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A Ce-MCM-48 molecular sieve was prepared by the hydrothermal synthesis method. Using Ce-MCM-48 as
the support, a series of MoO, Pd/Ce-M catalysts were prepared by the impregnation method by introducing
MoO, and Pd. XRD, N, adsorption desorption, SEM, TEM, NHz-TPD, Py-IR, FT-IR, and ICP-MS were used to
characterize the physicochemical properties. The performance of n-heptane isomerization in a micro fixed
bed device was evaluated. The results showed that the synthesized Ce-MCM-48 was mesoporous, with
a spherical particle morphology, a long-range ordered pore structure, weakly acidic sites on the surface,
and an increase of B and L acids. The 2% MoO,-Pd/Ce-M catalyst was used for the probe reaction of n-

heptane hydroisomerization; when the reduction temperature was 400 °C, the reduction time was 2
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Accepted 22nd January 2024 hours, the reaction temperature was 300 °C, the WHSV was 7.6 h™~, the conversion rate was 58.7%, the
selectivity was 91.2%, and the maximum yield was 53.5%. The product distribution of multiple C7 isomers

DOI: 10.1039/d3ra08454j increased the selectivity of multi branched isoheptane. The addition of an appropriate amount of MoO,
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1. Introduction

In recent years, with the implementation of environmental
regulations, automobile standards have simultaneously tight-
ened regarding pollutant limits." Octane number is the main
indicator for measuring the combustion performance of gaso-
line. The octane number of n-heptane is set to zero, and isom-
erization of alkanes is a convenient and environmentally
friendly way to increase the octane number of gasoline. The
conversion of n-heptane to multi substituted isomers through
isomerization reaction can significantly increase the octane
value of the component,” which is an important research
direction for improving gasoline quality. The problem of a large
amount of n-heptane in straight run gasoline and reformed
gasoline light naphtha urgently needs to be solved.** The ideal
mature technology for isomerization of n-C7+ (n-alkanes with
C7 and above) has not yet been achieved.>® Therefore, the
isomerization of long-chain alkanes, represented by n-heptane,
has attracted great attention.
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would improve the performance of n-heptane isomerization.

The core of n-heptane isomerization technology is the cata-
lyst. The commonly used n-heptane isomerization catalyst is
a metal acid support bifunctional catalyst supported by
molecular sieves.” MCM-48 is a mesoporous molecular sieve
with a three-dimensional cubic pore structure, large specific
surface area, stable skeleton, and long-range order. Due to the
unique pore structure of MCM-48, good dispersion and trans-
port performance, MCM-48 has a strong shape selective effect
on some large molecules. However, due to the lack of catalytic
active sites in pure silicon MCM-48 molecular sieve, some
functionalization modifications of mesoporous molecular sieve
are needed, such as adding heteroatoms to improve the activity
of the catalyst.® Ce, as an additive, can easily disperse well in
MCM-48 under appropriate Si/Ce molar ratio conditions,
causing the increase of specific surface area.” Ce doping can
also increase the surface acidity of the catalyst,’ enhance the
dispersion of the precious metal active component Pt, and
inhibit adverse reactions such as hydrogenation and cracking."*
Liang et al** prepared activated carbon supported Pd-Ce
bimetallic catalysts and found that Ce doping can reduce the
size of Pd particles and increase the content of Pd>" species,
indicating good catalytic performance of the catalyst. Palladium
is a metal with hydrogenation function and exhibits high
hydrogenation activity in different catalytic reactions. During
the activation process of the catalyst, palladium can promote
the reduction of surface atoms and also play a certain role in the
formation of acidic properties in alkane isomerization
catalysts.*
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Introducing other heterogeneous components to improve
the microstructure and electronic properties of catalysts is an
important means to enhance the performance of the catalysts.
In recent years, research results on the functional compounds
of molybdenum in petrochemical applications have showed
that molybdenum has strong hydrogen activation ability,
molybdenum oxide has hydrogenation dehydrogenation
activity, and MoO; contains both Brensted acid and Lewis
acid.** Teh L. P. et al. prepared a series of Pt and molybdenum
trioxide modified HBEA zeolite catalysts for n-heptane isomer-
ization, and found that the Pt/MoO;-HBEA catalyst significantly
improved the n-heptane conversion rate and isoheptane rate.”
MoO, and Mo®" species are responsible for isomerization and
dehydrogenation functions, respectively. Sotelo-Boyas et al
modeled and simulated the bifunctional mechanism of n-
heptane isomerization on molybdenum carbide -catalysts,
taking into account acid and metal sites. They believed that the
low cracking selectivity of molybdenum carbide makes it
a potential catalyst for n-heptane and heavy paraffin isomeri-
zation.® Molybdenum is prone to form a layered structure and
also an electronic additive that can synergistically catalyze with
composite catalysts prepared by metal doping.”* Harmel et al.*®
reported the possibility of MoO, catalyst combined with meso-
porous solid acid to replace Pt for n-heptane hydro-
isomerization, which has been proven that an optimized non
precious metal MoO,. catalyst, when used in combination with
mesoporous solid acids, can be similar to the corresponding
platinum catalyst in the n-heptane conversion process. There-
fore, molybdenum compounds exhibit excellent catalytic effects
in heptane isomerization reactions. Although some progress
has been made in previous studies. How to prepare Mo modi-
fied mesoporous Ce-MCM-48 molecular sieve loaded with Pd to
catalyze n-heptane isomerization is not reported.

Based on the excellent properties of molybdenum
compounds, in order to investigate the effect of Mo introduc-
tion on MoO,, Pd/Ce-M catalyst for n-heptane isomerization, Ce-
MCM-48 molecular sieve was prepared by hydrothermal
synthesis method, and a series of Mo modified MoO, Pd/Ce-
MCM-48 metal composite catalysts were prepared by distrib-
uted impregnation method. The synthesized catalyst was char-
acterized through a series of analyses such as XRD, SEM, EDS,
and FTIR, and the influence of MoO, on the catalyst structure,
functional groups, and acid distribution was studied.
Comparing with unmodified Pd/Ce-MCM-48 catalysts, Pd NPs
as catalytic active sites and MoO, as metal active components,
the effect of Mo introduction the catalytic performance of n-
heptane isomerization reaction was investigated so as to
develop a new and excellent catalyst for n-heptane isomeriza-
tion, and provide a basic theoretical basis for the production of
clean energy.

2. Experimental section
2.1 Materials

Tetraethoxysilane (TEOS, Tianjin Damao Chemical Reagent
Factory, AR), palladium nitrate (Pd(NO;),-2H,0, Sinopharm
Chemical Reagent Co. Ltd., AR), Ammonium molybdate
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tetrahydrate ((NH4)sM0,0,4-4H,0, AR), cetyl-
trimethylammonium bromide (CTAB, Sinopharm Chemical
Reagent Co. Ltd., AR), sodium hydroxide (NaOH, Tianjin
Kemiou Chemical Reagent Co. Ltd., GR), absolute ethyl alcohol
(Liaoning Quanrui Reagent Co. Ltd., AR), n-heptane (Shenyang
East China Reagent Factory, AR), deionized water (Heilongjiang
Bayi Agricultural University), and hydrogen (Daqing Xuelong
Gas Station, volume fraction 99.99%).

2.2 Preparation of Ce-MCM-48

Ce-MCM-48 was prepared by hydrothermal synthesis method.
The method was as follows. Under the condition of magnetic
stirring at 35 °C, 0.8960 g NaOH was dissolved in 50 mL
deionized water, Ce(NO3)-6H,0 was added and stirred for 30
minutes. Then 5.30 g CTAB was added to the above solution
gradually and stirred for 90 minutes. Then TEOS was added to
the above solution slowly. The molar ratio of raw materials was
n(TEOS) : n(CTAB) : n(H,0) : n(NaOH) : n(Ce) = 1.0:0.65:62:
0.5:0.02. The gel was transferred into a stainless steel autoclave
with polytetrafluoroethylene lining, and crystallized at 110 °C
for 76 h. The product was filtered and separated through
a Buchner funnel, washed with deionized water until the pH
value was neutral, and dried at 105 °C for 12 hours. Ce-MCM-48
was prepared by calcining in air at 550 °C for 6 hours to remove
the template agent.

2.3 Preparation of catalyst

The catalyst was prepared using a two-step impregnation
method. (NH4)¢M0,0,,-4H,0 was dissolved in deionized
water, then Ce-MCM-48 was immersed in the (NH,)s-
Mo-,0,,-4H,0 solution. The above solution was sonicated at
50 °C for 1 hour, standed still for 12 hours, then dried at
a Teflon coated electric heating plate at 90 °C for 6 hours, dried
at 105 °C for 5 hours in an electric hot air drying oven, and
calcined at 550 °C for 6 hours. Pd(NO3),-2H,0 was dissolved in
ethanol, and the above calcined sample powder was immersed
into the Pd(NO3),-2H,0 ethanol solution. The mass percentage
of Pd loaded was 0.4%. The above solution was sonicated at
50 °C for 1 hour, standed still for 12 hours, then dried at
a Teflon coated electric heating plate at 90 °C for 8 hours, dried
at 105 °C for 5 hours in an electric hot air drying oven, and
calcined at 400 °C for 4 hours. A series of catalysts were ob-
tained with different MoO, loadings, labeled as yMoO,-Pd/Ce-
M (y = 1%, 2%, and 3%). The contrast sample without
loaded MoO, was labeled as Pd/Ce-MCM-48.

2.4 Characterization of catalysts

X-ray diffraction (XRD) was performed using a copper radia-
tion source X-ray diffractometer (SmartLab SE type, Japan
Institute of Science) for crystal structure analysis. Structural
parameters of samples was determined by Micromeritics
TriStar II specific surface area and pore size analyzer from the
United States. Actual metal content in catalysts was charac-
terized by Agilent7800 inductively coupled plasma mass
spectrometry (ICP-MS) from the United States. The SEM micro
surface morphology was recorded by Hitachi High

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Technologies SU5000 scanning electron microscopy from
Japan for analysis. Energy dispersive spectroscopy (EDS) uses
Oxford Ultimate MAX40 for analysis. The TEM images were
recorded by a JEM-2100Plus transmission electron microscope
produced in Japan, with an acceleration voltage of 100-120 kV.
Acid strength distribution of the sample was tested on the
Micromeritics Autochem II 2920 temperature programmed
desorption instrument manufactured in the United States. Dry
samples are pretreated at 450 °C for 2 hours. Fourier-
transform infrared spectroscopy spectra of pyridine (Py-IR)
were recorded on a Germany Brook Tensor 27 infrared spec-
trometer. The sample was subjected to vacuum treatment at
400 °C for 4 hours before analysis. The chemical state of
surface elements of the sample was characterized using
Thermo Scientific ESCALAB 250Xi. The chemical state of
surface elements in the sample was characterized using X-ray
photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB
250Xi). The FT-IR spectrum was analyzed using a TENSOR II
infrared spectrometer manufactured by Brooke Technology
(Hong Kong) Co., Ltd. in Germany to determine the chemical
structure of the sample. KBr plates were pressed and the
wavenumber range was 400-4000 cm ™", The isomeric products
of heptane were analyzed by a GC-7980A gas chromatograph in
Zhengzhou, China.

2.5 Catalytic performance evaluation

The hydrogenation isomerization reaction of n-heptane was
performed on a self-assembled fixed bed microreactor. The
reaction temperature was 280-380 °C, pressure was 10 bar, H,/
n-C;H;6 = 12/1 mol mol™* and WHSV was 7.6 h™". The catalyst
loading amount was 0.40 g. The inner diameter of the reactor
tube was 6 mm. Before catalytic performance evaluation, the
catalyst was activated in an H, flow at 400 °C for 4 hours and
cooled to the reaction temperature range. Start sampling after
the reaction conditions were stable, the composition was
analyzed by a gas chromatograph equipped with a FID detector.
The catalytic performance was evaluated by the conversion rate
of n-heptane (x), product selectivity (s), yield (y), and product
distribution. The conversion rate, isomer selectivity and yield,
and cracking product selectivity (S._) were calculated from eqn
(1)-(4). Fowt 1, Cyout and Fege 1, Cyin was the amount of n-
heptane flowing out and into the reactor. Fgy: i, C; our Was the
amount of isoheptane generated, Fow ¢, out Was the amount of
cracking product C,, (m = 1-6)."”

Fey n-C;, out
Xpc,=(1— ———F1— 100% 1
“ ( Fey n-C7,in 8 ’ @
S — Fey i-C7, out
277 \ Feae n-Cy,in — Feg n-Cy, out

) < 100%  (2)

Fey i-C7, out
Yic, = (C‘77

- 100° 3
Feur n-c7,in> x 100% (3)

Se = FCWI Cm7 out
Cn Fey n-C7,in — Fey n-Cq, out

) x 100% (4)
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3. Results and discussion
3.1 The effect of MoO, on the structure of catalysts

3.1.1 XRD characterization analysis. XRD pattern of Ce-
MCM-48 and yMoO, Pd/Ce-M was shown in Fig. 1. As shown
in Fig. 1(a), strong diffraction characteristics of MCM-48 mes-
oporous material crystal system (211) and (220) were observed
26 = 2-3° in Ce-MCM-48 (ref. 18) and an ordered Ia 3d three-
dimensional spatial group were formed." Characteristic peaks
at (420) and (332) were not shown in Ce-MCM-48, possibly due
to the substitution of some Si atoms by Ce after doping with rare
earth elements, which disrupted some silicon oxygen tetrahe-
dral symmetry.”® However, the Ce-MCM-48 also exhibited long-
range ordering and no impurity crystal phase formation, indi-
cating the good purity and crystallinity.”® Catalyst samples
prepared after loading Mo and Pd, the peak positions of the
characteristic diffraction peaks (211) and (220) had hardly
changed, but the peak intensity had decreased, indicating that
the structure of Ce-MCM-48 had been retained and all samples
were still mesoporous materials. From the wide-angle XRD
spectrum in Fig. 1(b), an amorphous silica broad peak appeared
at 260 = 20-30° in all samples.** Compared with Ce-MCM-48, the
characteristic diffraction peak intensity decreased after loading
Mo. It was speculated that the molybdenum oxide species of the
catalyst had deposited on the surface or outer pores of Ce-MCM-
48, causing some changes in the structure of the support.”> And

(a)

Ce-MCM-48
d/Ce-MCM-48
A %MoOx-Pd/Ce-M
2% MoOx-Pd/Ce-M
%MoOx-Pd/Ce-M

2 3 4 5
2 Theta (degree)

Intensity (a.u.)

(b)

Co-MCM-48
Pd/Ce-MCM-48
1%MoOx-Pd/Ce-M
29%MoOx-Pd/Ce-M
\__ 3%MoOx-Pd/Ce-M

_(210)

Intensity (a.u.)

(200)

30 40 50 60 70
2 Theta (degree)

10 20 80

Fig.1 XRD patterns of Ce-MCM-48 and yMoO,-Pd/Ce-M. (a) Small-
angle XRD and (b) wide-angle XRD.
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a weak MoOj crystal phase diffraction peak appeared.’®* When
the loading amount of MoO, was 1% and 2%, the characteristic
diffraction peaks corresponded to (210) crystal planes. When
the loading amount increased to 3%, the characteristic
diffraction peaks corresponded to (200) and (210) crystal planes,
which was consistent with the hexagonal crystal structure
(JcpDS 21-0509), indicating the presence of polymerized
hexagonal MoO; species on the catalyst surface, which corre-
sponding to the typical XRD diffraction peaks of (NH,)s-
Mo,0,,4-4H,0 and MoO; reported in literature.” In addition, no
peak of palladium oxide was observed, indicating that Pd oxide
particles were too small or highly dispersed in the amorphous
walls of MCM-48,* which could not be detected by XRD.

3.1.2 N, adsorption desorption characterization and acidic
characteristics. Fig. 2 showed the N, adsorption desorption
isotherms and pore size distribution curves of Ce-MCM-48 and

e
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Fig. 2 (a) N, adsorption—desorption isotherms and (b) pore size
distributions of Ce-MCM-48 and yMoO,-Pd/Ce-M.

Table 1 Physical properties of the support

View Article Online

Paper

yMoO, Pd/Ce-M. As shown in Fig. 2(a), to all samples, there was
a significant leap between 0.2 and 0.4, and the curve conformed
to the Langmuir IV adsorption isotherm, which was a charac-
teristic of the cubic mesoporous material MCM-48."® As shown
in Table 1, the physical structural parameters of the samples,
and the Mo content in the ICP-MS characterization results
basically conformed to the set ratio, indicating the formation of
Mo containing heterostructures in the catalyst complex,* which
was consistent with the XRD results in Fig. 1(b). As shown in
Fig. 2(b) and Table 1, the specific surface area and pore volume
of Ce-MCM-48-0.02 decreased, and there was a certain amount
of Ce present in the pores and skeleton. The increase in pore
size could be explained by the radius Ce** > Si**, and the bond
length Ce-O > Si-0,? which caused the skeleton to stretch and
the pore wall to thicken. As shown in Fig. 2(b), the pore size
distribution of the prepared samples was 2.17-2.59 nm. After
impregnating Mo and Pd on the Ce-MCM-48 support, the
specific surface area and pore volume of the catalyst yMoO, Pd/
Ce-M decreased, indicating that the metal had been loaded onto
the support. With the increase of Mo loading, the specific
surface area and pore volume further decreased, which was due
to the decomposition of (NH,)sMo0,0,,-4H,0 to generate o-
Mo0Oj;. MoO, atomic clusters had Mo-O bonds (0.1690-0.2350
nm) smaller than the mesoporous pore size, and some MoO,
atomic clusters were located in the phase cage of the molecular
sieve, causing the decrease of the molecular sieve cell, cell
parameters, specific surface area, and pore volume.*® And it also
indicated that some metals were distributed on the inner
surface of the support. The average pore size decreased gradu-
ally may be the insertion of some metals into the MCM-48
lattice, which blocked part of the pores.** This was different
from the conclusion drawn by Yang et al. that the zinc modified
Pt/SAPO-11 catalyst metal is located on the outer surface of the
support, and the pore volume of the sample is almost
constant.”®

3.1.3 TEM and SEM characterization. As shown in Fig. 3,
the TEM image showed that Ce-MCM-48 had a regularly
arranged long-range cubic pore structure.® The change of Pd/
Ce-MCM-48 and 2% MoO,-Pd/Ce-M was not significant, indi-
cating that the skeleton structure was not damaged. Oxides
were precipitated and enriched on the surface of Pd/Ce-MCM-
48 catalyst.’ The aggregation degree of 2% MoO, Pd/Ce-M
catalyst particles became loose. After doped with Mo, the
surface metal obtained good dispersion, which was consistent
with the SEM characterization results. The difference in cata-
Iytic performance of bifunctional catalysts mainly came from

Mo loading percentage Surface area

Micropore volume

Mesopore volume Pore volume Average pore

Sample (Wt%) (m>g™) (em® g™ (em® g™ (em® g™ diameter (nm)
Ce-MCM-48 — 973 0.02 0.95 0.97 2.59
Pd/Ce-MCM-48 — 954 0.03 0.92 0.95 2.53
1%Mo0,-Pd/Ce-M 98.4 875 0.04 0.87 0.91 2.42
2%Mo0,-Pd/Ce-M 99.2 860 0.06 0.81 0.87 2.36
3%Mo0O,-Pd/Ce-M 99.1 822 0.09 0.73 0.82 2.17
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Fig. 3 TEM images of (a) Ce-MCM-48; (b) Pd/Ce-MCM-48; (c) 2%
MoO,-Pd/Ce-M.

the properties of metals, including the dispersion and distri-
bution of metals, which enhanced the balance and intimated
relationship between the metal and acid sites of the catalyst.””

As shown in Fig. 4, the SEM and microstructure analysis of
the catalyst sample, and the results showed that Pd/Ce-M
exhibited a spherical particle morphology, with tight spherical
aggregation and a smooth surface. After Mo doping, the change
of the particle size of the 2% MoO, Pd/Ce-M catalyst was not
significant, with a small amount of hemispherical particles and
uniformly dispersed coking on the surface, which may be
nanosheets™ or oxides® produced by Mo doping. The EDS
spectral confirmed that Pd, Ce, and Mo metals were successfully
uniformly distributed on the outer surface, which was consis-
tent with the characterization results of N, adsorption and
desorption.

3.1.4 Acidic properties. Fig. 5 showed the NH;-TPD
spectra, and the acid distribution of all samples was similar in
the temperature range of 100-500 °C, indicating that metals
had a certain influence on the acid distribution of the
support.** Ce-MCM-48 exhibited a desorption peak, indicating
the presence of acid sites on the surface of Ce-MCM-48.% Ce-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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MCM-48 had certain acidic sites due to the doping of Ce on
the skeleton, which was not sufficient for heptane isomeri-
zation. After doping with Mo, the desorption peaks of 1%
MoO,-Pd/Ce-M and 3% MoO,-Pd/Ce-M slightly shifted towards
lower temperatures within the range of 100-250 °C, with an
increase in weak acids. This may be due to the dope of Mo
species on the surface of Ce-MCM-48.> Due to the strong elec-
tron donating ability of MoO, atomic clusters, the composite
catalyst 2% MoO,-Pd/Ce-M further generated more interme-
diate acid sites at the desorption peak at 300 °C.*® Isomeriza-
tion reactions mainly occurred on intermediate acid sites,
which would be beneficial for the reaction.”® The decrease in
acidity of 3% MoO,-Pd/Ce-M may be due to MoO, being
a positively charged atomic cluster, which could mask some of
the acidic sites of the catalyst and reduce the number of acid
centers in the molecular sieve.”® Fig. 1 in the supporting
informationf showed the Py-IR spectra of Pd/Ce-MCM-48 and
2% MoO,-Pd/Ce-M catalysts. The peak observed at 1540 cm™*
in the Pd/Ce-MCM-48 catalyst sample was attributed to the
presence of Brensted acid centers. The peak at 1450 cm ™"
corresponded to the adsorption of pyridine on Lewis acid sites,
while the peak at 1490 cm™" was a characteristic peak gener-
ated by the adsorption of pyridine on B and L acid sites.****
Table 2 shows the type and acid content of the acid center on
the catalysts. The dope of Mo can increase the acidity of B acid
and L acid in the prepared 2% MoO,-Pd/Ce-M catalyst. Mo=0
bond was formed due to the interaction between MoO; and Ce-
MCM-48. Mo0O,/ZrO, mixed oxides to promote Pt HMS catalyst
for n-heptane isomerization was studied by N. Parsafard et al.
The addition of 12 wt% molybdenum oxide to ZrO,/HMS also
obtained the result of an increase in acidity.*” In theory, the
number of Brgnsted acid sites would affect the performance of
isomerization, generating more carbocations in alkane isom-
erization reactions and increasing the conversion rate of the
reaction.”

3.1.5 FT-IR spectroscopic analysis. Fig. 6 showed the FT-
IR spectra of Ce-MCM-48 and yMoO, Pd/Ce-M. All catalysts
exhibited spectral vibration peaks at 3394, 1631, 1210, 1080,
940, and 810 cm™'. According to references,>* the hydroxyl
vibration peaks of water molecules were located at 3394 and
1631 cm™'. The external and internal asymmetric stretching
of the Si-O-Si framework was attributed to 1210 and
1080 cm ™. The vibration peaks that appear at 940 cm ™" and
810 cm ' were attributed to the symmetric stretching of
external silanol groups (Si-OH) and Si-0-Si. 940 cm ™" for Si-
O-R" groups were increased by the silicon tensile vibration of
Ce-MCM-48, which was commonly considered as evidence of
the addition of metal cations in the framework of meso-
porous silicates.> After the introduction of MoO,, the
infrared band of silanol groups appeared and the asym-
metric tensile strength of Si-O-Si increased, indicating that
MoO, groups participated in the molecular sieve framework
through interactions with silanol groups.> The changes in
absorption peaks at 628, 872, and 994 cm™* were attributed
to Mo-O-Mo stretching vibration, Mo-O asymmetric
stretching vibration, and Mo=O double bond oxygen
stretching vibration.*®
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3.2 Catalytic performance

3.2.1 Effect of reaction temperature and different Mo
contents on the isomerization performance of n-heptane. n-
Heptane hydroisomerization was used as a model reaction, Pd/
Ce-MCM-48 and yMoO,-Pd/Ce-M catalysts with different Mo
contents were tested. Fig. 7 showed the variation of the
conversion rate of n-heptane, selectivity of isoheptane
(Fig. 7(a)), and yield (Fig. 7(b)) with the reaction temperature.
With the increase of reaction temperature, the conversion rate
of n-heptane increased, with the highest conversion rate of 2%
MoO,-Pd/Ce-M. The selectivity for isoheptane decreased with
increasing reaction temperature, and high temperatures irre-
versibly damaged the structure of some catalysts.*® The rate of
hydrocracking reaction increased at higher temperatures.” The
selectivity order of catalysts was 2%Mo00O,-Pd/Ce-M > 1%Mo0O,-
Pd/Ce-M > 3%Mo0O,-Pd/Ce-M > Pd/Ce-MCM-48. When the
reaction temperature was 300 °C, the selectivity of 2% MoO,-Pd/
Ce-M was 91.2%, and the conversion rate was 58.7%. The

4110 | RSC Adv, 2024, 14, 4105-4115

maximum yield of isoheptane was 53.5%. Due to the limitations
of spatial structure and geometric configuration, some molec-
ular sieves generally have difficulty diffusing multi branched

, Ce-MCM-48
P X Pd/Ce-MCM-48

1% MoOx-Pd/Ce-M
3% MoOx-Pd/Ce-M

2% MoOx-Pd/Ce-M

Intensity (a.u.)

i

200 300 400
Temperature/°C

100 500

Fig. 5

NHz-TPD profiles of samples.
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Table 2 Acidity of Pd/Ce-MCM-48 and 2%MoQ,-Pd/Ce-M
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Bronsted Lewis acid Amount of acid Amount of acid site” (mmol
Sample acid (mmol g ) (mmol g ) site (mmol g ") g N
Pd/Ce-MCM-48 1.39 2.82 4.21 2.76
2%Mo0,-Pd/Ce-M 1.76 4.11 5.87 3.15

“ The acid content is calculated from NH,-TPD.
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Fig. 6 FT-IR spectra of Ce-MCM-48 and yMoO,-Pd/Ce-M.
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Fig. 7 The variation of catalytic performance of Pd/Ce-MCM-48 and
YMoO,-Pd/Ce-M catalysts with reaction temperature. (a) The
conversion rate of n-heptane, selectivity of isoheptane, and (b) yield.

isomeric products out of the pores of the catalyst, resulting in
the occurrence of cracking side reactions. Catalysts prepared
using mesoporous molecular sieves as supports could

© 2024 The Author(s). Published by the Royal Society of Chemistry

effectively avoid this problem. As shown in Fig. 7(a), the
conversion rate and selectivity of yMoO,-Pd/Ce-M catalyst were
higher than Pd/Ce-MCM-48. The Mo content increased from 1%
to 2%, the isomer selectivity and catalytic activity increased, and
the yield of the 2% MoO,-Pd/MCM-48 catalyst was the highest.
The factors that determined catalytic performance were
complex, and metal functions or geometric structural patterns
should also be considered.*

From the above results, within the range of reaction
temperature of 220-360 °C, there was a linear relationship
between the catalytic activity of 2% MoO, Pd/MCM-48 catalyst
for n-heptane isomerization reaction and the reaction temper-
ature. We plotted with conversion rate In x as the vertical axis
and T ' as the horizontal axis (Figure.8). According to the
Arrhenius equation, based on the slope, the apparent activation
energy E, of the 2% MoO, Pd/Ce-M catalyst was 52 k] mol . A
lower activation energy indicated a faster adsorption rate of the
catalyst, Langmuir-Hinshelwood seemed to be a suitable model
for this reaction.**

MoO; usually formed a structure similar to ReOs, which was
connected by MoOg octahedral edges and angles to form a one-
dimensional chain like structure, a two-dimensional layered
structure, or a three-dimensional network structure. This was
conducive to the high dispersion of Mo on the surface of,
support and the presence of Mo=0 and Mo-O-Mo functional
groups could both improve catalyst activity,®**® which was
consistent with the FT-IR results. MoO, loaded catalyst could
provide both metal and acidic sites, Ce-MCM-48 had a large
mesoporous structure, which increased the diffusion rate and
created a good balance and intimate relationship between the
metal and acid sites of the catalyst.”” When the Mo content

4.2
4.0f
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3.6t
X341
32t
3.0t
2.8}

l—\'— 2% MoOx-Pd/Ce-M
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Fig. 8 Arrhenius plot.
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increased from 2% to 3%, the isomerization efficiency of the
catalyst did not continue to increase, instead showed a down-
ward trend. It was speculated that excessive Mo caused certain
agglomeration sintering, which had a certain destructive effect
on the distribution of active components on the catalyst surface,
masking some active substances and leading to a decrease in
catalyst activity,”” which was consistent with the acidic proper-
ties of Section 3.1.4. The comparison of the catalytic perfor-
mance for n-heptane hydroisomerization with those reported in
literature was shown in Table 3.

3.2.2 The effect of reaction time on the catalytic perfor-
mance of 2% MoO, Pd/Ce-M. As shown in Fig. 9, the stability of
the 2% MoO, Pd/Ce-M n-heptane isomerization catalyst was
investigated at a reaction temperature of 300 °C, a reduction
temperature of 400 °C, a reduction time of 2 hours, a hydrogen
flow rate of 30 mL min~', and WHSV = 7.6 h™! for 48 hours.
When the reaction time was 4 hours, the conversion rate of n-
heptane was 58.7%, and the isomerization selectivity was
91.2%. When the reaction time was 48 hours, with extension of
reaction time, the conversion rate of n-heptane decreased to
54.5%, the selectivity of isoheptane increased by 93.1%. The
possible reason was that a small amount of carbon deposits had
masked some of the active substances.

3.2.3 XPS analysis. In order to study the chemical states of
Mo and Pd in the reaction, X-ray photoelectron spectroscopy
(XPS) was used to analyze the elemental composition and
valence states of 2% MoO, Pd/Ce-M catalyst samples before use
(F represents) and after use for 48 h (S represents). As shown in
Fig. 10(a), the full spectrum of two samples confirmed the
coexistence of Mo and Pd elements in the material. As shown in
Fig. 10(b), the fitted Mo 3d spectra of two samples showed two
strongly symmetric peaks of approximately 232.65 eV (3ds)
and 235.85 eV (3ds,,), with the binding energy allocated to
Mo®".** There were some Mo(0) present in the waste catalyst,
and the symmetric peak shifted towards a lower angle. The
sample was continuously reduced by hydrogen, resulting in
complex Mo valence states in the Mo (3d) energy region
(Fig. 1(d)). And a bifunctional MoO,,(OH), phase may have
been generated on the catalyst surface for catalytic reactions.
Once this active phase was formed, which exhibited a certain
degree of stability and exhibited a certain ability to resist
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Fig. 9 The variation of catalytic performance of Pd/Ce-MCM-48 and
yMoO,-Pd/Ce-M catalysts with reaction temperature.

carbon poisoning.*” As shown in Fig. 10(c), the fitted Pd 3d
spectra of two samples showed two peaks, Pd 3d;,, and Pd 3ds,
», for both fresh and waste catalysts,*® whose binding energies
were 337.4 eV and 342.8 eV, respectively, and can be allocated
as Pd®" in PdO, particles or clusters located on the catalyst
support. The chemical state of palladium on the catalyst
surface was clearly related to the shape.* After being reduced
at 400 °C, both peaks of the used catalyst shifted towards lower
binding levels. After the introduction of Mo, a unique metal
support interaction was generated, resulting in the unique
electronic properties of Pd atoms. X-ray electron spectroscopy
confirmed that this unique electronic state was the reason for
the high catalytic activity.*

3.3 Product distribution of n-heptane isomerization reaction
of 2%Mo00,-Pd/Ce-M

Table 4 showed the product distribution in the catalytic reaction
of Pd/Ce-MCM-48 and 2%Mo0O,-Pd/Ce-M for n-heptane isom-
erization. When the reaction temperature was 300 °C, and the
conversion rates were 43.8% and 58.7%, respectively. The
product included single branched heptane isomers and multi
branched heptane isomers, with single branched isomers
including 2-methylhexane (2-MH) and 3-methylhexane (3-MH).

Table 3 The effect of metal modified catalyst on the hydroisomerization properties of n-heptane

Catalyst Reaction temperature/K Reduction temperature/K Conversion/% Selectivity/% Reference
2%Mo00,-Pd/Ce-M 573 673 58.7 91.2 This paper
Pt/MCM48-HZSM5 573 673 87.7 61.7 41
0.5%Pt/5%M00;-HBEA 523 673 81.6 43.5 2

1% Pt/SBA-15 673 723 85 — 4
Pt/MIL-53 (Al) 553 673 68.3 65.4 29
Pt/SBA-16-HZSM-5 473 673 71.8 70.4 42
PZH-0.3 533 723 81.1 94.2 43
Pt/AI-MCM-48 473 673 78.8 81.9 3
Pt/FSMO 523 673 70.9 63.6 7
0.05%Pt, @CeO,/SAPO-11 653 — 45.4 74.2 33
0.5%Pd/WO;-ZrO, 523 — 84.9 79.5 13
MoO3/FST 573 673 84.0 60.9 14
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Fig. 10 XPS spectra of fresh and spent 2%MoO,-Pd/Ce-M catalyst: (a)
XPS full spectra, (b) Mo 3d, and (c) Pd 3d of 2%MoO,-Pd/Ce-M.

The multi branched isomers include 2,2-dimethylpentane (2,2-
dMP), 2,3-dimethylpentane (2,3-dMP), 2,4-dimethylpentane
(2,4-DMP), 3,3-dimethylpentane (3,3-dMP), and trimethylbu-
tane (2,2,3-TMB). For 2% MoO,-Pd/Ce-M, the content of 2,3-
dMP in the multi branched isomers of n-heptane was 23.5%.
2,3-dMP was a compound with a high research octane number
(RON = 92), which directly helped to improve the octane
number of the product mixture.** The ratio of multi branched
isomers to single branched isomers (represented by R) in the
product composition remained ST, SMH, SDMP, STMB and Sc

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Product distribution of n-heptane isomerization reaction of
2%MoO,-Pd/Ce-M

Catalyst Pd/Ce-MCM-48 2%Mo0,-Pd/Ce-M
St (%) 74.8 91.2
Smt (%) 40.7 46.9
2-MH 33.7 23.3
3-MH 27.9 23.6
Spmp (%) 34.1 44.3
2,2-DMP 7.8 9.4
2,3-DMP 15.4 23.5
2,4-DMP 7.2 5.7
2,2,3-TMB 3.7 6.0
Stme (%) 1.2 1.7
Sc (%) 25.2 8.8
n-C,Hyo 7.9 2.9
i-C,Hy, 6.6 2.7
C;Hg 6.1 2.5
Others 4.6 0.7

correspond to the selectivities to isoheptane, MH, DMP, TMB
and the cracking products, respectively.

Around 1.0, very close to the thermodynamic equilibrium
value, which was similar to the distribution of n-heptane
isomerization products catalyzed by Pt/HPW/Zr MCM-41
prepared by J. A. Wang's research group® and different from
the research results of catalysts prepared by Justine Harmel and
Zhang Wei et al.»'® The main feature of the 2% MoO, Pd/Ce-M
catalyst was the difference in pore size. Before cracking, the
primary reaction product of n-heptane passed through larger
mesoporous pores and exhibited good diffusion. The molecular
size of multi branched isoheptane was larger than that of single
branched isoheptane, resulting in cracking. Due to reasonable
acidity, macropores, appropriate Si/Mo ratio, and high metal
dispersion, it had a high yield of multi branched isomers.* The
cracking products mainly include n-butane (n-C,H,,), isobutane
(i-C4H;0), and propane (C3Hg), which were obtained by breaking
a single C-C bond.** There were also small amounts of C,, C,,
Cs, and C¢ products, and there were no components =C, in the
isomerization reaction products.

The mechanism of n-heptane isomerization reaction has
been studied in many literature,>'**>*> Based on the experi-
mental results and literature, we proposed that the isomeriza-
tion reaction mechanism of n-heptane on MoO, Pd/Ce-M
catalyst followed a classical bifunctional mechanism (Fig. 11).
During the isomerization reaction process on the metal acid
support bifunctional catalyst, the dehydrogenation-hydroge-
nation of hydrocarbons occurred at the metal center, while the
acid center served as the backbone isomerization or cracking
center. The n-heptane molecule dehydrogenated at the Pd site
to form a carbocation intermediate, which transferred to the
acidic site through diffusion for skeleton rearrangement, and
hydrogenated to form isoheptane at the metal active site. Metal
Pd was the active site for dehydrogenation-hydrogenation, Ce-
MCM-48 was the active site for isomerization, and the intro-
duction of MoO, enriched the metal and acidic sites. The
process of hydrogenation isomerization of heptane was shown
in Fig. 12.
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4. Conclusions

The Ce-MCM-48 molecular sieve prepared by hydrothermal
synthesis method in this article had a highly ordered meso-
porous material. The Ce-MCM-48 molecular sieve had a suitable
specific surface area and mesoporous pore size, a spherical
particle morphology, and a regularly arranged long-range
ordered pore structure. Ce, as a heteroatom source, was intro-
duced into the framework of mesoporous silicates, generating
certain weak acid site, which could serve as an acidic support
for alkane isomerization.

MoO, was used as a structural aid to prepare MoO, modified
yYMo0O,-Pd/Ce-M catalyst by impregnation method. Compared
with the Pd/Ce-MCM-48 catalyst prepared by the same method,
the specific surface area and pore size decreased, but yMoO,-Pd/
Ce-M still remained a mesoporous material. The spherical
particles were uniform and compact in aggregation, and the
metal Pd had good dispersion on the surface of the support.
And MoO, increased the acid sites of the support, the acidity of
Bronsted acid and Lewis acid. The MoO, group affected the
local environment of the molecular sieve skeleton.

In the catalytic isomerization of n-heptane, the effect of
MoO, supported catalyst on the performance of n-heptane
hydroisomerization was investigated. The 2% MoO,-Pd/Ce-M
catalyst showed good catalytic activity, and the appropriate
addition of Mo could improve the conversion rate and selec-
tivity of the catalyst. The selectivity for multi branched iso-
heptane was the highest, increasing the octane number of
gasoline. MoO, modified Pd/Ce-MCM-48 was a promising

4114 | RSC Adv, 2024, 14, 4105-4115
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catalyst for improving octane number through alkane isomeri-
zation. The combined effect of Pd and MoO, was necessary to
enhance the isomerization of n-heptane.
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