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Abstract: Sphere-like hierarchical Y zeolite was synthesized by a “steam-assisted conversion (SAC)” procedure.

The as-synthesized samples were characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM),

transmission electron microscopy (TEM), N, adsorption-desorption, solid-state nuclear magnetic resonance (NMR)

spectra, and Fourier transform infrared (IR) spectroscopy. Results observed by SEM displayed that the

as-synthesized Y zeolite was sphere-like polycrystalline aggregates composed of primary crystals with size of about

50-300 nm. These results exhibited that some polycrystalline aggregates were hollow Y zeolite spheres. Combined

with characterization results of FT-IR, *’Si NMR, SEM, and TEM, a mechanism illustrating formation of the hollow

Y zeolite polycrystalline spheres was proposed.
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Nowadays, compare to light crude oils, the production
of heavy and extra-heavy crude oils is increasing!"!. Mo-
tors fueled with current petrol extracted from those crude
oils produce more pollutants, which do much harm to
people and environment. Besides difficult to be extracted
and transported, heavy-oil resources are gradually difficult
to be refined™. Y zeolite is the main activity component
used in fluid catalytic cracking (FCC) process, the most
important refinery technologies to convert atmospheric
and vacuum residues into fractions of motor fuels. The
challenge in this process is both heavy oil and extra-
heavy oil molecules are much larger than the inherent
micropore channels in Y zeolite. As a consequence, most
of acid centers existing in the micropores of the catalyst
are inaccessible, and can not be efficiently utilized by the
reactant molecules. In the past decades, it costs researchers
plenty of time to prepare hierarchical zeolite!®”! with
significantly shortened micropore channels, dramatically
increased external surface area, and proliferated pore
windows by introducing a complex meso- or/and
macropore structuret! "' 169 and
templating?®~! approaches to overcome these challenges.

Dealumination''” by steaming or/and by acid leaching,

via non-templating

or desilication!”! by alkaline etching, or sequential
desilication-dealumination, or high energy ion irradiation-
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induced ordered macropores”’

as a representative non-
templating method, involves post-etching of intact zeo-
lites to achieve mesoporosity resulted from a partial col-
lapse of the zeolite framework caused by the extraction
of Al or Si from the zeolite framework positions. In the
templating method, various template agents such as car-

bon black or carbon nanotubes (CTNs)!", surfactants!*™

(1] 1% are often

polymers' ™ and even inorganic nanoparticles
reported to be introduced into the zeolite crystals during
synthesis, with the subsequent removal of the templates
to produce mesopores[4'5’14'16] (16,

Besides these methods, “steam-assisted conversion

Oor macropores

(SAC)” procedure”™ may be a potential and efficient
approach to fabricate hierarchical zeolite materials. SAC

method is also mentioned as vapour-phase method!'” or

. - [18-19
dried gel conversion!'*'"!

[20-21]

, or steam-assisted crystalliza-
tion . In SAC procedure, the bulk- or powder-like
dried gel usually containing organic templates is sepa-
rated from and out of touch with the liquid but crystal-
lizes with the help of the vapor yielded from the liquid
under autogenous pressure in the same reactor. Recently
SAC method has caught much attention, because it not
only dramatically cuts down the dosage of organic
template!™ but also is often adopted to prepare zeolite

[21-22]

membranes or hierarchical zeolite!”™). Very recently,
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Dou, et al reported that a hierarchical zeolite beta was
synthesized without any secondary
mesoporogen by SAC method. Mbller, et al'™ also
reported that a hierarchical mesoporous network of beta
zeolite with very high micropore as well as mesopore
volume was synthesized without a porogen by a dense-gel
synthesis using SAC to stimulate a burst of nucleation.
However, up to now, no report has approached the

seeds or

synthesis of sphere-like hierarchical Y zeolite consisting
of primary nanosized FAU zeolite crystals. In the present
work, dried gel, the precursors yielding Y, was subjected
to a vapor treatment, and sphere-like hierarchical Y zeo-
lite aggregate was therefore synthesized by SAC proce-
dure without assistance of any organic templates or sec-
ondary mesoporogen. The effects of chemical composi-
tion like SiO,/Al,0; in gel precursor on the formation of
the sphere-like hierarchical Y zeolite were investigated
and discussed in details; formation mechanism of the
sphere-like hierarchical Y including hollow sphere-like Y
zeolite polycrystalline aggregates was proposed on base
of the results of FT-IR, *’Si NMR, SEM and TEM.

1 Experimental

1.1 Synthesis

Precursor solution yielding Y zeolite was prepared
with a mole composition as following: 3.53Na,O : (4.14~
8.28)Si0, : 1A1,0; : (212-239)H,0. Typically, by mix-
ing 10.2 g NaAlO,, 8.0 g NaOH, and 88 mL H,O, and
stirring for giving a clear solution. Then 16-32 mL col-
loidal silica was added into the solution followed by stir-
ring for 2 h. The achieved Sol-Gel mixture was divided
into two parts, and marked as “A” and “B”, respectively.

The synthesis of hierarchical Y zeolite was as follow-
ing: the corresponding gel “A” was transferred into a
polytetrafluoroethylene cup and kept at 60 C for 24 h
for giving a dried gel, and the obtained dried gel was
named as YP-x, here, “x” stands for SiO,/AL,O; ratio. 2 g
of the abovementioned YP-x was added to a 50 mL
polytetrafluoroethylene cup, and the cup was put into an
autoclave without any additional water or other solvent
for crystallization at 90 ‘C for 24 h. The final product
was collected by washing to neutral with water, drying in
air at 110 °C, and denoted as Y S-x.

Y zeolite prepared by a traditional hydrothermal pro-
cedure was described as following: the corresponding gel
“B” was transferred into an autoclave and kept at 90 C
for 24 h under autogenous pressure. The product was
collected by filtration, washed with distilled water, dried
in air, and was denoted as YH-x.

1.2 Characterization

X-ray powder diffraction (XRD) patterns were recorded
using a SHIMADZU XRD-6000 X-ray diffractometer,
Ni-filtered Cu Ko radiation, 40 kV and 30 mA.
Framework infrared spectra of the calcined samples were
obtained on a SHIMADZU FTIR-8400 spectrometer in
KBr pellets. Crystal sizes and morphology of the
as-synthesized samples were investigated on a JEOL
JEM- 2010 transmission electron microscopy (TEM) and
a HITACHI S4800 scanning electron microscopy cou-
pled with energy dispersive spectroscopy (EDS). *°Si
MAS NMR spectra were recorded on a Bruker Avance 111
500 spectrometer at resonance frequencies of 99.361 MHz,
50 kHz sample spinning rate, 0.22 ps pulse width, 4 s
recycle delay, and 1024 sampling frequency. N, adsorp-
tion at 77 K was performed in a Micromeritics ASAP2400
gas sorption analyzer to study micro- and mesoporosity
in the zeolite crystals. The mesopore size distribution
was calculated using Barret-Joyner—Halenda (BJH) pore
size model applied to the adsorption branch of the iso-
therm. The microporous structure was obtained from the
t-plot analysis of the adsorption branch of the isotherm.

2 Results and discussion

It can be seen from Fig. 1 that after treated by vapor at
90 C for 24 h, the dried gel precursors with Si0,/Al,0;
ratios of 4.14-7.25 have been transferred into pure phase
Y zeolite with different crystallinity. While XRD patterns
of the sample YH-5.18, which is obtained via the tradi-
tional hydrothermal crystallization from a precursor with
the same chemical component as that yielding the sample
YS-5.18, not only exhibits the characteristic diffraction
peaks ascribed to the FAU topological structure at 26=
6.16°, 10.08°, 15.72°, 20.43°, and 23.67°, but also dis-
plays P zeolite characteristic diffraction peaks at 26=
12.46°, 17.66°, 21.67°, 30.84°. The result indicates that
the different synthesis procedures affect the formation of

YS-8.28

,A‘__,;,\___JL_A_A__‘JL,—AMY_SA-Z_%\S_AA
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Fig. 1 XRD patterns of the samples
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the final products.

As shown in Fig. 2(a-b), the dried gel YP-5.18 exhib-
its a worm-like morphology, implying the sample an
amorphous phase. After being subjected to vapor treat-
ment at 90 ‘C for 24 h, the worm-like amorphous phase
has disappeared and the dried gel has been transferred
into crystalline phase (Fig. 2(e-f)). It can be seen from
Fig. 2(c-j) that the crystals in all of the final products,
such as YS-4.14, YS-5.18, YS-6.21, and YS-7.25, display
about 1 um sphere-like polycrystalline aggregates con-
sisting of loosely aggregating primary crystallites with a
size of about 50-300 nm. It can be seen from Fig. 2(d, f,
J, 1) that the increased Si/Al ratio in the precursors leads
to the smaller primary crystals. The weakened character-
istic peaks with increased Si/Al ratio in the precursors
(Fig. 1) can therefore be partially ascribed to the de-
creased crystalline size of the primary crystals in the
as-synthesized sphere-like Y zeolite polycrystalline ag-
gregates. Higher Si/Al ratio of 8.28 in the precursor gives
the final product YS-8.28 the similar worm-like mor-
phology as one of dried gel YP-5.18 (Fig. 2(a-b)). While,
as shown in Fig. 3(a-d), a trace of sphere-like polycrys-
talline aggregate composed of the primary particles with
a size of about 100-300 nm can also be observed, indi-
cating that the excessively increased Si/Al ratio in dried
gel, for example YP-8.28, mainly yields the amorphous
phase, which is in agreement with the result observed by
XRD patterns as shown in Fig. 1.

As shown in Fig. 3(i), most of the crystals in the ref-

erence sample YH-5.18 obtained by a traditional hydro-
thermal synthesis procedure are dense and smooth fau-
jasite with a size of ~1000 nm, and some impure crystals,
which can be ascribed to P zeolite (Fig. 1), are also ob-
served. A large number of crystals with regular hexago-
nal platy shape (Fig. 3(e-g)) with size ranging from 1 to
3 um are found in sample YS-6.21 (Fig. 3(e-g)), and a
small quantity of crystals with similar hexagonal platy
shape as the one in YH-6.21 can also be observed in
sample Y'S-5.18 as shown in Fig. 3(h).

As shown in Fig. 4, TEM image of the sample
YS-5.18 further discovers that the crystals in the samples
prepared by the SAC procedure are the polycrystalline
aggregates which are composed of loosely aggregating
primary crystals with a size of about 50-300 nm, and the
polycrystalline aggregates are sticky to each other. Direct
evidence for the presence of meso- and macropores with
a size of 10-100 nm in diameter is also provided by the
TEM image as shown in Fig. 4(a) (red arrow). TEM im-
age (Fig. 4(b)) and the corresponding reversed-phase
TEM image (Fig. 4(c)) of the crystal in sample YS-5.18
suggest that some of the sphere-like polycrystalline ag-
gregates are hollow.

FT-IR spectra of the dried gel YP-x (dotted line) and
the as-synthesized YS-x (full line) are shown in Fig. 5.
The characteristic vibration bands attributed to zeolite
can be observed, although they are not completely iden-
tical. The bands at ~ 457 cm™',~570 cm™', and ~764 cm™'
are respectively assigned to the O-T (Si or Al) bending

Fig. 2 SEM images of the as-synthesized YS-x samples
(a, b) YP-5.18; (c, d) YS-4.14; (e, f) YS-5.18; (g, h) YS-6.21; (i, j) YS-7.25; (k, I) YS-8.28
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Fig. 3

SEM images of the as-synthesized Y zeolite yielding from the gel precursor with different Si/Al ratio

(a-d) YS-8.28; (e-g) YS-6.21; (h) YS-5.18; (i) YH-5.18
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Fig. 5 FT-IR spectra of the samples
(a) YS-x (solid curves) and the corresponding dried gel precursors YP-x (dotted curves); (b) YS-5.18 and YP-5.18

vibrations, the double ring external linkage vibrations, and
the external linkage symmetrical stretching vibrations.
For Y zeolite, the band at around 1010-1025 cm™" is
ascribed to the internal tetrahedral asymmetrical stretching
vibration. The vibration bands between 1000 cm™' and
1100 cm™ are often used to identify the Si/Al ratio of

zeolite framework. The anti-symmetric stretching vibration
bands corresponding to YS-4.14, YS-5.18, YS- 6.21, and
YS-7.25 are respectively located at 1010, 1010, 1018 and
1025 ¢cm™', implying the as-synthesized samples may
have an increased framework Si/Al ratio®®! As shown in
Fig. 6, EDS analytical result suggests that the
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Fig. 6 SEM images and EDS analysis of the as-synthesized Y zeolite yielding from gel precursor with different Si/Al ratio
(a) YS-4.14; (b) YS-5.18; (¢) YS-6.21; (d) YS-7.25

surface SiO,/Al,0; ratio in the final products are 3.20 for
YS-4.14, 3.46 for YS-5.18, 4.34 for YS-6.21, and 5.04 for
YS-7.25. The variation tendency generally agrees with the
result detected by FT-IR. As shown in Fig. 5(a, b), the
dotted curves represent FT-IR spectra of the correspond-
ing dried gel YP-x. Two keen-edged peaks, which are
respectively located at 883 cm™ and 1365 cm™, can be
ascribed to the existence of the amorphous silicon and
aluminum species®”. The band at ~570 cm™ to the dou-
ble ring external linkage vibrations, and the band at about
1000 cm™" ascribed to the anti- symmetric stretching vi-
brations band are obviously observed, implying that par-
tial silicon or/and aluminum species have been trans-
ferred into primary or/and secondary building units!®*!.
As shown in Fig. 5(b), the comparison result of the FT-IR
spectra between YP-5.18 and YS-5.18 clearly suggests
that double ring external linkage vibrations, and the
anti-symmetric stretching vibrations are obviously ob-
served in dried gel YP-5.18, and the location of these
vibrations is completely identical to that in YS-5.18. The
above mentioned results imply that the primary or/and
secondary building units have been formed during the
preparation of the dried gel despite of exhibiting the
worm-like amorphous morphology (Fig. 2(a, b)).

Figure 7(a) and (b) are ’Si MAS NMR spectra of
sample YS-5.18 and the corresponding dried gel YP-5.18,
respectively. The resonances at 0= —108 ~ —105 are as-
signed to Si (4Si, 0AI) sites, and those d= —105~ —95 are
assigned to Si (3Si, 1Al) sites; moreover, those at 0= —95
~ =92, -92 ~ 86, and —86 ~ —80, are respectively as-

signed to the Si (2Si, 2Al), Si (1Si, 3Al), and Si (0Si,
4A1PY. The calculated framework Si/Al ratio of sample
YS-5.18 is about 1.65 (Table 1), which is slightly lower
than 1.73 detected by EDS. It can be seen from Fig. 7(b)
that the resonances assigned to Si (0Si, 4Al), Si (1Si, 3Al)
and Si (281, 2Al) sites can be obviously observed in dried
gel YP-5.18, indicating that the primary zeolite

(a) Percentage of goodness of the fit: 99.86%
Q2
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&
2
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A=
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(b) Percentage of g&(%dness of fit: 99.34%
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Fig. 7 ?°Si MAS NMR spectra
(a) YS-5.18; (b) YP-5.18
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framework has been practically formed in dried gel
yielded from the gel mixture after treated at 60 C for 24
h. The calculated framework Si/Al ratio of dried gel
YP-5.18 is about 1.27 (Table 1), which is rather lower
than 1.65 of the final product YS-5.18. The aforemen-
tioned results suggest that the primary zeolite frame-
work formed during the preparation of the dried gel has a
rather lower Si/Al ratio as compared with the one in final
products. The calculated framework Si/Al ratio and the
different aluminium coordination are shown in Table 1. It
can be inferred that the primary zeolite framework
formed during preparing dried gel is rich in Al-, and
Si-species entering the zeolite framework fall behind the
Al-species. Combining with the FT-IR result as shown in
Fig. 5, it can be further deduced that some building units
or minicrystals with primary zeolite framework, which
are not yet detected by XRD or TEM because of very
small spatial scale, have been really formed during the
preparation of the dried gel precursors.

Table 1 Quantification by ’Si MAS NMR for sample
YS-5.18 and the corresponding dried gel precursor YP-5.18

*O1%  02%  03% 04%  05%  Si/Al
YS-5.18 182 30.8 314 13.9 5.7 1.65
YP-5.18 19.7 36.5 7.3 1.3 0 1.27

*: 01, 02, 03, 04, and Q5 respectively represent Si (0Si, 4Al),
Si (181, 3Al), Si (2Si, 2Al), Si (3Si,1Al) and Si (481, 0Al) sites

Sample

The building units or crystallites with the primary ze-
olite framework yielded during the preparation of the
dried gel play an important role in the formation of the
hierarchical sphere-like Y zeolite consisting of nanocrystals.
The formed building units or the primary crystallites in
the dried gel not only offers the target product a fast nu-
cleation, but also plays a key role in guaranteeing the
precursor to be transferred into the pure phase FAU zeo-
lites structure. During SAC procedure, these building units
or crystallite with primary zeolite framework in the dried
gel induced a burst in nucleation rate!™, and nano-sized
zeolite crystals were created that subsequently self-assembly
formed sphere-like polycrystalline Y aggregates'™ ',

Indeed, despite very complex for the mechanisms of
zeolite growth and nucleation, it is very obvious that a
high ratio of nucleation relative to growth is in favor of
the formation of nanocrystals. The crystallization
mechanism of the sphere-like Y consisting of loosely
aggregating nanocrystallites is interpreted in Scheme 1.
During preparation of dried gel, primary or/and secondary
building units!*”), or even crystallite with primary zeolite
framework (as detected by FT-IR and *’Si NMR) are

Scheme 1 Schematic representation of the process for the

formation of the sphere-like hierarchical Y zeolite composed of
the loosely aggregating nanocrystallites

induced and bred (Scheme 1(a)—(b)). During SAC process,
a vast amount of crystal nucleus, which are evolved from
the building units or crystallite, form in an extremely
short time, and nano-sized zeolite crystals are therefore
created (Scheme 1(b)—(c)). The single nanocrystals are
unstable, they are inclined to self-assemble into sphere-
like polycrystalline aggregates so as to decrease the high
surface free energy (Scheme 1(c)—(d)). The nanocrystals
outer the “sphere” conduct an epitaxy growth because of
the confined space effect (Scheme 1(d)—(e)); meanwhile,
the nanocrystals inner the “sphere” may be consumed by
the oriented growth crystals outer the “sphere” in the
manner of the “Ostwald ripening process”, that leads to
forming the hollow polycrystalline Y zeolite spheres.
Fig. 8 is N, adsorption-desorption isotherms of the
as-synthesized YS-x zeolite samples obtained from the
dried gel precursors with a different SiO,/Al,O; ratio.
The adsorption—desorption of nitrogen on sample
YH-5.18 is a type-I isotherm, indicating the presence of
micropores only. However, larger hysteresis loops occur
in the adsorption-desorption isotherms of the YS-4.14,
YS-5.18, YS-6.21 and YS-7.25, indicating the presence
of mesopores in the samples obtained by SAC procedure.
Combining with the results observed in SEM images
mentioned in Fig. 2 and TEM image shown in Fig. 4, the
larger hysteresis loops occurring in the isotherms should
therefore be attributed to capillary condensation in open
mesopores or macropores obtained by filling the primary
nanocrystals or polycrystalline aggregates interparticle
spaces ). As shown in Fig. 8(b), the pore size distribu-
tion of the YS-4.14, YS-5.18, and YS-6.21 obtained from
the adsorption branch of the isotherm illustrates the exis-
tence of a meso- and macropore structure with pore sizes
4-100 nm, which is in good agreement with the results
observed in SEM and TEM images. However, the BJH
pore size distribution derived from the adsorption branch
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Fig. 8 N, adsorption—desorption isotherms (a) and pore size
distribution curves (b)

of the isotherm does not show the similar distribution in
the YH-5.18.

It can be seen from Table 2 that the external surface
areas of the as-synthesized hierarchical Y are 41-51 m?/g,
which is more than 2 times as much as the 21 m*/g of
the reference YH-5.18 zeolite obtained by traditional
hydrothermal procedure. The elevated external surface
areas can be attributed to the nanocrystallization of pri-
mary Y crystalline grains in the sphere-like hierarchical Y.
Table 2 also illustrates that the micropore surface area
and volume of the sphere-like Y are lower varying degree
than 714 m*/g and 0.27 cm®/g of the reference YH-5.18,
respectively because of the deteriorated ordering of
three-dimensional network of the primary nanocrystals.
The aforementioned results indicate that a hierarchical
pore system has been introduced into the as-synthesized
Y sample, which owns the regular micropores of FAU
zeolite structure, and a meso- and macroporous system
resulting from the interparticle spaces of nano-sized pri-
mary or polycrystalline aggregating Y crystals.

Table 2 Physical structural properties of the samples

Smic Scxt Vmic Vtotal

Samples SzBET—l 2 -1 2 -1 3 -1 3 -1
/(m™g”) /m"g) /Am"g") /em™g") /(em-g )
YS-4.14 739 698 41 0.26 0.34
YS-5.18 837 792 46 0.30 0.40
YS-6.21 791 740 51 0.28 0.38
YS-7.25 730 570 160 0.19 0.31
YH-5.18 735 714 21 0.27 0.35

3 Conclusions

Sphere-like hierarchical Y zeolite polycrystalline ag-
gregates consisting of primary crystals were synthesized
by a “Steam-Assisted Conversion (SAC)” procedure.
Primary or/and subprime building units or crystallites
with primary zeolite framework were verified to be cre-
ated during preparing the dried gel, and the created
building units or crystallites induced a burst in nucleation
rate, and primary nano-sized zeolite crystals were created
that subsequently self-assembly formed sphere-like pol-
ycrystalline Y aggregates. The loosely aggregating
nancrystallites offer the as-synthesized samples a larger
mesopore volume and external surface areas at the cost
of less sacrificed micropore volume and micropore area.
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