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Abstract Ion exchange was made on MCM-22 and MCM-
49 zeolites with different Si/Al molar ratios, with Lit, Nat,
K™, and Cs™ ions and the study of the influence of alkali
metal cations on CO; adsorption properties was performed.
The degree of ion-exchange decreased for larger cations
(Cs™) apparently due to steric hindrances. The exchange
with different cations led to a decrease in the surface area
and the micropore volume. Our study shows that the adsorp-
tion capacity of the tested zeolites depends significantly on
the nature and the concentration of the charge-compensating
cations. The highest CO; adsorption capacity was obtained
on the MWW zeolites with the lowest Si/Al molar ratio and
the Lit or K™ cations.

Keywords MCM-22 zeolite - MCM-49 zeolite - Alkali
metal cation exchange - Np and CO; adsorption

Abbreviations

Sger  BET surface area, m2/g
Sexternal €Xternal surface area, m2/g
Viotal  total pore volume, cm3/g
Vmicro micropore volume, cm3/g
Ky Henry’s constant, cm?/g STP

1 Introduction

Zeolites represent the most important group of inorganic mi-
croporous materials with molecular sieve properties. Their
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ordered pore structure makes them useful in the broad
range of industrial application widespread from detergents,
catalysts up to adsorbents (Tanabe and Holderich 1999;
Cejka and Wichterlova 2002).

MCM-22 is a novel molecular sieve that crystallizes as
aggregates of thin sheets or platelets, and has an unusual
crystal structure (Rubin and Chu 1990). Its framework topol-
ogy is comprised of two independent pore systems, both
accessible through 10-membered rings. One of these pore
systems is defined by two-dimensional sinusoidal channels,
which maintain 10-ring diameter throughout the structure.
The other consists of large supercages whose inner free di-
ameter, 0.71 nm, is defined by 12 rings with an inner height
of 1.82 nm (Leonowicz et al. 1994; Dorset et al. 2005).
MCM-49 molecular sieve exhibits XRD pattern nearly iden-
tical with that for MCM-22 but with subtle, distinct dif-
ferences in peak positions and intensities (Dorset 2003;
Lawton et al. 1996). These differences can be explained
by different synthesis procedures, while MCM-49 is pre-
pared by direct hydrothermal synthesis, MCM-22 is at first
prepared as layered precursor and three-dimensional struc-
ture is formed during the following calcination. The gen-
eral similarities in the XRD patterns suggest that the frame-
work topology of MCM-49 is isostructural with that of
MCM-22. However, MCM-49 generally has a lower Si/Al
ratio than MCM-22 (Kennedy et al. 1999; Santos Marques
et al. 1999).

While catalytic properties of MCM-22 zeolite have
been investigated in a number of reactions (Corma and
Martinez-Triguero 1997; Cejka et al. 2002; Ravishankar
and Sivasanker 1996), detailed adsorption studies are still
missing. This is despite the fact that the structural features
of MCM-22/MCM-49 zeolites make this MWW materi-
als family especially appealing for characterization stud-
ies. MCM-49 contains more aluminum in the framework
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than MCM-22; hence, MCM-49 should also contain more
cations than MCM-22. The concentration of cations and
their type influence the electric field inside the pores, as
well as the available pore volume. Cations are preferred ad-
sorption sites that are especially important for interacting
with polar or easily polarizable molecules (Kucera et al.
2004). Therefore, the extent or strength of adsorption of
molecules in zeolitic pores can be dominated by interac-
tions of the adsorbate with the electric field induced by the
cations.

Carbon dioxide is a prominent molecule for a systematic
investigation of the influence of the cations on the adsorp-
tion properties of zeolites because it possesses a quadru-
pole moment. The adsorption of CO, has been most fre-
quently studied on ion-exchanged zeolites A, X, and Y
(Delaval and De Lara 1981; Shiralkar and Kulkarni 1984;
Siriwardane et al. 2001; Maurin et al. 2005; Plant et al. 2006;
Walton et al. 2006). However, there has not been a system-
atic investigation of CO; adsorption on both MCM-22 and
MCM-49 zeolites containing alkali metal cations from Li™
to Cs™.

In this contribution we report on the study of the syn-
thesis and adsorption properties MCM-22/MCM-49 ze-
olites. The structural parameters of prepared materials
containing Lit, Nat, K, and Cs' cations were eval-
vated using X-ray powder diffraction (XRD) and nitro-
gen adsorption at —196°C. Particle morphology was de-
termined by scanning electron microscopy (SEM), chem-
ical composition of MCM-22/MCM-49 zeolites was de-
termined by X-ray fluorescence spectroscopy (XRF). An
investigation of the effect of alkali metal substitution on
adsorption properties of zeolites under study was per-
formed by means of measurement of CO» adsorption
at 0°C.

2 Experimental

Series of MCM-22 and MCM-49 zeolites with different
Si/Al ratios and different molar ratios of the organic cation
(Ro) to the inorganic cation (R;) have been synthesized
(Table 1). The sodium aluminate (50-56% Al,Os3,40-45%
NajO, Riedel-de Haén) and Cab-O-Sil M5 (Cabot GmbH)
have been used as a source of aluminum and silicon, re-
spectively. In all experiments, hexamethyleneimine (HMI,
Aldrich) was employed as a structure directing agent. More
specifically the MCM-22 sample with Si/Al = 15 and Ry/R;
= 3.5 was prepared in the following way: 0.84 g of NaAlO;
and 0.54 g of NaOH were dissolved in 125.0 g of H,O, and
then, 8.6 g of HMI and 9.2 g of Cab-O-Sil M5 were added
to this solution while stirring. After 60 min of stirring the re-
sulting gel was introduced into 250 ml Teflon lined stainless-
steel autoclaves. The crystallization took place under agita-
tion for 5 days at 150°C.

The solid product was washed out with distilled water un-
til pH < 9 and then dried overnight at 100°C. The removal
of the template was performed by calcination in air for
6 h at 540°C with a temperature ramping rate of 1°C/min.
Calcined samples were subsequently converted into alkali
ion forms by treatment with 1.0 M MNO3 water solutions
(M = Na™, K+, Cs*) or LiCl in the case of LiT form
(100 mL/1 g of zeolite). For this purpose 100 mL of the
solution was used per 1 g of the sample. The procedure was
repeated two times and each step took 8 h at 60°C. During
ion exchange modification the pH values of the ion exchange
suspensions were adjusted to the value of 9 with a 0.5 M
MOH or LiOH solutions.

All as-synthesized, calcined and ion-exchanged samples
were checked for their crystallinity and phase purity by
X-ray powder diffraction on a Bruker D8 X-ray powder dif-
fractometer equipped with a graphite monochromator and

Table 1 Synthesis conditions of MWW zeolite with different initial Si/Al molar ratio and different molar ratio of organic (R,) to inorganic

cation (Rj)
Sample Molar composition of initial gel Si/Alge| Ro/R; Product

NayO : Al;03 : SiO, : HMI : H,O
S001 0.052:0.038:1:0.56:45.38 10 2.9 MCM-22 4 amorph.
S002 0.047:0.049 :1:0.56 : 45.38 12 3.1 MCM-22 4 amorph.
S003 0.047:0.033:1:0.56: 45.38 15 35 MCM-22
S004 0.047:0.047 : 1:0.56 : 45.38 20 3.9 MCM-22
S005 0.047:0.016: 1:0.56 : 45.38 30 44 MCM-22
S006 0.047:0.012:1:0.56 : 45.38 40 4.7 MCM-22
S007 0.047:0.098 : 1:0.56 : 45.38 50 4.9 MCM-35
S008 0.093:0.043:1:0.56: 45.38 15 2.5 MCM-49
S009 0.120:0.043 : 1:0.56 : 45.38 15 2.0 MCM-49 + ferierite
S010 0.129:0.043 : 1:0.56 : 45.38 15 1.9 MCM-49 4 mordenite
S011 0.147:0.043 : 1:0.56 : 45.38 15 1.75 mordenite
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position sensitive detector (Vantec-1) using CuKe radiation
(at 40 kV and 30 mA) in Bragg-Brentano geometry. The
size and shape of synthesized materials were evaluated by
scanning electron microscopy images using a JEOL JSM-
5500LV instrument. To estimate the chemical composition
of synthesized zeolites and their ion-exchange forms the X-
ray fluorescence spectroscopy (Philips PW 1404) was em-
ployed.

Nitrogen and carbon dioxide supplied by Messer (Gries-
heim, Germany) were used as adsorptives. Adsorption
isotherms of nitrogen at —196°C (i.e. 77.35 K) and carbon
dioxide at 0°C (i.e. 273.15 K) on zeolites under study were
determined using an ASAP 2020 (Micromeritics) static vol-
umetric apparatus. In order to attain a sufficient accuracy
in the accumulation of the adsorption data, this instrument
is equipped with pressure transducers covering the 133 Pa,
1.33 kPa and 133 kPa ranges.

Before each adsorption measurement the sample was out-
gassed using a special heating program allowing for a slow
removal of most preadsorbed water at low temperatures.
This was done to avoid potential structural damage of the
sample due to surface tension effects and hydrothermal al-
ternation. Starting at ambient temperature the sample was
outgassed at 110°C (temperature ramp of 0.5°C/min) until
the residual pressure of 0.5 Pa was obtained. After further
heating at 110°C for 1 h the temperature was increased (tem-
perature ramp of 1°C/min) until the temperature of 250°C
was achieved. This temperature was maintained for 8 h.

3 Results and discussion

X-ray powder diffraction patterns of the MCM-22 materials
(Fig. 1) confirmed good crystallinity of the obtained MCM-
22 zeolites with Si/Al molar ratio between 15 and 40. For
Si/Al lower than 15 we observed a decreasing intensity of
the main diffraction lines characteristic for MCM-22 struc-
ture. The attempt to increase Si/Al molar ratio in the synthe-
sis gel to the value of 50 led to the formation of MCM-35
(Barrett et al. 1999), which does not belong to MWW family
of zeolites (Fig. 1).

In the range of Si/Al from 15 to 40 we did not observe any
changes in the intensities and line widths of the diffraction
lines for all as-synthesized as well as calcined MCM-22 ze-
olites. Therefore, we can conclude that there is no significant
influence of the Si/Al ratio in the initial gels as well as in the
final products on the resulting crystallinity of the final prod-
uct. This conclusion is in good agreement with the data of
scanning electron microscopy. SEM micrographs of the syn-
thesized samples show typical morphology for MWW mate-
rial (Corma et al. 1995), mostly forming sheets like discs or
agglomerates of several cross-linked discs. It is seen that the
resulting crystal size of ~1 um and crystal morphology in

Intensity, a.u.
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Fig. 1 X-ray diffraction patterns of the as-made MWW samples with
different Si/Al molar ratio in the initial gel and different molar ratio
of organic (R,) to inorganic cation (R;): a, Si/Al = 10, Ry/R; =2.9
(sample S001); b, Si/Al = 12, Ro/R; = 3.1 (sample S002); ¢, Si/Al
=15, Ro/R; = 3.5 (sample S003); d, Si/Al = 20, Ry/R; = 3.9 (sample
S004); e, Si/Al = 30, Ro/R; = 4.4 (sample S005); f, Si/Al =40, Ro/R;
= 4.7 (sample S006); g, Si/Al = 50, Ry/R; = 4.9 (MCM-35); h, Si/Al
=15, Ro/Ri=2.5 (sample S008)

the case of MCM-22 zeolite are not influenced by the initial
Si/Al molar ratio (Fig. 2).

MCM-22 is synthesized when the molar ratios of the or-
ganic template (R,) to the inorganic cations (R;) is higher
than 2.5. For Ry/R; ratio around 2.5, MCM-49 can be ob-
tained as a pure phase with good yields (Fig. 1). MCM-49
is isostructural zeolite with MCM-22, which is prepared di-
rectly by hydrothermal synthesis without formation of lay-
ered precursor in contrast to the synthesis of MCM-22 (Roth
2005). For lower Ry/R; ratios the samples obtain impuri-
ties like ferrierite and/or mordenite (for Ry/R; under 1.75).
MCM-49 can be obtained in very narrow range of Si/Al mo-
lar ratio.

When the initial molar ratio of organic cations to inor-
ganic cations is higher than 3.0, which is the case of MCM-
22 materials, the molar ratios of Si/Al in the initial gel corre-
spond well to Si/Al ratios obtained in the product (Table 2).
In the case of the zeolite MCM-49 it was observed that by
increasing the concentration of alkali metal cations in the
initial gel lower amount of silicon is incorporated into its
framework than in the case of MCM-22 (Table 2).

The XRD patterns of the ion-exchanged materials corre-
spond well to those obtained directly after calcination and
all exchanged forms were identified as well crystalline and
pure material possessing MWW topology (Fig. 3). It evi-
dences that ion-exchange process did not result in a struc-
tural transformation of MCM-22.

SEM pictures of the ion-exchanged MCM-22 samples
slightly differ from the images of MCM-49 exchanged sam-
ples. While the crystals of K and Cs-exchanged MCM-22

@ Springer



260

Adsorption (2007) 13: 257-265

Fig. 2 Scanning electron
micrographs of MCM-22 with
different initial Si/Al: A 15,

B 20, C30,D 40 and E
MCM-49 with initial Si/Al = 15

samples form almost spherical aggregates, the morphology
of the crystals of MCM-49 samples was preserved in all
modified samples (Fig. 4).

The degree of the ion exchange increased with increas-
ing Si/Al molar ratio in the MWW materials (Table 2). The
highest degree of ion exchange was achieved for Na™ forms
(ca. 80%). For K+ forms the exchange was incomplete and
it decreased stronger for Li* and Cs* forms. The individual
positions of alkali-metal exchanged MCM-22 and MCM-49
were not yet determined. Thus, we can only speculate that
some cationic positions are more or less specific for individ-
ual cations, which is known, e.g. in ferrierite (Nachtigall and
Bulanek 2006).

The nitrogen isotherms obtained for MCM-22/MCM-49
zeolites are shown in Figs. 5 and 6. The BET surface areas,
which agree well with the literature data (Rodriguez et al.
2000; Corma et al. 2001; Laforge et al. 2005), are summa-

@ Springer

rized in the Table 3. The surface area of MCM-22 zeolites
decreases with the increasing the Si/Al ratio. The surface
area of the Na-MCM-22/15 sample (542 m?/g) slightly dif-
fers from that of Na-MCM-49/15 (490 m2/g). It can be seen
from the data in Table 3 that the surface area the MWW ma-
terials decreases significantly after cation exchange in the
order of increasing weight of alkali metal cations. The only
exception is the case of Li™ form of MCM-22; the relatively
large decrease in the surface area could be caused by a de-
crease in the crystallinity as might indicate the X-ray dif-
fractogram in Fig. 3A.

All nitrogen isotherms recorded on MWW samples show
an H4 type hysteresis loop according to the IUPAC classi-
fication (Lowell et al. 2004). This type of hysteresis loop
is usually related to slit-shaped pores among plateled par-
ticles, which is the case of MCM-22 samples (Fig. 2).
The isotherms on MCM-22 and MCM-49 are very similar,
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Table 2 Chemical analysis of the MWW zeolites after ion-exchange
modification with different cations

Parent Zeolite Si/Al (XRF) M/Al (XRF)
S003 Na-MCM-22/15 13.5 0.83
S004 Na-MCM-22/20 19.2 0.85
S005 Na-MCM-22/30 30 0.92
S006 Na-MCM-22/40 39.2 0.94
S001 Li-MCM-22/15 14.4 0.56
S001 K -MCM-22/15 14.7 0.65
S001 Cs-MCM-22/15 14.2 0.53
S006 Li-MCM-22/40 39.6 0.58
S006 K-MCM-22/40 40.2 0.85
S006 Cs-MCM-22/40 39.6 0.55
S004 K-MCM-22/20 20.5 0.76
S005 K-MCM-22/30 31.6 0.91
S008 Li-MCM-49/15 114 0.56
S008 Na-MCM-49/15 11.6 0.75
S008 Cs-MCM-49/15 12.0 0.47

Table 3 Textural characteristic of the alkali cation exchanged MWW
materials

Zeolite Surface area Pore volume

Stotal Sexternal Viotal V micro

[m*g]  [m%/g] [em’/g]  [em’/g]
Na-MCM-22/15 542 145 0.54 0.17
Na-MCM-22/20 506 139 0.47 0.18
Na-MCM-22/30 481 99 0.38 0.19
Na-MCM-22/40 329 84 0.30 0.12
Li-MCM-22/15 466 140 0.52 0.16
K -MCM-22/15 479 141 0.53 0.17
Cs-MCM-22/15 423 133 0.47 0.14
Li-MCM-22/40 316 86 0.31 0.11
K-MCM-22/40 338 86 0.33 0.12
Cs-MCM-22/40 294 79 0.28 0.10
K-MCM-22/20 473 135 0.46 0.16
K-MCM-22/30 449 98 0.39 0.17
Li-MCM-49/15 476 103 0.43 0.18
Na-MCM-49/15 490 106 0.44 0.19
Cs-MCM-49/15 391 92 0.35 0.15

showing a marked hysteresis at high p/p, values, indicat-
ing small zeolite crystals (Figs. 5 and 6). The total pore vol-
ume was calculated from the amount of nitrogen adsorbed at
p/po ~ 0.99, the micropore volume and the external surface
area were determined using the t-plot method. The values of
the external surface area correspond to the small size of the
zeolite particles. The values of micropore volume decrease
after cation exchange, which is analogous to the changes of
the BET surface area.

Cs’ form

K" form

| S

Na® form

Intensity, a.u.

Li* form

calcined
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2Theta, °

B
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Fig. 3 X-ray diffraction of (A) MCM-22 and (B) MCM-49 samples
with initial Si/Al = 15 after ion-exchange modification with different
cations

For MCM-22/MCM-49 zeolites adsorption isotherms of
carbon dioxide at 0°C exhibit nonlinear concave decreas-
ing course, which is typical for strong interactions between
CO; and cations. Figure 7A shows carbon dioxide adsorp-
tion isotherms on Nat form of MCM-22 zeolite compared
with those obtained on zeolite MCM-49. Figure 7B presents
the dependence of adsorption capacity of CO, on the content
of K™ in MCM-22 with different Si/Al ratios. The clear de-
crease in the adsorption capacities is observed for MCM-22
with the initial Si/Al molar ratio equal 40. The samples with
Si/Al molar ratio in the range from 15 to 30 show almost the
same adsorption capacities. The highest CO, adsorption ca-
pacity, obtained on the Na-MCM-49/15 with Si/Al ratio of
15 reveals the influence of the cation content on the adsorp-
tion ability. As the type of cation influences both the electric
field inside the pores and the available pore volume, the ma-
terials with high cation content show clear dependence of
CO; adsorption on the cation nature (Fig. 8). The lowest ad-
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Fig. 4 Scanning electron micrographs of (I) MCM-22 and (II) MCM-49 zeolites with initial Si/Al = 15, after ion-exchange modification with
different cations: A =Lit, B=Nat, C=K*,D=Cs"

@ Springer
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Fig. 5 Nitrogen adsorption isotherms of Na-MWW zeolite with dif-
ferent Si/Al molar ratios
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Fig. 6 Nitrogen adsorption isotherms of MCM-22 zeolite with differ-
ent initial Si/Al after ion exchange modification with K™

sorption capacities were obtained for materials containing
the largest Cs™ cations.

The slope of the CO, isotherms (i.e. Henry’s constant
Ky = a/(p/po) in the low pressure region of p/py <
5-10~%is influenced by the nature of cations (Table 4). With
exception of the sample K-MCM-22/15 it can be observed
the similar tendency as in the case of NaX faujasites (Wal-
ton et al. 2006). The constant Ky attains the largest values
for the LiT and Cs™ forms of MCM-22 and MCM-49; the
smallest ones are obtained for Na* forms.
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Fig.7 Carbon dioxide adsorption isotherms of (A) MWW zeolite with
different Si/Al molar ratios and (B) MWW zeolite with different initial
Si/Al after ion exchange modification with K+

4 Conclusions

MCM-22 and MCM-49 zeolites were synthesized and ex-
changed with Li*, Na®, K¥, and Cs™ cations. All pre-
pared materials were characterized using powder X-ray dif-
fraction, scanning electron microscopy, X-ray fluorescence
spectroscopy, and nitrogen adsorption at —196°C. Adsorp-
tion equilibrium data were measured on all materials at 0°C
up to 101 kPa. The experimental results clearly reveal the
dependence of CO; adsorption on the amount and nature of
cations. The highest CO, adsorption capacity was obtained
on the Na-MCM-49/15 with Si/Al ratio of 15, the lowest ad-
sorption capacities were obtained for materials containing
the largest Cs™ cations.
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Fig. 8 Carbon dioxide adsorption isotherms of (A) MCM-22 ze-
olite with initial Si/Al = 15 after ion-exchange modification and
(B) MCM-49 zeolite with initial Si/Al = 15 after ion-exchange modi-
fication

Table 4 The Henry’s constants Ky for CO; adsorption isotherms on
ion-exchanged MCM-22 and MCM-49 zeolites

Zeolite 1073 Ky [cm®/g STP]
Li-MCM-22/15 30.7

Na-MCM-22/15 14.0

K-MCM-22/15 38.8

Cs-MCM-22/15 26.6

Li-MCM-49/15 443

Na-MCM-49/15 22.4

Cs-MCM-49/15 34.7
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