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ARTICLE INFO ABSTRACT

Keywords: A wide range of organic molecules covering benzene, dimethylbenzene, methoxybenzene, and dimethox-
Adsorption ybenzene, isopropylbenzene with different molecular diameters were covalently attached to the interior
Zeolite micropore walls of mordenite (MOR) zeolites to enable the systematic tuning of adsorption properties. The
Functionalization

formation of covalent bonds between internal oxygens of MOR and benzene carbon atoms were confirmed via
Rietveld refinement. The adsorption properties of the functionalized MORs were studied using CO3, CHy4, and No
adsorption isotherms under static conditions, and ideal adsorbed solution theory was used to predict MOR se-
lectivities for CO2 over CH4 and Na. The results showed that post-functionalization with organics remarkably
improved COy/CH4 and CO2/Ny selectivities, albeit at the expense of a slight concomitant partial loss of CO4
adsorption capacity. Among the functionalized zeolites, the MOR functionalized with isopropylbenzene (the
bulkiest moiety introduced) exhibited the highest selectivities (CO2/CH4 = 18.3, CO2/Ng2 = 59.9), which were
2.8 and 4.3 times higher, respectively, than those of pristine MOR (CO2/CH4 = 6.6, CO2/Ny = 14). Reduction of
effective micropore diameters by isopropylbenzene is responsible for the improved CO; adsorption selectivity.
We believe that the concept of tailoring the molecular-sieve properties of zeolites by organic functionalization
will open new opportunities for developing efficient molecular sieves for chemical separation processes.

Carbon dioxide
Methane

1. Introduction

Carbon dioxide (CO2) emission is a primary concern when consid-
ering the compositions of greenhouse gases released into the atmosphere
by industry, transport, and the energy-producing sector [1-3]. Tech-
nological research on CO; capture conducted during the last century
reduced environmental impacts by reducing the levels of noxious flue
gases before releasing them into the atmosphere. Technologies that
capture CO; are not only useful for the purification of natural gas [4-7],
but are also important in terms of converting CO- into useful products
[8,9]. The removal of CO5 from natural gas streams is an important topic

in research and industry in the context of producing methane (CHy)
streams containing lower CO; levels, and efforts are underway to
improve gas separation processes by devising efficient adsorbents. CO5
removal by amine absorption is the traditional method but is no longer
cost-effective due to high chemical and energy costs and the required
high-temperature regeneration. The pressure swing adsorption (PSA)
method is the best alternative to amine-based processes, but equilibrium
adsorption information is needed to enable the selection of appropriate
adsorbents for PSA. In this context, Ideal Adsorbed Solution Theory
(IAST), derived from single-component isotherms, was proposed by
Myers and Prausnitz [10] to predict selectivity for one gaseous
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component over others. This theory assumes that the adsorbed phase is
equally accessible to all compounds and is a temperature-invariant field.
Also, according to this theory, the adsorbed mixture for each solute
forms an ideal solution in equilibrium with the bulk (gas or liquid) phase
at constant diffusion pressure [10]. Adsorbent-adsorbate interactions
are of central importance when determining the equilibrium selectivity
for a particular gas, and these interaction forces are highly dependent on
the molecular natures of adsorbates and the surface of solid adsorbents.
In this regard, the surface of solid adsorbents such as carbon was
post-synthetically modified to enhance the CO5 adsorption performance.
[11-13].

Crystalline microporous materials with molecular-sieving capabil-
ities are candidate physical adsorbents [14-19], and zeolites are one of
the most widely used materials owing to their low costs and thermal and
hydrothermal stabilities. Zeolites are crystalline microporous alumino-
silicates, in which tetrahedral SiO4 and AlO4 species are
three-dimensionally interconnected through bridging oxygens to form
porous structures with uniform micropores. Zeolites are potential can-
didates for CO4 capture applications at the bench and industrial scales
due to their physical properties, including high porosity, molecular scale
pore dimensionality, and intrapore ion-exchange ability. Zeolites can
form many different crystal structures depending on how TO4 (T = Si or
Al) units are connected, and so far, more than 200 crystal structures
have been discovered [20-25]. Mordenite (MOR) is a well-known
zeolite and contains unidirectional array of microporous channels
along its ¢ axis. The aperture of each channel is formed by a 12-oxygen
ring of diameter of ~ 7 A [26-30]. In addition, MOR has a high ion
exchange capacity for metal cations due to its low Si/Al ratio [27].

Modifying porous materials by attaching differently sized organic
molecules provides means of improving the molecular-sieve properties
of zeolites [31]. The use of organosilane or tetraorthosilicate as grafting
agents involves condensation reaction between these agents and sub-
strate =Si—OH groups [32]. However, functionalization performed
using this method is limited to the outer crystal surfaces of zeolites and
does not affect inner micropores [33], because the molecular dimensions
of organosilanes are much larger than those of zeolite pores, which
prevents organosilanes from accessing micropores [31]. As a result,
organic functionalization of microporous zeolites has been considered
ineffective, and few studies have been conducted on post-synthetic
modifications of zeolite micropores. On the other hand, a study has
drawn our attention that organic moieties can be attached to zeolite
micropore walls using organic diazonium derivatives as grafting agents
34 This method of post-synthetic functionalization enabled the
molecular-sieve properties of zeolites to be fine-tuned and resulted in a
dramatic enhancement of ethylene selectivity over ethane. Here, we
extended this concept of tailoring the molecular-sieve properties to
improve the CO,/N3 and CO5/CH4 separation processes. Based on the
calculation of the gyration radius for various organic molecules, five of
them with different gyration radius were chosen as the grafting agents
for zeolite functionalization. MOR zeolites were then functionalized
with various organic groups of different molecular sizes for tuning its
adsorption properties (Scheme 1), and these were studied using COs,
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CH4, and N, adsorption isotherms under static conditions. MOR zeolite
was chosen based on our previous report, in which a zeolite with
1-dimensional channel system (MOR, LTL) is more sensitive than
3-dimensional channel zeolites (e.g., FAU), in terms of tailoring the
molecular sieving effect by organic post-functionalization. Ideal adsor-
bed solution theory (IAST) was applied to isotherm data to obtain pre-
dicted selectivity of CO5 over CH4 and No.

2. Materials and methods
2.1. Materials

Mordenite zeolite (CBV10A, Na' form, SiAl = 6.5) was purchased
from Zeolyst International (USA), acetone (99.5%), and benzene
(99.5%) from Samchun Chemicals (South Korea), and tetrafluoroboric
acid solution, ethanol, and aniline from Sigma-Aldrich (USA). 4-Methox-
ybenzenediazonium tetrafluoroborate was purchased from TCI (Japan).
Benzene diazonium derivatives were synthesized according to a previ-
ous work [34], except that 4-methoxybenzenediazonium tetra-
fluoroborate was purchased from Alfa Aesar (USA).

2.2. Post-functionalization of MOR zeolites

MOR was degassed for 4 h and was immediately dispersed in 10 g of
benzene. Subsequently, to this solution, 20 wt% of diazonium derivative
was added. The resulting solution was stirred at room temperature for
2 h, heated to 343 K for 8 h, filtered, washed with benzene, and dried at
353 K overnight. To completely remove benzene and residual benzene
diazonium derivate, samples were washed with methanol and then dried
in a vacuum oven at 363 K overnight.

2.3. Characterization

N adsorption/desorption isotherms at 77 K were obtained using a
Micromeritics Tristar 3020 analyzer (USA). Before measurement, sam-
ples were degassed at 523 K for 4 h. The Brunauer-Emmett-Teller (BET)
equation was used to calculate surface areas using an adsorption branch
at a relative pressure (P/Py) of 0.05-0.3. CO, and N adsorption iso-
therms at 283 K and 293 K, respectively, were obtained using a Belsorp
mini II (Japan). Thermogravimetric analysis (TGA) data were obtained
using a Bruker TG-DTA2000SA instrument (USA). Elemental analysis
(EA) was performed using a FlashSmart™ elemental analyzer (Thermo
Scientific, USA). X-ray diffraction (XRD) patterns were obtained using a
Rigaku Miniflex instrument (Japan) and a Cu Ka source (A = 0.154 nm)
at 30 kV and 15 mA.

2.4. Radius of gyration

Radii of gyration, Rg, of functional groups were calculated from
atomic coordinates. As a first step to calculate Rq values, the coordinates
of the center of masses of functional groups were calculated using the
following Eq. (1),

2.136 A 2.301 A
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Scheme 1. Schematic illustration of tuning the effective pore size of zeolite by postsynthetic modification with various organic groups having different molecular

sizes. The Arabic numeral below the organics indicates their radius of gyration.
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where X, Yem and zq,, are the x, y and z coordinates, respectively, of the
center of mass of a functional group, n is the number of atoms in the
atomic coordinates, m; is the atomic mass of the ith atom, x;, y;, and z; are
the x, y, and z coordinates of the ith atom, respectively. Then, Rq values
were calculated using the following Eq. (2):

S {6 = %)+ i~ yon) + (s — 2o’}
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2.5. IAST selectivity

Ideal CO; selectivities in CO,/CH4 and COy/N3 mixtures were
calculated using the pyIAST program in the Python package. To calcu-
late selectivities, pure-component adsorption isotherm data obtained
using the Belsorp mini II instrument were used. CO, adsorption data
were fitted using the dual-site Freundlich and BET model, and N, and
CH4 adsorptions were fitted using the single-site Freundlich model,
because of the small numbers of molecules adsorbed. [35].

3. Results and discussion
3.1. Characterization of the organic-functionalized MOR zeolites

MOR zeolite is composed of 12-member rings (12 MR) channels
orientated in the c-direction [26]. These channels have elliptically
shaped pore orifices of diameters of 6.5 and 7.0 A (Fig. 1). Along the
channel system, Na* cations are distributed as compensation cations to
balance the negative charge of the zeolite framework, and they might be
located nearby T3 and T4 sites of MOR zeolites according to the sug-
gestion by Bodart. [34].

Commercially available MOR zeolite (CBV 10 A; denoted by
uf MOR) was functionalized with benzene molecules using phenyl dia-
zonium tetrafluoroborate as the grafting agents in acetonitrile, as pre-
viously described [34,36,37]. The resulting zeolite is denoted by
Ph_f MOR. The powder XRD patterns of uf MOR and Ph_f MOR showed

Al (T3 site)

Al (T4 site)

@ O atom
@ sior Al atom

Fig. 1. MOR structure showing 12 MR channel in the plane perpendicular to
the c-axis.
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that no conspicuous loss of zeolite crystallinity is observed after func-
tionalization (Fig. S1), and elemental analysis showed that Ph_f MOR
(Table S1) contained 1.29 wt% carbon.

Covalent attachment of Ph to MOR micropores was confirmed by
solving the crystal structure of Ph_f MOR using synchrotron powder XRD
data and Rietveld refinement (Fig. 2 and Table S2). According to the
obtained structure, the length of the bond between Ph carbon and
bridging oxygen of 12 MR was 1.52 A (Fig. 2e). The paraffin C-O bond
length (1.43-1.60 A) ensured that Ph-groups were covalently bonded to
12 MR oxygens of MOR. Various organic molecules with different gy-
ration radii were attached to MOR micropores using appropriate dia-
zonium benzene derivatives (see Fig. S2a for their molecular structures).

This functionalization was performed based on the assumption that
the grafted organic molecules might tune zeolite adsorption properties
by reducing the sizes of micropores in a predictable manner. To tune the
effective pore diameters in a systematically way (Scheme 1), five organic
molecules having different radius of gyration were selected (Fig. S2b).
To minimize the effect of chemical interaction between CO5 and func-
tional group, polar functional groups such as -NHp, -SH, -OH and -COOH
were excluded. The functionalized MOR produced are denoted by
X_f MOR, where X is the functionalizing entity, e.g., 4-methoxybenzene
[MeOPh], di-methyl benzene [(Me)oPh], di-methoxy benzene
[(MeO)sPh], or isopropyl benzene [iPrPh].

The N2 adsorption-desorption isotherms of uf MOR and X_f MORs
showed that after functionalization, Ny adsorption into zeolite micro-
pores was negligible (Fig. S3). The surface areas of uf MOR, Ph_f MOR,
(Me)oPh_f MOR, MeOPh_f MOR, (MeO),Ph_f MOR, and iPrPh_f MOR
were 468, 32.2, 17.4, 12.9, 14.7, and 24.3 m> g’l, respectively. The
surface areas of functionalized MORs are significantly smaller than that
of uf MOR, indicating their micropore diameters were severely reduced,
which limited Nj-adsorption at cryogenic temperatures [31]. The car-
bon contents of functionalized MORs are provided in Table S1. In
addition, TGA curve for Ph_f MOR shows the first detectable weight loss
at 450 K and a second one at 750 K. The former loss weight loss is
associated with the desorption of water and the latter one is attributed to
the decomposition of organic molecules. The weight loss at such high
temperature confirms the presence of strongly linked organic reagents in
the zeolite framework (Fig. S4).

3.2. Gas adsorption properties of functionalized zeolites

Five functionalized MORs, that is, Ph_f MOR, (Me)2Ph_f MOR,
MeOPh_f MOR, (MeO)5Ph_f MOR, and iPrPh_f MOR, were prepared and
sorption isotherms were obtained at 288 K and 298 K to investigate the
effect of functionalization and consider potential applications in terms of
CH4, CO2, and Ny adsorption (Fig. 3). To show the difference in gas
adsorption more clearly, the expanded image of CH4, CO5, and Ny iso-
therms for functionalized MORs are displayed in Fig. S5. For all func-
tionalized MORs, adsorption increased with increase in pressure and
decreased with increase in temperature (at 298 K vs. 288 K) for COs,
CH4, and Nz.

CH4 adsorptions of functionalized MORs were examined at 288 K
and 298 K (Fig. 3a and b). Adsorption capacities were from 0.88 to
0.98 mmol g~ ! at 288 K and 0.59-0.62 mmol g~ at 298 K, except for
MeOPh_f MOR, which had a higher capacity of 0.74 mmol g~ * at 298 K.
The order of CH4 adsorption at 288 K was; Ph_f MOR > (Me),Ph_f MOR
> (MeO),Ph_f MOR = iPrPh_f MOR > MeOPh_f MOR. N, adsorption
capacities of Ph_f MOR, (Me)Ph_f MOR, MeOPh_f MOR, (MeO),Ph f -
MOR, and iPrPh_f MOR for the same adsorbents varied between 0.32
and 0.49 mmol g! at 288 K and 0.28-0.4 mmol g~ ! at 298 K (Fig. 3¢
and d). N, adsorptions at 288 K followed the same order as those for
CH4, though adsorption capacities were slightly lower, which we believe
were due to the different polarizabilities of Ny and CH, (17.4 x10%° cm®
vs. 25.9 x10%° em®) [33].

CO-, adsorption isotherm of the five functionalized adsorbents were
obtained under the same experimental conditions used for CH4 and Ny
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Fig. 2. Synchrotron powder X-ray diffraction patterns for (a) uf MOR and (d) Ph_f MOR and the corresponding crystal structures obtained by Rietveld refinement on

(b, ¢) uf MOR and (e, f) Ph_f MOR.

(Fig. 3e and f). uf MOR had CO, adsorption capacities of 3.3 and
3.2 mmol g~! at 288 K and 298 K and Ph_f MOR had values of 2.1 and
1.9 mmol g}, respectively. The CO, adsorption capacities of the other
functionalized adsorbents varied from 2.1 to 2.2 mmol g~ ! at 288 K and
1.8-2.1 mmol g~ * at 298 K. When CO isotherms were compared with
Ny and CH4 isotherms, COy adsorption capacities were greater than
those of CH4 and Na presumably because CO, molecules are linear and
have a smaller kinetic diameter and higher critical temperature
(304.12 K) than CH4 (190.56 K)/ N5 (126.2 K). Furthermore, CO5 has a
high polarizability and a quadrupole moment as well.

3.3. Ideal adsorption solution theory (IAST) selectivity of CO2 over CHy4
and N,

IAST selectivities of CO5 over CH4 and N, were derived from the N,
CHg4, and COy, static isotherms. Fig. 4a shows the calculated CO; selec-
tivities of uf MOR and f MOR at 298 K for a gas mixture containing
15 vol% CH4 and 85 vol% Ny from 0 to 101 kPa. All f MOR samples
exhibited higher CO5 selectivity compared to uf MOR. Specifically, the
order of CO, selectivities at 10 kPa for the functionalized MORs and
uf MOR was; iPrPh f MOR (18.3) > (Me);Ph fMOR (17.4)
> (MeO)sPh_f MOR (13.4) > MeOPh_f MOR (12.7) > Ph_f MOR (12.6)
> uf MOR (6.6). Furthermore, COy IAST selectivities gradually
increased with increase in pressure (Fig. 4a).

In the case of IAST selectivities of CO5 over Ny at 10 kPa, iPrPh f -
MOR also exhibited the highest IAST selectivity of 59.9, and decreased
in the order of (Me)sPh fMOR (55.4) > (MeO);Ph f MOR (47.2)
> Ph_f MOR (41.3) > MeOPh_f MOR (36.9) > uf MOR (14) (Fig. 4b).
Similarly, CO/Nj selectivities increased with the total pressure. This
result indicates that the partial blocking of MOR micropores by organic

molecules enhanced the CO2/CH4 and CO3/N> separation performance
and the degree of improvement is likely relevant to the size of func-
tionalized organic molecules. That is, the attachment of bulky organics
is more effective for enhancing the selective adsorption of CO5 over CHy4
and Njy. The COy/CH4 and CO2/Nj selectivity value of functionalized
MOR samples prepared in this work was compared with the previously
reported adsorbents in Table S4.

4. Conclusions

The inner channels of MOR zeolites were successfully functionalized
with organic molecules of various sizes using diazonium derivatives. The
introduction of organic molecules into zeolite micropores enhanced
separation performance for gas molecules with sizes closer or similar to
the pore sizes altered by functionalization. This approach enabled the
adsorption properties of commercial MOR zeolites to be predictably
tuned. CO5, CHy, and Ny adsorption isotherms were examined at 288 K
and 298 K. Compared with pristine MOR, functionalized MORs adsor-
bed smaller amounts of CO5, N3 and CHy4. On increasing the temperature
to 298 K from 288 K, adsorptions decreased because the equilibrium
shifted toward desorption. Calculated IAST selectivity was successfully
applied to simulate adsorption equilibria for uf MOR and f MOR in COy/
CH4 and COy/N;y mixtures. The highest CO2 selectivity for COy/CHy4
mixture was observed for iPrPh_f MOR (18.3), while that for CO5/Ny
mixtures was highest for iPrPh_f MOR (59.9), which was about 4.3 times
greater than that of pristine MOR. These observations show that func-
tionalization with organic molecules having larger radii of gyration re-
stricts the diffusion of gas molecules into zeolite micropores. In addition
to the change in size of pore aperture, a wide range of organic functional
groups can be covalently attached onto the micropore walls to tailor the
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Fig. 3. Adsorption isotherms of CHy4 (a-288 K, b-298 K), N, (c-288 K, d-298 K), and CO, (e-288 K, {-298 K) on uf MOR, Ph_f MOR, MeOPh_f MOR, iPrPh_f MOR,

(Me),Ph_f MOR, and (MeO),Ph_f MOR.

surface properties. Through the synergistic effect between molecular
sieves and organic functional groups, the described concept provides
means of producing zeolite adsorbents that selectively adsorb targeted
gas molecules.
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