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A high acid mesoporous USY zeolite prepared by alumination
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A high-acidity HUSY zeolite with mesoporous structure was prepared by alumination with a dilute aqueous NaAlO, solution
and characterized by XRD, Ny adsorption, IR framework vibration and 2?Si MAS NMR methods. The results indicated the
extra-framework aluminum was reinserted into the tetrahedral framework through isomorphic substitution of framework Si (OAI)
sites by Al ions, whereas the crystal and micropore structure were unaltered. FTIR spectra of hydroxyl vibrations and pyridine
adsorbed on realuminated zeolites showed that the number of Brgnsted acid sites and strong Lewis acid sites increased whereas
weak Lewis acid sites decreased twice. The mesoporous structure composed of inter-and intra-crystalline pores in the aluminated
HUSY increased the external surface area of the zeolite, improving accessibility of molecules to the active sites and enhancing
its catalytic ability. The realuminated HUSY zeolite supported with Ru catalyst exhibited a higher catalytic activity for benzene

hydrogenation than the parent HUSY zeolite; the reaction rate in comparison to the mesozeolite increased by 5.5 times.
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1. Introduction

The ultrastable Y (USY) zeolite, developed by
dealumination of the crystal framework through the
controlled addition of steam, is an active and key
component of FCC (Fluid Catalytic Cracking) cat-
alysts providing the major part of the surface area
and active sites for catalytic cracking, isomeriza-
tion and alkylation of hydrocarbons. The dealumi-
nation product HUSY exhibits high thermal and
hydrothermal stability, hydrophobicity and cataly-
tic activity in the petrochemical catalysis. Dealu-
mination of zeolites leads to creation of a secon-
dary pore system consisting of mesopores and extra-
framework aluminum (EFAL) species. The removal
of some Al atoms from the zeolite framework re-
sults in an increase of acidity and catalytic activity
of the dealuminated zeolites, attributed to the inter-
action of bridging hydroxyls with extra framework
AI-OH groups which are strong Lewis acid sites.
At the same time, the hydrothermal dealumination
of the zeolite framework slightly destroys the ze-
olitic crystal structure by the formation of meso-
pores. The presence of the mesopores reduces the
diffusion paths of molecules in the microporous ze-
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olite. Thereby the transport-limited reaction accele-
rates significantly, resulting in an improved catalyst
effect [1]. On the other hand, EFAL species are re-
sponsible for the appearance of Lewis acidity; for
low Si/Al zeolite Y, EFAL species have a promot-
ing effect on the rates of isomerization, cracking,
hydrogen transfer, and coking but increase the deac-
tivating effect of coke. The influence of the Lewis
acid sites on the protonic sites of the zeolite (“su-
peracid sites”) is responsible for these effects [2—4].

For the majority of the acid-catalyzed reactions,
the activity relates directly to the number of frame-
work aluminum atoms, i.e. the number of Brgnsted
acid sites. It is obvious that the framework alu-
minum content must affect the population and the
strength of these acid sites, which are responsible
for the catalytic activity in many important reactions.
The dealumination results in a loss of framework
aluminum atoms, thus a decrease in the number of
Brgnsted active sites. Hence, it is desirable to rein-
sert aluminum into the dealuminated zeolite frame-
work to improve Brgnsted acid properties of the
surface in the zeolite.

Several studies have been devoted to the post-
synthetic incorporation of aluminum by adding an-
other aluminum source externally in a synthesis sys-
tem to obtain the zeolite with lower Si/Al ratio [5, 6].
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The dealuminated zeolite was realuminated by the
KOH treatment, whereby the extra-framework alu-
minum was re-inserted into the tetrahedral frame-
work [7, 8]. It has been shown that the treatment
of dealuminated zeolite Y with dilute aqueous solu-
tions of bases (preferably KOH) yields samples with
an enhanced content of framework aluminum; most
of the extra-framework aluminum can be re-inserted.
The treatment of the zeolite with a concentrated
alkali aluminate solution (NaAlO,) induced mild
leaching of the framework silicon. The alumination
of zeolites by Al incorporation into the framework
defects brings marked changes in the surface acidic
properties of the solid, which are often coupled with
their catalytic performance. However, the treatment
of microporous zeolite (such as ZSM-5) with an
aluminate solution of high alkalinity resulted in the
samples whose porosity was mostly blocked by al-
kali ions deposits and silicate debris. The extraction
step by acid washing had to be used to remove the
Si-containing debris and NaAlO;-derived deposits
from the alkali aluminate-treated zeolite [9].

In the present work, HUSY zeolite has been
treated with a dilute aqueous NaAlO; solution to op-
timize its performance by realumination. The frame-
work and pore structure of HUSY zeolites, before
and after the treatment, were characterized by N
adsorption, XRD, FTIR spectroscopy and 2°Si MAS
NMR; and their acidity was determined using FTIR
spectra of hydroxyl groups and chemisorbed pyri-
dine. The catalytic properties of HUSY zeolites be-
fore and after the treatment were investigated in
benzene hydrogenation.

2. Experimental

2.1. Preparation of samples

HUSY zeolite sample was obtained by hy-
drothermal treatment of NH4 Y. The calcined HUSY
sample was realuminated with the dilute NaAlO,
aqueous solution. For example, 5 g HUSY zeolite
was added into 300 ml NaAlIO, aqueous solution
with 0.01-0.1 mol/L concentration; the pH of solu-
tion was controlled below 13. The suspension was
heated in a beaker at 80 °C for 624 h under stirring.
The solid product was then separated by filtration,

washed and dried. The obtained samples were ion-
exchanged triply with a 0.5 mol/g aqueous solution
of NH4NOs to yield NHy-form, and then calcined
at 450 °C to obtain H-form samples. The resulting
samples were denoted as HUSY-c-t, where ¢ and t
present the concentration of NaAlO; solution and
time of treatment, respectively.

2.2. Characterization

X-ray diffraction (XRD) was recorded by Shi-
madzu D/Max-2500 diffractometer with CuKa X-
ray source. The 260 positions of the (111), (220),
(311), (511), (440), (533), (642) peaks were used
to calculate the average unit cell parameters, and
the areas of (220), (311), (331), (511), (440), (533),
(642) peaks were used to calculate crystallinity of
the samples.

N, adsorption isotherms were obtained at
—196 °C in a NOVA 1200e apparatus. BET surface
area (Spgr) was calculated from the N, adsorption
isotherm. The micropore volume (Viyicro) and exter-
nal surface area (Sex) were determined using the
t-plot method. The volume of mesopore (Vipeso) Was
calculated using the BJH pore size model applied to
the adsorption branch of the isotherm. Prior to this
measurement, the samples were heated at 320 °C
and evacuated for 4 h. FTIR spectra for the frame-
work vibration, hydroxyl vibration and pyridine ad-
sorbed on zeolite were recorded on Shimadzu 8400
using KBr wafer for the framework vibration, and
the self-supporting wafer for hydroxyl vibration and
adsorbed pyridine, respectively. The self-supporting
wafer was mounted in a IR cell connected with an
airtight system and activated under vacuum below
1072 Pa at 673 K overnight. After the background
spectrum (hydroxyl vibration) was collected, pyri-
dine was introduced into the cell for 30 min at
150 °C until the saturated adsorption was reached.
After the physisorbed pyridine was removed for 1 h
at the same temperature, the IR spectrum was col-
lected, and a stepwise desorption (at 150, 300, and
400 °C) was carried out to evaluate the strength of
the acid sites.

29Si MAS NMR spectra were obtained with
the VARIAN UNITYINOVA 300M spectrometer
at 59.584 MHz with 5 kHz spinning speed, 1.5 us
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Fig. 1. N, adsorption/desorption isotherms of a) HUSY,
b) HUSY-0.05-12 and ¢) HUSY-0.05-24.

excitation pulses and 3 s recycle time. Chemical
shifts of silicon were referenced to tetramethysilane
(TMS).

The measurements of catalytic activities of Ru
catalysts supported on HUSY in benzene hydro-
genation reaction were performed in a 160 mL
batch stirred reactor (Parr4842) at 40 °C and un-
der 2.0 MPa pressure. Before reaction, 0.05 g of
pre-reduced catalyst was transferred into the reac-
tor in which 40 mL reactant had been introduced.
The products were analyzed by a gas chromato-
graph (GC) equipped with a flame ionization detec-
tor (FID) and a column of polyglycol. Supported Ru
catalysts were prepared by impregnating the zeolite
with an aqueous solution of RuCl3, and Ru content
in all catalysts was 2.5 wt.%.

3. Results and discussion

3.1. Textural structure of HUSY zeolite
treated by NaAlO,

XRD patterns and IR spectra of framework vi-
brations of the HUSY zeolite samples were used to
study the effect of NaAlO, treatment on the struc-
ture of zeolite. Compared with untreated HUSY
zeolite, it can be seen that the samples treated with
the NaAlO; solution retained the diffraction peaks
corresponding to faujasite topology characteristic of

framework bonds. When the HUSY zeolites were
treated with NaAlO, solution (at the concentration
below 1.0 mol/L), the samples maintained their
original crystallinity, but the lattice parameters in-
creased, as shown in Table 1. Moreover, the fre-
quency of IR band at ~ 1050 cm™!, designed to an
asymmetric stretch vibration (V,or0)), Was shifted
to lower wavenumber. Both the increase in the unit
cell parameter and the shift of v,ro) to lower
wavenumber indicates that the Si/Al ratio in the
zeolite framework has decreased.

In Fig. 1 the curves for nitrogen adsorption-
desorption on HUSY zeolites before and after treat-
ment with 0.05 mol/L NaAlO, solution are illus-
trated. A combination of type I and IV isotherms
is observed for the parent HUSY sample. The exis-
tence of a hysteresis loop in the isotherms indicates
the presence of mesopores. Upon alkaline treatment,
the shape of the nitrogen adsorption and desorption
is not significantly affected, suggesting the preserva-
tion of original microporous and mesoporous nature
of HUSY zeolite. Moreover, the nitrogen isotherms
of the treated zeolites show the enhanced uptake at
relatively higher pressures and more distinct hys-
teresis loop, indicating the increase in the external
surface area and mesopore volume as well as in the
total surface area (Table 1).

The 2°Si NMR spectra of the HUSY samples un-
treated and treated with NaAlO; are shown in Fig. 2.
Using Gaussian line shapes, five lines at around -
90, -96, -102, -107, and -110 ppm, corresponding to
Si(3Al), Si(2Al), Si(1Al), Si(0Al)a, and Si(0Al)g
sites, were deconvoluted from the spectra of the
HUSY samples, respectively. After treating with
0.05 mol/L NaAlO; solution, the distributions of
these lines change obviously. As compared with the
parent HUSY, the relative intensity of the lines at
-96 and -102 ppm becomes more pronounced, while
the intensity of lines at -107 and -110 ppm becomes
weaker, showing the increase in the relative popu-
lation of Si(2Al) and Si(1Al) sites, and decrease
in Si(0OAl) sites. Table 2 collects quantitative NMR
results for the untreated and treated zeolites. It can
be seen that the Si/Al ratio in the zeolite frame-
work, calculated by deconvoluting NMR spectra,
decreases from parent 6.33 to 5.06 and finally to
4.66 as the result of the treatment with NaAlO».
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Table 1. Physical characteristics of HUSY zeolite.

Samples Crystallinity u.c. parameter Vyoro) SBET  Vmicro  Vimeso Sext
[%] [A] [em™!] [m*/g] [ml/g] [ml/g] [m?/g]
HUSY 100 24.40 1057 522 0.26 0.07 40
HUSY-0.01-12 100 24.53 1054 570 0.26 0.10 71
HUSY-0.05-12 100 24.61 1048 591 0.26 0.11 91
HUSY-0.05-24 99 24.61 1046 559 0.26 0.10 70
HUSY-0.10-12 92 24.44 1044 518 0.23 0.09 67
Table 2. Quantification of untreated and treated zeolites with 2Si MAS NMR.
Samples Si(3Al) Si(2Al) Si(1Al) Si(0AD)p Si(0Al)g  Si/Al
CS*” Area®> CS Area CS Area CS Area CS Area
HUSY -89.7 2.00 -96.1 11.3 -102.1 344 -107.3 37.8 -1093 144 6.3
HUSY-0.05-12 -89.2 255 -96.2 17.2 -102.1 37.0 -107.1 339 -109.1 9.35 5.1
HUSY-0.05-24 -90.0 127 -96.7 21.1 -102.4 39.7 -107.5 334 -111.6 445 4.7

“Chemical shift, ppm;
bRelative area of peak, %.

The results of XRD, IR and NMR indicate that
the HUSY zeolite has been realuminated during the
treatment with NaAlO, solution. Furthermore, ac-
cording to the experimental results of NMR, the
relative population of Si(0Al)4 sites and Si(0Al)g
sites in the treated samples is lower than that in the
parent zeolite, whereas the relative population of
Si(1Al) and Si(2Al) sites in the treated samples is
higher than that in the parent zeolite. It can be rea-
sonably concluded that the realumination of HUSY
in a dilute NaAlO; solution occurs through isomor-
phous substitution of Si atom by Al atom at Si(0Al)
sites, thus generating new Si(1Al) and Si(2Al) sites
in the framework of the HUSY zeolites.

3.2. Acidity of HUSY zeolites before and
after realumination

Fig. 3 shows the FTIR spectra of a dehydrated
HUSY zeolite before and after realumination in the
spectral region of the stretching OH vibrations. Se-
veral distinct OH bands are observed, which are
assigned to terminal silanol (3740 cm ™), bridging
Si(OH)AI in the supercages (3620 cm™!) and the
sodalite cages (3560 cm™ 1), Si(OH)ALI inside the
supercages and the sodalite cages interacting with
extra-framework aluminum (3600 and 3530 cm™ 1),
and Al-OH groups from extra-framework aluminum

Table 3. Quantification of B and L acid sites from
pyridine-adsorbed IR spectra.

Samples 150 °C 300 °C 400 °C

B* LY B* L? B* L/
HUSY 271 151 233 38 156 19
HUSY-0.05-12 313 82 274 47 217 36
HUSY-0.05-24 375 67 360 57 274 57

“The amount of Brgnsted acid sites, umol/g
bThe amount of Lewis acid sites, umol/g

species (3665 cm™1), respectively [10]. Compared
with the untreated HUSY, the bands at 3620 and
3560 cm~! increased in intensity, showing that some
supercages were renovated by the reinsertion of Al
atoms in the sodalite cages of the zeolite. In addition,
the hydroxyl spectra of the realuminated HUSY zeo-
lite shows that the relative intensity of the bands at
3600 and 3530 cm~! decreased as the relative inten-
sity of the band at 3665 cm™! of extra-framework
aluminum species decreased.

The FTIR spectra of the pyridine adsorbed on
HUSY samples before and after realumination show
the bands at 1540 and 1450 cm~! related to the
adsorption of the pyridine molecules on Brgnsted
and Lewis acid sites. The quantitative results of the
acid sites at pyridine desorption temperatures of
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Fig. 2. Experimental and deconvoluted 2°Si MAS NMR
spectra of HUSY, HUSY-0.05-12 and HUSY-24.
Solid (—): experimental, dash (---): simulated,
dot (- -): deconvoluted.

150, 300 and 400 °C are listed in Table 3. It can
be seen from the data that the number of Brgnsted
acid sites of aluminated HUSY is larger than that of
the parent sample, and increases continuously with
realumination. Comparing the change in the number
of Lewis acid sites on HUSY zeolite before and after
realumination, it can be stated that the number of
weak acid sites on realuminated zeolites is lower
than that on the parent zeolite, but the number of
strong acid sites is significantly higher, showing the
increase of the Lewis acid strength.

The acidity usually depends not only on the
aluminum content in the framework and extra-
framework of zeolite, but also on the coordina-
tion and distribution of the framework silicon and
aluminium sites. The Si—-OH-AI groups, including

3750 3700 3650 3600 3550 3500
Wavenumber, cm™

Fig. 3. FTIR spectra in hydroxyl region of a) HUSY,
b) HUSY-0.05-12 and ¢) HUSY-0.05-24.

Si3Si—-OH-AlSi3, AlSi,Si-OH-AISi3, and Al,SiSi—
OH-AISi3 hydroxyls, correspond to the Brgnsted
acid sites, and Lewis acidity is generally associated
with the presence of extra-framework Al species.
According to 2°Si NMR and FTIR spectra of hy-
droxyl region, it is deduced that the increase in the
contribution of Si(1Al) and Si(2Al) species on alu-
minated HUSY zeolites means the increase in the
number of Brgnsted acid sites, Otherwise, the de-
crease in the number of Lewis acid sites is accom-
panied by decreasing extra framework AI-OH.

3.3. Catalytic hydrogenation activity of
HUSY supported Ru catalysts

The catalytic activity of Ru catalysts supported
on HUSY zeolite before and after realumination in
hydrogenation reaction of 0.5 wt.% benzene in hex-
ane solution has been investigated. The conversion-
time curves of three catalysts at the same reaction
conditions are shown in Fig. 4. The experimental
data of conversion (x) — time (¢) were fitted accord-
ing to the first-order kinetic equation:

In(1—x) = kyt (1)

The kinetic rate constants (k\ﬁ) are 0.16, 0.84
and 0.88 h~! for Ru/HUSY, Ru/HUSY-0.05-12 and
Ru/HUSY-0.05-24, respectively. Compared with the
parent HUSY supported catalyst, the catalysts on



JINGHONG MA et al.

24
1.0} o
c
9
p
“>) 0.8 /
[«
¢
0 0.6
c
g
§ 04t = ExptRUHUSY
0 o  ExptRu/HUSY-0.05-12
- 4 ExptRu/HUSY-0.05-24
0.2 Fitlines
00 1 1 1 1 1
0 100 200 300 400 500 600

Reaction time/min

Fig. 4. Benzene hydrogenation on Ru/HUSY, Ru/HUSY-
0.05-12 and Ru/ HUSY-0.05-24.

aluminated supports display much higher hydro-
genation rates, and the optimal activity is obtained
for the most acidic Ru/HUSY-0.05-24 catalyst. It
is well known that aromatics hydrogenation may
occur on both metallic sites and acid sites close to
the metal particles implying spillover of hydrogen
from the metal surface or the metal-support bound-
ary [11, 12]. The enhanced catalytic activity towards
hydrogenation reactions on catalysts supported alu-
minated HUSY zeolites is related to higher surface
area and acidity of support. The high surface area
may increase the metal surface available for ben-
zene conversion and the hydrogen dissociation on
the metal, which increases hydrogen spillover. It is
very important that increasing Brgnsted acid sites in
support enhances the active site concentration of the
catalyst, resulting in an additional contribution to
the overall hydrogenation rate of spillover hydrogen
from the metal to the aromatic ring, adsorbed on the
acid sites of the support.

4. Conclusion

HUSY zeolite was aluminated and mesostruc-
tured through a hydrothermal treatment with a dilute
NaAlO; solution. A comprehensive characterization

by Nj adsorption, XRD, FTIR spectroscopy and
2%Si MAS NMR revealed that the crystalline and
pore structures of the HUSY zeolite were not been
destroyed after realumination, and the realumination
of zeolite occurred through isomorphous substitu-
tion of Si atom for Al atom on Si(0Al) sites, thus
lowering Si/Al ratio of the zeolite framework. FTIR
spectra of hydroxyl groups and adsorbed-pyridine
showed an increased number of Brgnsted acid sites
after HUSY zeolites were realuminated. Accord-
ingly, the Ru catalysts supported on aluminated
HUSY zeolite displayed superior activity for ben-
zene hydrogenation than those on the parent HUSY
zeolite.
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