorption capacity of Cal-NH,—Na—-Mo—Zn oxide
was lower, which might be resulted from remaining NH," and
water in the Cal-NH;—Na—Mo—Zn oxide (Table S6). Therefore,
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we would like to use Cal-NH;—Mo—Zn oxide and Cal-Na—Mo—
Zn oxide for further experiments.
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Figure 4. Adsorption isotherms of (a and b) CO,, (c and d) CHy,
(e and f) C,Hg, and (g and h) C;Hg at 298 K, black: Cal-Na—
Mo—Zn oxide, red: Cal-NH;—Mo—Zn oxide, and blue: Cal—

NH,—Na—Mo—Zn oxide.

CO, and CH, adsorption. CO, uptake in both materials sharply
increased in the low pressure range (< 1 kPa), indicating that
both Mo—Zn oxides had strong interaction with CO,, and both
materials showed high CO, adsorption capacity (19 cm*(STP)/g
for Na-Mo—Zn oxide and 15 cm’(STP)/g for Cal-NH,~Mo—Zn
oxide at 100 kPa) (Figure 4a,b). In the case of CH, adsorption,
the molecule uptake in the low pressure range increased
gradually, indicating that the materials showed weaker
interaction with CH, than that with CO, (Figure 4c,d). Both
calcined Mo—Zn oxides adsorbed CO, at a low pressure (< 1

kPa), whereas they could not adsorb CH, at such a low pressure.

The enthalpy of adsorption by calculated with the
Clausius-Clapeyron equation, which is shown in Figure 5. The
enthalpy of CO, and CH, adsorption for Na—Mo—Zn oxide was
calculated to be 46~65 kJ/mol and 18~30 kJ/mol, respectively.
The enthalpy of CO, and CH, adsorption for NH;—Mo—Zn
oxide was calculated to be 35~45 kJ/mol and 25~30 kJ/mol,
respectively. The enthalpy of CO, adsorption in both materials
was higher than that of CH, adsorption, indicating that the
materials strongly interacted with CO, but weakly interacted
with CHy.

6 | J. Name., 2012, 00, 1-3

CO, adsorption isotherms of Cal-Na—Mo—Zn oxide and
Cal-NH;~Mo—Zn oxide were different. Cal-Na—Mo—Zn oxide
showed much higher adsorption capacity than that of Cal-NH,—
Mo-Zn oxide not only at a high pressure but also at a low
pressure (< 1 kPa), at which adsorption in micropores occurred
(Figure 4a,b). The enthalpy of CO, adsorption (Figure 5) for
Cal-Na-Mo—Zn oxide (46~65 kJ/mol) appeared to be higher
than that of CO, for Cal-NH;—Mo—Zn oxide (35~45 kJ/mol),
indicating that Na" in Cal-Na—Mo—Zn oxide showed stronger
interaction with CO, than did proton or ammonium cation in
Cal-NH,~Mo—Zn oxide.
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Figure 5. Enthalpy of CO, and CH, adsorption for Cal-Na—Mo—Zn
oxide and Cal-NH;—Mo-Zn oxide, black: Cal-Na—Mo-Zn oxide
adsorbed CO,, red: Cal-Na—Mo—Zn oxide adsorbed CH,, blue: Cal—
NH,~Mo-Zn oxide adsorbed CO,, purple: Cal-NH;—Mo—Zn oxide
adsorbed CH,.

On the other hand, adsorption isotherms of CH, in Cal—
Na—Mo—Zn oxide and Cal-NH,—Mo—Zn oxide were almost the
same. For both calcined Mo—Zn oxides, about 10 cm®/g of gas
molecule was adsorbed at 298 K and at 100 kPa. Enthalpy of
CH, adsorption for Cal-Na—Mo—Zn oxide (18~30 kJ/mol) and
that for Cal-NH,~Mo—Zn oxide (25~30 kJ/mol) was almost the
same. Therefore, Na' did not affect the adsorption of CH, in the
materials

It was reported that the electronic properties of CO, and
CH, caused the different adsorption behaviors. CO, has a large
quadrupole moment (13.4x10*° Cm?), whereas CH, is non-
polar. * The large amount of CO, adsorption and the strong
interaction of CO, with frameworks were attributed to large
quadrupole moment of CO, molecule, *” which resulted in a
relatively strong attraction to the electrostatic field of
frameworks. *® Cation species would have influence on the
adsorption of CO,. The effect of a cation is complicated. In
some reports, it was claimed that the enhancement of CO,
adsorption after introducing alkaline metal ions is due to
increase in the basicity of the material. ** In other reports, this
was ascribed to alkaline metal ions with high positive atomic
partial charge, which strongly interacted with CO,. *

In the present study, partial atomic charges of Na—Mo—Zn
oxide and NHy;—Mo-Zn oxide were analyzed by DFT
calculations, and the results are shown in Table S8 and Table
S9. Frameworks of the materials were covered with oxygen
atoms that were all negatively charged. Countercations such as
proton and Na' in the material were positively charged. This
framework would display an electrostatic field, and therefore

This journal is © The Royal Society of Chemistry 2012
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CO, would have stronger electrostatic interaction than CH,
with the framework. Furthermore, the atomic charge of Na" was
much higher than that of proton in the material, indicating
stronger interaction between Na'" and CO,.

Figure 6. Representations of adsorbed structures of Cal-Na—Mo—Zn
oxide from Monte Carlo simulation, upper: ball-and-stick
representations, lower: schematic representations. a) primitive cell
with cage A and cage B, b) Cal-Na—Mo—Zn oxide adsorbed first CO,,
¢) Cal-Na—Mo—Zn oxide adsorbed second CO,, d) Cal-Na—Mo—Zn
oxide adsorbed first CH,, and e¢) Cal-Na—Mo—Zn oxide adsorbed
second CH,, blue sphere: Mo, purple sphere: Zn, red sphere: O,
white sphere: H, gray sphere: C, and green sphere: Na.

Monte Carlo simulation. A primitive cell of Cal-Na—Mo—Zn
oxide contained 2 POM units of [ZnMo;,04] with 2 cages, 23
protons and 3 Na'. Assuming that Na" were located in two
cages of the material, one cage contains two Na' (cage A) and
another cage contains the other Na' (cage B) (Figure 6a).
Monte Carlo simulation was performed on Cal-Na—Mo—Zn
oxide to estimate affinity of CO, with Na". CO, was loaded one
by one during the simulation. It was found that the first CO,
was located in cage A and the second CO, was located in cage
B (Figure 6b and c). In cage A, these two Na ions were bridged
by CO, in a u-n'-n' fashion, as shown in Figure 6b and 6¢c. The

Table 2. CO,/CH, co-sorption in the mateials.

Journal of Materials Chemistry A
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distance between the Na' and the carbon atoms of CO, was
calculated to be 2.35 A, indicating that CO, strongly interacted
with Na' in cage A. Adsorption energies estimated by Monte
Carlo simulation for CO, in cage A (Figure 6b) and CO, in
cage B (Figure 6¢) were 53 and 41 kJ/mol, respectively. The
results of calculation were consistent with the observed trend of
adsorption enthalpy of CO, in the material. In the case of CHy,
CH, was firstly filled in cage B, because cage B had more
space and CH, had weak electrostatic interaction with Na"
(Figure 6d and e). Adsorption energies from Monte Carlo
simulation for CH, in both sites were 24 kJ/mol, also indicating
that CH, would weakly interacted with Na'.
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Figure 7. CO,/CH, co-sorption results of a) Cal-Na—Mo—Zn oxide at
high pressure, b) Cal-NH;~Mo—Zn oxide at high pressure, c) Cal-
Na—-Mo-Zn oxide at low pressure, and d) Cal-NH,~Mo—Zn oxide at
low pressure, black square: system total pressure (x-axis) and
adsorbed amount (y-axis), red cycle: CH, partial pressure (x-axis)
and adsorbed amount (y-axis), blue triangle: CO, partial pressure (x-
axis) and adsorbed amount (y-axis).

Co-sorption and separation experiment. CO, exists widely in
landfill gas. CO, selective adsorption from a CO,/CH, mixture
is of great importance for improvement of gas quality. Co-
adsorption experiments were carried out on Cal-Na—Mo—Zn
oxide and Cal-NH;—Mo—Zn oxide under both high pressures
(125.2 and 127.5 kPa of equilibrium total pressures) and low
pressures (1.5 and 1.6 kPa of equilibrium total pressures) at 298
K. The initial ratio of CO, and CH, was 40: 60, a typical
composition of biogas. According to the individual
adsorption isotherms, in the low pressure range, the materials
might show high separation efficiency of CO,.

Equilibrium total pressure, total adsorbed amount, CO,

entry Material p. (kPa) ratio in gas phase (%) ratio in adsorbed phase (%) CO, selectivity
° CO, CH, Co, CH,4
1 Cal-Na—Mo—Zn oxide 1.5 1.70 98.3 47.4 52.6 52
2 Cal-Na—Mo—Zn oxide  125.2 24.4 75.6 96.0 4.0 75
3 Cal-NH;—Mo—Zn oxide 1.6 7.80 92.2 47.7 52.3 11
4 Cal-NH;—Mo—Zn oxide 127.5 31.0 69.0 79.8 20.2 9

“These are 5th equilibrium data. b p. denotes the equilibrium total pressure.

This journal is © The Royal Society of Chemistry 2012
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and CH, partial pressures, and CO, and CH, adsorbed amounts
are shown in Figure 7. In the high pressure condition, both
materials adsorbed more CO, than CH,. When the materials
continued to be left under mixed gas pressure, they further
adsorbed CO,, while CH, desorbed from the materials (Figure
7a,b), indicating that adsorbed CH, was partly replaced by CO,.
Moreover, Cal-Na—-Mo—Zn oxide (15 cm’/g at the fifth co-
sorption equilibrium) tended to adsorb more CO, than did Cal—
NH;~Mo—Zn oxide (11
equilibrium). In the low pressure condition, the two materials

cm’/g at the fifth co-sorption

adsorbed similar amounts of CO, and CH,. With prolongation
of the adsorption process, Cal-Na—Mo—Zn oxide further
adsorbed CO, and concurrently desorbed CH,4, while Cal-NH4—
Mo—Zn oxide adsorbed both CH4 and CO, (Figure 7c,d).

CO, selectivity of the final equilibrium (5th equilibrium
data in Figure 7) for the material was calculated and
summarized in Table 2. Cal-Na-Mo—Zn oxide showed higher
selectivity of CO, adsorption than that of Cal-NH;—Mo-Zn
oxide under both high and low pressure conditions. Co-sorption
experiments demonstrated that Cal-Na—Mo—Zn oxide had
better performance of CO, separation than that of Cal-NH,—
Mo—Zn oxide.

Table S10 summarize the performance of different
adsorbents, such as zeolites, MOF materials, and other porous
materials, for CO, selective adsorption from CO,/CH,4 mixture.
CO, selectivity of Cal-Na—Mo—Zn oxide was higher than the
reported materials in Table S10, which indicated that Cal-Na—
Mo—Zn oxide was a good candidate for CO, selective
adsorption and separation.

Furthermore, Cal-Na—-Mo-Zn oxide was successfully
applied to GC separation of CO, from a CO,/CH, mixture. The
gas mixture (CO,: CH; = 1: 1) was injected into a gas
chromatograph equipped with a column filled with Na—Mo—Zn
oxide. As shown in Figure 8, CH,; and CO, were separated
within a few minutes at 363 K. The peak of CO, appeared
slower and was broader than that of CH,, indicating that the
material had stronger interaction with CO, than with CHy.

Methane

Carbon dioxide

5 10 15 20 25
Retention time (min)
Figure 8. Gas chromatograms of a gas mixture of CO, and CH,
separated on a column of Cal-Na—Mo—Zn oxide.

Conclusion

8 | J. Name., 2012, 00, 1-3

The materials of Cal-Na—Mo—Zn oxide and Cal-NH;—Mo-Zn
oxide adsorbed small molecules including CO,, C,Hg, and CHy.
Both oxides selectively adsorbed CO, from the CO,/CHy
mixture, because the materials showed higher adsorption
capacity of CO, than that of CH,. Cal-Na-Mo—Zn oxide
showed stronger interaction with CO, than Cal-NH;—Mo—Zn
oxide did, while both oxides showed similar interactions with
CH,4. Co-sorption experiments showed that selectivity of CO,
on Na—Mo—Zn oxide was higher than that on Cal-NH;—Mo—Zn
oxide. Cal-Na—Mo—Zn oxide was applied to GC separation,
and CO, could be efficiently separated from the CO,/CH,
mixture by using the material.
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