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Abstract The crystallization of low-silica X (LSX) zeo-
lite with FAU topology was examined under hydrothermal
synthesis conditions. PXRD was employed to follow the
evolution of the long-range ordering of the gel. Raman
spectra provided information on various ring and cage
species existing in the gel. 2’Al and *Si solid-state NMR
spectroscopy was utilized to monitor the change in local
environment of tetrahedral sites. The results indicate that
an amorphous aluminosilicate phase was formed immedi-
ately upon mixing different reactive species. Hydrothermal
treatment led to the formation of sodalite-cage like species
and the species with larger cavities, joint four-member
rings (4Rs) and branched 4Rs, which are the structural
building units of the FAU framework. These units were
assembled into the crystalline structure of LSX zeolite.
**Na and K solid-state NMR results show that the
transformation process was accompanied by the changes of
the local structure of hydrated Na™ and K™ ions. The two
types of cations may work synergistically to template the
crystallization of LSX zeolite.
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1 Introduction

Zeolites are crystalline microporous aluminosilicates with
three-dimensional framework formed by connecting SiO4
and AlQ, tetrahedra. There is a negative charge associated
with every Al atom, which is balanced by an exchangeable
cation, thus resulting in a neutral structure [1, 2].
Depending on their structures and compositions, zeolites
have been widely used in industry as catalysts, adsorbents,
and ion exchangers [3]. There are 225 types of zeolitic
topologies identified [4], but only a limited number of them
have exhibited practical applications [5]. Zeolites with
faujasite (FAU) structure are one of the most important
zeolitic materials.

The FAU framework (Scheme 1) consists of two inter-
connecting 3D networks of cavities with the larger ones
(supercages) of a free diameter of about 13 A and smaller
ones (sodalite or B cages) of a free diameter of about 7 A
[6]. By virtue of Si content, faujasite zeolite is categorized
into two kinds: zeolite X having a Si/Al atomic ratio
ranging from 1.0 to 1.5 and zeolite Y having a Si/Al atomic
ratio above 1.5 [7]. The application of faujasite zeolites in
base-catalyzed reactions depends on their negatively
charged framework. Alkali ion-exchanged faujasite zeo-
lites exhibit basicity, and the basicity increases with de-
creasing Si/Al ratio due to the increased number of cations
in the framework [8]. Low-silica X (LSX) zeolite has a Si/
Al ratio of from 1.0 to about 1.1, and therefore, the max-
imum possible number of exchangeable cations [6, 9]. Due
to its high extra-framework cation content, LSX zeolite is
also one of the best sorbents in industry used for N,/O,
separation in air by adsorption processes [10, 11].

To date, much data has been obtained on the synthesis,
characterization, and application of LSX zeolite [12-32].
Kiihl has found that pure LSX zeolite can only be obtained
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Scheme 1 Structure of the FAU framework

when the reaction mixture contains both sodium and
potassium ions [33]. The K/(Na + K) ratio is a critical
factor for the synthesis of LSX zeolite [34]. The growing
applications of LSX zeolite require a better understanding
of its nucleation and crystal growth process. Li et al. [35-
37] previously took advantage of in situ and ex situ UV
Raman techniques to probe the formation process of zeolite
X (Si/Al atomic ratio is between 1.1 and 1.5). They pro-
posed that the crystalline zeolite X framework was formed
via the assembly of four-membered rings (4Rs) and 4R
branched derivatives in the solid phase and monomeric
silicate species in the liquid phase. Later Depla et al. [38]
carried out in situ studies of the crystallization of LSX
zeolite by simultaneous UV Raman and X-ray diffraction
(XRD) measurements. They pointed out the existence of
4Rs and 6Rs in the amorphous gel at an early stage of
crystallization. By adding K* ions into the synthetic so-
lution, Iwama et al. [34] proposed that K* ions play a
strong salting-out effect during the formation of LSX
zeolite and prevent aluminosilicate precursors from
assembling into zeolite A (LTA framework, also composed
of sodalite cages connected by double 4Rs). In spite of
much progress in studying the self-assembly process of
LSX zeolite, detailed knowledge of its crystallization
process is still lacking. For instance, Na* and K% ions are
considered to play a structure-directing role in the forma-
tion of many zeolites [39]. The chemical environments of
the two types of cations during the crystallization of LSX
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zeolite, however, have not been studied. Here, we report
our recent work on the investigations of the crystallization
of LSX zeolite. Relations between the structures of the
intermediates and the local environments of 2’Al, 2°Si,
*Na, and *K nuclei were probed by solid-state NMR
spectroscopy in combination with other characterization
techniques such as powder XRD and Raman spectroscopy.

2 Experimental
2.1 Sample preparation

LSX zeolites were synthesized by using the method re-
ported by Kiihl [33]. The reagents were sodium aluminate
(Strem Chemicals, ca. 92 wt% NaAlO,), sodium hydroxide
(Caledon Laboratory Chemicals, ca. 97 wt%), potassium
hydroxide (BDH, ca. 85 wt%), and sodium silicate
(Aldrich, ca. 7 wt% Na,O and 27 wt% SiO,). The initial
gel composition was 5.5 Na,0:1.65 K,0:1.0 Al,03:2.2
Si0,:122 H,0.

A typical procedure for hydrothermal synthesis of LSX
zeolite gel samples was the following: 13.0 g potassium
hydroxide, 8.7 g sodium hydroxide, and 34.4 g water were
combined and subjected to vigorous stirring for 10 min.
Separately, 7.2 g sodium aluminate and 20.4 g water were
mixed and added to the former mixture after being stirred
for 5 min. Subsequently, a mixture of 19.6 g sodium sili-
cate and 20 g water was added. The final solution was first
stirred at room temperature for 10 min and then transferred
into several polypropylene bottles, which were capped and
sealed with paraffin films (referred to as the initial gel).
After static aging in an oven at 343 K for 3 h, crystal-
lization was carried out at 373 K for different times. The
bottles were taken out of the oven and quenched in cold
water after specified lengths of time. The product in each
autoclave was filtered and the solid phase was washed by
using 0.01 M sodium hydroxide instead of water to avoid
over washing and hydrolysis [32]. The solid materials
which are intermediates were then dried in air at room
temperature and kept in tightly sealed glass vials for
analysis.

2.2 Characterization

PXRD patterns were recorded on a Rigaku diffractometer
using Co Ko radiation (4 = 1.7902 A). Raman ex-
periments were carried out with a customized Raman mi-
crospectroscopy system. A 514 nm line produced from an
Ar™ laser (Coherent Inc.) was used as the excitation source.

The resolution was 0.1 cm™".
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The NMR experiments were carried out on a Varian/
Chemagnetics Infinityplus 400 WB spectrometer equipped
with three rf channels operating at the field strength of
9.4 T. The Larmor frequencies of 'H, 2Na, ?’Al, and *°Si
were 399.5, 105.7, 104.1, and 79.4 MHz, respectively. The
chemical shifts of 23Na, 27A1, and 2°Si were referenced to
1 M NaCl (0 ppm), 1 M AI(NO3); (0 ppm), and tetrak-
is(trimethylsilyl)-silane (SiMes, —9.9 ppm with respect to
liquid tetramethylsilane) [40]. Depending on the require-
ments of individual experiment, three MAS probes were
used (a Varian/Chemagnetics 7.5 mm, a 4.0 mm H/X/Y
triple-tuned T3 MAS, and a 5.0 mm H/F/X/Y triple-tuned
MAS probe). Both the **Na and ?’Al MAS spectra were
acquired using a very small pulse angle with a pulse delay
of 1 s. For the °Si MAS experiments, a 45° pulse was used
with a pulse delay of 60 s.

For selected LSX intermediate gel samples, *’K NMR
experiments were carried out at 21.1 T on a Bruker Ad-
vance-900 spectrometer at the National Ultrahigh-Field
NMR Facility for Solids in Ottawa, Canada. The Larmor
frequency of *’K is 42.0 MHz. The chemical shift was
referenced to 1.0 M KCl (aq) in H,O. The spectra were
acquired using a 7.5-mm H/X MAS Bruker probe with a
spinning speed of 5 kHz. *’K NMR parameters, including
Co. 1o, and i, were determined by analytical simulations
of NMR spectra using the WSOLIDS simulation package
[41]. The experimental error for each measured parameter
was determined by visual comparison of experimental
spectra with simulations. The parameter of concern was
varied bidirectionally starting from the best-fit value and all
other parameters were kept constant, until noticeable dif-
ferences between the spectra were observed.
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3 Results and discussion

Figure 1 shows the powder XRD patterns of LSX gel
samples recorded as a function of crystallization time. For
the initial gel and samples heated for <3.2 h, all of the
powder XRD patterns look identical and only contain a
broad signal in the middle 26 angle range, suggesting the
amorphous nature of these solid samples. After heating the
initial gel for 3.3 h, the corresponding XRD pattern shows
several very weak reflection peaks whose positions coin-
cide with the reflections of pure crystalline LSX zeolite
[42]. This indicates that part of the amorphous phase has
evolved into microporous FAU framework. Upon heating
the gel for 3.5 h or longer, pure LSX zeolite with high
crystallinity was yielded.

Based on vibrational motions of zeolite framework,
Raman spectroscopy can provide structural information
regarding ring sizes present in the intermediates [43, 44].
Therefore, it was used to monitor the development of pore
openings during the formation process of LSX zeolite in
this study (Fig. 2). The Raman spectra of zeolite X (Si/Al
ratio is above 1.1) were previously reported by Li et al. [35,
36]. As zeolites LSX and X have the same framework
topology, the assignments of the Raman bands were made
mainly on the basis of their work. The bands at 500, 575,
and 850 cm ™" in the initial gel, which are not characteristic
Raman signals of LSX zeolite, suggest the presence of
four-membered rings (4Rs) and 4R structures with bran-
ched chains (see Scheme 2 for illustrations). The bands
observed at 1024 and 1060 cm™' can be attributed to the
T-O-T (T = Si, Al) asymmetric stretching mode [45, 46].
Further, the band at 1060 cm™' may also result from
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Fig. 1 Powder XRD patterns of LSX gel samples
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Fig. 2 Raman spectra of selected LSX gel samples. The asterisk is
due to the background signal from glass slide
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gel samples below 3.3 h

joint 4R units

_~ OH
(HO),Si— Al— Si(OH),

(HO),Si—— 5'\_ Si(OH),
OH

branched 4R

3.5 h and above

single 4R (not present)

_~ OH

(HO),Si— Al— si (HO),Si— AI(OH),

(HO),5i— Si(OH), (HO),5i— Si(OH),

Scheme 2 An illustration of crystallization process of LSX zeolite and possible species in the gel

CO5”~ formed by the reaction of excess NaOH in the initial
gel with ambient CO,. Its presence, however, has no in-
fluence in other species in the gel [47].

After 3 h of heating under hydrothermal conditions, a
broad band at 1010 cm ™' became visible. This band was
also present in the initial gel, but buried under the
1024 cm™" signal. Observing this band is indicative of
presence the species such as sodalite cages [35, 36]. This
result suggests that few complete or nearly complete so-
dalite cages were formed immediately when aluminum and
silicon sources were mixed together. After heating the
initial gel for 3.3 h, the broad band at 500 cm~! became
sharper and shifted to 512 cm_l, and this band is charac-
teristic of the 4R breathing vibration mode for crystalline
LSX zeolite. Further, two new weak bands at 290 and
381 cm™', which are assigned to the bending mode of
double six-membered rings (D6Rs) [48] appeared. The
band at 460 cm ™' results from the deformation of the T—
O-T angle of 4Rs adjacent to K™ ions [38]. These changes
indicate that sodalite cages were connected via D6Rs to
form crystalline LSX zeolite. Agreeing with the powder
XRD pattern, this reveals the beginning of the crystal-
lization. Upon heating the gel for 3.5 h or longer, the Ra-
man bands remained unchanged. They are identical to the
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Raman signatures of the LSX framework [38]. The new
band at 723 cm ™' is due to the symmetric T-O stretches
[38]. The intensities of the bands at 1024 and 1060 cm ™!
decreased a lot and two new bands at 951 and 982 cm™'
appeared, all of which are assigned to the asymmetric T-O
stretches of TO4 units [49]. The band between 900 and
1250 cm ™! is very sensitive to the Si/Al ratio of the zeolite
framework [49]. The presence of the four bands in this
region suggests that the as-synthesized FAU framework
has the Si/Al ratio of around 1 [49], which is consistent
with our *°Si magic-angle spinning (MAS) NMR results
(see discussions below). Further, the band at 575 cm™!
appeared at the very beginning of the crystallization pro-
cess and then disappeared when the bands at 290 and
381 cm™ " appeared (3.5 h sample). This suggests that the
branched 4Rs were closely related to the formation of
D6Rs, and that the latter was formed from the assembly of
the former [36].

Raman spectra indicate that small fragments existed
during the crystallization of LSX. Indeed, the crystalliza-
tion process of a microporous material can be described as
the self-assembly process of the small fragments. Recently,
Yan, Xu and co-coworkers identified the small fragments
formed in the crystallization of aluminophosphate
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molecular sieves by using solid-state NMR and the theo-
retical calculation [50, 51]. Thus, to further understand the
structures of possible small fragments formed during the
crystallization of LSX, we carried out solid-state NMR
measurements. >'Al MAS experiments were first per-
formed to characterize the local environments of Al atoms
in the intermediate phases (Fig. 3a). The spectra of the
initial gel and the gel samples heated for <3.3 h exhibit a
broad signal centered at around 59 ppm. This indicates the
absence of Al(OSi),(OH), species in the samples, which
gives a signal at around 70 ppm [52]. This peak can be
attributed to Al(OSi);(OH) or Al(OSi)4 species in amor-
phous aluminosilicate phase [52]. This result suggests that
individual 4Rs containing only AI(OSi),(OH), species
were not present in these samples. A reasonable explana-
tion is that complete or nearly complete sodalite cages and
other 4R units such as joint 4R units and branched 4Rs
were formed [53], as only Al(OSi);(OH) and/or Al(OSi),
species exists in these structures. The formation of these
structures agrees with the Raman spectra that show bands
at 1010 (sodalite cages), 500 (joint 4R units), and 575
(branched 4Rs) cm™'. The passible structures of these
species are illustrated in Scheme 2. Heating the initial gel
for 3.5 h or longer resulted in a sharper peak at 61 ppm.
The corresponding powder XRD patterns and Raman
spectra show the formation of crystalline LSX zeolite. This
27 Al signal is due to AI(OSi), species with the high local Al
ordering beyond the second coordination sphere in the
crystalline zeolite framework.

29Si MAS spectra were obtained to examine the short-
range ordering around Si atoms during crystallization
(Fig. 3b). The spectra of the initial gel and the gel

Fig. 3 ?’Al MAS (a) spectra
and 2°Si MAS (b) spectra of
selected LSX gel samples at
94T

samples heated for <3.3 h show a broad envelop at
around —84 ppm. In the deconvoluted spectra, besides the
major signal at —84 ppm, several other peaks at —80,
—90, and —95 ppm coexisted. They can be attributed to
(AlO);SiOH or (SiO)(AlO)Si(OH), (—84 ppm), (AlO),
Si(OH), (—80 ppm), (SiO),Si(OH), (—90 ppm), and
(SiO),(AIO)SiIOH  (—95 ppm)  species, respectively
[54-56]. Together with the ’Al NMR results, this ob-
servation supports the presence of joint 4R units in these
samples. Heating the initial gel for 3.5 h or longer re-
sulted in a sharp peak at —84 ppm and a much weaker
one at —89 ppm. They can be ascribed to Si(OAl), and
(Si0);Si(OAl); species in LSX zeolite [57].

The Si/Al ratio of zeolite framework can be calculated
accurately from the relative intensities of different *°Si
signals [58]. A Si/Al ratio of 1.03 for LSX zeolite is ob-
tained from the 2°Si MAS spectrum of 5 h sample. The
elemental composition obtained from the Raman spectrum
and the 2°Si MAS spectrum agrees with each other very
well, both suggesting that the as-synthesized LSX zeolite
has the Si/Al ratio of around 1.

Na MAS NMR spectroscopy has proven to be a
powerful tool to determine cation distribution in hydrated
and dehydrated zeolites [59]. Located at different crystal-
lographic sites, Na* ions exhibit NMR signals with dif-
ferent chemical shifts. Thus, 23Na MAS spectra were
acquired to investigate the evolution of the local chemical
environments of Na® ions as a function of crystallization
time (Fig. 4).

For the initial gel and the gel samples heated below
3.2 h, the spectra contain a broad and asymmetric reso-
nance at —6 ppm. The deconvoluted spectra indicate that

b -84

-89

5h Y

4h

y
35h J'

-

!
%

>

o

I8

; A

-

150 100 50

initial gel
;“““":iJ QAT

0 ppm 0 -50 -100 -150 ppm

@ Springer



848

J Porous Mater (2015) 22:843-850

initial gel

30 20 10 0 -10 -20 -30 ppm

Fig. 4 »Na MAS spectra of selected LSX gel samples at 9.4 T

besides the —6 ppm peak, there is another weaker one at
—1 ppm. In crystalline hydrated FAU zeolite, the —6 and
—1 ppm resonance lines are assigned to hydrated Na™ ions
in the sodalite cage and supercage cage, respectively [7, 60,
61]. The —6 ppm signal in the gel samples below 3.2 h
indicates that the cavities similar to sodalite cages may be
formed. This agrees with the Raman and 2’ Al NMR results.
The —1 ppm signal suggests that another type of large
cavities, which may result from the assembly of sodalite
cages, joint 4Rs, and branched 4Rs, exists in these gel
samples. The shift value close to zero indicates that highly
hydrated Na™ ions may give rise to this signal. Its broad-
ness suggests that the cations probably sat in the large
cavities that were randomly distributed. Thus, the gel
samples obtained at an early stage of the crystallization
likely contain sodalite cages and large cavities (Scheme 2).
Upon heating the initial gel for 3.3 h, the —1 ppm signal
became more prominent. The corresponding powder XRD
pattern shows the appearance of several weak reflection
peaks due to the FAU structure, and the Raman spectrum
shows the formation of D6Rs. At this stage, it can be
considered that the supercages were formed. Sodalite cages
were connected with each other by D6Rs to form su-
percages. Upon further heating, the —1 ppm peak grew at
the expense of the —6 ppm one and the —1 ppm peak is the
only resonance observed in the final product (5 h sample).
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This reveals that under hydrothermal treatment, more su-
percages were formed from the reorganization of the
above-mentioned structures. Further, this signal was much
narrower, suggesting that highly hydrated Na™ ions were
located in a more uniform environment, which was
supercage.

There are few solid-state *’K NMR applications because
of difficulties in obtaining NMR spectra, as the two NMR-
active isotopes of potassium, *’K and *'K (natural abun-
dance of 93.7 and 6.3 %, respectively), are spin-3/2
quadrupolar nuclei with low magnetogyric ratios [62]. To
investigate the role played by K' ions, K MAS NMR
experiments were carried out on selected gel samples at a
magnetic field of 9.4 T at first. Unfortunately, no signals
were observed due to the low sensitivity and broad reso-
nances. To overcome the unfavorable properties of *°K, the
experiments were then performed at 21.1 T (Fig. 5). The
spectral simulation results of the *°K spectra are presented
in Table 1.

In 5 h sample, a sharp peak centered at —1 ppm is
present. The shift of this peak is close to that (—9 ppm) of
hydrated potassium gallium silicate inorganic polymers
reported in the literature [63]. This suggests that K™ ions in
as-made LSX were highly hydrated. The spectral simula-
tion reveals a small Cq value (0.7 MHz), indicating a
highly spherically symmetric local environment around K*
ions. Thus, the sharp signal at around —1 ppm signal in 5 h
sample likely originates from the highly hydrated K™ ions

experimental 5h

simulated, site 2 [ \

experimental 33h

simulated, sites 1 + 2 ;7

experimental initial gel

simulated, site 1 / ~

Fig. 5 %K MAS spectra of selected LSX gel samples at 21.1 T
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Table 1 *°’K NMR parameters obtained from the simulation of *K
NMR spectra

Samples Sites Cq (MHz) o diso (Ppm)
Initial gel 1 1.70 (2) 0.60 (2) 18 (1)
33h 1 1.60 (2) 0.60 (2) 13 (1)

2 0.70 (2) 0.75 (2) 7.3 (2)
5h 2 0.70 (2) 0.75 (2) 73 (2)

located inside the supercages, where a large number of
water molecules exist.

Different from that of 5 h sample, the spectrum of the
initial gel exhibits a much broader quadrupolar powder
pattern with a maximum at around —26 ppm. The
simulation indicates that the isotropic chemical shift of this
resonance is 18 ppm (Table 1). This value falls between
—1 ppm for highly hydrated K" ions and 97 ppm for
highly dehydrated K* ions in potassium aluminosilicate
inorganic polymers [64]. The signal seen in the spectrum of
the initial gel, therefore, is tentatively assigned to partially
hydrated K ions [65]. Further, despite of its broadness, it is
not a featureless signal. It shows a lineshape due to second-
order quadrupolar interaction and can be simulated using a
single site (Fig. 5; Table 1). The Cq value is 1.7 MHz,
larger than 0.7 MHz due to highly hydrated K* ions in the
product. This signifies that the local environment of par-
tially hydrated K™ ions in the initial gel, to a certain degree,
had short-range ordering. These partially hydrated K™ ions
may sit within the large cavities or outside the complete or
nearly complete sodalite cages, as suggested by the *Na
NMR results. They may be coordinated to both water
molecules and oxygen atoms of 4R structures or sodalite
cages. Upon heating the initial gel for 3.3 h, In addition to
the same broad signal seen in the initial gel, a shoulder at
around —1 ppm appeared in the spectrum. Seeing the
—1 ppm peak that is observed in the final LSX zeolite
suggests the formation of supercages resulting from that
some partially hydrated K™ ions moved into the supercages.
This result agrees with the ’Na NMR results presented
earlier. Further, the Raman spectrum of 3.3 h sample pre-
sents a 460 cm ™' band due to the interactions between K+
ions and 4Rs [37]. The appearance of the —1 ppm signal
thus suggests that partially hydrated K* ions organized the
assembly of these 4R structures and large cavities into su-
percages and then became more hydrated.

4 Conclusions
At the very beginning of the synthesis process when dif-

ferent reactive species were mixed together, the initial gel
contains amorphous aluminosilicate species with nearly

complete sodalite cages, large cavities, joint 4Rs, and
branched 4Rs. Upon heating under hydrothermal condi-
tions, D6Rs were formed, resulting from the connection of
joint 4Rs and branched 4Rs. They were assembled with
sodalite cages or large cavities to form the crystalline
framework of LSX zeolite. An illustration of the crystal-
lization process of LSX zeolite is shown in Scheme 2. **Na
and K NMR results indicate that the degree of cation
hydration as well as the local environments of Na* and K*
ions changed during the crystallization and such changes
accompanied the transformation process above. The two
types of cations may work together to template the
assembly process of LSX zeolite.
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