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ABSTRACT: Design and preparation of highly active hydro-
desulfurization (HDS) catalysts is very important for the
removal of air pollution. Herein, we report an extraordinarily
active HDS catalyst, which is synthesized by loading of Pd on
mesoporous zeolite Y (Pd/HY-M). The mesoporous zeolite Y
is successfully synthesized using a water glass containing N,N-
dimethyl-N-octadecyl-N-(3-triethoxysilylpropyl) ammonium
[(C,H50);3SiC3HgN(CH;),C1gHs7] " cation as a mesoscale
template. Compared with mesoporous Beta and ZSM-5
supported Pd catalysts (80.0% and 73.4% for Pd/HBeta-M
and Pd/HZSM-5-M, respectively) as well as commercial
catalyst of y-Al,O; supported Pd catalyst (31.4%), Pd/HY-
M catalyst exhibited very high activity in HDS of 4,6-dimethyl-
dibenzothiophene (4,6-DM-DBT, 97.3%). The higher activity
of Pd/HY-M than that of Pd/HBeta-M and Pd/HZSM-5-M is
assigned to the larger micropore size of zeolite Y compared to
that of Beta and ZSM-S. Theoretical simulation and adsorption
experimental data show that 4,6-DM-DBT has difficulty
entering the micropores of ZSM-5 and Beta zeolites, but the
micropores of Y zeolite are accessible.

he reduction of the sulfur content in diesel fuel has received

much attention in recent years owing to stringent environ-
mental legislations in many countries for a sulfur level less
than 10 ppm.' To reach this low level, complete removal of
highly refractory molecules such as 4,6-dimethyldibenzothio-
phene (4,6-DM-DBT) is inevitable." However, conventional
supported metal sulfides have difficulty fully removing 4,
6-DM-DBT, due to steric hindrance by the methyl groups
adjacent to the sulfur atom,” and the solution for this problem
is to increase hydrogenating ability and support acidity of the
catalysts.” Recently, Sun and Prins* reported high activity in
4,6-DM-DBT hydrodesulfurization (HDS) over noble metals
supported on mesoporous ZSM-5 zeolite. The replacement of
metal sulfides by noble metals strongly enhanced the hydro-
genating ability, and the use of strongly acidic zeolite support
was favorable for lowering the sulfur sensitivity of the metal.®
Moreover, strong acidity is also helpful for spillover of
hydrogen atoms from the metal particles to the aromatic
sulfur-containing molecules, which could create a second
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hydrogenation pathway.® Nevertheless, in these mesoporous
ZSM-S and Beta zeolite supported noble metal catalysts, HDS
occurs in the mesopores, because bulky 4,6-DM-DBT mol-
ecules cannot diffuse into the pores of ZSM-$ (pore size of
0.55 nm) and Beta (pore size of 0.65—0.68 nm) zeolites.*”

From a theoretical simulation, we estimated the molecular size
of 4,6-DM-DBT to be 0.78 X 1.13 nm (Table S1), which is
comparable with the microporosity of zeolite Y (window of
0.74 nm and supercage of 1.3 nm). Therefore, 4,6-DM-DBT can
enter the micropores of zeolite Y under HDS conditions. This is
supported by adsorption of 4,6-DM-DBT on zeolite Y supported
Pd catalyst (74.8 mg/g Cat., Table S2). Herein, we report the
synthesis of mesoporous zeolite Y by templating with a mesos-
cale silane surfactant and the HDS of 4,6-DM-DBT over a Pd
catalyst supported on the mesoporous zeolite Y. Compared with
mesoporous ZSM-S and Beta or conventional y-Al,O3, meso-
porous zeolite Y supported Pd catalyst exhibits extraordinarily
high activity for HDS.

Notably, despite much encouraging progress for the successful
synthesis of mesoporous ZSM-S and Beta zeolites by using
mesoscale organic templates,® it is still difficult to obtain meso-
porous zeolite Y by the same route, due to the difficulty of
dispersing the organic templates into the viscous gel used in the
synthesis of zeolite Y.* In this work, we systemically investigated
the dispersion of mesoscale templates in the starting gel, and
found that a silane of N,N-dimethyl-N-octadecyl-N-(3-triethoxy-
silylpropyl) ammonium bromide ([(C,H0);SiCsHgN(CHj),-
CsH37]Br, TPOAB) could be highly dispersed in water glass, a
raw material for synthesizing zeolite Y. Replacement of con-
ventional water glass by TPOAB-dispersed water glass in the
synthesis resulted in the formation of mesoporous zeolite Y,
which was designated as NaY-M sample.

Figure 1 shows the X-ray diffraction (XRD) pattern, nitrogen
isotherm, scanning electron microscopy (SEM) image, and trans-
mission electron microscopy (TEM) image of the NaY-M sample.
The XRD pattern gives well-resolved peaks in the range 4—40°
with zeolite Y structure (Figure 1a). The nitrogen isotherm of
calcined NaY-M exhibits a step at a relative pressure of 0.4—0.96,
which is typically assigned to the presence of mesostructure
(Figure 1b). Correspondingly, the pore-size distribution for
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Figure 1. (a) XRD pattern, (b) N, isotherm, (c) SEM image, and
(d) TEM image of NaY-M sample (the mesoporosity in the crystal was
marked by red lines and white arrows).

Table 1. Textural parameters of supports and CO-chemi-
sorption data of the corresponding catalysts

CO-ad. Pd

catalystsd

SBET Sext Vineso D d

samples (mz/g)a (mz/g)b (cm3/g)c (%) (nm)

NaY-M 859 137 0.20 36 3.1
HY-M* 841 142 0.21 NV 2.3
HY* 904 72 0.08 37 3.0
HBeta-M* S§1 144 0.24 36 3.1
HZSM-5-M* 453 170 0.19 37 3.0
y-AL O3 320 320 0.47 56 19

“BET surface area. " External surface area. “Mesoporous pore volume.
dDispersion and particle size of Pd nanoparticles estimated from CO-
chemisroption data (D and d stand for disispersion and particle size,
respectively).  The Si/Al ratios of HY-M, HY, HZSM-5-M, and HBeta-
M at 2.6, 2.5, 19.6 and 18.4, respectively.

calcined NaY-M shows mesopores in the range 8—30 nm, cen-
tered at 18 nm (inset, Figure 1b). The SEM image of the calcined
NaY-M (Figure 1c) exhibits the particles ranged at 0.7—1.5 ym
with similar morphology. The TEM image at high magnification
gives direct evidence for the presence of mesopores (Figure 1d,
10—25 nm) in the sample.

After ion-exchange of NaY-M with a NH,NOj3 aqueous solution
and calcination at 550 °C, the H-form of zeolite Y was obtained
(HY-M). Then, Pd nanoparticles were loaded, forming a meso-
porous zeolite Y supported Pd catalyst (Pd/HY-M). In compar-
ison, we also prepared mesoporous ZSM-S (HZSM-5-M) and
Beta (HBeta-M) supported Pd catalysts. Table 1 presents
textural parameters and CO-chemisorption data of the various
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Figure 2. Dependence of the 4, 6-DM-DBT conversion (a) and the
remaining sulfur content (b) in 4,6-DM-DBT-hydrogenation system on
reaction time over (green M) Pd/HY-M, (red » ) Pd/HBeta-M, (green %)
Pd/HZSM-5-M, (blue ®) Pd/HY, (turquoise ¥) Pd/NaY-M, and
(pink A) Pd/y-Al,O; catalysts.

samples. The mesoporous zeolites of the HY-M, HZSM-5-M,
and HBeta-M have similarly large external surface areas (142—
170 m*/g) and mesopore volumes (0.19—0.24 cm®/g), which
are still smaller than those (320 m2/ g and 047 cm®/ g) of
y-Al,O3. The Pd nanoparticles on the zeolite supports, estimated
by CO-chemisorption, was 2.3—3.1 nm, which is slightly larger
than those (1.9 nm) on the -Al, O support. The Pd particles are
located in both disordered mesopores (Figures S1 and SS) and
ordered micropores (Figures S2—S4), which are attributed to the
fact that NaY-M sample contains both hierarchical mesopores
(8—30 nm) and ordered micropores (0.74 nm). Curves of
temperature-programmed desorption of ammonia show that
the H-form of zeolite supports have strong acidic sites, while
the acidity of Na¥-M and y-AL, Oy is relatively weak (Figure S6).

Figure 2 shows the dependences of 4,6-DM-DBT conversion
and the remaining sulfur content on the reaction time over the
various catalysts. Conventional Pd/y-Al, O3 shows relatively low
conversion (34.1% at 6 h). Weakly acidic Pd/NaY-M catalyst also
gives low conversion (41.3% at 6 h).

When acidic HZSM-5-M is used as support, Pd/HZSM-
5-M exhibits higher activity, reaching 73.4% at 6 h. The higher
activity is assigned to the contribution of strong acidity and
mesoporosity in the support, in good agreement with those
previously reported by Sun et al.* Very interestingly, strongly
acidic Pd/HY-M catalyst shows the highest activity, giving a
conversion of 97.3% at 6 h. As a result, remaining sulfur
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content in the liquid phase is only 40 ppm over Pd/HY-M catalyst.
Considering the similarity of Pd/HY-M, Pd/HZSM-5-M and
Pd/HBeta-M for mesoporosity, external surface area, and strong
acidity as well as Pd loading and nanoparticle sizes, the much
higher catalytic activity in HDS of 4,6-DM-DBT over Pd/HY-M
than over Pd/HZSM-5-M and Pd/HBeta-M should be directly
assigned to the difference in microporosity in the samples. HY-M
has relatively large micropores, which could be accessible for bulky
4,6-DM-DBT. On the contrary, 4,6-DM-DBT molecules have
difficulty entering the micropores of HZSM-5-M and HBeta-M.**
This suggestion is supported by 4,6-DM-DBT adsorption experi-
ments, which show the adsorption capacity of Pd/HY (74.8 mg/g) is
much higher than that of Pd/HZSM-S (11.2 mg/g) and Pd/HBeta
(26.8 mg/g, Table S2), confirming that the micropores of HY are
more favorable for access of 4,6-DM-DBT than those of ZSM-5 and
Beta. On the other hand, mesoporosity in the samples is also a critical
factor for enhancing catalytic activity. For example, Pd/HY shows a
conversion of 61.8% at 6 h. However, after introduction of meso-
porosity in HY, Pd/HY-M gives a very high conversion of 97.3% at 6
h. These results could be related to the presence of mesoporosity in
the samples, which is favorable for mass transfer and access for bulky
4,6-DM-DBT. Clearly, the support of HY-M perfectly combines the
advantages of mesoporosity with large micropore size, leading to the
highest activity in HDS during all supported Pd catalysts.

It has been reported that 4,6-DM-DBT over Pd catalysts can
be hydrogenated to sulfur-containing intermediates such as 4,
6-dimethylhexahydrodibenzothiophene (DM-HH-DBT),* which
could be desulfurized to hydrocarbons by the direct desulfuriza-
tion (DDS) and hydrogenation pathways (HYD),* as proposed
in Scheme S1. Table S3 presents product selectivity in the HDS
of 4,6-DM-DBT at a reaction time of 6 h. The results suggest that
the intermediate of DM-HH-DBT from HDS of the 4,6-DM-
DBT over strongly acidic catalysts (e.g, Pd/HY-M) is more
favorable for hydrogenating the DM-HH-DBT to DM-PH-DBT
forming DM-BCH by DDS route than that over relatively weak
acidic catalysts (e.g., Pd/y-ALO3).

In summary, mesoporous zeolite Y is successfully synthesized
using TPOAB as a mesoscale organic template. After loading Pd
on the H-form of mesoporous zeolite Y, the resulting catalyst
shows a very high activity in the HDS of 4,6-DM-DBT compared
with HZSM-5-M and HBeta-M or y-AL,O; supported Pd
catalysts. This phenomenon is assigned to a combination of
the advantages for the mesoporosity and large micropores in HY-
M. The mesoporosity is favorable for mass transfer, and the
micropores are accessible for bulky 4,6-DM-DBT. The meso-
porous zeolite Y supported noble metal catalysts would be
potentially important for a removal of sulfur content in diesel
fuel by HDS route in the future.
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