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Microporous materials, often referred to as molecular
sieves or open-framework materials, are a class of inorganic
solids that possess regular pores or voids in the size range of
5-20 A. Zeolites are the most well known family of such
materials.? Even though numerous zeolite structures have
been successfully synthesized, it is still necessary to rational-
ly design and synthesize more and more zeolite structures
with specific architectures and properties, which requires a
full understanding of the crystallization process and the for-
mation mechanism of zeolites.®! Various mechanisms have
been discussed regarding the process of establishing the
long-range crystal structure. Several assembly mecha-
nisms regarding the nucleation and crystal growth have
been proposed, including the formation and consumption of
small primary units, medium nuclei, and large crystals.'")
Despite these efforts, due to the complexity of the zeolite
formation process, a thorough understanding of the zeolite
formation mechanism remains a challenge.!'!]

Many techniques, such as X-ray diffraction and scatter-
ing," NMR spectroscopy,”” and electron microscopy!™
have been used to study the formation mechanism of zeo-
lites. Most studies were performed by using ex situ tech-
niques, namely by frequently removing aliquots of the reac-
tion mixture and analyzing the samples after quenching the
reaction. However, microporous zeolite-type materials are
usually synthesized under hydrothermal conditions, and the
need for sample quenching and workup may cause dramatic
and undeterminable structural changes.") Moreover, it is
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very difficult to follow the complex mechanism by which
they assemble from precursor species.!!

In situ real-time characterization that can probe the inter-
mediate species occurring during zeolite formation, without
the need for quenching, not only allows the continuous
monitoring of the reaction, but also allows the reactions to
be studied under real reaction conditions. Thus, it is para-
mount to study the synthesis mechanism of zeolites under
actual synthesis conditions, by developing in situ characteri-
zation methods.'""")

Raman spectroscopy is a suitable technique to investigate
aqueous solutions as well as solid phases of zeolite synthesis
mixtures due to the low Raman scattering cross section of
water. In situ visible Raman spectroscopy has been shown
to be suitable for monitoring the evolution of the template
during the hydrothermal synthesis.”” However, it is often
not possible to use visible Raman spectroscopy to monitor
the zeolite framework formation due to the strong fluores-
cence caused by the template and highly hydrated material
during the hydrothermal process. In particular, UV Raman
spectroscopy has been demonstrated to be a powerful tool
for the characterization of zeolites with its advantages of
avoiding the fluorescence and increasing the sensitivity.?"-?
These advantages make UV Raman spectroscopy a poten-
tially valuable tool for the in situ study of the mechanism of
zeolite framework formation.

Herein we demonstrate that UV Raman techniques can
be applied to the in situ study of zeolite synthesis and are
suitable for monitoring the formation and evolution of inter-
mediate species under hydrothermal synthesis conditions. In
the present work, we monitor the evolution of precursors
and the formation of zeolite crystal particles during the hy-
drothermal crystallization of zeolite X, using a specially de-
signed in situ Raman cell coupled to a UV Raman spec-
trometer. A formation mechanism of zeolite X in both the
liquid and solid phase is presented based on the Raman re-
sults combined with X-ray diffraction patterns,””’ Al MAS
NMR spectroscopy, and theoretical calculations.
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Figure 1. Powder X-ray diffraction patterns of the solid phase of zeolite
X formed after crystallization for 30, 60, 90, 120, 150, 180, and 240 min.

Figure 1 shows the powder X-ray diffraction patterns of
the solid phase of zeolite X for the various stages of crystal-
lization. The X-ray diffraction patterns after the crystalliza-
tion for 30, 60, 90, and 120 min show only the peaks of the
amorphous aluminosilicate solids. The peaks at 6.1, 10.0,
15.4, 23.3, 26.6, and 30.9 are observed in the XRD patterns
of the samples after a crystallization for 150 min. These
peaks are characteristic of zeolites with a FAU structure.
Highly crystalline zeolite X was obtained after a crystalliza-
tion for 180 min.

Figure 2 shows the in situ Raman cell for the hydrother-
mal synthesis of zeolites. The cell is designed to simulate the
real synthesis autoclave that operates under high pressure
and temperature. It is surrounded by a copper heating loop.
A lens was sealed with silicon rubber on the top of the cell
to focus the laser on the surface of the studied samples in
the cell. By using a lens as the window of the in situ cell, the
Raman signal is more than 3-4 times stronger than that ob-
tained using a plane window. It can withstand temperatures
up to 250°C and a pressure of about 40 bar under hydro-
thermal conditions for zeolite synthesis. To investigate the
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synthesis reactions in the liquid and solid phases, two types
of sample holders were used. For the liquid phase, we used
a deep cup to focus the laser in the liquid layer (Figure 2b).
For the solid phase, we used a shallow cup so that the laser
point can be focused on the interface between the liquid
and solid phases (Figure 2c).
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Figure 3. In situ UV Raman spectra (excited at 325 nm) of the liquid
phase of zeolite X synthesis at 373 K; spectra were collected from 0 min
to 270 min, at intervals of 15 min. Insert: Plot of the intensity of the band
at 774 cm ™' as a function of crystallization time.

Figure 3 shows in situ UV Raman spectra recorded for
the liquid phase at 373 K under hydrothermal conditions.
The initial spectrum of the liquid phase presents a broad
band centered at 500 cm™', and distinct bands at 774, 920,
and 1060 cm'. The band at 500 cm ™' is attributed to amor-
phous silicate. The band at 1060 cm™! is associated with
CO,*" species formed in the gel due to the reaction of
NaOH and CO, in solution.”” The bands at 774 and
920 cm ! appear and vary in parallel steps. The two bands
can be attributed to monomeric silicate species in the liquid
phase.?*2% A plot of the intensity of the band at 774 cm™ as
a function of time is shown in the insert of Figure 3. The in-
tensity of the band at 774 cm ™' increases with crystallization
time and reaches a maximum intensity at about 120 min,
and then decreases on prolonged crystallization time. This
indicates that the liquid phase
is dominated by monomeric sili-
cate species that are directly in-
volved in the zeolite formation.
This process can be described

lens window
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4 b

Figure 2. Schematic diagram of a) the in situ Raman cell for hydrothermal synthesis of zeolites, b) the sample
holder inserted into the in situ Raman cell for the liquid-phase study and the focus point, and c¢) the sample
holder inserted into the in situ Raman cell for the solid-phase study and the focus point.
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as follows: In the initial gel, the
amorphous solid is in equilibri-
um with solution species. With
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el increasing temperature, a large

amount of monomers are
formed from the depolymeriza-
tion of amorphous precursors
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(see Figure 1, 30-90 min). As the reaction proceeds, the
growing product crystals (see Figure 1, 90-180 min) require
more monomers. Finally, all amorphous precursors have
been consumed and transformed into the crystalline zeolite
(see Figure 1, 180-240 min).

The sharp band at 500 cm™' in Figure 4 indicates that the
gel predominantly consists of 4-rings.”*! Upon heating, this
band becomes prominent, and gradually shifts to 514 cm™/,
which is the breathing mode vibration of the 4-ring in the
crystalline framework of zeolite X. The -characteristic
Raman bands of zeolite X at 298 and 380 cm™! appear with
the development of the synthesis. These bands, which are as-
signed to the bending mode of double 6-rings, indicate that
the formation of zeolite X framework is directly related to
the 4-ring and 6-ring species.”” A plot of the intensity of the
band at 514 cm™ is shown in the insert of Figure 4. Signifi-
cant changes in the intensity of this band are observed after
heating for 150 min. This is in accordance with the X-ray
diffraction results (see Figure 1).
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Figure 4. In situ UV Raman spectra (excited at 325nm) of the solid
phase of zeolite X synthesis at 373 K; spectra were collected from 0 min
to 270 min, at intervals of 10 min. Insert: Plot of intensities of the bands
at 380, 514, and 575 cm™! as a function of crystallization time.

It is noteworthy that the band at 575 cm™' appears at the
very beginning of the synthesis. This band is attributed to
the aluminosilicate precursors, and diminishes during the
crystallization (see insert of Figure 4). The most interesting
phenomenon is that two bands at 298 and 380 cm ™' appear,
while the band at 575 cm™' disappears, indicating that the
band at 575 cm™ is directly related to the formation of the
framework of zeolite X. Clearly, the species giving rise to
the band at 575 cm™! is a key intermediate in the formation
of zeolite X. Raman bands between 550 and 600 cm™' have
been assigned to Al-O-Si stretches.” Guth et al. reported a
band at 577 cm™ for a solution of aluminate and silicate
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under strong basic conditions, and assigned the band to the
aluminosilicate anions.™ Dutta etal. also observed this
band in similar aluminosilicate solutions.?!!
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Figure 5. UV Raman spectra of the gel phase a) SiO,/Al,O;=1:1; b)
Si0,/AL,0;=2:1, ¢) SiO,/AL,O;=4:1; d) the liquid phase SiO,/Al,O;=
4:1; and e) the solid phase SiO,/Al,0;=4:1 after washing with water.

Figure 5a—c show the UV Raman spectra of a series of
gels with similar composition but different SiO,/AlL,O;
ratios. The intensity of the band at 575 cm™' increases to-
gether with that at 500 cm ™!, which is due to the ring breath-
ing vibration of the 4-ring. In addition, the band at 575 cm™
is detected in the Raman spectrum of the solid phase of the
gel with a SiO,/Al,O; ratio of 4:1 (Figure 5e), whereas the
band at 575 cm™ is not observed in the Raman spectrum of
the liquid phase of the gel with a SiO,/Al,O; ratio of 4:1
(Figure 5d), indicating that the band at 575 cm™' is associat-
ed with the solid phase of the precursor (Figure Sc—e).
These results suggest that the band at 575 cm ™' may be re-
lated to the AIl-O-Si unit associated with the ring structure
in the precursor. The fact that this vibration shows a very
different frequency compared to that of the Al-O-Si unit in
the ring structures suggests that this band may mainly origi-
nate from a ring with branched chains.™

The mechanism of the formation of the framework of zeo-
lite X, based on in situ Raman spectra and DFT calcula-
tions, is proposed in Figure 6: In the very early stage of the
synthesis process, the amorphous precursor (“gel”) is dis-
solved to yield small soluble species such as monomer sili-
cate species that are characterized by the increase of the
band intensity at 774 cm~'. The precursors are dominated by
4-ring structures, although some of them may possibly exist
in a branched form, which is characterized by the band at
575 cm™'. The 4-rings connect with each other to form frag-
ments!''—a process that is characterized by an increase of
the band intensity around 500 cm™! and a decrease of the
band intensity at 575 cm™'. This period is the well-known
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Figure 6. A proposed mechanism for the synthesis of the framework of
zeolite X.

“induction period” in zeolite synthesis, which is a “black”
stage in terms of XRD patterns, but can be characterized by
UV Raman spectroscopy. During this stage, the monomer
species are concentrated and become involved in the forma-
tion of the framework of zeolite X, a process that is accom-
panied by a decrease in the band intensity at 774 cm™! in the
liquid phase and an increase in the intensity of the band due
to the zeolite formation in the solid phase. The gradual shift
of the band at 500 to 514 cm™" indicated that some partially
crystalline domains may form.”) The appearance of the
bands of double 6-rings and a 4-ring at 514, 290, and
380 cm™' indicates the formation of the finely crystalline
framework by the conversion of partially crystalline domains
by aggregation and realignment of preassembled building
blocks.” 1% Most of the precursors become crystalline at
the end of the crystallization, while the monomers are con-
sumed. This is in agreement with the drop in intensity of the
monomer species at 774 cm ™! in the liquid phase.

In summary, in situ UV Raman spectroscopy is demon-
strated to be a powerful tool for monitoring the solid and
liquid phases in zeolite synthesis under hydrothermal condi-
tions. During the hydrothermal synthesis of zeolite X, the
amorphous solid phase dissolves to form monomer silicate
species in the liquid phase, while amorphous aluminosilicate
species composed of predominately 4-rings are formed in
the solid phase in the early stage of nucleation. These 4-
rings are connected with each other via double 6-rings to-
gether with the monomer silicate species in the liquid phase
to form the crystalline zeolite X framework. In situ Raman
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spectroscopy could be applied to the study of the synthesis
mechanisms of a wide range of zeolites as well as many
other materials, particularly in hydrothermal synthesis at
high pressures and temperatures.

Experimental Section

Synthesis procedure of zeolite X: The starting composition of the seed
solution for zeolite X synthesis is 18 Na,O-1 Al,05:19Si0,:370 H,O. The
seed solution was prepared and then aged at room temperature for 24 h.
The final seed solution is a clean solution. The composition of the start-
ing gel is 3Na,0-1 A1,0;-3Si0,-117 H,O. Sodium silicate was added to the
solution of sodium aluminate in NaOH. The seed solution was added to
the solution when the hydrolysis of the reaction mixture was finished.
The reaction mixture was stirred rapidly to form a homogeneous gel with
a Si/Al ratio of 1.5:1.

Characterization: UV Raman spectra were measured with a Jobin—Yvon
T64000 triple-stage spectrometer with spectral resolution of 2 cm™'. The
laser line at 325 nm of a He/Cd laser was used as an exciting source with
an output of 50 mW. The power of the laser at the sample was about
3.0 mW.

Theoretical methods: DFT, with the B3LYP hybrid exchange-correlation
functional, was used to perform the calculations. Geometry optimizations
were all performed with the Gaussian 03 program, and a 6-31+ G(d,p)
basis set was used. For all the systems considered we have determined
equilibrium geometries in the gas phase and have evaluated vibrational
frequencies. To allow a comparison with the experimental results, all the
computed frequencies were scaled by a factor of 0.96 to account for the
overbinding of the exchange-correlation functional employed in density
functional theory. The solvation effect was included by using the continu-
um solvation COSMO method implemented in the Gaussian 03 package.
The COSMO method has been reported to be an appropriate approach
for studying the silica reaction in a solution ="
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