Chinese Journal of Chemical Engineering 76 (2024) 201-210

journal homepage: www.elsevier.com/locate/CJChE T pae——

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

- T

Chinese Journal of
CHEMICAL ENGINEERING

Full Length Article

NiMo-MMO catalyst derived from LDHs precursors toward the deep R)

hydrogenation of pyrene

Check for
updates

Yongliang Jia "% 3 %5, Boyang Bai "¢, Jing Wang >3 %> Yueyi Wang 2345,

s

Zheng Wang 234> Xiaoxun Ma 234>

1 School of Chemical Engineering, Northwest University, Xi'an 710069, China

2 International Scientific and Technological Cooperation Base of the Ministry of Science and Technology (MOST) for Clean Utilization of Hydrocarbon

Resources, Xi'an 710069, China

3 Chemical Engineering Research Center of the Ministry of Education (MOE) for Advanced Use Technology of Shanbei Energy, Xi'an 710069, China
4 Shaanxi Research Center of Engineering Technology for Clean Coal Conversion, Xi'an 710069, China

5 Collaborative Innovation Center for Development of Energy and Chemical Industry in Northern Shaanxi, Xi'an 710069, China

8 College of Chemistry and Materials Science, Weinan Normal University, Weinan 714000, China

ARTICLE INFO ABSTRACT

Article history:

Received 13 March 2024
Received in revised form

20 September 2024

Accepted 22 September 2024
Available online 11 October 2024

Keywords:

Ni@Al,03LDHs

Structural topological transformation
method

NiMo-MMO catalyst

Pyrene deep hydrogenation

A series of Ni-based catalysts were prepared via structural topological transformation from the Ni@Al,03
layered double hydroxides (LDHs) precursors, and applied for the deep catalytic hydrogenation satura-
tion of pyrene in a high-pressure reactor. The pore structures, active species dispersion, surface
morphology, amount and type of acid of the prepared catalysts were characterized by BET, XRD, SEM,
TEM, XPS, SEM, NH3-TPD and Py-IR. We studied the influence of physicochemical properties of Ni-based
catalysts on the regularity and mechanism of deep hydrogenation of pyrene. Meanwhile, the synergy
between Ni and Mo, and the interaction between active metals and support were discussed to further
reveal the constitutive relationship during the hydrogenation reaction of pyrene. The results of the
evaluation of the catalytic hydrogenation of pyrene show that the as-prepared NiMo mixed metal oxide
(MMO) catalyst showed excellent catalytic activity: ~95% pyrene conversion, 90.12% for the selectivity of
deep hydrogenation products (hexahydropyrene, decahydropyrene and hexadecahydropyrene). It was
expected that the successfully preparation and utilization of NiMo-MMO catalyst could provide a
theoretical basis for the design of this kind of catalysts for deep catalytic hydrogenation of polycyclic
aromatic hydrocarbons (PAHs).
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
rights are reserved, including those for text and data mining, Al training, and similar technologies.

1. Introduction

hydrogenation of PAHs is a clean and efficient process that is
important for the value-added application of HTCT [5]. In reactions

Coal is an important energy resources in the world, particularly
in China, where the coal production and consumption over 50% of
the world's total [1]. As a by-product of the coal carbonization,
high-temperature coal tar (HTCT) has a high annual output. In
recent years, China's annual off-take potential of HTCT has reached
approximately 26 Mt, which consists of 95% PAHs [2]. PAHs is the
important raw material for preparing medicines, hydrogen donors,
dyes, and pesticides [3]. Therefore, the processing and utilization of
PAHs has received increasing attention in the past few years,
particularly, the hydrogenation of PAHs [4]. The deep
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of hydrogenation and dehydrogenation, low molecular weight
PAHs (mainly naphthalene, anthracene and phenanthrene) have
been extensively investigated [6,7]. However, the intrinsic proper-
ties of highly condensed PAHs make their hydrogenation suscep-
tible to thermodynamic and kinetic constraints, as well as strong
effects of resonance, steric hindrance, and competitive adsorption
[8]. Thus, choosing suitable high molecular weight dense ring ar-
omatic hydrocarbons as a model compound allows for a better
understanding of the hydrogenation mechanism of PAHs. PY is a
complex tetracyclic aromatic hydrocarbon, and the hydrogenation
products of PY are high value-added materials in the petroleum and
pharmaceutical industry [9], which could be regarded as a model
for studying the hydrogenation of PAHs.
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It is proved that precious metals exhibited excellent catalytic
performance in the catalytic hydrogenation saturation of PAHs,
especially Pd and Pt based catalysts are widely investigated and
used [10]. However, their high cost and sensitivity to sulphur and
nitrogen are not conducive to the long-term and scale-up using.
Therefore, the rational design and preparation of non-noble metal
catalysts with high activity and stability are crucial for the deep
hydrogenation of PY [11]. The performance of non-noble metal
catalysts depends not only on the types of active metal species but
also on the structural properties of the materials [6]. In recent years,
LDHs materials have been regarded as the good candidates for
hydroprocessing reactions. This is due to their unique features, such
as variable laminate and interlayer composition, stability, surface
acid-base control, and atomic-level homogeneous dispersion of
active metal elements [12]. LDHs materials are commonly used as
precursors for layered MMO catalysts. The resulting MMO-derived
catalysts have demonstrated exceptional performance in their
respective catalytic reactions. Claydon et al. [13] prepared a Mo
catalyst loaded on Ni-MMO, which exhibited performance in the
deep catalytic hydrogenation of naphthalene, they found that the
large, high-surface-area planar of MMO improved the homoge-
neous dispersion of the active species. Meng et al. [ 14] found that Ni
catalysts prepared by MMO are beneficial for exposing the active
sites, resulting in highly selective hydrogenation of furfural. Zhang
et al. [15] discovered that the NiMgAI-MMO catalyst, prepared from
LDHs using the hydrothermal-calcination-reduction method,
exhibited a confined effect between metal oxide species. This effect
efficiently promoted the dispersion of the active species. Mean-
while, in many non-homogeneous catalytic reactions, particularly
hydrogenation reactions, synergistic interactions occur among the
acid sites, active metal, and support on MMO-derived catalysts,
which play a crucial role [16]. Additionally, mesoporous structured
catalysts derived from MMO are important for the diffusion and
adsorption of reactants. For instance, Claydon and Wood [17] found
that a Ni-MMO catalyst with a high specific surface area and well-
defined mesoporous structure exhibited a preferential capacity for
adsorbing PAHs in the catalytic hydrogenation of heavy oil. It
should be noted that the catalytic materials derived from MMO, as
reported above, have not yet been tested with high molecular
weight PAHs. Therefore, loading active metals (monometallic or
bimetallic) on MMO to prepare an affordable and good activity
catalyst for hydrogenation of PAHs, which is a new way of thinking
to promote the deep catalytic hydrogenation saturation of PY.

In this work, three types of Ni-based catalysts were prepared on
MMO support through a subsequent topological transformation
and modification process. The deep hydrogenation saturation of PY
was catalytically evaluated in a high-pressure reactor, and the ob-
tained hydrogenation products were monitored/quantified by gas
chromatography-mass spectrometry (GC-MS). The key influence
elements of structure-performance relationship and physico-
chemical properties of MMO-derived Ni-based catalysts on the
deep hydrogenation characteristics of PY were investigated.

2. Experimental
2.1. Catalyst preparation

2.1.1. Synthesis of the MMO

Nanosheets with hierarchical structure of Ni, Al mixed oxides
(MMO) was prepared by in-situ growth on the parent Al,03 with
urea as precipitant and hydrothermal method. Firstly, 0.02 mol of
urea and 0.01 mol of Ni (NO3),-6H,0 were dissolved in 10 ml of
distilled water, and ultrasounded for 8 min. Afterwards, 0.05 mol
Al,03 powder was added in the above solution with magnetic
stirring for 10 min until clear. Subsequently, the obtained solution

was transferred into a Teflon-lined stainless-steel autoclave and
heated at 130 °C for 8 h. After cooling to room temperature, the
solid product was collected, and washed with distilled water until
pH = 7, and then dried at 90 °C in an oven overnight to obtain
Ni@Al,O3 layered double hydroxides (LDHs). Finally, the catalyst
precursor was calcined in a muffle at 450 °C (2 °C-min ") for 4 h.
The ultimate sample was named as MMO.

2.1.2. Preparation of NiMo supported catalysts

For the 1g MMO was dispersed in distilled water (20 ml) by
ultrasonication for 15 min. And then, 1.5 mmol of NH4F, 2.47 mmol
urea, 1.33 mmol of Ni(NOs3),-6H,0, and 6.94 x 1073 mmol of
(NH4)gMo07024-4H,0 were added to MMO, respectively. The
resulting mixed aqueous solution was transferred into a hydro-
thermal reactor and heat-treated at 120 °C for 12 h. The solid
product obtained was collected and dried at 80 °C for 5 h. Finally,
the dried solid powders were calcined at 400 °C for 5 h to obtain the
catalyst, which named as NiMo-MMO. The preparation process is
shown in Fig. 1.

For comparison, catalyst of Ni-MMO was also prepared as the
above method.

2.2. Characterization

The textural structures of the catalysts were determined using
an ASAP 2460 automated gas sorption analyzer (Micromeritics,
USA) through the N, adsorption-desorption equilibrium. The spe-
cific surface area and pore diameter were determined and calcu-
lated by Brunauer-Emmett Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods, respectively. The crystal texture of catalysts was
identified by X-ray diffraction (XRD) using a Bruker Advance D8
XRD (40 kV, 30 mA) equipped with a Cu K, source (1 = 0.15406 nm)
and 26 was scanned from 10° to 80° at a rate of 5 (°)-min—L
Scanning electron microscope (SEM) performed on Zeiss Sigma
300, as well as Transmission electron microscopy (TEM) and
element energy dispersive spectroscopy (EDS) mapping performed
on FEI Talos F200X were used to obtaining the microstructure
morphology of the catalysts. The chemical characterization was
performed by X-ray photoemission spectroscopy (XPS) with a
Thermo Scientific K-Alpha instrument using monochromatic AlKa
X-radiation (1486.6 eV). The binding energies of Ni 2p and Mo 3d
were calibrated based on the graphite C 1s core level at 284.8 eV.
The acidity and basicity of the catalysts were determined by tem-
perature programmed desorption of ammonia (NH3-TPD) using an
Autochemll 2920 (Micromeritics) analyzer. Adsorbed pyridine
infrared (Py-IR) analyses were performed on a Tensor 27 FTIR
spectrometer (Bruker, Germany). The samples were first evacuated
in situ in an IR cell. Pyridine was then adsorbed at 50 °C for 30 min
and then desorbed at 150 °C for 30 min.

2.3. Catalytic hydrogenation of pyrene

Initially, pyrene(1g), cyclohexane (34 g) (effect of solvent type
on pyrene hydrogenation is shown in Table S3) and catalysts
(0.25 g) were joined in the autoclave and then replaced air inside
the autoclave with N; three times. Then the temperature was raised
to 340 °C and held isothermally for 2 h at this temperature with an
initial hydrogen pressure of 5 MPa and a stirring rate of 60 r-min~".
After the end of reaction, the supernatant from the mixture was
collected when cooling the autoclave to room temperature.
Furthermore, each experiment was repeated a minimum of three
times under identical conditions, and the experimental samples
were measured in parallel. The errors in pyrene conversion and
product selectivity were within +5%.
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Fig. 1. The scheme of the catalyst preparation process.

The hydrogenation products of PY (structures of pyrene and the
products are shown in Table S1 in the supplementary materials)
were analyzed with gas chromatograph/mass spectrometer
(GCMS-QP 2010 plus, Japan Shimadzu), each of compounds in
products were identified in the library data via a probability
matching method, and their relative content was determined by
peak area normalization. According to the results GC-MS, various of
derivatives of hydrogenation of pyrene were identified in the
products were shown in Table 1 DHP will be used subsequently to
represent the deep hydrogenation products (HeHP, DeHP and HHP)
of PY. The conversions (Conv.) of PY and product selectivity (Sele.)
were calculated based on Egs. (1) and (2), respectively.

Xin — Xout

in

Conv. = x 100% (1)

Xi . 100% (2)
total

Sele. =

where Xj, and Xo is the relative percentage content of reactant in
the feedstock and product before and after the reaction, x; and X
are the relative percentage content of a certain compound in the
hydrogenation product and the sum of the relative percentage
content of all products, respectively.

3. Results and Discussion

3.1. Structural and property characterization of the Ni-based
catalysts

3.1.1. SEM and TEM analysis

The morphology of the catalyst is crucial for its catalytic activity.
Therefore, we characterized the surface morphology and crystal
structure changes of the samples using SEM, as shown in Fig. 2.
From Fig. 2(a), it can be seen that the original parent Al,03 without

Table 1
Compound and its abbreviation

Compound Abbreviation
4,5-dihydropyrene DiHP
4,59,10-tetrahydropyrene TeHP
1,2,3,6,7,8-hexahydropyrene HeHP
1,2,3,3a,4,5-hexahydropyrene (isomeric) HeHP
1,2,3,3a,4,5,5a,6,7,8-decahydropyrene DeHP
1,2,3,33,7,8,9,10,10a,10b-decahydrofluoranthene (isomeric) DeHP
Hexadecahydropyrene HHP

any treatment displays a regular block shape with a relatively
smooth and regular outer surface. However, a sample of MMO
(Fig. 2(b)) composed of interconnected random stacked nanosheets
was obtained after the in-situ growth topological transition process.
This process reduced the possibility of agglomeration or aggrega-
tion of active species. Additionally, by modifying ammonium fluo-
ride and loading active metals, as shown in Fig. 2(c), the surface of
the Ni-MMO catalyst becomes denser and covered in thinner
nanosheets. This is a result of the Ni species being loaded onto the
catalyst. The surface of the Ni—Mo bimetallic catalyst surface in
Fig. 2(d) appears to be more densely packed than the other samples.
This is probably due to the interaction between Ni and Mo, which
allows the active species to be well dispersed on the support. The
microstructure of the NiMo-MMO composites was further inves-
tigated by TEM. As shown in Fig. 2(e), Ni—Mo bimetallic catalyst
retains the structural and morphological advantages of the nano-
sheet material, which is beneficial for the formation of a higher
degree of porous and hierarchical structure [18]. Fig. 2(f) and (g)
show the TEM image of the NiMo-MMO catalyst, the lattice fringes
with interplanar distances of 0.241 nm correspond to the (11 1)
plane of NiO [19], and the average size of the Ni nanoparticles is
around 8.9 nm. TEM images of Ni-MMO and NiMo-MMO catalysts
are showed in Fig. S1 (in Supplementary Material), which illustrates
the addition of metallic Mo did not significantly change the particle
size of Ni, but effectively promoting the dispersion of active com-
ponents. Meanwhile, EDS mapping (Fig. 2(h)) shows a homoge-
neous distribution of elements Ni, Mo, Al and O in the surface of
NiMo-MMO catalyst, which is consistent with the SEM results.
The high dispersion of active species distribution and the suitable
particle size of the NiMo-MMO catalyst is favorable to the deep
hydrogenation activity of PY.

3.1.2. N, adsorption-desorption isotherm analysis

The N; adsorption-desorption isotherms (Type IV) of the pre-
pared samples are exhibited in Fig. 3(a), indicating the formation of
an ordered mesoporous structure for all samples [20]. For the Al,03
support, which performs isotherm with H2 shaped hysteresis loop,
while H2—H3 type hysteresis loops (IUPAC classification) for the Ni-
based catalysts exhibited same isotherms, indicating the presence
of varying sizes and shapes pores. It might be caused by topological
transformation of MMO. The pore distribution of each sample is
shown in Fig. 3(b), and all samples display ordered mesoporous
materials with a narrow pore distribution (3—8 nm), which was
possibly attributed to uniformly sized particles active species. De-
tails of textural structure of the Ni-based catalysts are listed in
Table 2. For MMO, which possesses a lower specific surface area and
pore volume compared to other samples, it may be due to the
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Fig. 2. SEM images (a—d) of pristine Al,03 and Ni-based catalysts. TEM images (e—g) and EDX elemental mapping (h) images of NiMo-MMO catalyst.
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Fig. 3. N, adsorption-desorption isotherm (a) and BJH pore size distribution curves (b) of the various samples.

Table 2

The BET surface area (Sggr), pore volume and averaged pore diameter (APD)
Sample Sger/m?-g ! Pore volume/cm?-g~! APD/nm
Al,03 150.30 0.24 6.44
MMO 135.28 0.21 6.34
Ni-MMO 166.51 0.25 591
NiMo-MMO 142.50 0.24 6.62

aggregation of active Ni species, and the larger ionic radius of Ni>*
on the sample surface occupies more space, which is in good
agreement with the SEM and TEM results. The high BET surface area
and pore volume was obtained for Ni-MMO, indicating the
ammonium fluoride modification increases the specific surface
area of the catalyst and optimized the pore structure. For the NiMo-
MMO catalyst, which performs relatively high BET surface area,
large pore volume, and the largest average pore size, which is
favorable to the dispersion of the active species on the support
[21].As it showed in the above SEM and TEM images, NiMo-MMO
catalyst exhibits a high mesoporous random stacked nanosheet
morphology, uniform nanoparticles size along with relative narrow
pore size distribution, which could improve the dispersion expo-
sure of the active species, and good for the mass transfer of PY
during the hydrogenation process, thus promotes the deep hydro-
genation of PY.

3.1.3. XRD analysis

Fig. 4 shows the XRD patterns of the prepared catalysts. Char-
acteristic diffraction peaks occurred at 26 of around 20.2°, 37.3°,
45.5° and 67.0° correspond to (111),(311),(400)and (44 0)
planes of Al,O3 (PDF#No0.10-0425) [22], respectively. For the Ni-
based catalysts, three diffraction peaks at 37.2°, 43.3° and 62.9°
assigned to NiO crystal planes of (1 1 1), (2 0 0) and (2 2 0)
(PDF#No0.47-1049), respectively. Meanwhile, the NiAl,04
(PDF#N0.10-0339) crystalline phase was found on the Ni-based
catalysts, which would definitely benefit the improvement of the
thermal stability and the protection of the active phase [23]. As
shown in Fig. 4, the XRD patterns of the catalysts located around
37.2° is attributed to NiO (1 1 1) and NiAl;04 (3 1 1), which are
overlapped each other as a consequence of its highly dispersive
nature. For the NiMo-MMO catalyst, it could be clearly seen that the
peak of NiAl,04 (11 1) is significantly enhanced. This suggests that
the interaction between Ni species and the support is stronger with

the addition of Mo [24]. However, there is no characteristic
diffraction peaks of Mo species were observed in the XRD patterns
of the NiMo-MMO catalyst. This may be caused by the low loading
of Mo and the homogeneous dispersion [25].

3.1.4. XPS analysis

The chemical state and the surface composition of Ni-based
catalysts were analyzed by XPS. The Ni 2p spectrum of MMO, Ni-
MMO, and NiMo-MMO are shown in Fig. 5(a), (b) and (c), respec-
tively. Peaks around 855.8 eV and 873.7 eV are corresponding to
Ni%* 2p3)2 and 2p12 peaks, respectively, while 862.16 and 880.14 eV
are the characteristic satellite peaks of Ni®* [26]. For the Ni-MMO
catalyst, the Ni 2p spectrum shifted to lower energy range, indi-
cating that the interaction between Ni species and the support was
enhanced by loading Ni, thus the arrangement of Ni 2p connections
within the support surface lattice has changed [27]. Doping Mo can
increase the electron density of Ni on the sample surface and
enhance its electronegativity, which affects the chemical environ-
ment of Ni, resulting in a left-shift of the Ni 2p spectrum of Ni—Mo
bimetallic catalyst [28]. Additionally, the Ni** 2p3z peak slightly
shift to high energy range in the XPS spectrum of Ni—Mo bimetallic
catalyst, which might be attributed to the existence of direct or
indirect electronic interaction between Ni and Mo [29]. The spectra
of Mo 3d for NiMo-MMO catalyst was shown in Fig. 5(d), which can
be fitted into 231.1eV (Mo>* 3ds2), 231.9eV (Mo*" 3ds2), 233.5eV
(Mo®* 3ds)p), 234.5 eV (Mo®* 3dsp) and 236.7eV (Mo®* 3ds)),
respectively. Among them, the higher valence Mo*", Mo®* and
Mo®* are attributed to the formation of molybdenum oxides by
surface oxidation of Mo species [30]. The peaks at 234.7 and
235.2 eV of Mo 3d spectrum are probably formed by the partial
fusion of the Mo oxide phase with the support [31]. The surface
chemistry of the samples obtained from XPS analysis shown in
Table 3. It can be observed that there is a higher Ni 2p3/2/Ni 2p1)2
ratio on the surface of the NiMo-MMO catalyst. The presence of
active Ni species is extremely important for hydrogenation reaction
because the Lewis acid active sites of the catalysts was pointed out
as the key function of the catalyst [4]. The increase of Ni** 2p3p2
content favors the enhancement of electronegativity in active sites,
making them more susceptible to adsorb aromatic hydrocarbons
substrates [28]. The Mo species of NiMo-MMO are mainly assigned
to the oxidized states Mo**, Mo®* and Mo®*, which play a role on
the Ni-enrichment of the catalyst surfaces [32]. They are easily
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Fig. 4. XRD patterns of Ni-based catalysts.

transformed into relatively stable Mo*" during hydrogenation
process, and the higher Mo** content of NiMo-MMO could be
attributed to the weaker molybdenum-support interaction, which
favors the hydrogen molecules are dissociated by the metallic
function to more active hydrogen atoms [33], thus facilitated the
hydrogenation activity of the NiMo-MMO catalyst.

3.1.5. NH3-TPD analysis

Fig. 6 shows NH3-TPD profiles of the Ni-based catalysts. The
results show that three ammonia characteristic desorption peaks
appear for all sample, which are the weak, intermediate and strong
acid sites concentrates in the 100—300 °C, 300—600 °C and above
600 °C, respectively. The type and the amount of acid sites are listed
in Table 4. Compared to Al,03, the addition of Ni generates more
amount of weak acid sites over the catalysts. Moreover, with the
increase of Ni content, strong acid sites are formed over both MMO
and NiMo-MMO catalysts, while the quantity of weak and inter-
mediate acid sites gradually decreases. The reason is that the Ni
species were involved in a strong interaction with the support, and
the dispersion and exposure of Ni species increased [34]. This led to

®) _
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Fig. 5. Ni 2p XPS of various samples: (a) MMO, (b) Ni-MMO, (c) NiMo-MMO and (d) Mo 3d XPS of NiMo-MMO.
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the part of weak and intermediate acid sites of the catalyst was
covered by the active species, forming the new strong acid sites
[35]. Moreover, compared with the Ni-MMO catalyst, the preferable
interaction between Ni and Mo of NiMo-MMO catalyst as discussed
in XPS might be responsible for the more intermediate and strong
acid sites. It is clear that the interaction between Ni and Mo
significantly influence the strength and/or number of acid sites on

Table 3
Surface compositions obtained from XPS analysis data
Sample Ni 2pspp/Ni2pip  Mo*"/Mo®* Mo /Mo®*  Mo*"/Mo®*
MMO 0.19 — — —
Ni-MMO 0.50 — — —
NiMo-MMO  0.62 2.00 0.57 3.50
— NiMo-MMO

Strong acid peak

Intensity

— MMO

Medium acid peak

— AL,
Weak acid peak

200 400 600 800

Temperature/°C

Fig. 6. NH3-TPD profiles of pristine Al,O3 and Ni-based catalysts.

Table 4
Acidity site amounts of Ni-based catalysts

the catalyst surface. As a result, the NiMo-MMO catalyst exhibits
good catalytic hydrogenation properties.

3.1.6. Pyridine-IR analysis

The type and the quantity of acid sites over the samples were
investigated by Py-IR, and the results are shown in Fig. 7 and
Table 5. The absorption bands at 1448 cm~!, 1610 cm~' and
1614 cm! are assigned to the bonding of pyridine molecules to
Lewis (L) acid sites, whereas the absorption band at 1490 cm™! is
generated by the co-adsorption of pyridine at the Lewis and
Brgnsted (B) acid sites [36]. There is no characteristic peak at
1540 cm~, indicating that the acid properties of the prepared
catalysts dominant by the L-acid sites. The data in Table 5 shows
that the amounts of L-acid sites increased with the Ni loading. It
also can be observed that the addition of Mo further facilitates the
formation of L-acid sites. Meanwhile, combined with the results of
NH3-TPD analysis, it can be seen that the total amount of Lewis
medium-strong acidity sites on the NiMo-MMO catalyst is higher
than on other catalysts. The tetracyclic aromatic hydrocarbon pyr-
ene has large  bond, which can be regarded as a Lewis base in an
electron-rich state. Therefore, the sufficient L-acid sites promoted

1448 1490 1610
NiMo-MMO '
] \:/"
Q
=} '
<
o)
i~
o L]
172]
3 '
< Vam
1614
-~
ALO, .
L 1 1 Il
1400 1450 1500 1550 1600 1650
‘Wavenumber/cm™!
Fig. 7. Py-IR spectra of Ni-based catalysts.
Table 5
Py-IR quantitative analysis of Ni-based catalysts
Sample Acidity amount/umol-g~!
Lewis acid sites Brensted acid sites L+B
Al,05 0.085 — 0.085
MMO 0.163 — 0.163
Ni-MMO 0.251 — 0.251
NiMo-MMO 0.293 — 0.293

Sample Acidity amount/umol-g~'

Weak acid sites Medium acid sites Strong acid sites Total acid sites
Al,03 179.11 482.59 - 661.70
MMO 243.02 311.87 - 545.89
Ni-MMO 197.09 178.80 113.84 489.73
NiMo-MMO 188.67 198.18 123.60 510.45
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the adsorption of pyrene, while the Lewis medium-strong acidity
sites contributed to the production of H species, thereby large
quantity Lewis medium-strong acidity sites enhancing the catalytic
hydrogenation of PY [37], which is in close accordance with the
catalytic activity results in Fig. 8.

3.2. Catalytic hydrogenation of pyrene

Fig. 8 and Table 6 shows the hydrogenation conversion and
selectivity of PY over Ni-based catalysts. For pristine Al;O3, the PY
Conv. is 4.73%, with a small amount of hydrogenation products of
DiHP and TeHP. For MMO catalyst, the PY conversion was increased
to 31.93%, and there is an increase in TeHP, which may be due to the
further hydrogenation of DiHP to TeHP. Meanwhile, the selectivity
of DiHP and HeHP ranged from 93.30% to 6.70%—62.87% and
30.86%, respectively. The Ni-MMO catalyst exhibited an increase in
both conversion and selectivity as the Ni loading increased. The
results of Ho-TPR (Fig. S4 and Table S2) show that the loading of the
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Fig. 8. Catalytic results for hydrogenation of pyrene over Ni-based catalysts.

Table 6
Pyrene hydrogenation performance over Ni-based catalysts

Sample Conversion/%  Selectivity/%
DiHP TeHP HeHP DeHP HHP DHP
Al,03 4.73 9330 — 670 — — 6.70
MMO 31.93 62.87 6.28 3086 — — 30.86
Ni-MMO 69.40 35.77 1345 43.78 6.25 — 50.03
NiMo-MMO  95.18 — 9.89 48.61 38.07 344 90.12
Table 7

Cycle-to-cycle reactions of hydrogenation of PY catalyzed by NiMo-MMO catalyst

Ni significantly alters the reduction properties of Ni species in Ni-
based catalysts. The active Ni species is mainly due to the
hydrogen spill-over on the free NiO species and NiAl;04 spinel
phase of the catalysts at reaction temperature, thus favored the
dissociative adsorption of active Ni species to hydrogen molecules
on catalysts. As attested in Table 6, the conversion of PY attained
69.40%, which is 37.47% higher than the MMO catalyst, and the
selectivity of 6.25% for DeHP was detected in the hydrogenation
product of the DHP in Ni-MMO catalyst, indicating that the deep
hydrogenation performance of PY improved. The rise in activity of
the Ni-MMO catalyst may be attributed to its higher surface area,
greater amounts of active species, and abundant L-acid sites.
Meanwhile, the selectivity of TeHP (13.45%) and HeHP (43.78%)
increased gradually with the decrease of that of DiHP (35.77%). This
is consistent with Chen et al.'s report [38] that catalytic hydroge-
nation over transition metals is usually dominated by the Horiuti-
Polanyi mechanism, which involves hydrogen molecule dissocia-
tion followed by the sequential addition of atomic hydrogen to the
substrate. Among all the catalysts employed, the NiMo-MMO
catalyst exhibits the excellent catalytic activity, with the highest
PY conversion of 95.18%, and the highest DHP selectivity of 90.12%.
Notably, the selectivity towards HeHP (48.61%) and DeHP (38.07%)
increased significantly with the disappearance of DiHP, and HHP
emerged with a selectivity rate of 3.44%. Regarding hydrogenation
catalyzed by Ni-based catalysts, the key to achieving excellent
catalytic activity is to have more catalytically active sites. These
sites promote hydrogen dissociation and activate more reactants,
resulting in higher conversion rates and product selectivity. For
NiMo-MMO catalyst, it contains both Ni—Mo bimetallic and mes-
oporous nanosheet structure MMO, the former creates the active
center for the transfer of H species production, while the latter
provides space for good dispersion of active sites and the mass
transfer adsorption of PY. Therefore, NiMo-MMO provides excellent
deep hydrogenation activity, and the results have shown that the
addition of ‘Mo’ further improves the overall catalytic activity.
Furthermore, the stability of the NiMo-MMO catalyst was assessed
by recycling it five times under identical conditions. The results are
presented in Fig. 9 and Table 7. With an increase in the number of
catalyst cycles, the PY conversion remains above 50%. The DHP
selectivity over the NiMo-MMO catalyst was higher than that of
other catalysts in each cycle and stabilized at around 50.75% after
five cycles of reactions. In addition, the stability of the NiMo-MMO
catalyst decreases significantly in conversion during the second
run. From the post-reaction of TEM (Fig. S2) characterization re-
sults, it is noted that no structural transformation or aggregation of
Ni nanoparticles was observed in the NiMo-MMO spent catalyst.
The amount of coke deposition was evaluated for different number
of cycling runs were analyzed by TGA, as shown in Fig. S3. The
results show that more conversion favors the formation of more
coke due to the deposition of hydrogenation products of pyrene,

Cycle index NiMo-MMO catalyst®
Mass/g Conversion/% Selectivity/%
DiHP TeHP HeHP DeHP HHP DHP

1 0.250 95.18 — 9.89 48.61 38.07 3.44 90.12
2 0.235 67.08 28.98 9.71 48.42 11.48 0.41 60.31
3 0.220 66.93 35.00 12.06 46.20 6.75 — 52.95
4 0.217 54.81 42.09 10.05 44.35 3.51 — 47.86
5 0.202 50.04 40.38 8.87 46.03 4.72 — 50.75

Reaction conditions: 1.0 g PY, 0.25 g catalyst, 34.0 g cyclohexane, 340 °C, 5.0 MPa H,, 16 pm, 2 h.

@ The catalyst was collected and dried at 80 °C for 2 h before reaction.
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Fig. 9. The reusability evaluation of the NiMo -MMO catalyst.

thus the conversion markedly decreased in the second run. These
results demonstrate the satisfactory stability and reusability of the
NiMo-MMO catalyst in effectively improving DHP conversion.

4. Conclusions

In this work, three types of Ni-based catalysts with random
stacked nanosheet structures were used for the deep catalytic hy-
drogenation of pyrene. The resulting NiMo-MMO catalyst exhibited
an excellent catalytic activity with the PY Conv. (ca.95%) of which
the selectivity to DHP is ca.90%. It was contributed to highly
dispersed active species and large quantity Lewis medium-strong
acidity sites, which is closely related to the synergistic effect be-
tween Ni and Mo. It is shown that the supported Ni and Mo metal
modification increases the pore size of MMO and promotes the
formation of more active sites, which act synergistically with the
acid sites on the surface. High mesoporous random stacked nano-
sheet morphology of the catalyst not only facilitated the dispersion
exposure of the active species, but also improved the mass transfer
during the reaction process. The large quantity Lewis medium-
strong acidity sites favored the activation of substrate molecules
and the production of H species. Additionally, the synergistic effect
enhances the interaction between the active species and support,
and also favorable to increase the amount of the medium-strength
acid. The low cost, simple preparation route and excellent deep
hydrogenation catalytic activity make the NiMo-MMO catalyst have
an important reference value in PAHs catalytic hydrogenation.
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