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Abstract—The preparation of bifunctional catalysts with high catalytic selectivity for the n-alkanes
hydroisomerization still remains challenging for the production of bio-diesel. Herein, two series of Pd/SAPO-41
bifunctional catalysts are prepared by the ultrasonic-assisted impregnation (xPd/S41-U) with different treating
time and conventional incipient wetness impregnation methods (0.30Pd/S41-I) on the SAPO-41 molecular
sieve, respectively. The physico-chemical property of the synthesized SAPO-41 and prepared catalysts were
studied by XRD, SEM, ICP, N, physical adsorption, H, chemisorption and Py-IR measurements. The catalytic
performance for the n-hexadecane hydroisomerization over all catalysts is also studied. The characteristic results
indicate that the xPd/S41-U catalysts show stronger Brensted acidity compared with the 0.30Pd/S41-1 catalyst.
In addition, the Pd dispersion of the xPd/S41-U catalysts is almost two times higher than that of the 0.30Pd/S41-1
catalyst, which leads more Pd cluster to enter into the micropores of the SAPO-41 molecular sieve. Furthermore,
the 0.30Pd/S41-U catalyst with 0.30 wt % Pd loading shows promoted catalytic performance than that of the
0.30Pd/S41-I catalyst with the same Pd loading because of the stronger metal function and more favourable
metal-acid balance caused by the larger Cpy/Cy, ratio. Therefore, the ultrasonic-assisted impregnation
prepared Pd/SAPO-41 catalysts are potential to be widely employed for the n-alkane hydroisomerization.

Keywords: ultrasonic-assisted impregnation, Pd site, SAPO-41 molecular sieve, n-hexadecane hydroisomerization,
bifunctional catalysts
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INTRODUCTION

Inrecentyears, theemploymentofcleanrenewable fuel
has captured considerable attentions due to the increasing
energy crisis and severe environmental problems [1, 2].
To achieve this purpose, the hydroisomerization of long
chain n-alkane is an effective way to improve the quality
of the second-generation bio-diesel, which is produced
by the hydrodeoxygenation of bio-oil followed by the
hydroisomerization of deoxygenated bio-oil [3-5]. In
contrast to the traditional diesel with high contents of
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sulfur, nitrogen, alkenes, aromatic hydrocarbons and
other impurities, the main composition of the second-
generation bio-diesel is isomer alkanes. As a result, the
serious air pollution caused by more generated PM2.5
from incomplete combustion of traditional diesel will
be significantly suppressed [6, 7]. In addition, compared
with the first-generation biodiesel, the second-generation
bio-diesel shows more excellent blending property,
promoted low-temperature fluidity and higher energy
density [8, 9]. Furthermore, the second-generation bio-
diesel is directly obtained from renewable biomass
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like vegetable oil, animal oil and waste oil, which
means the raw sources are plenty and renewable [10].
Therefore, it is necessary to develop the catalysts for
hydroisomerization of long chain n-alkanes to improve
the production of clean renewable bio-diesel.

To date, the bifunctional catalyst is the most widely
used catalyst in the n-alkane hydroisomerization, which
is composed of metal sites with (de)hydrogenation
function and Brensted acid sites with isomerization and
cracking function [11]. During the hydroisomerization,
the n-alkanes are firstly dehydrogenated to alkene inter-
mediates on the metal sites. Then, the alkene interme-
diates are protonated, isomerized and deprotonated on
the Bronsted acid sites. Finally, the formed isomerized
alkene intermediates are hydrogenated to form iso-al-
kane products on the metal sites. It is worth noting that
if the balance between the functions of two active sites
is not ideal, the alkene intermediates would easily un-
dergo further cracking, which would suppress the yield
of desirable iso-alkane products [12, 13]. Generally,
the Bronsted acid sites are provided by the molecular
sieves. According to the reported works, the molecular
sieves with one-dimensional micropore system are ap-
propriate for the preparation of highly selective bifunc-
tional catalysts, including ZSM-22, ZSM-23, SAPO-
31 and SAPO-41 [14,15]. However, due to the higher
Brensted acidity, the selectivity to iso-alkane over
zeolite-based catalysts is usually lower compared with
SAPO-based catalysts because of the stronger cracking
of iso-alkanes on the Brensted acid sites [16, 17]. Based
on the comparison of catalytic performance for the n-oc-
tane hydroisomerization over Zeolite and SAPO based
bifunctional catalysts, Nghiem et al. found that the iso-
octane selectivity over Pt/SAPO-n catalysts were much
higher than that over Pt/ZSM-n catalysts when the reac-
tion temperature was 250°C [18]. Additionally, SAPO-
41 has been proven to show ideal catalytic behaviours
among all SAPO-n molecular sieves since the large pose
size (0.43 x 0.73 nm) of SAPO-41 is beneficial for the
formation and diffusion of desired iso-alkanes [19].

In addition to the Brensted acid sites, the modifica-
tion of characteristics of metal sites is also very impor-
tant for the enhancement of the catalytic performance.
Because of the better catalytic stability and stronger hy-
drogenation function, noble metals (Pt and Pd) are usu-
ally employed as metal sites for bifunctional catalysts
instead of non-noble metals (Ni) [20]. However, in order
to keep the favourable metal-acid balance and high iso-
alkanes selectivity, the loading of noble metals are gen-

erally above 0.5 wt % [21]. This phenomenon leads to
a high cost of the bifunctional catalysts and limits their
further applications for the industrial production. There-
fore, many strategies have been developed to promote
the metal dispersion on the surface of molecular sieves
and reduce the loading of noble metals, like depositing
noble metal nanoparticle into the molecular sieves [22]
or employing ion-exchange method [23]. But it is nota-
bly that the preparation of bifunctional catalysts through
these methods may be complicated and expensive due to
the hard encapsulation of noble metal nanoparticles and
the waste of noble metal precursors. Accordingly, it is
still essential to find simple methods for the preparation
of bifunctional catalysts with high selectivity and low
metal loading.

Over past years, the ultrasonic-assisted treatment
is considered to be an effective method to reduce the
metal loading of bifunctional catalysts owing to its
low cost and simple measurement [24, 25]. During the
ultrasonic treatment, the formation, growth and collapse
of bubbles can lead to high temperature and pressure to
accelerate the chemical reaction [26]. However, with the
assistance of ultrasonic treatment, the strong reductant,
the protective agents, the severe reaction conditions and
long reaction time are still necessary to achieve highly
dispersed noble metal catalysts [27]. Furthermore, the
reported works about the preparation of bifunctional
catalysts for n-alkane hydroisomerization by ultrasonic-
assisted treatment are very few. Therefore, the
combination of the ultrasonic-assisted impregnation and
hydrogenation reduction may be a simple and potential
route to improve the metal dispersion, so that the metal
loading of bifunctional catalysts can be evidently
lowered.

In this study, two series of Pd/SAPO-41 bifunctional
catalysts were prepared by ultrasonic-assisted impreg-
nation and conventional incipient wetness impregna-
tion methods, respectively. The effects of preparation
methods on metal-acid balance and the n-hexadecane
hydroisomerization over all catalysts were studied
thoroughly.

EXPERIMENTAL

The Synthesis of SAPO-41 Molecular Sieve
and Preparation of Pd/SAPO-41 Bifunctional Catalysts

For the synthesis of the SAPO-41 molecular
sieve, the di-n-butylamine (DBA) (95.0%, Aldrich),
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orthophosphoric acid (85.0%, Tianjin Guangfu, China),
pseudoboehmite (74.1 wt % Al,O;, Catapal B, Sasol)
and silica sol (25.9 wt % SiO,, Qingdao Yumin, China)
were used as template, P, Al and Si sources, respectively.
Pd(NO3), solution (5 wt %, Shanxi Kaida, China) was
used as metal precursor solution to prepare Pd/SAPO-41
bifunctional catalysts.

The SAPO-41 molecular sieve was synthesized
according to our previously works, while the composition
of initial gel was of Al,O5 : SiO, : DBA : P,O5 : H,O =
1.0 : 0.6 : 3.0 : 1.0 : 55.0 [28]. The obtained sample
was denoted as S41. For the PA/SAPO-41 bifunctional
catalysts prepared by ultrasonic-assisted impregnation
method, 2 g SAPO-41 was impregnated of 50 mL
Pd(NOs), solution (0.01 mol/L) with an ultrasonic
bath at a frequency of 25 kHz and an input power of
300 W for 40, 80 and 120 min, respectively. Then, the
obtained samples were washed by deionized water,
dried overnight at 110°C, followed by the calcination
in air at 600°C for 4 h and reduction at 400°C for 1 h
with 40 mL/min hydrogen in a fixed-bed reactor. The
prepared catalysts were denoted as xPd/S41-U, in
which the x was the Pd loading (wt %) of the catalyst
with different treating time. For comparison, the
preparation of Pd/SAPO-41 bifunctional catalyst by the
conventional incipient wetness impregnation method
was carried out as follows: the 2 g SAPO-41 molecular
sieve was impregnated with 0.12 g Pd(NOs;), solution
(0.01 mol/L) and 1.87 g deionized water to maintain the
Pd loading was 0.30 wt % and the following steps were
the same as those of xPd/S41-U catalysts. The prepared
conventional Pd/SAPO-41 bifunctional catalyst was
denoted as 0.30Pd/S41-1.

Characterization of SAPO-41 Molecular Sieve
and Pd/S41 Bifunctional Catalysts

The Powder X-ray diffraction (XRD) patterns of the
synthesized SAPO-41 molecular sieve was measured
using a Bruker D§ Advance X-ray diffractometer with
the standard CuK,, (A= 1.5406 A, 40 kV, 40 mA) over the
range of angles 5-55°. The crystal phase and diffraction
peaks of the SAPO-41 were identified by the JCPDS
database. The scanning electronic microscopy (SEM)
images of SAPO-41 molecular sieves were obtained on
S-4800 (Hitachi, Japan) at 30 kV. The metal loading of

xPd/S41-U catalysts were also detected by inductively
coupled plasma optical emission spectrometry
(ICP-OES, PerkinElmer, Optima 5300DV). The N,
adsorption-desorption measurements of SAPO-41
and all catalysts were performed on an Autosorb-iQ,
instruments (Quantachrome). Prior to the tests, all
samples need to be degassed at 350°C in a vacuum of
1.0 x 103 Pa for 12 h. After that, the characterization
was carried out at liquid nitrogen temperature (—196°C).
The specific surface areas and pore volumes of samples
were determined using the method of Brunauer—
Emmett—Teller (BET) and the #-plot, respectively. The
metal dispersion of all catalysts was characterized by
using a Micromeritics AutoChem I1 2920 chemisorption
analyser instrument. During the process, approximately
200 mg samples were loaded into a tube and pretreated
under hydrogen at 400°C for 1 h. Then, the sample was
treated under argon at 450°C for 2 h, cooled to room
temperature and then adsorbed by a 10% H,-Ar mixture
until saturation. The pyridine-adsorbed IR (Py-IR) of
the samples was measured on a Perkin Elmer Spectrum
Frontier transform infrared spectrometer (PE-100). At
first, all samples (diameter: 10mm, weight: about 20 mg)
were dehydrated at 350°C for 2 h under vacuum (1.33 x
103 Pa), followed by the pure pyridine was adsorbed
at 90°C for 0.5 h. The pyridine was desorbed at 150°C,
250°C, 350°C orderly after that. The Brensted acid sites
was calculated based on area of the band centered at
~1540 cm! [29].

Catalytic Performance Tests

The hydroisomerization of n-hexadecane was carried
out in a fixed-bed reactor with 1.0 g catalyst (20—40 mesh)
over all catalysts. Before the test, the catalyst was placed
into the reaction tube and treated under a flow of H, at
400°C for 1 h. Furthermore, the tests were conducted at
weight hourly space velocity (WHSV) of 3.70 h-!, H,
pressure of 2.0 MPa, H,/n-hexadecane molar ratio of
8.72 and reaction temperature at the range of 280-370°C.
The reaction products were analyzed by using the Agilent
6820 gas chromatograph, which was equipped with
a flame ionization detector (FID) and a HP-1 capillary
column (60 m x 0.25 mm x 1.00 um). The conversion of
n-hexadecane (%) and the yield of iso-hexadecane (%)
are calculated by the following formula:

the amount of n-hexadecane consumed

Conversion of n-hexadecane =

x 100%,

the amount of n-hexadecane in feed
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the amount of iso-hexadecane formed

x 100%,

Selectivity to iso-hexadecane =

amount of n-hexadecane consumed

the amount of iso-hexadecane formed

x 100%,

Yield of iso-hexadecane =

the amount of n-hexadecane in feed

RESULTS AND DISCUSSION

Characteristics of SAPO-41 Molecular Sieve and All
Pd/SAPO-41 Bifunctional Catalysts

Figure la shows the XRD pattern of the SAPO-41
molecular sieve synthesized by using DBA as template.
It can be found that the sharp characteristic diffraction
peaks existing at 6.8°, 9.7°, 13.7°, 18.3°, 16.3° and
20.5-25.7°, which are ascribed to the AFO topology of
SAPO-41. The strong intensity of these peaks suggests
that the synthesized SAPO-41 molecular sieve is highly
crystalline. Simultaneously, no additional peaks are
observed, indicating that the synthesized SAPO-41
molecular sieve is free from impure phase. The SEM
image of SAPO-41 in Fig. 1b presents the typical
morphology of the AFO topology, which are columnar-
shaped aggregates with 2.5 um of diameter and 5.0 um
of length [28]. Moreover, the SEM image confirms the
absence of amorphous species and demonstrates the
high crystallinity of the synthesized SAPO-41, which is
consistent with the results of XRD pattern.

The Pd loading of xPd/S41-U catalysts is investigated
by ICP measurement and the results are shown in Table 1.
The ICP results reveal that as the time of the ultrasonic-
assisted impregnation increases from 40 to 80 min,
the Pd loading of xPd/S41-U changes from 0.10 wt %

()
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20, deg

to 0.27 wt %. But when the treating time becomes
120 min, the Pd loading of 0.30Pd/S41-U catalyst is
0.30 wt %, which increases slightly compared with the
0.27Pd/S41-U catalyst. This phenomenon suggests that
the growth of Pd deposition amount is not linear as the
treating time changes longer. The textural properties
of the SAPO-41 molecular sieve and all Pd/SAPO-41
bifunctional catalysts are determined by N, physical
adsorption measurements. The N, adsorption-desorption
isotherms of all samples are shown in Fig. 2 and the
calculated textural properties are listed in Table 1. The
isotherm of SAPO-41 exhibits a sharp increase at the
relative pressure (P/P,) of 10-6. In addition, a hysteresis
loop is found at high P/P, for all samples, which are
assigned to the intergranular mesopores formed by the
crystal aggregation. For all Pd/SAPO-41 catalysts, the
isotherms are similar to that of the SAPO-41 but the
textural properties change evidently. Compared with
the SAPO-41 molecular sieve, the micropore surface
area (Spcro) and the micropore volumes (V,,,;,) of the
xPd/S41-U catalysts are both lower due to the partial
micropores blockages of SAPO-41 molecular sieve after
the deposition of Pd nanoparticles [30]. In addition, as
the Pd loading of xPd/S41-U catalysts increases, the
Shicro and V.o both decrease continuously, indicating
more micropore blockages because of the higher Pd
deposition amount. Furthermore, it is notably that

(b)

Fig. 1. (a) XRD pattern and (b) SEM image of the SAPO-41 molecular sieve.
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Table 1. The ICP results and textural properties of the SAPO-41 molecular sieve and all PdA/SAPO-41 catalysts

Surface area, m2/g Pore volume, cm3/g
Samples Pd loading?, wt %

SBETb SmicroC Sext Vtotald Vmicro Vmesoe
S41 - 251 228 23 0.132 0.081 0.051
0.10Pd/S41-U 0.10 219 190 29 0.147 0.073 0.074
0.27Pd/S41-U 0.27 204 165 39 0.161 0.065 0.096
0.30Pd/S41-U 0.30 199 158 41 0.156 0.062 0.094
0.30Pd/S41-1 0.30 194 164 30 0.097 0.065 0.032

aDetermined by ICP;  determined by BET method; ¢ determined by 7-plot method; 4 determined at P/Py = 0.995; ¢ V1 cs0 = Viota = Vin

icro*

Table 2. The Py-IR and H, chemisorption results of the SAPO-41 molecular sieve and all PA/SAPO-41 catalysts

Bronsted acidity?, pmol/g Cpye
Sample - Dpgb, % ’ Cpg/Cpd
total weak medium strong pmol/g

S41 89.4 9.9 233 56.2 - - -
0.10Pd/S41-U 453 7.0 9.2 29.1 51.2 4.8 0.11
0.27Pd/S41-U 41.0 5.2 8.1 27.7 53.5 13.6 0.33
0.30Pd/S41-U 39.9 93 10.5 20.1 61.1 17.2 0.43
0.30Pd/S41-1 43.2 7.5 10.8 24.9 273 7.7 0.18

a Determined by Py-IR method. b Calculated by H, chemisorption method. ¢ Calculated from the loading and dispersion of Pd. d The amount

ratio of exposed Pd atoms (Cpy) to total Brensted acid density

the 0.30Pd/S41-U catalyst reveals smaller micropore
surface and pore volume than those of 0.30Pd/S41-1
catalyst with the same Pd loading. This result may be
originated from the entrance of more Pd cluster into
the microporous channels caused by the increase of

1200 0-30Pd/S41-T R

v v
""'vvvvvvv"

A A 4

Quantity adsorb

Fig. 2. N, adsorption-desorption isotherms of the SAPO-41
molecular sieve and all Pd/SAPO-41 catalysts.

Pd dispersion, which is further confirmed by the H,
chemisorption measurement.

In order to investigate the Pd dispersion of all Pd/
SAPO-41 catalysts, the H, chemisorption measurement
is carried out and the results are listed in Table 2. It can
be found that the Pd dispersion of xPd/S41-U catalysts
is significantly higher compared with the 0.30Pd/S41-1
catalyst. Especially for the 0.30Pd/S41-U catalyst, the
61.1% of the Pd dispersion is two times higher than
that of the 0.30Pd/S41-I catalyst (27.3%). This result
demonstrates that the ultrasonic-assisted impregnation
method is very effective to increase the Pd dispersion
of the bifunctional catalysts. This is because the high
temperature and pressure generated by the ultrasonic
treatment can evidently improve the diffusion of Pd2*
1ons, which is beneficial for the entrance of more Pd2+
ions into the microporous channels or highly disperse
outside of the SAPO-41 molecular sieve [27]. Based on
the Pd dispersion, the exposed Pd atoms (Cpy value) are
calculated and the results are listed in Table 2. Among all
catalysts, the 0.10Pd/S41-U catalyst reveals the smallest
Cpq value because of the lowest Pd loading. Moreover,
the Cpy values of the 0.27Pd/S41-U and 0.30Pd/S41-U
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Fig. 3. Py-IR spectra of all PA/SAPO-41 catalysts at (a) 150°C, (b) 250°C and (c) 350°C.

catalysts are both larger compared with 0.30Pd/S41-1
catalyst due to the higher Pd dispersion, suggesting that
more accessible Pd active sites are formed on these two
catalysts.

Beyond the characteristics of Pd sites, the Bronsted
acid density is also very important for the improvement
of the catalytic performances over the bifunctional
catalysts. To study the Brensted acidity with different
strength, the Py-IR measurements are conducted for
the SAOP-41 molecular sieve and all catalysts, and the
results are shown in Fig. 3 and Table 2. In the Py-IR
spectra of all samples, the band located at ~1543 and
~1445 cm™! are assigned to the adsorption of pyridine
on the Bronsted and Lewis acid sites respectively, while
the band at ~1490 cm! is assigned to the adsorption
on two acid sites. Accordingly, the ~1543 cm~! band
area of Py-IR spectrum recorded at 150 and 350°C are
attributed the total and strong Brensted acid density,
respectively. Then, the weak and medium Brensted
acid density can also be calculated based on the area

difference of Py-IR spectra recorded at different
temperature. From Table 2, the total Brensted acid
density of all PA/SAPO-41 catalysts is lower compared
with the SAPO-41 molecular sieve owing to the
deposition of Pd nanoparticles. Simultaneously, the
total Brensted acid density of the xPd/S41-U catalysts
decrease gradually as the Pd loading increases, which
may be originated from the larger coverage of Bronsted
acid sites located outside of the SAPO-41 molecular
sieve and more micropore blockages caused by the
entrance of highly dispersed Pd cluster[11]. In addition,
compared with the 0.30Pd/S41-I catalyst, although the
total Brensted acid density of the 0.30Pd/S41-U catalyst
is lower due to the higher Pd dispersion, the adsorption
band of pyridine on Brensted acid sites of the 0.30Pd/
S41-U catalyst (1544-1546 cm-!) is higher. This
phenomenon indicates that the Bronsted acid strength
of 0.30Pd/S41-U catalyst is greater. Furthermore, by
combining the results of H, chemisorption and Py-IR
spectra, the ratio of exposed Pd atoms to total Brensted
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Table 3. The catalytic test results over all Pd/SAPO-41 catalysts at about 90% of n-hexadecane conversion

Items 0.10Pd/S41-U | 0.27Pd/S41-U | 0.30Pd/S41-U | 0.30Pd/S41-1
n-Hexadecane conversion, % 88.4 89.7 90.0 91.5
iso-Hexadecane selectivity, % 65.5 80.1 95.8 91.7
iso-Hexadecane yield, % 57.9 71.8 86.2 83.9
Mono-branched iso-hexadecane distribution, %

2-MeC;5 7.6 7.8 9.9 7.6
3-MeC;5 8.6 8.8 12.2 9.0
4-MeC 5 8.3 8.5 12.0 8.8
5-MeC;;s 8.1 8.5 12.6 9.2
6-MeC5 7.5 7.8 10.5 9.0
7,8-MeC s 15.6 16.0 6.0 15.6
Total MeC, 55.7 57.4 63.2 59.2
Total multi-branched iso-hexadecane distribution, % 44.3 42.6 36.8 40.8
I/C ratios 1.9 4.0 22.8 11.0

acid density (Cpy/Cyyy) is calculated, which is commonly
employed to characterize the balance between metal
function and acid function of the prepared bifunctional
catalysts [31]. As shown in Table 2, the Cpy/Cyy+ ratio of
the 0.30Pd/S41-U (0.43) catalysts are 2.4 times of the
0.30Pd/S41-I catalyst (0.18), suggesting that the 0.30Pd/
S41-U catalysts prepared via the ultrasonic-assisted
impregnation method reveals a stronger metal function.

Catalytic Behaviours over All Pd/SAPO-41
Bifunctional Catalysts for the n-Hexadecane
Hydroisomerization

It is well known that the Bronsted acidity, metal func-
tion and metal-acid balance have direct influences on
the catalytic behaviours of n-alkane hydroisomerization
over bifunctional catalysts. Therefore, to further investi-
gate the positive effects of ultrasonic-assisted impregna-
tion method on the catalytic performances of prepared
xPd/S41-U catalysts compared with the 0.30Pd/S41-1
catalyst prepared by the conventional incipient wetness
impregnation method, the n-hexadecane hydroisomeri-
zation is tested over all PA/SAPO-41 catalysts.

The catalytic performances for the n-hexadecane
hydroisomerization over xPd/S41-U catalysts are pre-
sented in Fig. 4 and Table 3. From Fig. 4a, it can be
found that the n-hexadecane conversion over all cata-
lysts increases as the reaction temperature changes from
280 to 370°C. At the same reaction temperature, the
conversion of n-hexadecane over all catalysts decreases

in the order of 0.30Pd/S41-U > 0.27Pd/S41-U > 0.10Pd/
S41-U, which is consistent with the order of Cpy/Cyy.
ratios. This result indicates that the metal-acid balance
may demonstrate stronger influences to the conversion
of n-hexadecane compared with the total Brensted acid
density when the metal density is low and the (de)hydro-
genation is a speed control step. In addition, as shown in
Figs. 4b, 4c, the order of the iso-hexadecane selectivity
and yield over all catalysts at n-hexadecane conversion
of about 90% is the same as that of the n-hexadecane
conversion. Especially for the 0.30Pd/S41-U catalyst,
the iso-hexadecane selectivity is 95.8% at the n-hexa-
decane conversion of 90.0%, which is relatively high
among reported catalysts with much higher noble metal
loading (listed in Tables 3 and 4). This result suggests
that the larger Cpy/Cyy, ratio is also beneficial for the
improvement of metal-acid balance and the promotion
of iso-hexadecane yield. During the hydroisomerization
process (illustrated in Fig. 4d), the n-alkane molecular is
firstly dehydrogenated on the Pd sites to become the n-
alkene intermediates. Then, the n-alkene intermediates
transformed to the iso-alkene intermediates on the Bron-
sted acid sites followed by the hydrogenation on the Pd
sites to form the desired iso-alkane products. Therefore,
in order to achieve the ideal catalytic performance, the
metal function of bifunctional catalysts should exceed
the Bronsted acid function. This is because an insuffi-
cient amount or a weak hydrogenation function of metal
sites can lead to stronger cracking reactions of isomers
on the Brensted acid sites [32]. For the 0.10Pd/S41-U
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Fig. 4. The catalytic performance of n-hexadecane hydroisomerization over xPd/S41-U catalysts. (a) The n-hexadecane conversion
versus the reaction temperature; (b) the iso-hexadecane selectivity versus the n-hexadecane conversion; (c) the iso-hexadecane yield
versus the n-hexadecane conversion and (d) the illustration of n-hexadecane hydroisomerization over xPd/S41-U bifunctional catalysts.

catalyst with the smallest Cpp/Cyy, ratio, the metal func-
tion is too weak to keep the favourable balance with the
Bronsted acid function, so that the isomer alkene inter-
mediates interact with more Brensted acid sites to un-
dergo further cracking before the hydrogenation on the
Pd metal sites. As a result, the yield of iso-hexadecane

over the 0.10Pd/S41-U catalyst (57.9%) is the lowest
among all catalysts. On the contrary, for the 0.30Pd/
S41-U catalyst with the highest Cpy/Cyy, ratio, the iso-
mer alkene intermediates are faster hydrogenated to
become iso-hexadecanes on Pd sites instead of further
cracking owing to the more favourable metal-acid bal-

Table 4. The relevant work done for the performance of n-alkanes hydroisomerization over bifunctional catalysts.

Catalyst A | e C | comvesion % | seleotvi s | Refernce
0.3Pd/SAPO-11 n-Cq 360 90.8 89.8 [15]
0.8Pd/SAPO-41 n-Cyg 340 94.0 94.6 [18]
0.5PYSAPO-11 n-Cy 340 93.5 75.8 [33]
0.5Pd/SAPO-11 n-Cyq 350 85.8 89.4 [34]
0.5Pd/SAPO-31 n-Cyq 380 80.0 90.6 [35]
1.OPY/SAPO-11 n-C, 300 92.1 83.2 [36]
0.30Pd/S41-U n-Cyg 320 90.0 95.8 This work
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ance, which leads to the highest iso-hexadecane yield
among all catalysts. This conclusion is also proved by
the the distribution of mono- and multi-branched iso-
hexadecane products over all PdA/SAPO-41 catalysts. As
listed in the Table 3, the distribution of mono-branched
iso-hexadecane products over 0.30Pd/S41-U catalyst is
the highest among all catalysts, while the ratio of iso-
hexadecane products to cracking products (I/C ratios) is
the lowest. This result indicates that the further isomeri-
zation and cracking of alkene intermediates over the
0.30Pd/S41-U catalyst is suppressed due to the highest
Cpy/Cyyr ratio and strongest metal function. Addition-
ally, the comparison of the catalytic performances over
0.30Pd/S41-U and 0.30Pd/S41-I catalysts is also shown
in Table 3. It can be found that the n-hexadecane con-
version, the maximum iso-hexadecane yield, the mono-
branched iso-hexadecane distribution and the I/C ratio
of the 0.30Pd/S41-U catalyst are all higher than those of
the 0.30Pd/S41-I catalyst. This result confirms that the
higher Cpy/Cyy, ratio of the 0.30Pd/S41-U catalyst leads
to the promoted catalytic performance compared with
the catalysts prepared by the conventional incipient wet-
ness impregnation method.

CONCLUSIONS

In this work, the ultrasonic-assisted impregnation
method is employed to prepare a series of xPd/S41-U
catalysts with high Pd dispersion. By simply changing
the treating time from 40 to 120 min, the Pd loading on
the SAPO-41 molecular sieve increases from 0.10 wt %
to 0.30 wt %. Compared with the 0.30Pd/S41-I catalyst
prepared by the conventional incipient wetness
impregnation method, the 0.30Pd/S41-U catalyst with
the same Pd loading demonstrates evidently higher Pd
dispersion and C,;./Cyy, ratio. In addition, the catalytic
performance over the 0.30Pd/S41-U catalyst is excellent
due to the enhanced metal function and more favourable
metal-acid balance. Therefore, the ultrasonic-assisted
impregnation method is a simple and effective method to
prepare highly selective bifunctional catalysts with low
noble metal loading for the n-alkane hydroisomerization
and other (de)hydrogenation reaction in petroleum
refining and petrochemical industrial production.
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