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a b s t r a c t

Deep hydrogenation of polycyclic aromatic hydrocarbons (PAHs) into jet fuel is an important strategy for
the upgrading of light cycle oil (LCO). Zeolite-supported metal catalysts have exhibited good catalytic
performance for hydrogenation of PAHs under relatively mild conditions. However, the impacts of
acidity variations in zeolite supports, arising from the differences in framework Al (AlF) distribution on
the catalytic behavior of zeolite-supported metal catalysts in the deep hydrogenation of PAHs remains
unclear. Herein, two series of mesoporous ZSM-5 samples, that is ZSM-5-E-x and ZSM-5-F-x, with the
differences in AlF distribution but similar Si/Al ratios, were prepared in the crystallization system with
or without NaOH. The results of NH3-TPD, Pyridine-IR, N2 adsorption-desorption and SEM reveal that
two series of HZSM-5 samples have similar acid density and acid strength, textural properties,
morphology and particle size. However, the results of XPS, 27Al MAS NMR, 2,6-Ditert-butylpyridine-IR,
catalytic cracking of 1,3,5-triisopropylbenzene and the controlled reactions as well as DFT calculation
indicate that the higher enrichment degree of AlF on the external surface and the suitable arrangement
mode of AlF in ten-membered ring (10-MR) of HZSM-5-F-x compared to HZSM-5-E-x in case of the
similar Si/Al ratios, result in Pt/HZSM-5-F-x exhibiting remarkably-improved deep hydrogenation per-
formance of phenanthrene (PHE) compared to Pt/HZSM-5-E-x. Particularly, the selectivity to perhy-
drophenanthrene (PHP) over Pt/HZSM-5-F-50 can reach above 99.0% at a conversion of PHE (>99.0%).
Furthermore, Pt/HZSM-5-F-50 exhibits well reusability. This work helps to clarify the impactand tricyclic hy-

drocarbons, up to 90.0%), such as naphthalene, anthracene and
phenanthrene (Laredo et al., 2018; Peng et al., 2019; Zhang et al.,

2022; Dong et al., 2023). Deep hydrogenation of PAHs into cyclo-
alkanes, which can be used as blending components of jet fuel
range (Zhang et al., 2016, 2019b), lubricant base oil and refriger-
ation oil (Wang et al., 2016; Wang et al., 2019; Jia et al., 2021), is a
promising high value conversion strategy. However, the deep hy-
drogenation of PAHs, especially tricyclic aromatic hydrocarbons
such as phenanthrene or anthracene, remains a great challenge
due to the increasing resonance energy and steric hindrance ef-
fects during the step-by-step hydrogenation saturation of PAHs.
Thus, development of an efficient catalyst for deep hydrogenation
of PAHs is highly significant.
In hydrogenation of PAHs, the hydrogenation capability of the

catalysts shows a correlationwith the adsorption behavior of PAHs
on the catalysts, which mainly depends on the size and structure
of PAHs. Generally, the adsorption capacity of the PAHs on
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catalysts increases with the number of aromatic rings, and the
linear PAHs have stronger adsorption capability than the non-
linear PAHs (Beltramone et al., 2008; Dang et al., 2019). Deep hy-
drogenation of PAHs is a tandem reaction process, involving the
sequential hydrogenation of the generated various aromatic in-
termediates with the distinct steric hindrance. Thus, the deep
hydrogenation degree of PAHs usually depends on the hydroge-
nation of the intermediates. For instance, the conversion of sym-
metric octahydrophenanthrene (sym-OHP) to perhydrophen
anthrene (PHP) is the rate-determining step in deep hydrogena-
tion of phenanthrene (PHE), primarily due to the steric hindrance
in the adsorption of sym-OHP on the catalyst surface and
competitive adsorption with partially hydrogenated aromatics
(Jongpatiwut et al., 2004; Beltramone et al., 2008; Qi et al., 2014;
Fu et al., 2015; Wang et al., 2019). Therefore, enhancing the
adsorption capacity for the intermediates with the larger steric
hindrance on the catalysts is an effective strategy to improve the
deep hydrogenation performance of the catalysts for PAHs.
Traditionally, supported metal catalysts have been widely used

in many hydrogenation reactions (Tang et al., 2008; He et al., 2013;
Zhu et al., 2017; Liu and Corma, 2018; Luo et al., 2018; Liu et al.,
2020b; Chen et al., 2022; Niu et al., 2022). Among them, zeolite,
especially ZSM-5, supported noble metal catalysts exhibited the
good deep hydrogenation capabilities (Fu et al., 2015; Niu et al.,
2022). The acid sites of zeolites can not only modify the disper-
sion and electric properties of the supported metal species, but also
act as active sites for spillover hydrogenation (Lin and Vannice,
1993; Liu et al., 2020b; Lu et al., 2021a, 2021b). Nevertheless, the
intrinsic natures of ZSM-5 micropores limit the diffusion of PAHs,
resulting in low accessibility and utilization of acid sites. To solve
the problem, the introduction of mesopores into ZSM-5 framework
has been achieved by various methods, including the framework-
etching, alkaline treatment, the direct synthesis of zeolite in the
presence of mesopores templating agents (Fu et al., 2016; Li et al.,
2017; Peng et al., 2018; Niu et al., 2022; Pan et al., 2024). For
example, Wang group (Niu et al., 2022) fabricated hollow ZSM-5
with hierarchical porous structure by alkaline treatment, and the
prepared corresponding Pt/ZSM-5 catalysts exhibited good deep
hydrogenation capability in the hydrogenation of PAHs. Addition-
ally, Fu et al. (2016) synthesized mesoporous ZSM-5 (ZSM-5-M) in a
crystallization system employing a secondary template of quater-
nary ammonium groups (COPQA), and demonstrated that Ni2P/
ZSM-5-M showed good catalytic performance in both the hydro-
genation of PHE and the hydrodesulfurization (HDS) of 4,6-
dimethyldibenzothiophene (4,6-DM-DBT). In our previous work,
we have demonstrated that mesoporous ZSM-5 synthesized in the
absence of the secondary template can serve as an effective catalyst
support for the hydrogenation of naphthalene. More significantly,
the experimental results revealed that the acidity of ZSM-5 greatly
influenced the hydrogenation capability of the prepared Pt/ZSM-5.
Furthermore, the acid-induced hydrogenation (spillover hydroge-
nation) played a dominated role in the hydrogenation of naphtha-
lene over Pt/ZSM-5 (Liu et al., 2020b).
Hydrogenation of PAHs over ZSM-5 supported metal catalysts

predominantly occurs on the external surface of ZSM-5, primarily
due to its smaller pore size than PAHs. With regard to zeolite-
supported noble metal catalysts, PAHs adsorbed on the acid sites
of zeolite supports can be hydrogenated through spillover hydro-
genation. Thus, the density of acid sites on the external surface of
ZSM-5 is a pivotal factor influencing the hydrogenation perfor-
mance of the supported metal catalysts (He et al., 2013; Liu et al.,
2020b; Lu et al., 2021a; Niu et al., 2022). Apart from modifying
the Si/Al ratios of ZSM-5 and introducing mesopores into ZSM-5,
precisely tailoring the AlF distribution of ZSM-5 may also serve as
an alternative strategy for optimizing hydrogenation performance.

However, the influencing mechanism of acidity variations in zeolite
supports, arising from the differences in AlF distribution (including
the enrichment degree of AlF on the internal/external surfaces of the
zeolite, AlF location in the different channels and the arrangement
mode of AlF on the ten-membered rings) on the catalytic behavior of
the zeolite-supported metal catalysts in the deep hydrogenation
performance of PAHs remains unclear.
In this work, two series of mesoporous ZSM-5 zeolites with the

differences in AlF distribution but similar Si/Al ratios were syn-
thesized in the crystallization system with or without NaOH, and
the corresponding supported Pt catalyst were delicately fabricated
via impregnation method. Various characterizations and the
controlled reactions results demonstrate that the higher enrich-
ment degree of AlF on the external surface and the suitable
arrangement mode of AlF in ten-membered ring (10-MR) of HZSM-
5-F-x compared to HZSM-5-E-x in case of the similar Si/Al ratios,
result in the distinct deep hydrogenation performance of PHE in
the fabricated two series of Pt/HZSM-5 catalysts. The purpose of
this work is expected to gain insights into the impact of AlF dis-
tribution in ZSM-5 on the deep hydrogenation of PAHs, and to
provide theoretical and experimental evidence for design of effi-
cient zeolite-based catalysts for the deep hydrogenation of PAHs
under mild reaction conditions.

2. Experimental section

2.1. Materials

Chemicals and reagents, HY (Si/Al = 48) from Sinopec Dalian
(Fushun) Petrochemical Research Institute; Hβ (Si/Al = 35) from
Tianjin Nankai Catalyst Co. Ltd.; Commercial HZSM-5-com (Si/
Al = 30) from Alfa Aesar (China) Chemicals Co. Ltd.; γ-Al2O3 and
cyclohexane (≥99.0%) from Shanghai Macklin Biochemical Co. Ltd.;
SiO2, Aluminum isopropoxide (IPA, ≥98.0%), chloroplatinic acid
(H2PtCl6⋅6H2O, 37.5 wt% Pt), tetralin (≥99.5%) and oxalic acid
(Anhydrous 98%) from Aladdin Co. Ltd.; Sodium hydroxide (NaOH),
tetraethyl orthosilicate (TEOS, ≥98.0%), ethanol (EtOH, ≥99.7%),
ammonium nitrate (NH4NO3, ≥99.5%) and sodium chloride (NaCl,
≥99.5%) from Tianjin Comio Chemical Reagent Co. Ltd.; Phenan-
threne (PHE, ≥99.0%) from Energy Chemistry; Symmetric octahy-
drophenanthrene (sym-OHP,≥98.0%) and 1,3,5-triisopropylbenzene
(TIPB,≥95.0%) form TCI; Tetrapropylammonium hydroxide solution
(TPAOH, 25 wt% in water) from Innochem. All chemicals were used
as received without any purification.

2.2. Catalyst preparation

ZSM-5-F zeolites with different Si/Al molar ratios were synthe-
sized in the system without NaOH according to the reference with
some changes (Liu et al., 2020a). The molar compositions of the
initial synthesis gel were 1 SiO2: 0.0033–0.02 Al2O3: 0.3 TPAOH: 20
H2O. For ZSM-5-F-50, IPA (0.41 g) was added to the solution con-
taining deionized water (17.89 g) and TPAOH (24.67 g). The mixture
was stirred at room temperature for 12 h before adding TEOS
(21.06 g) dropwise. The synthesis gel after stirring for 12 h was
transferred into a 100 mL Teflon-lined autoclave and heated at
180 ◦C for 48 h. The solid products were centrifuged, washed with
deionized water repeatedly, and dried overnight at 80 ◦C. After the
dried sample was calcined at 550 ◦C for 5 h in air, HZSM-5-F-x (x
represents the targeted Si/Al molar ratios) zeolite samples were
obtained. ZSM-5-E-x with a similar Si/Al ratio to ZSM-5-F-x was
synthesized in the crystallization system containing NaOH, and
HZSM-5-E-x was obtained by exchanging calcined ZSM-5-E-x with
NH4NO3 solution (1 mol/L). The detailed synthesis and ion-
exchanging procedures were shown in the Supporting Information.
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Pt/HZSM-5 catalysts were prepared via wetness impregnation.
The procedurewas as follows: the required amount of H2PtCl6⋅H2O
was dissolved in deionized (20 mL) water, and then HZSM-5-F-x or
HZSM-5-E-x (1 g) was added into it. After the mixture was stirred
continuously at 30 ◦C for 24 h, the solvent was removed by rotary
evaporation and the solid product was dried at 70 ◦C for 8 h. The
dried products were calcined at 350 ◦C for 4 h under air atmo-
sphere, and then reduced with a mixture of H2/Ar (10% H2 by
volume) at 350 ◦C for 2 h. The obtained catalysts were recorded as
Pt/HZSM-5-F-x and Pt/HZSM-5-E-x, respectively. Furthermore, the
reference samples Pt/γ-Al2O3, Pt/SiO2, Pt/HZSM-5-com, Pt/HY and
Pt/Hβwere also prepared according to the above procedure. The Pt
loading in the catalyst is 1.0 wt%, unless otherwise specified.

2.3. Characterization

XRD measurement was conducted on an XRD-6000 X-ray
diffractometer (Shimadzu, Japan). SEM measurement was carried
out on A Hitachi S-4800 scanning electron microscope (Shimadzu,
Japan). N2 adsorption-desorption isotherms was obtained on a
NOVA 1200e adsorption analyzer (Quantachrome, USA). High-
resolution TEM (HRTEM) images were obtained on a JEM2011
(JEOL) electron microscope. Thermogravimetric-differential scan-
ning calorimetry analysis (TG-DSC) was performed on a NETZSCH
STA 449 F3 instrument. X-ray photoelectron spectra (XPS) of plat-
inum containing samples were recorded on a Thermo Scientific
ESCALAB 250Xi spectrometer. The temperature-programmed
desorption of ammonia/hydrogen (NH3-TPD/H2-TPD/H2-Chemi-
sorption) was acquired on VDSorb-91i. 27Al magic angle spinning
nuclear magnetic resonance (MAS NMR) spectra of were performed
on a BRUKER AVANCE III 400 MHz spectrometer. Pyridine (Py) and
2,6-ditert-butylpyridine (DTBPy) desorption infrared spectra and
were recorded using a Shimadzu IR Affinity-1. The element analysis
was carried out on a Thermo iCAP 6300 (Thermo Fisher, USA)
inductively coupled plasma atomic emission spectrometer (ICP-
AES). The details were described in the Supporting Information.

2.4. Catalytic reaction tests

Hydrogenation of PHE was performed in a 100 mL high-
pressure reactor (Anhui-CHEMN Instrument Co.; Ltd) with a
quartz liner. The stirring rate was set to 700 rpm to eliminate the
effect of mass transfer (Fig. S1, Supporting Information). For a
typical procedure, 0.05 g of catalyst (>300 mesh), 0.10 g of phen-
anthrene and 20 mL of cyclohexane were added to the reactor and
the air in it was repeatedly replaced with H2 prior to testing.
Subsequently, the autoclave was charged with H2 to the required
pressure, as the temperature was close to the set value. The
autoclave was cooled immediately after the completion of the
reaction. The reaction productswere analyzed on an Agilent 7820A
gas chromatograph equipped with an HP-5 capillary column
(30 m × 0.25 mm × 0.25 μm).

2.5. Computations

The details of all density functional theory (DFT) calculations
were given in Supporting Information.

3. Results and discussion

3.1. Physicochemical properties of HZSM-5-F-x and HZSM-5-E-x

Two series of HZSM-5 samples, HZSM-5-F-x and HZSM-5-E-x,
were synthesized in a similar synthesis system, varying in the
absence or presence of a small amount of NaOH. As shown in

Fig. 1(a) and Fig. S2, the XRD patterns of HZSM-5-F-x and HZSM-
5-E-x samples show the typical MFI characteristic diffraction
peaks (JCPDS No.42-0024) at 2θ = 7.9◦, 8.8◦, 23.1◦, 23.8◦ and 24.4◦

(Zhang et al., 2019a), although HZSM-5-E-x demonstrates slightly
higher crystallinity than HZSM-5-F-x.
SEM images and particle sizes distribution of HZSM-5-F-x and

HZSM-5-E-x samples are displayed in Figs. S3–S4. As illustrated in
Figs. S3–S4, HZSM-5-F-x and HZSM-5-E-x exhibit similar
morphology and uniform particle size distribution. The average
particle sizes of two series of HZSM-5 samples are within the span
of 213–299 nm.
The N2 adsorption-desorption isotherms in Fig. 1(b) and Fig. S5

indicates that the two series of HZSM-5 samples exhibit a sharp
uptake at p/p0 < 0.02, implying their microporous natures. In
addition, their N2 adsorption-desorption isotherms show hyster-
esis loops at a high relative pressure range of 0.8–0.95, although
the hysteresis loop observed for HZSM-5-F-x is more pronounced
than HZSM-5-E-x. This is related to the adsorption of N2 in the
inter-crystalline voids formed by stacking of the nano-sized crys-
tals (Cychosz et al., 2017; Yang et al., 2017; Ma et al., 2023). The
composition and textural properties of the fabricated samples are
depicted in Table 1. As shown in Table 1, the surface areas and pore
volumes of HZSM-5-F-x and HZSM-5-E-x samples are comparable.
Furthermore, the result of ICP measurement demonstrates the
similar Si/Al ratios for HZSM-5-F-x and HZSM-5-E-x samples.

27Al MASNMR analysis (Fig.1(c) and Fig. S6) shows that the two
series of HZSM-5 samples exhibit a dominant signal peak centered
at 54 ppm and a weak peak centered at 0 ppm, which can be
ascribed to framework tetrahedrally coordinated Al and extra-
framework octahedral Al, respectively. Evaluation of relative in-
tensities of the two peaks (Table S1) indicates that the Al species of
two HZSM-5-F-x and HZSM-5-E-x samples predominantly exist as
the form of framework tetrahedrally coordinated Al (AlF). The
broad peak centered at 54 ppm (ranging from 45 to 65 ppm)
ascribed to AlF species in HZSM-5-F-x and HZSM-5-E-x samples
was deconvoluted into four peaks at 52, 54, 56, and 58 ppm,
respectively (Fig. 1(c)–(e) and Fig. S6). The relative proportions of
these peaks were given in Table S1. In general, the peak at 54 ppm
is attributed to AlF species at the intersection of the straight and
sinusoidal, whereas the peak at 56 ppm is associated with AlF
species in the straight or sinusoidal (Yokoi et al., 2015; Lme[Yi�ntL]HTqe9HJHwxJH9H3E0w)wwq9290E)JJ(.Fx.HJ)E3.wH2)03(w(HTme[Yt4H2w09xEHTme3erL]HTqe9HJHxJ0(j).ww3Jw09xEHTme3eY1tt4



associated with the bands at 20,100 and 22,000 cm− 1. The distri-
bution proportions of the Al pairs are also listed in Table S2.
Notably, the proportions of single Al, Al pairs, and the distribution
of Al pairs in HZSM-5-F-50 and HZSM-5-E-50 are comparable.
The NH3-TPD analysis of HZSM-5-F-x and HZSM-5-E-x samples

(Fig. 1(f), Fig. S8 and Table 2), along with the Py-IR characterization
for two representative samples, HZSM-5-F-50 and HZSM-5-E-50
(Table 3), show that the acidity of the two series of HZSM-5-F-x
and HZSM-5-E-x samples is comparable.
ICPmeasurements show that the two series of HZSM-5 samples

have similar bulk Si/Al ratios in Table 1. However, their surface Si/

Al ratios measured by XPS are significantly lower than their bulk
Si/Al ratios, indicating the enrichment of AlF species on their
external surface (Table 1). Moreover, the enrichment degree of AlF
on the external surface of HZSM-5-F-x is higher than HZSM-5-E-x,
which is further confirmed by the results of catalytic cracking of
TIPB and DTBPy-IR.
The size of TIPB (0.95 nm) is larger than the pore size of ZSM-5,

thus, the catalytic cracking results of TIPB over HZSM-5 can reflect
the Brønsted acid amounts on its external surface (Mensah et al.,
2021; Zhao et al., 2021). As expected, the conversion of TIPB over
HZSM-5-F-x surpasses that over HZSM-5-E-x under the



reaction conditions (Table S3). The kinetic diameter of DTBPy ex-
ceeds the pore size of ZSM-5 (0.56 nm), restricting its diffusion
into the micropores. Thus, DTBPy adsorption amounts on ZSM-5
can serve as a reliable indicator for evaluating the Brønsted acid
amounts on its external surface (G�ora-Marek et al., 2014). To
further clarify the different enrichment degree of AlF on the
external surface of the two series HZSM-5 samples, two repre-
sentative samples, HZSM-5-F-50 and HZSM-5-E-50, were selected
to perform DTBPy-IR measurement. As shown in Table 3, the
Brønsted acid amounts detected on the external surface of HZSM-
5-F-50 is higher than that on HZSM-5-E-50.
In zeolite synthesis, nucleation initiates at the early stage. Silica

units are more preferentially incorporated into the initial nuclei
compared to aluminum species (Thompson, 1992). As the
depolymerization-polymerization process progresses, the soluble
silicate species are gradually depleted, and then aluminum-rich
soluble species are gradually incorporated into the outer layers
of the growing particles. This is the known mechanism and also
the main reason for the inhomogeneous Al distribution in zeolite
crystals (mainly during the induction period) (Derouane et al.,
1981; Serrano et al., 2001). In this work, the different AlF distri-
bution in the two series of HZSM-5 samples are closely related to
their synthesis system. In the synthesis system without NaOH,
AlO4− can be only balanced by TPA+, thus, AlO4− locates at the vi-
cinity of the part of TPA+. In contrast, in the synthesis system
containing NaOH, AlO4− can be balanced by Na+ or TPA+, thus AlO4−

locates at any framework T-site, not just in the vicinity of TPA+,
which results in a wider dispersion of Al species in zeolite
framework (Dedecek et al., 2012; D�ede�cek et al., 2019).

3.2. Physicochemical properties of HZSM-5-F-x or HZSM-5-E-x
supported Pt catalysts

The XRD patterns in Fig. 2(a) and Fig. S2 display that the two
series of Pt/HZSM-5 catalysts (Pt/HZSM-5-F-x and Pt/HZSM-5-F-x)
also basically maintain the crystallinity of their corresponding
supports, and no additional diffraction peaks corresponding to Pt
species are detected, which may be attributed to the high disper-
sion of Pt and low Pt loading in the two series of catalysts (Song

et al., 2019). The two series of Pt/HZSM-5 catalysts keep the
morphology and the particle sizes of their corresponding supports,
as shown in SEM images (Fig. S3). The results of N2 adsorption-
desorption (Fig. 2(b), Fig. S5 and Table 4) indicate that Pt/HZSM-
5-F-x and Pt/HZSM-5-E-x catalysts exhibit the similar isotherms to
their corresponding supports. A slight reduction on the surface
area and pore volume is observed on Pt/HZSM-5-F-x and Pt/HZSM-
5-E-x in comparison with HZSM-5-F-x and HZSM-5-E-x.
The dispersion and electronic states of the supported Pt species

on the two series of catalysts were investigated over two repre-
sentative samples, Pt/HZSM-5-F-50 and Pt/HZSM-5-E-50. As
shown in Fig. 2(c), the Pt NPs in Pt/HZSM-5-F-50 and Pt/HZSM-5-
E-50 are about 2.1 and 3.1 nm in size, respectively. This is basically
consistent with the results of H2 chemisorption (Table 4). As the Pt
NPs are much larger than the channel size of ZSM-5, most of the Pt
species on the Pt/HZSM-5-F-50 and Pt/HZSM-5-E-50 catalysts are
mainly located on the external surface of HZSM-5 support.
The Pt 4f XPS spectra for Pt/HZSM-5-F-50 and Pt/HZSM-5-E-50

are illustrated in Fig. 2(d). Since the XPS spectrum of Pt 4f5/2
overlaps with that of Al 2p, thus, the XPS spectra of Pt 4f7/2 were
selected to investigate the electronic states of Pt species. As dis-
played in Fig. 2(d), the binding energies of the Pt 4f7/2 peak over Pt/
HZSM-5-F-50 and Pt/HZSM-5-E-50 are at 71.4 eV and 71.2 eV,
respectively, which are higher than 71.0 eV (Pt0 species), indicating
the presence of partially electron-deficient Pt species in the two
Pt/HZSM-5 catalysts. This could be attributed to the electron
transfer from Pt to ZSM-5 support, which is in agreementwith that
reported in the literature (Kubi�cka et al., 2006). Moreover,
compared with Pt/HZSM-5-E-50, the binding energy of Pt 4f7/2 on
Pt/HZSM-5-F-50 is shifted towards higher binding energy (around
0.2 eV), which is associated with the stronger interaction between
the Pt species and support in Pt/HZSM-5-F-50 (Niu et al., 2022).
The H2-TPD profiles of Pt/HZSM-5-F-50 and Pt/HZSM-5-E-50

catalysts are shown in Fig. 2(e). As shown in Fig. 2(e), the Pt/HZSM-
5-F-50 and Pt/HZSM-5-E-50 catalysts exhibit two H2 desorption
peaks, in which the desorption peaks at low temperatures are
mainly attributed to the desorption of H2 chemisorbed on metal Pt
species, while the desorption peaks at high temperatures are
associated with the desorption of spillover hydrogen (Miller et al.,
1993). However, the peak areas of Pt/HZSM-5-F-50 at high tem-
perature are much larger than Pt/HZSM-5-E-50, implying that the
spillover hydrogen on Pt/HZSM-5-F-50 is more than that on Pt/
HZSM-5-E-50. This phenomenon can likely be attributed to the
combination of its smaller Pt particle size and the presence of a
greater number of acid sites in close proximity to the active metal
species (Prins, 2012; Niu et al., 2022).

3.3. Catalytic performances

Hydrogenation of phenanthrene (PHE) is a consecutive reac-
tion, and the main products include 9,10-dihydrophenanthrene
(DHP), 1,2,3,4-tetrahydrophenanthrene (THP), and deep hydroge-
nation products (DHPS, symmetric and asymmetric octahy-
drophenanthrene (sym/asym-OHP) and perhydrophenanthrene
(PHP)) (Fu et al., 2015, 2019).
The conversion of PHE and product selectivity of various cata-

lysts are summarized in Table 5. As shown in Table 5, no substrate
conversion was observed in the absence of catalyst or in the pres-
ence of HZSM-5-F-x and HZSM-5-E-x samples (Entries 1–3) under
the employed reaction conditions. In contrast, the Pt/HZSM-5-F-x
and Pt/HZSM-5-E-x catalysts exhibited significant hydrogenation
performance for PHE, indicating that the supported Pt species are
indispensable for its hydrogenation. However, Pt/HZSM-5-F-x
showed a much higher conversion of PHE than Pt/HZSM-5-E-x at a
reaction time of 20 min (Entries 4–9). Upon prolonging the reaction

Table 2
The acidity of HZSM-5-F-x and HZSM-5-E-x samples.

Sample Acidity by NH3-TPD, μmol/ga

Total Weak Strong

HZSM-5-F-50 285.4 67.7 217.7
HZSM-5-E-50 281.0 62.5 218.5
HZSM-5-F-80 253.8 52.6 201.2
HZSM-5-E-80 240.3 49.6 190.7
HZSM-5-F-150 133.2 20.7 112.5
HZSM-5-E-150 125.5 18.5 107.0

a The amounts of weak and strong acid were measured by the amounts of
ammonia desorbed at 120–300 ◦C and 300–550 ◦C, respectively.

Table 3
The acidity of different samples.

Sample Acidity by Py-IR, μmol/ga Acidity by DTBPy-IR, μmol/gb

Total Lewis Br€onsted external Brønsted

HZSM-5-F-50 87.5 28.0 59.5 19.5
HZSM-5-E-50 80.8 25.9 54.9 10.4

a The amounts of Brønsted and Lewis acid were calculated from the Py-IR spectra
at 150 ◦C.
b The amounts of external Brønsted acid were determined by DTBPy-IR spectra

at 150 ◦C.
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time to 10 h, the conversions of PHE over the two series of



3.4. Discussion on the different hydrogenation performance of
Pt/HZSM-5-F-50 and Pt/HZSM-5-E-50

Acidic zeolite-supported metal catalysts typically give an
enhanced hydrogenation performance compared to other inert
support supported metal catalysts (Liu et al., 2020b; Lu et al.,
2021a). The enhanced catalytic performance can be primarily
attributed to additional spillover hydrogenation (acid-induced
hydrogenation). Therefore, the hydrogenation performance of PHE
over Pt/HZSM-5 is closely related to its metal hydrogenation and
spillover hydrogenation capabilities. Compared to Pt/HZSM-5-E-
50, Pt/HZSM-5-F-50 has a higher Pt dispersion as evidenced by
TEMmeasurement, thus the differences of the two catalysts in the
metal dispersion may result in their distinct hydrogenation capa-
bility. For eliminating the influence of spillover hydrogenation, the
corresponding Pt/NaZSM-5-F-50 and Pt/NaZSM-5-E-50 catalysts
were prepared by exchanging Pt/HZSM-5-F-50 and Pt/HZSM-5-E-

50 through ion-exchange with 1 mol/L NaCl solution, respectively.
NH3-TPD results revealed that the strong acid sites detected on
NaZSM-5were less than HZSM-5 (Fig. S10). However, Pt/NaZSM-5-
F-50 and Pt/NaZSM-5-E-50 catalysts, as shown in Table S4,
exhibited nearly similar catalytic performance in term of both
conversion of PHE and product selectivity. Thus, the difference of
Pt dispersion between the two Pt/HZSM-5 catalysts is insufficient
to account for theirmarkedly distinct deep hydrogenation capacity
for PHE. Additionally, the main products obtained over Pt/NaZSM-
5-F-50 and Pt/NaZSM-5-E-50 were partial hydrogenation prod-
ucts, with significantly less complete hydrogenation product (PHP)
compared to their corresponding Pt/HZSM-5 catalysts. The above
results indicate that spillover hydrogenation induced by strong
acid sites plays a pivotal role in facilitating hydrogenation of PHE
to PHP.
Spillover hydrogenation involves the migration of activated

hydrogen species formed on the metal sites to adjacent acid sites
within the metal-acid interfacial region, where the reactants
adsorbed on acid sites can be hydrogenated by the active hydrogen
species. Thus, the amounts of acid sites with a close proximity to
the metal sites plays a crucial role in hydrogenation reaction. The
hydrogenation of PHE over Pt/HZSM-5 primarily occurs on the
external surface of HZSM-5, as the kinetic size of PHE (around
0.70 nm) is much larger than the pore size of ZSM-5 (around
0.56 nm) and the supported Pt species are mainly located on the
external surface of ZSM-5 (Fig. 2(c)). Thus, combined with the
characterization and catalytic results, it is reasonable to infer that
the acidity differences on the external surface of HZSM-5-F-x and
HZSM-5-E-x result in the different catalytic hydrogenation capa-
bility of PHE between Pt/HZSM-5-F-x and Pt/HZSM-5-E-x.
To decipher the dependence of PHE hydrogenation perfor-

mance on the amounts of acid sites on the external surface of
HZSM-5 supports, HZSM-5-F-150-oxalic was fabricated by treating
HZSM-5-F-150 with oxalic acid solution, which can selectively
extract Al species from the external surface (Huang et al., 2016;
Yuan et al., 2022). The characterization results of XRD, N2
adsorption-desorption, NH3-TPD, DTBPy-IR, ICP and XPS of HZSM-
5-F-150-oxalic, along with the corresponding description of
HZSM-5-F-150-oxalic, are presented in Supporting Information
(Fig. S11; Table S3 and Table S5). The effective removal of acid sites
on the external surface of HZSM-5-F-150 through oxalic acid so-
lution treatment can be confirmed by the increased Si/Al ratios
detected by XPS, the corresponding reduction in TIPB cracking
activity and the results of DTBPy-IR (Table S3 and Table S5). From
Fig. S11(c)–(d), it can be observed that the conversion of PHE

Table 5
Conversion of PHE and product selectivity of different catalysts.

Entry Sample Reaction time Conversion, % Selectivity, %

DHP THP sym-OHP asym-OHP PHP

1 Blank 10 h –
2 HZSM-5-F-x 10 h –
3 HZSM-5-E-x 10 h –
4 Pt/HZSM-5-F-50 20 min 70.6 51.7 16.8 25.9 5.6 –
5 Pt/HZSM-5-E-50 20 min 27.8 59.6 31.9th.wme[Y25.9L]HT9((



showed positive correlation with the amounts of acid sites on the
external surface of HZSM-5 supports, while there was no corre-
lation with the total amounts of acid sites.
To further confirm this, a commercial HZSM-5-com with

similar textural properties to HZSM-5-F-50, but a higher acid
density was used as the reference catalyst for comparison (Table 2,
Fig. S12 and Tables S6–S7). The results of catalytic cracking of XPS
and TIPB indicate that HZSM-5-com has a lower surface Si/Al ratio,
higher catalytic cracking activity than HZSM-5-F-50 (Table S3 and
Table S6), suggesting the presence of more acid sites on its external
surface, which is in lined with the results of DTBPy-IR (Table S7). In
addition, the Pt dispersion of Pt/HZSM-5-com and Pt/HZSM-5-F-
50 was 55.7% and 51.6%, respectively, thus, the two catalysts were
still comparable in terms of Pt dispersion. However, Pt/HZSM-5-F-
50 (70.6%) showed a higher conversion of PHE than Pt/HZSM-5-
com (61.9%) at a reaction time of 20 min. Upon prolonging the
reaction time to 6 h, the selectivity of PHP obtained over Pt/HZSM-
5-com was just 41.1%, lower than that over Pt/HZSM-5-F-50
(63.9%) under the identical reaction conditions. This indicates that
the variation in the acid amount on the external surface of HZSM-
5-F-50 and HZSM-5-E-50 is not the exclusive factor determining
their PHE deep hydrogenation capabilities.
For saturation hydrogenation of PHE, the rate-determining step

is the conversion of sym-OHP to PHP, primarily due to steric hin-
drance in the adsorption of sym-OHP on the catalyst surface and
competitive adsorption with partially hydrogenated aromatics (Fu
et al., 2015; Wang et al., 2019). Therefore, tetralin with reduced
steric hindrance was selected as the substrate. As shown in
Table S8, even if Pt/HZSM-5-F-50 still exhibited higher hydroge-
nation activity thansJ9tivii35-F-50



performance of PHE, the conversion of sym-OHP was investigated
over two representative samples, Pt/HZSM-5-F-50 and Pt/HZSM-
5-E-50. As shown in Fig. S14, the apparent activation energy (Ea) of
sym-OHP hydrogenation was calculated using the Arrhenius
equation based on the reaction rates measured at different tem-
peratures. The calculated Ea values for Pt/HZSM-5-F-50 and Pt/
HZSM-5-E-50 were 71.7 and 107.1 kJ/mol, respectively.
To further highlight the properties of Pt/HZSM-5-F-50 for the

deep hydrogenation of PHE, a series of supported Pt catalysts were
prepared and their hydrogenation performance were compared.
As shown in Table 6, compared to Pt/SiO2 and Pt/γ-Al2O3 (Entries
1–2), zeolite-supported Pt catalysts exhibited higher hydrogena-
tion performance, as evidenced by the higher conversion of PHE
(Entries 3–6). However, zeolite-supported Pt catalysts with various
topologies exhibited the distinct hydrogenation performance of
PHE. Pt/HZSM-5-F-50 exhibited higher hydrogenation perfor-
mance of PHE than Pt/Hβ. Although the comparable hydrogenation
performance of PHE was observed between Pt/HZSM-5-F-50 and
Pt/HY, the cracking products were detected over the latter catalyst
(Entries 3–5), even if HY, Hβ and HZSM-5-F-50 are comparable in
terms of the strong acid amounts (Fig. S15).
In addition, the catalytic result over Pt/HZSM-5-F-50 for hy-

drogenation of PHE are compared with previously reported cata-
lysts (Table S10), As shown in Table S10, Pt/HZSM-5-F-50 showed
superior deep hydrogenation performance under relatively mild
reaction conditions. However, it should be noted that the direct
comparison is limited due to differences in hydrogenation reactors
and reaction solvent.

3.5. Reusability and parameter optimization for the conversion of
PHE over Pt/HZSM-5-F-50

The reusability of Pt/HZSM-5-F-50 in term of PHP selectivity
was investigated in the deep hydrogenation of PHE. After each
reaction, the spent catalyst is centrifuged and washed using
cyclohexane and ethanol (repeated three times) and dried under
vacuum at 80 ◦C, and subsequently used for the next reaction. In
the reusability experiments, multiple parallel experiments were
conducted to ensure that the amounts of catalyst were equal for
each experiment. As shown in Fig. 5, the selectivity of PHP
remained consistently above 85.0% after four catalytic cycles,
indicating the good recyclability. The XRD and TGA measurements
show that Pt/HZSM-5-F-50-spent still retained its original struc-
ture (Fig. S16), and no significant coke deposition was detected for
Pt/HZSM-5-F-50-spent after four cycles (Fig. S17). Additionally, the
dispersion and electronic states of the supported Pt species on Pt/
HZSM-5-F-50-spent were not significantly changed in comparison
with Pt/HZSM-5-F-50-fresh, as evidenced by the results of TEM
(Fig. 2(c) and Fig. S18) and XPS (Fig. S19).
The effects of Pt loading and H2 pressure on hydrogenation

performance of PHE were investigated over Pt/HZSM-5-F-50, and
the results are shown in Figs. S20–S21. As the Pt loadings increased
from 0.5 to 1.0 wt%, the conversion of PHE was maintained at
nearly 100%, while the PHP selectivity increased from 38.2% to
99.2% (Fig. S20). The effects of H2 pressure on the PHE hydroge-
nation reaction are shown in Fig. S21. At 2.5 MPa H2, the deep
hydrogenation products sym-OHP (30.5%) and PHP (58.0%) were
detected. Upon increasing the H2 pressure to 3.0 MPa, the deep
hydrogenation capability was significantly enhanced as evidenced
by the higher selectivity of PHP (99.2%). However, further increase
in H2 pressure (3.5 MPa) resulted in a decrease in the selectivity of
PHP, which may be due to the simultaneous isomerization of sym-
OHP to asym-OHP during the hydrogenation of sym-OHP to PHP
(Liu et al., 2021; Chen et al., 2022). The conversion of PHE and
product selectivity over Pt/HZSM-5-F-50 were investigated as a
function of reaction time over at 250 ◦C. As shown in Fig. S22, Pt/
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HZSM-5. Various characterizations and the controlled reactions
results demonstrate that the higher enrichment degree of AlF on
the external surface and the suitable arrangement mode of AlF in
ten-membered ring (10-MR) of HZSM-5-F-x compared to HZSM-5-
E-x in case of the similar Si/Al ratios, result in Pt/HZSM-5-F-x
exhibiting remarkably-improved deep hydrogenation perfor-
mance for PHE compared to Pt/HZSM-5-E-x. In addition, the deep
hydrogenation of PHE over Pt/HZSM-5 is predominantly driven by
the strong acid-induced spillover hydrogenation. In particularly,
Pt/HZSM-5-F-50 exhibits well deep hydrogenation performance at
low temperatures (220 ◦C), along with good reusability. This work
contributes to the comprehsuH9(
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