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Abstract: Ce and F were added to MCM-48 molecular sieve
by hydrothermal synthesis, and Pd/Ce(F)-MCM-48 metal
acid bifunctional catalysts were prepared by impregnation
method. The physical and chemical properties of Ce(F)-MCM-48
and Pd/Ce(F)-MCM-48 were characterized by X-ray dif-
fraction, scanning electron microscope, NH; temperature
programmed desorption instrument, Fourier infrared spec-
trometer, and X-ray photoelectronic spectrometer charac-
terization methods. The results showed that when the molar
ratio of the raw materials was n(Ce):n(TEOS) = 0.02 and
n(NaF):n(TEOS) = 0.10, Ce(F)-MCM-48-0.10 molecular sieve
had a high degree of order and large specific surface area
and pore volume, the total acid content increased, and the
acid strength also increased. And it had an acidic center
and generated certain oxygen vacancies. The catalyst
prepared after Pd impregnation had good dispersibility.
0.4% Pd/Ce(F)-MCM-48-0.10 catalyst still maintained the crys-
talline phase of MCM-48 molecular sieve. A micro-reaction
device was used to examine the catalytic performance of
n-heptane isomerization of Pd/Ce(F)-MCM-48-0.10 catalysts.
When the hydrogen flow rate was 30 mL-min’, reduction
temperature was 300°C, reduction time was 4 h, weight hourly
space velocity was 7.6h™, and reaction temperature was
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280°C, 0.4% Pd/Ce(F)-MCM-48-0.10 catalyst was used in the hep-
tane isomerization reaction, where the conversion of n-heptane
was 67.3% and the selectivity of isocheptane was 96.5%.
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1 Introduction

With the promulgation of the EU’s Euro V and Euro VI
vehicle emission standards and the enhanced global aware-
ness of energy conservation, emission reduction, and envir-
onmental protection [1], relevant environmental protection
regulations had become stricter in terms of pollutant types
and limits. To adapt to stricter emission regulations while
meeting the demands of engine technology, the problems
relating to pollutant emissions reduction, gasoline quality
improvement, and the presence of n-alkane with zero
octanes in straightrun gasoline must be resolved. Since
straight-run gasoline contained multiple n-paraffins, the
best way to improve the octane number was to convert
straight chain alkanes into branched chain alkanes. Conse-
quently, n-alkane isomerization had become an important
process in the refining industry [2-4]. Some recognized
industrialized technologies [5] had been developed for the
isomerization of relatively short straight-chain (Cs and Cg)
alkanes, but satisfactory mature technologies for the isomer-
ization of long straight-chain (=C;) alkanes were still not
available [6]. Accordingly, the development of catalysts for
n-heptane isomerization had become an important issue.
Many materials can serve as a promising candidate for
catalyst supports to immobilize the active species [7], Xie
et al. [8,9] prepared a core—shell structured Fe;0,-MCM-41
nanocomposite, and the lipase and sodium silicate were suc-
cessfully immobilized on the core-shell structured support,
respectively. It was shown that the immobilized lipase and
sodium silicate had good catalytic activity for transesterifica-
tion of lard and soybean oil. Most catalysts used in n-heptane
isomerization reactions were metal/support bifunctional
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catalysts. The structural characteristics and acidic proper-
ties of these catalyst supports had a considerable influence
on the isomerization of straight-chain heptane. Regarding
the preparation of support materials, MCM-48 was consid-
ered important. For the pure silicon MCM-48 molecular
sieve, the surface of the silicon-oxygen tetrahedron was a
charge balance system with a low acid concentration due to
fewer lattice defects in its skeleton. As a result, there was a
lack of catalytic active sites which limited the application
and required some functional modifications to the meso-
porous molecular sieve. Currently, the method of introducing
heteroatoms is widely used [10]. Scholars had successively
replaced some elements with similar properties, such as
Fe and Co [11], and Mo and Al [12,13], with skeleton silicon
elements, forming special metal complex heteroatomic
molecular sieves. Another important support modifica-
tion strategy was to introduce anions such as F~, CI°, $*,
N%, etc., [14] into the molecular sieve skeleton. Among them,
fluorine possessed unique properties such as high electro-
negativity and a small atomic radius [15]. Recently, Jiang
et al. [16] synthesized a fluorine-enhanced Pd/HZSM-5 cata-
lyst whose surface morphology, hydrophobicity, acidity, and
electronic properties could be regulated by the doping
amount of fluorine, and the catalyst demonstrated good
catalytic activity for the hydrodeoxygenation of acetophe-
none. Yang et al. [17] prepared an anionic fluorine-doped
Lay ¢Srg 4Feq gNig203-5 perovskite cathode material with
enhanced electrocatalytic activity. Some progress had
been made in several catalytic material studies, where
their surface and structure had been modified to attain
special physical and chemical properties.

The nano-sized porous materials, as used for the pre-
paration of solid catalysts, can permit the higher loading of
active species and better access of the active sites [18,19].
Roy et al. [20] synthesized the novel mesoporous catalysts
consisting of Ru and Fe;0, nanoparticles (NPs) impreg-
nated over ceria promoted 2D-hexagonal SBA-15 type meso-
porous silica material and employed it in the CO, reduction
reaction. Optimal process conditions could render much
higher CO, conversion efficacy for selective methane synth-
esis in comparison with previous investigations. However,
studies regarding the catalytic performance of n-heptane
isomerization with a Pd-loaded catalyst on MCM-48 mole-
cular sieves modified by Ce and F simultaneously had not
been reported yet.

The novelty of this study was that Ce(F)-MCM-48 mole-
cular sieve was prepared by hydrothermal synthesis, while
Pd/Ce(F)-MCM-48 bimetallic catalyst was prepared by impreg-
nation method. Pd NPs were used as catalytic active sites
[21], Ce was used as catalyst additives to mainly increase
the acidity of molecular sieve support, Ce-MCM-48 provided
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alkane isomerization sites [3], F doping took away part of
oxygen to produce surface defects and oxygen vacancies,
which was conducive to anchoring metal Pd atoms [22],
making Pd NPs have good dispersion. Based on the character-
ization results, the effects of Ce and F introduction on the
structure of the support and catalyst were discussed, and
then the catalytic performance of these catalysts in n-heptane
isomerization was investigated on a microreactor. It was
hoped that such catalysts would be applied in the develop-
ment of long-chain alkane isomerization catalysts, thereby
laying a theoretical foundation for the production of green
and clean gasoline.

2 Materials and methods

2.1 Materials

Tetraethyl orthosilicate (TEOS, AR), sodium fluoride (NaF,
AR) were purchased from Tianjin Damao Chemical Reagent
Factory, cetyltrimethylammonium bromide (CTAB, AR), cerous
nitrate [Ce(NO3)36H,0] and palladium nitrate [Pd(NO3),-2H,0,
AR] were purchased from Sinopharm Chemical Reagent Co.
Ltd, sodium hydroxide (NaOH, GR) was purchased from
Tianjin Kemiou Chemical Reagent Co. Ltd, absolute ethyl
alcohol (AR) was purchased from Liaoning Quanrui
Reagent Co. Ltd, n-heptane (AR) was purchased from
Shenyang East China Reagent Factory, deionized water
from a Milli-Q System was used in all experiments, and
hydrogen (volume fraction 99.99%) was purchased from
Daqing Xuelong Gas Station.

2.2 Synthesis of the Ce(F)-MCM-48
mesoporous material

Under alkaline conditions, CTAB was used as the template,
and Ce(NOs)56H,0 and NaF were used as the added reagents,
Ce(F)-MCM-48 was synthesized by hydrothermal method.
First, NaOH was dissolved in deionized water. Then, Ce
(NO3)-6H,0 and NaF were stirred at 35°C for 0.5 h and CTAB
was gradually added to the above solution and stirred for
1.5 h until the mixtures became clear and transparent, and
then TEOS was added dropwise to the mixture by pipette
and stirred for 1h. The molar ratio of reactant raw mate-
rials was n(TEOS):n(CTAB):n(H,0):n(NaOH):n(Ce):n(NaF) =
1.0:0.65:62:0.5:0.02:x (x = 0, 0.05, 0.10, 0.15). The initial as-
prepared gel was transferred into a stainless-steel reactor
lined with polytetrafluoroethylene and placed in a drying
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oven for crystallization at 120°C for 72 h. The product was
washed and filtered with water and dried at 90°C for 6 h on a
polytetrafluoroethylene-coated electric heating plate, further
dried at 105°C for 5h in an electric blast drying oven, and
calcinated at 550°C for 6 h in a box-type resistance furnace.

The prepared sample was marked as Ce(F)-MCM-48-x,
and when x = 0, it was marked as Ce-MCM-48. MCM-48 was
synthesized without the addition of Ce(NO3)36H,0 and
NaF, which was marked as MCM-48, and the other steps
were the same as above.

2.3 Preparation of Pd/Ce(F)-MCM-48 catalyst

Pd-loaded catalysts with mass fractions of 0.4% were pre-
pared by impregnation method. Pd(NO3),2H,0 was dis-
solved in deionized water, Ce(F)-MCM-48-0.10 was then
immersed in the solution which was then subjected to
ultrasonic dispersion at 50°C for 0.5h. Subsequently, the
solution was left in a static state at room temperature over-
night, the drying steps were same as 2.2. Then, the above
mixtures were calcinated at 400°C for 4h in a resistance
furnace, 0.4% Pd/Ce(F)-MCM-48-0.10 catalysts were obtained.
Pd/MCM-48 and Pd/Ce-MCM-48 catalysts were prepared
using the same method.

2.4 Characterization of catalysts

An X-ray diffractometer (XRD, smartLAB SE, Japanese Rigaku
Corporation) was used for crystal structure analysis with Cu
Ka as the radiation source operated at the tube voltage of
40 kV and tube current of 40 mA. A scanning electron micro-
scope (SEM, Hitachi High-Technologies S-48001l, Japan) was
used for the microscopic surface morphology analysis of the
molecular sieve samples. A Fourier infrared spectrometer
(FT-IR, AVATAR-360, American Thermo Nicolet) was used
for infrared spectroscopy analysis of the samples. A specific
surface area and pore size test analyzer (TriStar II, American
Micromeritics) was used to determine the structural para-
meters of the sample. An ion chromatograph (SGB-YY101040H,
American Thermo Fisher) was used to characterize the
F content. An inductively coupled plasma optical emission
spectrometer (ICP-OES, Optima8000, American PerkinElmer)
was used to characterize the Pd and Ce content. An NH;
temperature programmed desorption instrument (NH3-TPD,
Autochem II 2920, American Micromeritics) was used to test
the surface acid content and acid intensity distribution of the
samples. A transmission electron microscope (TEM, JEM-2100PLUS,
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Japanese JEOL Ltd) was used to record the sample images
with an acceleration voltage of 100-120 kV. A field emission
scanning electron microscope (FESEM, Czech TESCAN MIRA
LMS) with energy dispersive spectroscopy (EDS) was used
for the surface morphology evaluation. An X-ray photoelec-
tronic spectrometer (XPS, American Thermo Fisher Nexsa
type) was used for the qualitative and quantitative charac-
terization of the chemical state of the surface elements of
the samples. An infrared spectrometer (VERTEX 70, German
Bruker) was used for the pyridine infrared spectroscopy
analysis of the samples. A gas chromatograph (GC-7980A,
Zhengzhou, China) was used to analyze the heptane isomer
products.

2.5 Evaluation of the n-heptane
hydroisomerization reaction

The catalytic reaction performance experiment was con-
ducted in a micro fixed-bed reactor under atmospheric
pressure. The catalyst powder was pressed and sieved to
collect 60-80 mesh particles for use. Then, 0.40 g particles
were placed in the reaction tube (inner diameter 6 mm).
The catalyst was activated in a hydrogen atmosphere for
4h at 400°C before the reaction, and then the temperature
was lowered to the required reaction temperature. The reac-
tion evaluation was performed under the conditions of an H,
flow rate of 30 mL-min ", molar ratio of n(H,):n(C;H;e) = 12,
and WHSV of 7.6 h™. After the reaction was stable for 0.5 h,
the sample was taken, and the product was analyzed
online by gas chromatograph FID detector. The catalytic
performance was evaluated via the conversion rate (x) of
n-heptane, the selectivity (s), and the yield (y) of the product.
These can be calculated by Egs. 1-3 as follows:

x(%)
_ The amount of n-heptane consumed in the reaction
The amount of n-heptane passed in the reaction

x 100% ()]

s(%)
_ The amount of isoheptane generated in the reaction
The amount of n-heptane consumed in the reaction

x 100% 2
y(%)

_The amount of isoheptane generated in the reaction
The amount of n-heptane passed in the reaction

x 100% 3
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3 Results and discussion

3.1 Effect of NaF doping on the preparation
of the support.

Figure 1 showed the small-angle XRD of Ce(F)-MCM-48-x
mesoporous material. All the five materials showed strong
(211) diffraction peaks at 26 = 2-3° [23]. Compared with
MCM-48, the intensity of the (211) diffraction peak of
Ce-MCM-48 decreased and the (220) diffraction peak almost
disappeared, the phenomenon of peak broadening appeared.
This indicated that the crystallinity decreased after the doping
of Ce. When n(F):n(Si) was 0.05, the (211) diffraction peak was
enhanced and the (220) diffraction peak was clearly visible.
When n(F):n(Si) was 0.10, the (420) and (332) diffraction peaks
appeared and all the diffraction peaks became sharp, and the
intensity was obviously enhanced. The resolution of the peak
was better. Diffraction peaks at 26 = 4-5° all conformed to the
Ia3d (211, 220, 420, 332) space group of the characteristic MCM-
48 diffraction peaks [13]. This was the main factor that

1D

(220 MCM-48

Ce-MCM-48-0

A

Ce(F)-MCM-48-0.05

Intensity/a.u.

Ce(F)-MCM-48-0.10
(420

Ce(F)-MCM-48-0.15

1.5 20 25 30 35 40 45 50
20/°

Figure 1: XRD patterns of MCM-48 and Ce(F)/MCM-48-x (x = 0, 0.05,
0.10, 0.15).
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contributed to the good chemical stability of the material
molecules. The hydration layer of CTAB and silicate can bhe
effectively removed by adding F-anions with strong self-
hydration tendency in the synthesis system. The key condi-
tion for the synthesis of cubic MCM-48 was to facilitate the
formation and growth of CTAB micelles and increase the
g value [24]. According to literature report [25], F~ and 0*
had equivalent ionic radius, and the addition of F~ would
replace part of 0*", which would destroy the lattice structure
of some oxides. The oxide crystal was distorted, and unsatu-
rated bonds were generated on its surface, which could
increase the lattice defects of oxides. When n(F):n(Si) was
0.15, the intensity of each diffraction peak decreased, the
possible reason was that the excessive doping of F* in the
system led to the continuous destruction of the oxide lattice,
causing local pore collapse and the decrease in the order of pore
structure. Therefore, the optimal concentration of n(F):n(Si)
was 0.10. At this ratio, F and Ce synergistically promoted the
polymerization of silicates, resulting in better crystalliza-
tion. In subsequent experiments, the Ce(F)-MCM-48-0.10 was
selected as the support for F-doping.

Figure 2 displayed the SEM images of MCM-48,
Ce-MCM-48, and Ce(F)-MCM-48-0.10. The MCM-48 mesoporous
material synthesized by conventional hydrothermal synth-
esis had a spherical particle morphology accompanied
by a small amount of agglomeration and small particles
with good regularity and purity [11]. After Ce was doped,
the morphology became irregular, accompanied by pits,
broken hemispheres, and agglomeration. For mesoporous
material synthesized with the addition of F, recombination
occurred in the crystal cage due to further changes in the
chemical bonds, where the silicate was re-polymerized
to form regular spherical particles of uniform size [26].
The order and purity were greatly improved and more
spheres with a particle size of nearly 1 um were generated.
This indicated that the introduction of F was conducive
to the formation of a cubic phase of MCM-48 structure.

Figure 2: SEM images of the products of (a) MCM-48, (b) Ce-MCM-48, and (c) Ce(F)-MCM-48-0.10.
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Furthermore, the introduction of Ce and F weakened the
force between inorganic and organic interfaces. Under the
action of surfactants, SiO, was arranged in an orderly
manner according to certain crystallographic rules to
obtain a crystalline mesoporous material [14]. This series
of changes was consistent with the XRD pattern of the
samples in Figure 1.

3.2 N, adsorption-desorption and texture
properties

Figure 3a shows the N, adsorption—desorption isotherms of
MCM-48, Ce-MCM-438, Ce(F)-MCM-48-0.10, 0.4% Pd/Ce-MCM-48,
and 0.4% Pd/Ce(F)-MCM-48-0.10 which can all be classified as
Langmuir IV isotherms and exhibited H, hysteresis loops. The
hysteresis loop of the samples showed an obvious change
within the range of relative pressure p/p, of about 0.4-0.9,
indicating the presence of large mesopores produced by
inter-particle space [27]. Figure 3b shows the pore size distri-
bution curve. The pore size distribution was obtained by the
Barrett-Joyner-Halenda equation. The Ce-MCM-48 pore size
distribution range was slightly larger than that of MCM-48,
while that of Ce(F)-MCM-48-0.10 narrowed with the trend of
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= Ce-MCM-48
) —e— MCM-48, ) )
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Relative pressure(P/P,)
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the H4 hysteresis loop, which confirmed the existence of uni-
form and cylindrical mesopores [28].

Based on Figure 3b and Table 1, it can be seen that due
to the Ce ions in Ce-MCM-48 having a larger radius than the
Siions, the length of the Ce—O bond was longer than that of
the Si—O bond [29], causing the stretching of the skeleton
and the increase in average pore size. Further increase in
the surface area and total pore volume of Ce(F)-MCM-48-0.10
did not cause any spatial steric resistance of the pore chan-
nels on the skeleton. The Ce(F)-MCM-48-0.10 pore size was
also further enlarged, and the mesopore size tended to be
uniform. The synergy of F and Ce enabled the support frame
to form a new structure [26], which was also consistent with
the XRD pattern in Figure 1.

As shown in Table 1, the actual loading content of Ce in
Ce(F)-MCM-48-0.10 was slightly reduced, and the doping of
F did not cause serious Ce peeling with the actual loading
percentage of 53.3% and 65.5%, respectively. According
to ion chromatography test, the mass fraction of F in
Ce (F)-MCM-48-0.10 was 1.51%. F and Ce can be loaded on
the skeleton simultaneously. Due to the Ce(F)-MCM-48-0.10,
specific surface area and pore volume were the largest, the
adsorption performance of the molecular sieves improved.
Both the specific surface area and pore volume of the
0.4% Pd/Ce(F)-MCM-48-0.10 catalyst were reduced slightly,

—— 0.42%26 Pd/Ce(F)-MCM-48-0.10

—*— 0.4% Pd/Ce-MCM-48

—=— Ce(F)-MCM-48-0.10
Ce-MCM-48

—e— MCM-48

Pore Diameter(nm)

Figure 3: N, adsorption-desorption isotherms (a) and pore size distributions (b) of MCM-48, Ce-MCM-48, Ce(F)-MCM-48-0.10, 0.4% Pd/Ce-MCM-438,

and 0.4% Pd/Ce(F)-MCM-48-0.10.

Table 1: Physical properties of the samples

Sample Surface Pore volume Average pore Pd (loading Ce (loading F (loading
area (m>g™") (cm3-g™) diameter (nm) rate, wt%) rate, wt%) rate, wt%)

MCM-48 897.1 0.93 2.61 — — —

Ce-MCM-48 972.6 0.97 2.78 — 66.5 —

Ce(F)-MCM-48-0.10 1,323.2 117 3.07 — 65.5 53.3

0.4% Pd/Ce-MCM-48 894.2 0.95 2.52 97.5 60.5 —

0.4% Pd/Ce(F)-MCM-48-0.10 1,293.0 113 2.91 97.8 65.0 52.9
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indicating that Pd had been loaded on the support and that F
had improved the structural performance. Benaissa et al.
[30] reported four mesoporous supports loaded with palla-
diums, of which MCM-48 had the largest surface area. The
effective load rate of Ce in 0.4% Pd/Ce-MCM-48 was 60.5%.
While the effective load rate of Pd, F, and Ce were 97.8%,
52.9%, and 65.0%, respectively, and there was almost no loss
of F and Ce after Pd impregnation. The ion chromatograph
test results indicated that the mass fraction of F in
0.4% Pd/Ce(F)-MCM-48-0.10 was 1.45%.

3.3 Acidic properties

Figure 4 shows the NH3-TPD of the support and catalysts.
Each peak area corresponded to the acid strength of the acid
center. Within the temperature range of 150-250°C, the NH;
desorption peak corresponded to weak acid strength. Within
the range of 250-400°C, the desorption peak corresponded
to medium acid strength. There was no peak corresponding
to the strong acid site. The order of acid content and
strength of the acid sites of the samples was 0.4% Pd/Ce
(F)-MCM-48-0.10 > 0.4% Pd/Ce-MCM-48 > Ce(F)-MCM-48-0.10
> Ce-MCM-48 > MCM-48 shown in Table 2. Catalysts with

— 0.4% Pd/Ce(F)-MCM-48-0.10.

— 0.4% Pd/Ce-MCM-48
Ce(F)-MCM-48-0.10

— Ce-MCM-48

— MCM-48

Intensity(a.u.)

250 300 350 400 450

Temperature/ ©C

150 200

Figure 4: NH;3-TPD characterizations of different samples.
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suitable weak acid and medium-strength acid would exhibit
a high catalytic activity in isomerization reactions [31].

Table 2 shows the type and acid content of the acid
center on the surface of the support and catalysts. The acid
content of MCM-48 was negligible and the surface was non-
acidic. After the Ce was doped, it formed a compound with
the support. The Bronsted acid content increased due to
the formation of Si-O-Ce bonds, the increase in Lewis acid
content may bhe caused by the presence of CeO, in meso-
porous materials [31]. The acid content also increased sig-
nificantly after the introduction of F. This was because F
had a similar radius to the hydroxyl groups and could
exchange freely, allowing it to enter the skeleton to form
a F-Si structure, releasing lattice oxygen. The function of
fluoride was to provide L-acid centers [32,25]. The bridged
hydroxyl group (SiF-OH) generated by the isomorphous
replacement of the skeleton became the acidic center of
the Ce(F)-MCM-48 support, which further increased the
total number of acid content. For the Pd/Ce-MCM-48 cata-
lyst, coordination bonds were generated following Pd impreg-
nation, Pd provided Lewis acid, resulting in an increased
content of acid sites and the total acid content.

3.4 Crystal structure

Figure 5a shows the small-angle XRD patterns of 0.4% Pd/MCM-48,
0.4% Pd/Ce-MCM-48, and 0.4% Pd/Ce(F)-MCM-48-0.10 cata-
lyst materials prepared by the impregnation of the three
supports in Pd. Compared with MCM-48 in Figure 1, the
0.4% Pd/Ce(F)-MCM-48 catalyst exhibited (211) and (220)
strong diffraction peaks at 20 = 2-3° while still exhibited
typical MCM-48 characteristics, indicating a relationship with
a high degree of support crystallization [13]. 0.4% Pd/MCM-48
and 0.4% Pd/Ce-MCM-48-0.10 only exhibited (211) diffraction
peaks with a widened peak shape, but the (220) diffraction
peak disappeared. Figure 5b shows the wide-angle XRD

Table 2: Acidity of MCM-48, Ce-MCM-48, Ce(F)-MCM-48-0.10, 0.4% Pd/Ce-MCM-48, and 0.4% Pd/Ce(F)-MCM-48-0.10

Sample Bronsted acid Lewis acid (mmol-g'1) Amount of acid site Amount of acid site
(mmol-g™") (mmol-g™") (mmol-g”")?

MCM-48 0.07 0.00 0.07 -

Ce-MCM-48 0.59 0.30 0.89 0.92

Ce(F)-MCM-48-0.10 0.72 0.52 1.24 1.43

0.4% Pd/Ce-MCM-48 1.45 2.93 4.38 2.76

0.4% Pd/Ce(F)-MCM- 1.87 3.84 5.71 3.12

48-0.10

®The acid content is calculated from NH5-TPD.
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Figure 5: XRD patterns of Pd/MCM-48, Pd/Ce-MCM-48, and Pd/Ce(F)-MCM-48-0.10: (a) small-angle XRD and (b) wide-angle XRD.

patterns of the three corresponding materials, all of which had
a wide peak at 26 = 20-30°. There was a typical silicon-oxygen
tetrahedron structure while the peak position remained
unchanged. The signal strength of 0.4% Pd/Ce(F)-MCM-48-0.10
was enhanced, indicating that its degree of order was
improved. 0.4% Pd/Ce-MCM-48 exhibited the (220) charac-
teristic diffraction peak of CeO, cubic crystal at 20 = 47.5°
(JCPDS No. 34-0394) [33], but this peak was not observed in
0.4% Pd/Ce(F)-MCM-48-0.10, indicating that Ce was dis-
persed and assembled in the support skeleton after the
introduction of F. No diffraction peaks of Pd species were
observed in any of the three materials. This proved that the
metal Pd can be well dispersed on the support surface. As
shown in Figure 6, it was observed with TEM that the
metal oxide clusters of 0.4% Pd/Ce-MCM-48 catalyst formed
agglomerations, while the embedded Pd and Ce species
were poorly dispersed. The 0.4% Pd/Ce(F)-MCM-48-0.10 cat-
alyst did not exhibit a larger metal oxide crystal phase,
indicating that it existed in the form of small particles, or
formed metal oxide nanoparticles in the support pores
[30]. The distinct hexagonal hole arrangement and dif-
ferent directions of crystal lattice stripes also reflected
the three-dimensional direction and well-organized pore
structure of the support.

metal oxides Q O
—_———

3.5 Microscopic morphology and structure

Based on the SEM scanning and EDS spectroscopy analysis
in Figure 7, the 0.4% Pd/Ce(F)-MCM-48-0.10 catalyst demon-
strated a regular morphology with a smooth spherical sur-
face. Pd and Ce oxide, as well as the particles of F, were
evenly and successfully coated on MCM-48, without any
signs of agglomeration or sintering. This can be attributed
to the interaction between the chemical bonds formed on
the support interface and the Pd particles, which drove the
diffusion of Pd atoms to the cerium lattice. It could be
inferred that Pd may be added to the cerium lattice in
the MCM-48 space [34], which was consistent with the
XRD results shown in Figure 5b. This indicated that
Ce(F)-MCM-48-0.10 was a satisfactory support for disper-
sing Pd NPs.

3.6 Chemical environment

In Figure 8, the binding states of the elements in the sam-
ples were examined using the XPS spectrum. Figure 8a
shows the full spectrum of the two samples. Figure 8b

Figure 6: TEM image of (a) 0.4% Pd/Ce-MCM-48 and (b) 0.4% Pd/Ce(F)-MCM-48-0.10.
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Figure 7: SEM images, EDX spectrum, and SEM mapping of Pd/Ce-MCM-48 and Pd/Ce(F)-MCM-48-0.10.

shows the fitted O1s spectra of the two samples. The O1s
spectra can be deconvoluted to three peaks: lattice oxygen
at 530.31 eV, oxygen modified by the nearby presence of
an oxygen vacancy at 532.38 eV, and hydroxyl species at
533.3eV [5,35-37]. This study had deviations, which was
consistent with the literature reported, the hypothesis
that the replacement of heavier atoms would cause the
shift of the Ols peak towards the high binding energy

side [38]. The oxygen vacancy areas in 0.4% Pd/Ce-MCM-48
and 0.4% Pd/Ce(F)-MCM-48-0.10 were measured to be
64.7%, and 72.5%, respectively. Oxygen vacancies would
take away a pair of electrons [20], promoting metal Pd
anchoring on the support [22]. Figure 8c shows the Si2p
spectra. The deconvolution produced one peak at binding
energies of 103.9 eV, which was assigned to Si*" species,
indicating that amorphous silica was the main phase of
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Figure 8: XPS spectra of Pd/Ce-MCM-48 and Pd/Ce(F)-MCM-48-0.10: (a) XPS full spectra, (b) O1s, (c) Si2p, (d) Fis, (e) Ce3d, and (f) Pd3d of

Pd/Ce-MCM-48 and Pd/Ce(F)-MCM-48-0.10.

nanospheres. The peak near 102.9 eV was related to Si-O-Ce.
It was worth noting that due to the strong electronegativity
of F being higher than that of Si ion, the binding energy of
F-Si was higher than that of Si-Si. The peak of 104.8 eV in
0.4% Pd/Ce (F)-MCM-48-0.10 was related to F-Si—O [39-41].
Figure 8d shows the Fl1s spectra. The characteristic
peak at the binding energy of 684.5eV was attributed to
the covalent Si-F bond. F was at the binding energy of
685.8 eV, with high bonding energy [42,43,40]. Due to the
hybridization of the Ce4f and ligand orbitals as well as the

partial occupation of the 4f orbital, the Ce3d spectra in
Figure 8(e) was relatively complex. There were two types
of cerium oxide on the surface, namely, Ce** and Ce**. Ce®*
included V' and u, while Ce** included V', V*, V", u, u”, and
u” [29,44]. As to the redox coupling Ce**/Ce*", it was gen-
erally believed that the presence of Ce®" generated more
surface defects and oxygen vacancies which helped improve
the catalytic efficiency [45]. In the Pd3d spectra in Figure
8(f), the binding energy of Pd3d5/2 was 337.4 eV, which was
attributable to the high dispersion of PdO [46]. The existence
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of Pd on the surface of the two supports was quite different,
due to the different numbers and intensities of active sites on
the surface of different supports. F modification can regulate
the distribution of Pd3d core electrons and attract electrons
from adjacent Pd to trigger charge transfer, thereby improving
the stability of Pd particles in a higher oxidation state [16].
Figure 9 shows the FT-IR spectrum of the sample ske-
leton configuration for analysis. All three materials of
Ce-MCM-48, Ce(F)-MCM-48-0.10, and Pd/Ce(F)-MCM-48-0.10
had skeleton vibration peaks at 810 and 1,088cm™, as
found in the silicate samples. The peak at 970cm™ of
Ce-MCM-48 was attributed to Si-O-Ce and Si-O tensile
vibrations [47]. The asymmetric tensile vibration peak inten-
sity of the Ce(F)-MCM-48-0.10 molecular sieve increased at
1,088 cm™. This indicated that the chemical bond structure
was altered after the introduction of F and the crystallinity
was higher, which was consistent with the XRD results in
Figure 1. For Ce(F)-MCM-48-0.10, there was a symmetrical
tensile vibration at 810 cm™. These characteristic peaks nar-
rowed and exhibited a red shift after the introduction of F
[48]. For the Pd/Ce(F)-MCM-48-0.10 sample, the single peaks
were again weakened, which may be related to the F-Si
structures formed in the molecular sieve and the coordina-
tion bond formed between Pd and the support. Theoreti-
cally, Pd-O stretching vibration should be observed at
486 cm™ in the Pd/Ce(F)-MCM-48-0.10 sample. However, as
the infrared spectrum was not sensitive to the coordination
bond and the palladium content was low, this vibration was
not detected. Only weakened absorption peaks at 486 cm ™ were
observed, which also verified the existence of the vibration.

3.7 Catalytic performance evaluation

3.7.1 Effect of different Pd supports on the isomerization
performance of n-heptane

Pd/MCM-48, Pd/Ce-MCM-48, and Pd/Ce(F)-MCM-48-0.10 were
prepared with a Pd mass fraction of 0.4%. Figure 10 shows
that n-heptane conversion was 8.8% and the selectivity was
11.2% for the Pd/MCM-48 catalyst. The catalytic performance
was the lowest as the support was not acidic. After Ce was
introduced into the support, the acidity increased, the iso-
merized carbocations were rapidly desorbed from the acid
sites, which inhibited the cracking reaction. The n-heptane
conversion was 47.5% and the selectivity was 76.2% for the
Pd/Ce-MCM-48 catalyst. The oxidation state of the metal cat-
alyst remained unchanged after the introduction of F, which
was conducive to the transfer of electrons from the support
to the metal oxide, subsequently promoting the catalytic
reaction [49]. Its larger pore size and shape selectivity
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Figure 9: FT-IR spectra.

enabled the rapid diffusion of isoheptane in the catalyst
and reduced the product retention time, which in turn pre-
vented secondary reactions such as cracking and improved
the hydroisomerization performance to a certain extent. The
chemical environment on the support surface was beneficial in
regulating the electronic and geometric properties of the dis-
persed Pd species. Furthermore, the support enabled the spe-
cies to exhibit excellent chemical properties [36]. The n-heptane
conversion was 67.3% and the isoheptane selectivity was 96.5%
for the Pd/Ce(F)-MCM-48-0.10 catalyst, which demonstrated the
improved isomerization properties. As shown in Table 3, the
effect metal modified catalyst on the hydroisomerization prop-
erties of n-heptane reported in the literature.

3.7.2 Effect of reaction temperature on the catalytic
performance of 0.4% Pd/Ce(F)-MCM-48-0.10
Figure 11 showed the catalytic performance curve of the

0.4% Pd/Ce(F)-MCM-48-0.10 catalyst for n-heptane isomeriza-
tion at different reaction temperatures. With reaction
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Figure 10: Catalytic performance of n-heptane isomerization of the cat-
alyst with different supports.
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Table 3: Effect of metal modified catalyst on the hydroisomerization properties of n-heptane

Catalyst Reaction temperature (K)  Reduction temperature (K)  Conversion (%) Selectivity (%) Reference
0.4% Pd/Ce(F)-MCM-48-0.10 503 673 67.3 96.5 This paper
Pt/HBM 513 — 55.76 86.11 [27]
M-MCM-48 (M = Zr, Mq) 533/553 673 55.2/91.5 48/72.3 [50]
Mo-MCM-48 523 673 36.71 52.41 [12]
Pt/HBS 513 — 75.57 90.04 [2]

Pt-Beta 563 723 90.7 55.8 [28]
Pt/SBB-25 563 723 814 86.4 [28]
Pt/ASA 473-673 573 80.9 81 [3]
Mo/ASA 473-673 573 82 80 [3]
Mo/AI-SBA-15 473-673 573 83 69 [3]

0.5% Pt/5%Mo03-HBEA 523 673 81.6 43.5 [4]
PtSn(2)-micro-SAPO11 523 673 <60 <60 [51]
PZH-0.3 533 723 81.1 94.2 [52]

1% Pt/SBA-15 673 723 85 - [5]

0.05% Pt1@CeOx/SAPO-11 633 523 57.9 89.4 [53]

temperatures between 220 and 360°C, n-heptane conversion
increased as the reaction temperature increased, while the
isomerization selectivity exhibited a downward trend. The
isomerization of n-heptane was a micro-exothermic reaction,
but if the reaction temperature was too low, the overall reac-
tion rate would be slow, resulting in an unsatisfactory con-
version. Therefore, the reaction temperature needed to be
increased. Only after reaching the specific reaction tempera-
ture, the reactants would be activated and the number of
activated molecules increased. The increased number of
effective reactant collisions was conducive to the reaction.
When the reaction temperature was 280°C, the n-heptane
conversion was 67.3% and the isomerization selectivity
was 96.5%. At this time, the maximum isoheptane yield
was 64.9%. Pyrolysis was endothermic, while n-heptane iso-
merization was exothermic. According to the thermody-
namic equilibrium, it could be learned that continuously
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Figure 11: Catalyst performance of 0.4% Pd/Ce(F)-MCM-48-0.10 as a
function of reaction temperature.

increasing the temperature will promote endothermic
pyrolysis and may even cause excessive carbon deposits
on the catalyst surface, resulting in decreased activity, a lower
conversion of n-heptane, and a reduced yield. Excessive reac-
tion temperatures could also cause the skeleton structure of
the catalyst to collapse. When the reaction temperature
exceeded 280°C, the yield gradually decreased. Therefore,
the optimal reaction temperature was 280°C.

3.7.3 Effect of reaction duration on the catalytic
performance of 0.4% Pd/Ce(F)-MCM-48-0.10

Figure 12 shows the catalytic performance curve of the
0.4% Pd/Ce(F)-MCM-48-0.10 catalyst for n-heptane isomer-
ization at the reaction duration. When the reaction tem-
perature was fixed at 280°C, the conversion of n-heptane
and isomerization selectivity increased with the extension
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Figure 12: Catalyst performance of 0.4% Pd/Ce(F)-MCM-48-0.10 as a
function of reaction time.
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of reaction duration within 0-2h. The conversion of
n-heptane was 67.3% and the isomerization selectivity was
96.5% when the reaction duration exceeded 2h. Compared
with previous studies [6,12,26], excellent catalytic perfor-
mance was achieved in a relatively short period, which
was probably related to the excellent mass transfer rate of
the catalyst. When the reaction duration was extended to
24 h, the catalytic performance slowly decreased, and the
conversion of n-heptane dropped to 62.5%. This may be
due to the formation of some carbon deposits on the active
center of the catalyst which lowered the conversion rate as
the reaction progressed. Furthermore, the collapse of the
pore channels, blockage of the pore structure, loss of acid
sites, etc., also caused the catalyst activity to decrease. During
the 24 h continuous reaction, the selectivity increased slightly
to 98.9%. This was probably due to carbon deposition at the
strong acid center that catalyzed the pyrolysis [54], thereby
improving isomerization selectivity. The reaction duration
test of the catalyst showed that the catalyst exhibited satisfac-
tory stability. For further understanding the as-prepared
catalysts of the n-heptane hydrogenation conversion, the
consideration of the reaction mechanism was vital. Accord-
ing to the literature [3,12,28,52], the reaction of long-chain
alkanes on metal-support bifunctional catalysts was generally
considered a bifunctional mechanism. While in this study,
the precious metal Pd was loaded on the Ce(F)-MCM-48-0.10
mesoporous molecular sieve to prepare the catalyst, which
could be inferred that the conventional bifunctional
mechanism was followed. It was generally believed
that the isomerization was completed through the bifunc-
tional reaction mechanism on the above catalysts. The cat-
alytic mechanism was usually loading precious metal Pd
on acid supports. N-heptane dehydrogenated at the precious
metal Pd active sites to form olefins, then the olefins
migrated to the acid sites and underwent isomerization
reactions, thereby generating isomer olefins, and finally
the isomer olefins were hydrogenated at the precious metal
active sites to generate the product, isoheptane. It provided
hydrogenation/dehydrogenation function at metal sites,
and protonation/deprotonation and skeleton rearrange-
ment function at acid sites.

4 Conclusion

1. When the molar ratio of the reaction raw materials was
n(Ce):n(TEOS) = 0.02 and n(NaF):n(TEOS) = 0.10, Ce and F
were used as structural additives, the Ce(F)-MCM-48-0.10
molecular sieve was characterized by a high degree
of order, increased specific surface area and pore
volume, uniform pore size distribution, augmented acid

DE GRUYTER

content, and enhanced acidity. The specific order was
Ce(F)-MCM-48-0.10 > Ce-MCM-48 > MCM-48.

2. Pd/Ce(F)-MCM-48-0.10 catalyst demonstrated a satisfac-
tory degree of order and Pd dispersion a high effective
loading percentage, and a slight loss of Ce and F after
the impregnation of Pd. The prepared bifunctional
catalyst had the metal sites and the acidic sites of the
support. Under the synergistic effect of Ce and F, the
Ce(F)-MCM-48-0.10 molecular sieve proved to be a good
support for the dispersion of Pd nanoparticles.

3. Based on the study on the catalyst performance of the
isomerization reaction of n-heptane, under the condi-
tions of the optimal precious metal Pd loading of 0.4%,
the reaction temperature of 280°C, and a reaction time
of 24 h, the conversion of n-heptane isomerization was
67.3%, and the selectivity of isoheptane was 96.5%, and
the catalytic performance of Pd/Ce(F)-MCM-48-0.10 was
relatively stable. For the Pd-loaded catalyst with MCM-48
as the support for heptane isomerization, it was necessary
to modify MCM-48 with Ce and F synergistically.
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