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ABSTRACT: The fast deactivation caused by serious formation of coke is a major challenge in catalytic isomerization of endo-
tetrahydrodicyclopentadiene (endo-THDCPD) into exo-tetrahydrodicyclopentadiene (exo-THDCPD) over the HY zeolite. In order
to suppress the coke formation for the isomerization process, the conventional HY zeolite was modified with Pt at 0.3 wt %. Then,
the hydroisomerization of endo-THDCPD into exo-THDCPD was evaluated over a fixed-bed reactor. The catalytic stability of Pt/
HY was greatly enhanced in comparison to that of the HY zeolite. The Pt/HY catalyst provided 97% endo-THDCPD conversion and
96% selectivity for exo-THDCPD without deactivation after 100 h. Moreover, the formation mechanism of coke on the HY zeolite
during the isomerization process was proposed based on the results of the coke analysis. It was indicated that the coke was generated
from the oligomerization and condensation of olefin species, which originated from the f-scission reaction or hydride transfer
reaction of intermediates. The lower coke formation over Pt/HY was attributed to the lower amount of coke precursors, which could
be hydrogenated by activated H, over Pt sites. Therefore, Pt on Pt/HY and H, were two crucial factors in efficiently enhancing the
catalytic stability of the HY zeolite for this isomerization reaction.

Endo-THDCPD

1. INTRODUCTION

Due to the low toxicity, high energy density (39.6 MJ L"),
suitable flash point (55 °C), low freezing point (—79 °C), and
satisfactory long-term storage stability, exo-tetrahydrodicyclo-
pentadiene (exo-THDCPD; IUPAC name, exo-tricyclo
[5.2.1.0%]decane) is the main component of the high-
energy-density liquid fuel referred to as JP-10, which is a
commonly used jet fuel for small missiles.' > In addition, exo-
THDCPD can be utilized as a diluent for other high-energy-
density fuels like JP-9, RJ-5, and RF-1 in various missiles/
aircraft.*~¢ Moreover, exo-THDCPD is a high-value fine
che7n§ical, which could be used in surfactants, dyes, and so
on.”

Exo-THDCPD was usually synthesized by isomerizing its
endo-isomer (endo-THDCPD) in the presence of strong acid
catalysts, which included homogeneous and heterogeneous
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catalysts. In previous studies, highly corrosive sulfuric acid was
used to catalyze this reaction.”'® Since the 1960s, exo-
THDCPD was commercially produced from endo-THDCPD
with the aluminum trichloride (AICl;) catalyst in a batch
reactor, which suffered from several drawbacks, such as catalyst
non-recyclablability, environmental problems, and purification
Although, the immobilization of AICI; on
inorganic solid supports brought the advantages of easy

problems."’
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separation, the ease of deactivation and environmental
pollution limited its application at an industrial scale.'” The
chloroaluminate-based ionic liquid (IL) catalyst was a potential
substitute for AICl; due to the adjustable acidity. However, the
problems of separation and recycling are still hard to be solved
because of the presence of a homogeneous catalytic process.
Besides, AlCl;-based IL catalysts are also toxic and could cause
environmental pollution.'”'* Recent work concerning the use
of zeolite catalysts in place of AICl; has resolved the separation
and environmental problems. For example, Xing et al. reported
a green synthetic route for the isomerization reaction catalyzed
by acidic Y zeolites with different cations, and HY showed an
optimum catalytic activity with 90% conversion of endo-
THDCPD and 95% selectivity for exo-THDCPD at 195 °C."
Moreover, Sun and Li discussed the effect of temperature and
reaction time on endo-THDCPD isomerization in the gas
phase (flow system) by using the H-USY zeolite.'® Li et al.
investigated a synthetic route for preparing exo-THDCPD
from lignocellulose, and the catalyst used in the isomerization
of endo-THDCPD is the LaY zeolite. The overall carbon yield
of exo-THDCPD was 65% under the optimized conditions.'”
Although the acidic Y zeolites showed a good catalytic activity,
the easy deactivation caused by rapid formation of coke
deposited on the zeolite limited its application.">"'® Therefore,
it is necessary to suppress the formation of coke to improve the
catalytic stability of the Y zeolite for continuous isomerization
of endo-THDCPD to exo-THDCPD over a fixed-bed reactor.

Presently, systematic studies are not yet published on the
composition and properties of coke compounds deposited on
the catalyst for the reaction. For instance, Wang et al. first
reported a one-step catalytic flow-phase hydrogenation—
isomerization of dicyclopentadiene (DCPD) to exo-THDCPD
over a fixed-bed reactor. Therein, the Ni/y-Al,O; catalyst was
used for the hydrogenation of DCPD, and the Ni/H-§ catalyst
was used for the isomerization of endo-THDCPD. This process
provided 100% DCPD conversion and 70% selectivity for exo-
THDCPD without obvious deactivation over 200 h.'*
However, in this study, Ni/HY showed poor activity with
100% DCPD conversion and only 6.8% selectivity for exo-
THDCPD. Although Ni/H-f provided the optimum activity,
the byproducts formed on Ni/H-f were not systematically
analyzed. It is not yet clear whether the Ni on Ni/H-# could
actually be beneficial to suppress the formation of coke and
enhance the stability of the process. In general, for the
isomerization of many alkanes catalyzed by acid zeolites, the
unsaturated species which lead to the rapid formation of coke
are intermediates or products formed during the isomerization
process.”*° Under a H, atmosphere, these coke precursors
could be converted to saturated hydrocarbons catalyzed by
metallic sites for hydrogenation and then removed, resulting in
suppressing the coke formation.”' ™’

To the best of our knowledge, there are rare studies
investigating the hydroisomerization of endo-THDCPD to exo-
THDCPD catalyzed by the Pt/HY zeolite catalysts over a
fixed-bed reactor. We report here the first study about the
interactive effect of H, and Pt on the coking behaviors during
the hydroisomerization of endo-THDCPD to exo-THDCPD
over Pt/HY, aiming to suppress the coke formation and
enhance the catalytic stability of the catalyst.

2. EXPERIMENTAL SECTION

2.1. Materials. Endo-THDCPD (>99 wt %) was purchased
from Hangzhou Yangli Petrochemical Co. Ltd., and used

without further purification. Methyl cyclohexane was supplied
by Aladdin Co. Ltd. and utilized as the solvent for the
isomerization of endo-THDCPD. HY (SiO,/Al,0; = 5.2) was
provided by the Research Institute of Petroleum Processing.

2.2. Catalyst Preparation. The 0.3 wt % Pt/HY catalyst
was prepared via incipient wetness impregnation of HY zeolite
power with Pt(NH;),Cl, as the metal precursor and H,O as
the solvent, and the pH for the aqueous solution of
Pt(NH,),Cl, was 6.7. After impregnation and drying in an
oven at 80 °C overnight, the sample Pt/HY-BQ was obtained
and then precalcined at 450 °C for 3 h to generate Pt/HY.

2.3. Characterization. The powder X-ray diffraction
(XRD) patterns of catalysts were taken using an EMPYREAN
X-ray diffractometer (PANalytical Japan) in the 26 range of 5—
70° with Cu Ka radiation at 35 kV and 35 mA. The Brunauer—
Emmett—Teller (BET) specific surface area and pore size of
the catalysts were measured by N, adsorption—desorption at
77 K using a Quantachrome AS-3. Transmission electron
microscopy (TEM) analysis was performed on a JEM-2100
(200 kV) EX electron microscope. The fourier transform
infrared spectra of pyridine adsorbed on the catalyst were
recorded on a NICOLET 6700 spectrometer.

Thermogravimetric analysis (TGA) was exploited to
determine the amounts and characteristics of the coke formed
on the spent catalysts. TGA measurements were conducted
using a STA 449 FS thermogravimetric analyzer at a heating
rate of § °C min~" from 50 to 800 °C under a continuous flow
of 20% oxygen in helium. To determine the components of
coke present on the coked samples, the coked samples were
dissolved in 40% hydrofluoric acid. Then, the coke was
extracted with methylene chloride, and the resulting mixture
was concentrated and subsequently analyzed by gas
chromatography and mass spectrometry (GC—MS) and
apex-Qe 9.4T fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR MS) with Agilent atmospheric
pressure photoionization.

2.4. Catalytic Experiments. In the first experiment, the
liquid-phase isomerization of endo-THDCPD to exo-
THDCPD catalyzed by the HY zeolite was performed over a
fixed-bed reactor at 150 °C, 0.5 MPa with a weight hourly
space velocity (WHSV) = 2.0 h™". The HY zeolite was
activated for 3 h at 450 °C prior to the run. The endo-
THDCPD dissolved in methyl cyclohexane was placed in a
liquid tank and was injected into the reactor and passed over
the catalyst. Product analysis was carried out by using an
Agilent 7890B gas chromatograph (Agilent Technologies)
equipped with a HP-S capillary column (0.32 mm X 0.50 zm X
30 m) and a flame ionization detector with a vaporizer
temperature of 250 °C, a column temperature of 50 °C, and a
detector temperature of 300 °C.

In comparison, the second isomerization experiment of endo-
THDCPD was carried out in a continuous flow fixed-bed
reactor operated at 150 °C, WHSV = 2.0 h™}, H, or N,
pressure = 0.5 MPa, and H, or N,/endo-THDCPD (mol/mol)
= 30. In each experiment, the catalyst (20—40 mesh, total mass
equal to S g) was loaded in the constant-temperature zone and
reduced under flowing H, at 450 °C for 3 h prior to each run.
After each run, the catalyst bed was purged with N, flow (250
mL min™) at 100 °C for 3 h in order to eliminate the
components remaining on the catalysts. HY and Pt/HY after
reaction operation for 8 h under N, or H, atmosphere were
denoted as HY-N,-8h, HY-H,-8h, Pt/HY-N,-8h, and Pt/HY-
H,-8h, respectively. Pt/HY after reaction operation for 150 h
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under a H, atmosphere was denoted as Pt/HY-H,-150h. The
product selectivity was calculated according to the following
equation:

selectivity =

{

X 100%

mass of certain product
mass of endo-THDCPD feed — mass of endo-THDCPD in the product

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. As shown in Figure 1, it
could be seen that both HY and Pt/HY showed the typical
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Figure 1. XRD patterns of HY and Pt/HY.

topological structure of zeolite Y in the 26 region of 4—40°.”°
No significant change was observed after the loading of Pt.
However, the relative crystallinity of Pt/HY slightly decreased
to 78.4% compared with HY (88.4%), indicating that the pore
structure of HY was destroyed to a certain extent after loading
of Pt. The characteristic peak of Pt was not observed in Pt/HY,
which could be attributed to the low loading and the high
dispersion of Pt clusters on HY.”” Combining the TEM images
in Figure 2a,b, it could be observed that the Pt clusters were
uniformly dispersed on HY, with the particle size ranging 1.5—
3.0 nm. As shown in Figure 3a, the isotherm of HY was
assigned to a combination of type I and type IV in IUPAC
classification, suggesting the microporosity of the materials
containing narrow cylindrical pores and mesopores.”” The N,
adsorption—desorption isotherm of Pt/HY was similar to that
of the HY zeolite. The pore size distributions were calculated
from the adsorption isotherm by the Barrett—Joyner—Halenda
method, as shown in Figure 3b. The mean pore diameter of
Pt/HY was larger than that of the HY zeolite. The textural
properties of HY and Pt/HY assessed from the N, adsorption—
desorption isotherm are summarized in Table 1. For the Pt/

HY catalyst, there was no obvious change in the mesopore
volume, while both the surface area and micropore volume got
slightly decreased. The differences between Pt/HY and HY
were probably assigned to the destruction of the pore structure
due to calcination during the process of Pt loading.

In order to confirm the change in the coordination
environment for the aluminum in the samples, the *’Al
magic-angle spinning (MAS) NMR spectra of HY, Pt/HY-BQ,
and Pt/HY were recorded and are shown in Figure 4. In all
spectra of the samples, there were two signals with chemical
shifts at 60 and O ppm corresponding to the tetrahedral
aluminum species in the framework and octahedral extra-
framework aluminum, respectively. Pt/HY-BQ showed similar
intensity of signals at 60 and 0 ppm to the HY zeolite, revealing
that no obvious destruction of the chemical surroundings of
framework aluminum generated during the impregnation
process of HY with the solution of Pt(NH;),Cl,. For the Pt/
HY sample, the signal at 0 ppm for the octahedral form of the
extra-framework Al was stronger than that of HY and Pt/HY-
BQ, implying that some amount of tetrahedral aluminum was
transformed to octahedral extra-framework aluminum during
the process of calcination of Pt/HY-BQ to Pt/HY. Thus, the
high-temperature calcination step was responsible for the
presence of extra-framework aluminum sites and destruction of
the pore structure of Pt/HY.

The acidity of the samples, which was determined by IR-
pyridine experiments, is presented in Table 2. Both the HY
zeolite and Pt/HY possessed weak and strong acid sites, and
they exhibited both types of Bronsted and Lewis acid sites. It
was observed that Pt/HY possessed fewer Bronsted acid sites
compared with HY, which was probably attributed to the slight
modification in the acid property during the calcination
process.’’ However, Pt/HY showed a higher number of Lewis
acid sites than the HY zeolite. This result could be ascribed to
new Lewis acid sites generated from the modification of the
zeolite skeleton structure caused by calcination.

3.2. Catalytic Performances. The liquid-phase isomer-
ization of endo-THDCPD into exo-THDCPD was tested over
the HY zeolite. The endo-THDCPD conversion and selectivity
for exo-THDCPD results are shown in Figure Sa. From the
results, it was clearly observed that the endo-THDCPD
conversion decreased from 97.6 to 12.2% after 8 h for the
isomerization process. This result indicated that the HY zeolite
was easily deactivated for the reaction, which was not feasible
for industrial applications. In comparison, the endo-THDCPD
conversion and selectivity for exo-THDCPD over Pt/HY in the
presence of H, are shown in Figure Sb. This process displayed
better catalytic stability and provided 98% conversion of endo-
THDCPD and over 92% selectivity of exo-THDCPD after 8 h,

Figure 2. TEM images of (a) HY and (b) Pt/HY.
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Figure 3. (a) N, adsorption—desorption curve of HY and Pt/HY and (b) pore size distribution of HY and Pt/HY.

Table 1. Textural Properties of HY and Pt/HY

Sger St oo Vigual Vit Viaesp
catalyst (m'/g) (m'g) (mg) (mg) (cm'Vg) (ecm'g)
HY 652 628 24 0.345 0.290 0.055
Pt/HY 604 581 23 0.323 0.269 0.054

60

Pt/HY-BQ

80 40
Chemical shift (ppm)

Figure 4. *’Al MAS NMR spectra of HY, Pt/HY-BQ, and Pt/HY.

indicating that the presence of Pt and H, probably accounted
for enhancing the catalytic stability of HY.

To confirm the functions of Pt and H, for the activity and
catalytic stability of HY, the catalytic isomerization of endo-
THDCPD was carried out over HY and Pt/HY in the presence
of H, or N,. The isomerization process was usually
accompanied by the formation of adamantane and ring-
opening products.''® The yields of exo-THDCPD and other
byproducts at first hour are provided in Figure 6. It could be
found that both HY and Pt/HY exhibited similar approx-
imately 98% conversion regardless of a H, or N, atmosphere.
Xing’s work showed that Brensted acid site strength is more
important than acidity numbers for the isomerization of endo-
THDCPD to exo-THDCPD.'® Besides, the extra-framework
aluminum as Lewis acid sites has a positive effect on increasing
the acid strength of some Brensted acid sites through
interaction with the zeolite framework. It could be observed
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Figure 5. (a) Catalytic activity over the HY zeolite. Reaction
conditions: T = 150 °C, P = 0.5 MPa, WHSV = 2 h™". (b) Catalytic
activity over Pt/HY zeolite. Reaction conditions: T = 150 °C, P = 0.5
MPa, WHSV = 2 h™!, H,/endo-THDCPD (mol/mol) = 30.

that Pt and H, had no obvious effect on the initial catalytic
activity of HY.”' For the HY zeolite, the results shown in
Figure 6 demonstrated that H, was beneficial to the formation
of ring-opening products, while it contributed little to the
production of adamantane. For Pt/HY, it could be observed
that Pt/HY possessed a similar selectivity of exo-THDCPD to
that over HY in the first hour under the N, atmosphere.
However, the initial selectivity of ring-opening products over
Pt/HY was higher than that of HY under the N, atmosphere,

Table 2. Acid Properties of HY and Pt/HY

200 °C
catalyst Brensted acid (xmol/g) Lewis acid (umol/g)
HY 628 22
Pt/HY 486 136

B/L
28.55
3.57

17176

350 °C
Bronsted acid (umol/g) Lewis acid (#mol/g) B/L
583 12 48.58
414 90 4.60
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Figure 6. Catalytic activity of the catalysts during the isomerization of
endo-THDCPD in a H, or N, atmosphere at the first hour. Reaction
conditions: T = 150 °C, P = 0.5 MPa, WHSV = 2 h™}, H, or N, /endo-
THDCPD (mol/mol) = 30.

suggesting that Pt could promote the formation of ring-
opening products during the isomerization of endo-THDCPD.
Moreover, the initial selectivity of adamantane over Pt/HY was
lower than that over HY in the presence of N,. This change
was ascribed to a decrease in the number of the strong
Bronsted acid sites on Pt/HY as the existing study showed that
strong Bronsted acid sites on HY were beneficial to the
formation of adamantane.>> Under the H, atmosphere, Pt/HY
showed an obvious higher initial yield of ring-opening products
than that under the N, atmosphere, indicating that Pt and H,
could directly promote the formation of ring-opening products
for the reaction.”> > Although the presence of Pt and H,
could decrease the selectivity of endo-THDCPD, it would play
a key role in enhancing the catalytic stability of the HY zeolite.
As shown in Figure 7, Pt/HY and HY displayed different
catalytic lifespans at a H, or N, pressure of 0.5 MPa. For HY in
the N, atmosphere, the endo-THDCPD conversion dramati-
cally decreased to 56% after only 8 h. Besides, it was observed
that H, had no desired effect on improving the catalytic
stability of the HY zeolite. Similar to the HY zeolite, Pt/HY
was easily deactivated after 8 h at a N, pressure of 0.5 MPa. In
contrast, the catalytic lifespan of Pt/HY was greatly enhanced
under a H, pressure of 0.5 MPa. The endo-THDCPD
conversion of the Pt/HY still attained 97% with a selectivity
of 96% for exo-THDCPD after 100 h. As discussed above, the
presence of Pt and H, probably was favorable for the formation

of the ring-opening byproducts. However, the presence of H,
and Pt was essential to enhance the catalytic stability of the HY
zeolite during the isomerization of endo-THDCPD.

3.3. Characterization of Cokes Deposited on the
Catalysts. It has been known that coke deposition is
responsible for zeolite catalyst deactivation for the isomer-
ization of endo-THDCPD, while reports about the details of
coking behaviors are still rare.”” The coked samples were
utilized for coke analysis to understand the deactivation
behavior and evaluate the effect of Pt and H, on depressing the
formation of coke over the HY zeolite. The content of coke
was measured by TGA in air, as shown in Figure 8. The mass

100 =
961
S
g2 o >
. ——HY-N,-8h
& HY-H,-8h \
88 Pt/HY-N,-8h
—— Pt/HY-H,-8h :
844...... Pt/HY-H,-150h
300 400 500 600 700

Temperature (°C)

Figure 8. TGA curves of the catalysts after stability test.

loss of the catalysts below 300 °C was mainly assigned to the
water loss and physically adsorbed compounds, which was not
considered in calculations."® All the coked samples were
normalized to the weight at 300 °C. The two weight loss
regions in the temperature range of 300—500 and 500—750 °C
were associated to the oxidation of soft coke and hard
coke.'®**%7 The total coke content of HY-N,-8h, HY-H,-8h,
Pt/HY-N,-8h, and Pt/HY-H,-8h was 11.55, 12.14, 12.60, and
3.81 wt %, respectively. A large amount of coke was
accumulated on the HY zeolite after only 8 h, accompanied
by the rapid deactivation of the catalysts whether under the H,
or N, atmosphere, showing that H, or N, had no effect on
suppressing the formation of coke on the HY zeolite. Similar to
the HY zeolite, serious coke formation occurred quickly over
Pt/HY under the N, atmosphere after only 8 h. However, the
content of total coke for Pt/HY-H,-8h was 3.81 wt %. The
total coke content over Pt/HY was only 15.33 wt % when the
reaction time was prolonged to 150 h under the H,
atmosphere. This result confirmed that H, and Pt were
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Figure 7. Catalytic activity of the catalysts during the isomerization of endo-THDCPD. Reaction conditions: T = 150 °C, P = 0.5 MPa, WHSV =2

h™! and H, or N,/endo-THDCPD (mol/mol) = 30.
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superior for suppressing the coking formation, resulting in
enhancing the catalytic stability of the HY zeolite. However,
coke would be generated slowly on Pt/HY during the
hydroisomerization of endo-THDCPD. Thus, the deactivation
of Pt/HY after 100 h could be reasonably attributed to the
channel blocking and loss of acidic sites over Pt/HY by coke
formation during the hydroisomerization of endo-THDCPD. It
was also seen that the hard coke content of HY-N,-8h and HY-
H,-8h was 7.59 and 8.19 wt %, respectively, and the hard coke
content of Pt/HY-N,-8h, Pt/HY-H,-8h, and Pt/HY-H,-150h
was 5.97, 0.88, and 6.60 wt %, respectively. Compared with
HY-N,-8h, the content of hard coke for Pt/HY-N,-8h
decreased, which could be attributed to the decrease in the
number of the strong Brensted acid sites of Pt/HY. Moreover,
Pt/HY-H,-8h showed lower hard coke content than that of
HY-H,-8h and Pt/HY-N,-8h. This result could be ascribed to
the inhibition of hard coke formation in the presence of Pt and
H,. Combining the results in Figure 6, it was evident that the
coke formation and hard coke could be suppressed over Pt/HY
under the H, atmosphere, resulting in enhancing the catalytic
stability of HY.

In order to further study how Pt and H, work in inhibiting
coke formation over Pt/HY in the isomerization process, it is
necessary to characterize the composition of soft coke and hard
coke on the coked samples. These coked samples were
dissolved in 40% hydrofluoric acid, followed by the soluble
coke being extracted with dichloromethane for GC—MS
analysis.”®”” The GC—MS analysis results are shown in
Table 3. For the spent HY-N,-8h, HY-H,-8h, Pt/HY-N,-8h,

Table 3. Content of Low-Boiling Soluble Coke Species
Deposited on the Coked Samples

soft coke content molecular content

sample (%) weight formula (%)
HY-N,-8h 3.96 270 CaoHyo 225
272 CyoHa, 171

HY-H,-8h 395 270 CaoHyo 2.17
272 CyoHa, 178

Pt/HY-N,-8h 6.63 270 Coly 441
272 CyoHa, 222

Pt/HY-H,-8h 2.93 270 Coly 293
272 CyHs;,  0.00

Pt/HY-H,-150h 873 270 CyoHag 533
272 CaoHyy 3.40

Pt/HY-H,-8h, and Pt/HY-N,-150h, there were almost no solid
residues (insoluble coke) after the extraction of soluble coke
from these coked samples with dichloromethane. The GC—MS
analysis results showed that the soluble coke were complex
mixtures. The general formula of the soluble coke component
with low boiling point was usually assigned to soft coke.*® It
could be observed that the low-boiling soluble coke was
primarily compounds with 20 carbon atoms and the soft coke
was composed of two coke components with a molecular
weight of 270 and 272. The formation of C,, coke components
could be explained by the dimerization of the reaction
intermediates or byproducts. Besides, the coke components
with a molecular weight of 272 should be dimers of reactants
(molecular weight = 136). Furthermore, these coked samples
showed different contents of these two coke components. The
content of coke components with a molecular weight of 270
deposited on Pt/HY-H,-8h and Pt/HY-H,-150h was 2.93 and

5.33 wt %, respectively, and the content of coke components
with a molecular weight of 272 was 0 and 3.40 wt %,
respectively. The content of soluble coke components with a
molecular weight of 272 on Pt/HY-N,-8h and HY-H,-8h was
higher than that of Pt/HY-H,-8h. Moreover, Pt/HY-H,-150h
showed a higher content of coke components with a molecular
weight of 272 than Pt/HY-H,-8h. These results indicated that
the formation of the coke components with a molecular weight
of 272 should play a relatively main role in the deactivation of
the HY zeolite. Therefore, it was verified that the presence of
Pt and H, could greatly affect the composition of soft coke
during the hydroisomerization of endo-THDCPD.
Furthermore, the GC—MS analysis routinely used for low-
boiling fractions is inadequate for the characterization of high-
boiling materials due to their low volatility and compositional
complexity. It could be known that FT-ICR MS has been
widely used to characterize crude oil at the molecular level due
to its superior ability.*”*" FT-ICR MS analysis of soluble coke
was utilized to definitely characterize the hard coke
components with higher molecular weight in the soluble
carbonaceous species. Figure 9 showed the broadband mass

1 PYHY-H,-150h
1 TV

PY/HY-H,-8h
Al il
L Pt/HY-N,-8h
Al
HY-H,-8h
Al
HY-N,-8h
U
200 400 600 800
m/z

Figure 9. Broadband positive-ion APPI FT-ICR mass spectra for the
soluble coke components deposited on deactivated catalysts.

spectrum for coke components deposited on the five used
catalysts. The higher-molecular-weight coke species were more
compositionally complex. HY-N,-8h, HY-H,-8h, and Pt/HY-
N,-8h presented similar mass distributions. The higher-
molecular-weight soluble coke ranged from m/z 380 to$80
with the mass distribution centered at m/z 400 and 534. For
Pt/HY-H,-8h, the mass distribution of soluble coke ranged
from m/z 300 to 600, and the most abundant was at m/z 418.
Compared with Pt/HY-H,-8h, Pt/HY-H,-150h showed a
broader mass distribution ranging from m/z 300 to 700,
accompanied by the center of the molecular weight
distribution shifted to a higher m/z value.

The trapped soluble coke species deposited on the coked
samples were extracted with dichloromethane for GC—MS
analysis. The carbon number distribution and bubble diagram
of double-bond equivalents (DBEs) of coke components with
a higher molecular weight could not be obtained from the
results of GC—MS analysis. The FT-ICR MS analysis results
showed isoabundance-contoured plots of DBEs versus the
carbon number for the soluble coke of coked samples, as it was
shown in Figure 10. The DBE was taken as the ordinate, the
carbon number was taken as the x-coordinate, and the bubble
area size represented the relative content of the substance. The
hydrocarbon class for HY-H,-8h had carbon number
distributions between C,, to Cg, and the higher abundance
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Figure 10. Isoabundance-contoured plots of DBEs vs carbon number for the coke components deposited on used catalysts.

was at Csy and C,y. HY-N,-8h did not show any significant
difference in the carbon number distributions compared with
HY-H,-8h, and the soluble coke were of a wide carbon number
range (C,—Cq). Pt/HY-H,-8h had the carbon number
distribution from C,; to Cs, with the highest abundance at
C;. Besides, Pt/HY-H,-150h showed similar results to Pt/HY-
H,-8h. As shown in Figure 10, the DBE values of soluble
carbonaceous species deposited on Pt/HY-H,-8h and Pt/HY-
H,-150h were significantly decreased compared to those of
HY-N,-8h, HY-H,-8h, and Pt/HY-N,-8h. For example, HY-
H,-8h had a highest relative abundance at C3, with DBE values
ranging from 8 to 15, whereas Pt/HY-H,-150h had the highest
abundance at C;, with a decreased DBE from 7 to 13.
Combining the DBE distribution and carbon number
distribution of soluble coke, it could be concluded that the
coke deposited on these used catalysts was mainly composed
of the trimerization and tetramerization products from reaction
intermediates. The high-molecular-weight coke components
with low DBE were more likely to be formed on HY-N,-8h,
HY-H,-8h, and Pt/HY-N,-8h than on Pt/HY-H,-8h and Pt/
HY-H,-150h, which was consistent with the TGA results,
implying that the formation of high-molecular-weight coke

components with high unsaturation could be suppressed on
Pt/HY in the presence of H,.

Generally, the coke blocked inside the pores or deposited on
the surface of zeolites is responsible for their deactivation
during the serious processes of refining and petrochemicals. As
reported, the critical dimension of endo-THDCPD was 0.67 X
0.65 nm, and the critical dimension of exo-THDCPD was 0.67
X 0.60 nm.* The HY zeolite could provide sufficient space for
the isomerization of endo-THDCPD to exo-THDCPD, while a
pore diffusion limitation would generate in this situation when
HY was used to catalyze the oligomerization of cyclo-
pentadiene to tricyclopentadiene.”” Thus, the coke compo-
nents probably had a bigger critical diameter than the pore size
of the HY zeolite."* Therefore, the supercages of HY could be
blocked by the coke components, resulting in the rapid
deactivation of the HY zeolite. Besides, their retention in the
HY zeolite pores was also associated with low volatility, as the
soluble coke components had a carbon number rage (C,o—
Cg) and their boiling points were much higher than the
isomerization temperature (150 °C). Therefore, the rapid
deactivation of catalysts was attributed to the coke components
deposited on the HY zeolite blocking the access of endo-
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Scheme 1. Proposed Mechanism for the Formation of Coke over the Pt/HY Bifunctional Catalyst during the

Hydroisomerization of Endo-THDCPD“
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THDCPD to the acid sites in the supercages or covering the
acid sites. The presence of Pt and H, was beneficial to enhance
the catalytic stability of the HY zeolite by depressing the
formation of coke and restricting the oligomerization degree of
coke precursors, as the coke precursors could be hydrogenated
to saturated hydrocarbons by H, over Pt sites and
removed. """

3.4. Mechanism of Coke Formation. The mechanism of
coke formation was discussed on the basis of the above-
mentioned characterization results. As mentioned before, it
was most likely that the coke was generated from the
oligomerization and condensation of the intermediates or
byproducts during the isomerization of endo-THDCPD.
Scheme 1 showed a possible mechanism of coke formation
on the HY zeolite for this reaction. The isomerization of endo-
THDCPD was thought to occur on the Bronsted sites of the
HY zeolite via a pentacoordinated carbocation.”® The
carbenium ion intermediates could further undergo isomer-
ization to generate exo-THDCPD or undergo other side
reactions such as f-scission and hydrogen transfer to produce
various olefin species. Meanwhile, olefin oligomerization
reactions catalyzed by acid sites on the HY zeolite could
occur as well, leading to the formation of coke.*” Under the H,
atmosphere, the activated H, formed on Pt sites contributed to
suppress the coking and depress the oligomerization and
condensation of coke precursors by hydrogenating the coke
precursors. Therefore, it could be concluded that H, and Pt
played crucial roles in maintaining the catalytic stability of the
HY zeolite during the hydroisomerization of endo-THDCPD.

4. CONCLUSIONS

By comparing the catalytic stability of the HY zeolite for the
liquid-phase isomerization of endo-THDCPD into exo-
THDCPD over a fixed-bed reactor, it was discovered that
Pt/HY displayed a longer lifespan for the isomerization process
under a H, atmosphere. To understand the impact of H, and
Pt on enhancing the catalytic stability of the HY zeolite, the
catalytic performances of HY and Pt/HY under a N, or H,
atmosphere for the isomerization of endo-THDCPD were
investigated. The results disclosed that the H, or N,
atmosphere had no obvious effect on the catalytic activity

17180

and catalytic stability of the HY zeolite in the reaction, and the
endo-THDCPD conversion gradually decreased to 60% after 8
h for the HY zeolite in a 0.5 MPa H, atmosphere. However,
Pt/HY displayed a high catalytic activity and good catalytic
stability with 97% endo-THDCPD conversion and 96%
selectivity for exo-THDCPD after 100 h in a 0.5 MPa H,
atmosphere. The presence of Pt and H, could slightly reduce
the selectivity of exo-THDCPD and promote the selectivity of
ring-opening byproducts, which meant that it would not cause
huge differences from the expected product distribution.
However, the presence of Pt and H, could strongly suppress
the coke formation on the HY zeolite, enhancing the catalytic
stability of the HY zeolite. The mechanism of coke formation
was discussed on the basis of coke analysis results. It was
indicated that the coke was formed by the oligomerization and
condensation of olefin species as coke precursors, which
originated from the f-scission reaction or hydride transfer
reaction of intermediates during the isomerization process.
The H, and Pt on Pt/HY were two essential factors to
suppress the formation of coke and maintain the performance
of HY by means of H, activation to hydrogenate the coke
precursors. This study provided good potential for designing a
new route applied in the hydroisomerization of endo-
THDCPD to exo-THDCPD catalyzed by the Pt/HY zeolite
with a long lifespan.
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