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a b s t r a c t

Industrial catalyst waste has emerged as a hazardous pollutant that requires safe and proper disposal
after the unloading process. Finding a valuable and sustainable strategy for its treatment is a significant
challenge compared to traditional methods. In this study, we present a facile method for the recovery of
molybdenum and aluminum contents from spent MoeNi/Al2O3 hydrogenation catalysts through crys-
tallization separation and coprecipitation. Furthermore, the recovered molybdenum and aluminum are
utilized as active metals and carriers for the preparation of new catalysts. Their properties were thor-
oughly analyzed and investigated using various characterization techniques. The hydrogenation activity
of these newly prepared catalysts was evaluated on a fixed-bed small-scale device and compared with a
reference catalyst synthesized from commercial raw reagents. Finally, the hydrogenation activity of the
catalysts was further assessed by using the entire distillate oil of coal liquefaction as the raw oil, spe-
cifically focusing on denitrogenation and aromatic saturation. This work not only offers an effective
solution for recycling catalysts but also promotes sustainable development.
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Catalysts play a crucial role in the petroleum refining process
and are used in substantial quantities [1,2]. However, as the reac-
tion progresses, their activity and selectivity gradually decrease due
to various factors, such as carbon deposition and poisoning [3].
Once their performance no longer meets the production require-
ment, they are unloaded from the device and discarded as solid
waste. It is important to note that the unloaded spent catalysts
often contain toxic and harmful metal elements, such as nickel and
vanadium, in oxidized states. Improper disposal can lead to the
conversion of these elements into ions that enter thewater and soil,
causing pollution in the ecological system. The conventional
methods of deep burial or incineration not only harm the envi-
ronment but also overlook the potential of catalyst waste as a new
metal resource [4]. For instance, in the case of waste catalysts from
oil refining hydrogenation, it has been reported that approximately
500000e700000 tons of metals are discarded annually worldwide.
Despite the significant quantity of metals involved in refining

catalyst processing, their recovery has not received sufficient
attention in the past [5]. Therefore, in order to minimize the loss of
metal resources and prevent serious environmental pollution,
numerous strategies have been proposed to efficiently recycle
waste refining catalysts.

Hydrodesulfurization (HDS) catalysts are the most commonly
used catalysts in the petroleum and chemical industries [6,7].
Typically composed of active components such as molybdenum,
cobalt, nickel, and alumina as the carriers, a significant amount of
metal substances in spent HDS catalysts can be efficiently separated
and recovered compared to direct discharge as hazardous waste
[8,9]. Various methods, including acid or alkali leaching, have been
attempted to recover metals from spent catalysts. For example,
ultrasonic-assisted acid leaching has been employed to extract
valuable metals such as Mo, V, and Ni from spent hydroprocessing
catalysts [10,11]. Another novel process, including alkali hydro-
thermal treatment, sulfuric acid washing, and calcination, has been
conducted to recover anatase TiO2 from spent catalysts [12]. Sul-
furic and nitric acid solutions have also been used to extract mo-
lybdenum and cobalt from spent CoeMo/Al2O3 catalysts [13].
However, several challenges still exist, including limited recycling
contents, low recovery efficiency, and refractory leaching solutions
[14]. Therefore, there is a strong need for more effective strategies
to enhance the separation and recovery processes of metals in

* Corresponding author.
E-mail address: pengchong@dlut.edu.cn (C. Peng).

# These authors contributed equally to this work.

Contents lists available at ScienceDirect

Chinese Journal of Chemical Engineering

journal homepage: www.elsevier .com/locate/CJChE

https://doi.org/10.1016/j.cjche.2024.01.006
1004-9541/© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All rights reserved.

Chinese Journal of Chemical Engineering 69 (2024) 72e78



spent hydrogenation catalysts. Considering environmental sus-
tainability, it is necessary to utilize this abundant solid waste to
generate marketable products, such as new catalysts.

Herein, we employed a strategy of crystallization separation and
coprecipitation to recover molybdenum oxide and alumina from
the spent MoeNi/Al2O3 waste hydrogenation catalysts. Further-
more, the recovered molybdenum and aluminum could be used as
raw materials for active metals and carriers in the preparation of
new catalysts. Through comprehensive analysis, the crystal phase
and pore structure of the recovered samples were presented and
compared. In addition, the recovered molybdenum and aluminum
were used to resynthesize a new MoeNi/Al2O3 catalyst. The cata-
lytic hydrogenation activity of these newly prepared catalysts was
also evaluated using the entire distillate oil of coal liquefaction,
focusing on denitrogenation and aromatic saturation. The separa-
tion and recycling of metal substances can promote resource
recycling within the entire enterprise and ensure its sustainable
development.

2. Experimental

2.1. Chemical and materials

All of the reagents (analytical grade) in this work were pur-
chased from Sinopharm Chemical Reagent Co., Ltd., China. The
spent MoeNieAl2O3 catalysts were obtained from industrial
unloading. The commercial support was employed as the
reference for comparison. Ultra-pure deionized (DI) water
(>18 MU$cm�1) was produced from a Milli-Q system and used to
prepare the various required solutions.

2.2. Recycling of spent MoeNieAl2O3 catalyst

2.2.1. Molybdenum recovery
The spent MoeNieAl2O3 catalysts from industrial unloading

were extracted in a mixed solution of petroleum ether and ethanol
for 48 h to remove the residue oil. After that, the catalysts were
further dried in the oven and consequently calcinated to remove
the carbon deposition on the surface. Then, the obtained deoiling
and decarburization catalysts were ground to 80e120 mesh
(0.12�0.18mm) and added to the Na2CO3 solution in the autoclave
reactor with a mass ratio of 1:0.7. Through a hydrothermal reaction
at 150 �C for 2.5 h, the nickel- and aluminum-rich residue and
molybdenum-containing solution were obtained separately
by simple filtration. By adding NH4Cl to the obtained molybdenum-
containing solution and adjusting the pH value within 1�2, the
molybdenum acid (H2MoO4) crystals will appear from the solution
and be separated by filtration.

2.2.2. Alumina carrier recovery
The above-obtained nickel and aluminum-rich residues are

mixed evenly with Na2CO3 according to a certain ratio. Then, this
mixture was roasted at a high temperature of 800�900 �C. The
roasted solid was dissolved in water by continuous stirring and
subsequently filtered to obtain a crude sodium meta-aluminate
solution. After a deep purification, the required quality of meta-
aluminate sodium solution could be achieved. Sodium meta-
aluminate and aluminum sulfate are neutralized in the formation
of a gel to prepare the required macro-porous pseudo-boehmite.
The prepared pseudo-boehmite is mixed, kneaded in the extruder,
and extruded into the required carrier precursor. The alumina
carrier could be acquired from the carrier precursor after drying
and roasting.

2.2.3. Preparation of new MoeNieAl2O3 catalyst
Themolybdic acid and nickel nitrate obtained from the recovery

treatment were dissolved in the ammonia to form a mixed solution
of ammonium molybdate and nickel nitrate. Then, Al2O3 carriers
were impregnated completely in this mixture solution. Finally, the
obtained precursors were dried and roasted to regenerate a new
MoeNi/Al2O3 catalyst. As a comparison, the reference catalyst was
also prepared with the same procedure, but commercial ammo-
nium molybdate, nickel nitrate, and Al2O3 carriers were employed
in the preparation process.

2.3. Characterizations

X-ray fluorescence (XRF) was carried out on ARL Quant’X
(Thermo Fisher Scientific, USA) in vacuum. X-ray diffraction (XRD)
was carried out on a D/Max-2400 (Rigaku Corporation, Japan) with
Cu Ka radiation (l ¼ 0.15418 nm) at a scan rate of 1 (º)$min�1.
Raman spectra were recorded on a DXR3 Raman Microscope
(Thermo Fisher Scientific, US) by using the laser at 532 nm. The
infrared spectroscopy of CO adsorption was put forward on a
Chemisorption-300 AUTOSORB-I-C chemisorption measurement
(Quantachrome Instruments, US). The catalysts were
first pretreated at 200 �C for 1 h to remove the adsorbed water
before weighing. Then, the samples were pretreated in a hydrogen
atmosphere at 300 �C for another 2 h, and their CO adsorption
abilities were measured at 35 �C. X-ray photoelectron spectroscopy
(XPS) was conducted on a MULTILAB 2000 spectrometer (Thermo
Fisher Scientific, US) with an X-ray source of Al Ka to characterize
the surface chemical status of catalyst samples. Specially, the ob-
tained results were calibrated by the C 1s binding energy at
284.6 eV. The specific surface area and pore information of catalyst
samples were determined by the Brunauer-Emmett-Teller (BET)
method using the apparatus ASAP 2405 physical adsorption
analyzer (Micromeritics Inc., USA). A scanning electron microscope
(SEM) was conducted on the HITACHI S4800 to observe the
micromorphology. High-resolution transmission electron micro-
scopy (HR-TEM) was conducted on a JEM-2100 plus transmission
electron microscope (JEOL Ltd., Japan). The average slab length (L)
and average stacking layer number (N) of MoS2 were estimated
according to Eqs. (1) and (2):

L¼

Pn

i¼1
SiLi

Pn

i¼1
Si

(1)

N¼

Pn

i¼1
SiNi

Pn

i¼1
Si

(2)

where Li represents the sheet length of a MoS2, Ni represents the
stacking layer number of a MoS2 unit, and Si is the number of slabs
or stacks in a determined range of length or stacking layer number.

2.4. Catalysis activity evaluation

In order to better reflect the performance of the active catalyst in
the reaction, a vulcanization pretreatment of the catalyst was car-
ried out to convert these oxides into sulfides before catalytic ac-
tivity evaluation. The vulcanization of the catalyst was prepared on
a fixed-bed automatic control micro-reactor. n-Dodecane dissolved
in dimethyl disulfide was regarded as the vulcanized oil, and the
vulcanization process took place by a two-stage temperature
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control, respectively 230 �C for 4 h and 340 �C for 3 h
(pressure ¼ 4.0 MPa, hydrogen-oil volume ratio ¼ 500:1).

The catalyst performance evaluations were carried out on a
fixed-bed, small-scale device. The upper and lower sections of the
reactor were filled with quartz sand, while the middle part, keeping
a constant temperature, was filled with the grounded catalyst
(16�22 mesh, 0.72�1.00 mm). The whole catalyst loading volume
was about 80 ml. The jet fuel with dimethyl disulfide dissolved was
employed as the vulcanized oil in the examination, and the
vulcanization process was carried out through a temperature con-
trol on both ends at 230 �C and 340 �C for 8 h to vulcanize the
catalyst.

3. Results and Discussion

3.1. Schematic illustration of MoeNi/Al2O3 recovery treatment

The recovery treatment procedure of the spent MoeNi/Al2O3
catalyst could be divided into three sections (Fig. 1 and Fig. S1).
These sections include: (1) the pretreatment section; (2) the re-
covery section; and (3) the resynthesis section. In the pretreatment
section, the unloaded hydrogenation catalysts (Sample #B) un-
derwent roasting at temperatures ranging from 200 to 500 �C. This
roasting process aimed to eliminate carbon, hydrogen, sulfur, ni-
trogen, and other impurities in the spent catalyst. After roasting,
the carbon content in the catalyst (Sample #C) was reduced to less
than 1%. The catalyst was then ground into 80�120 mesh
(0.12�0.18 mm) powder (Sample #D) before being mixed with a
leaching agent, Na2CO3 solution, at a ratio of 1:0.7. The mixture was
transferred into an autoclave reactor to induce the hydrothermal
leaching of Mo contents under mild conditions of 150 �C for 2.5 h.
Notably, the strategy prevented the dissolution of aluminum and
nickel metal by Na2CO3, ensuring only molybdenum was dissolved
in the solution at low temperatures [15,16]. This safeguarded the

purity of the subsequent recovery ingredients. Moreover, the rela-
tively low temperature of hydrothermal treatment prioritized the
high-temperature process. It prevented the volatilization of mo-
lybdenum and the crystal transformation of aluminum, which
could affect the subsequent recovery efficiency [16]. After the hy-
drothermal reaction, the solid and liquid were separated, yielding
the Mo-containing solution (Sample #H) and the first treated
catalyst (Sample #E). On one side, a precipitating agent was added
to the Mo-containing solution with pH regulation. This conversion
converted molybdenum salt into molybdenum acid, forming crys-
tals and precipitates. By means of crystallization and filtration, the
residual liquid (Sample #J) and polymolybdic acid products (Sam-
ple #I) were separated and obtained. On the other side, the first
treated catalyst was mixed with Na2CO3 to induce an aluminum-
dissolving reaction at high temperatures (800�900 �C). Notably,
Na2CO3 reacted with aluminum to generate sodium meta-
aluminate and carbon dioxide. The former was soluble in water
and easily separated [17,18]. After that, the supernatant (Sample
#K) consisted of crude sodium meta-aluminate solution with
nickel-rich residue (NiO content >60%) (Sample #G). The obtained
crude sodium meta-aluminate was further purified through a hy-
drothermal reaction to obtain a refined sodium meta-aluminate
solution and waste residue. In this process, the refined sodium
meta-aluminate solution and aluminum sulfate were added into an
autoclave containing a certain amount of bottom water. They were
neutralized and reacted at temperatures ranging from 20 to 100 �C
for 0.5�5 h. The pseudoboehmite products (Sample #M) were
obtained from the reaction effluent and regarded as a raw material
for the alumina carrier (Sample #N). Finally, the new NieMo/Al2O3
catalyst (Sample #A’) was resynthesized by the impregnation
method using Samples #I and #N. The active metal atomic ratio of
Mo and Ni was optimized in this process [19,20]. Compared to
conventional recovery methods, this facile strategy enables the
sequential separation of metal components under relatively mild

Fig. 1. Illustration of MoeNi/Al2O3 recovery treatment process.
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conditions, greatly increasing the potential for waste-to-wealth
conversion.

3.2. Sample analysis during MoeNieAl2O3 recovery treatment

The main components of the obtained substances from each
procedure were initially analyzed by X-ray fluorescence (XRF)
technology (Table 1). Analysis revealed that Sample #D was pre-
dominantly consisted of Al2O3 (57.61% (mass)) and MoO3 (20.43%
(mass)). Subsequent hydrothermal treatment led to a significant
decrease in MoO3 content in Sample #E, down to 1.36% (mass),
while the Al2O3 content increased to 87.05% (mass), indicating
effective separation of the molybdenum component. Both Samples
#D and #E maintained similar NiO content, suggesting negligible
changes in the nickel content during the special hydrothermal
treatment. The final Sample #G, primarily consisted of NiO (68.6%
(mass)) with a small amount of remaining Al2O3 and Na2O left.
Additionally, the recovered polymolybdic acid (Sample #I) con-
tained MoO3 at a purity level of nearly 88.52% (mass), which is
sufficient to meet commercial standards. The recovered alumina
(Sample #M) mainly comprised high-purity Al2O3 (97.07% (mass))
with relatively low levels of other metal impurities. These findings
indicate that the metal contents can be successfully recovered from
the spent MoeNi/Al2O3 catalyst, thus demonstrating the feasibility
of this method.

In addition, the crystal phase of these substances obtained from
the spent MoeNi/Al2O3 catalysts was determined through XRD
analysis (Fig. 2). After the hydrothermal treatment, the Mo-
containing solution and treated catalysts were separated. The
XRD patterns of first-treated catalysts still showed peaks corre-
sponding to g-Al2O3 (JCPDS No. 04-0880) at 37.27�, 39.5�, 46.0�,
60.4�, and 67.0�, and to NiO (JCPDS No. 44-1159) at 62.88� (Fig. 2(a))
[21,22]. Some MoO3 species remained, as indicated by the peaks at
16.5�, 28.4�, 48.9�, 50.0�, and 56.3� (JCPDS No. 21-0569), which
were more difficult to remove. By adjusting the pH to induce the
crystallization separation, polymolybdic acid (Sample #I) was ob-
tained, although it lacked well-defined crystallinity (Fig. 2(b)). The
broad diffraction peaks observed mainly suggested a coarse crystal
state, with a small amount of ammonium polymolybdate possibly
resulting from the crystallization separation process. The final
residue, referred to as Sample #G, consisted primarily of NiO, as
indicated by the diffraction peaks at 37.27�, 43.27�, and 62.88�

corresponding to (1 1 1), (2 0 0), and (2 2 0) crystal planes (JCPDS
No. 47-1049), respectively (Fig. 2(c)). Additionally, the alumina
(Sample #M) was recovered from the coarse sodium aluminate
solution after purification. The XRD patterns of Sample #M
(Fig. 2(d)) confirmed the presence of g-Al2O3, with characteristic
peaks at 2q＝37.5�, 39.5�, 46.0�, and 67.0� corresponding to the (3 1
1), (2 2 2), (4 0 0), and (4 4 1) crystal planes (JCPDS No. 04-0880),
respectively. These XRD patterns provided evidence of the

successful recovery treatment and the attainment of the desired
target products.

Furthermore, the morphology of these substances obtained
from each recovery section was characterized using SEM tech-
niques (Fig. S2). Upon calcination and crushing, the catalyst Sample
#D predominantly exhibited a particle shape with a metal coating
(Fig. S2(a)). However, as a result of the hydrothermal treatment,
some metals within catalyst Sample #E may have been dissolved
(Fig. S2(b)), exposing the internal alumina particles prominently.
This observation provides evidence for the effectiveness of the
separation treatment, wherein active metal components were
removed from the alumina carriers. Additionally, the obtained
polymolybdic acid (Sample #I) displayed a unique crystal structure
(Fig. S2(c)), albeit with relatively low crystallinity. The recovered
alumina (Sample #O) exhibited a porous structure, while the final
residue (Sample #G) mainly consisted of accumulated NiO particles
(Fig. S2(d)-(e)).

3.3. MoeNi/Al2O3 regeneration

The pore structures of recovered alumina (Sample #M), repre-
pared supports (Sample #N), re-synthesizedMoeNi/Al2O3 catalysts
(Sample #A’), and reference MoeNi/Al2O3 catalysts (Sample #R)
were compared using N2 adsorption-desorption measurements
(Fig. S3(a)). It is important to note that Sample #R was prepared
using the same method as Sample #A’, except for the use of com-
mercial reagents as raw materials. According to the summary in
Table S1, Sample #M exhibited a large specific surface area and pore
volume. The alumina carrier (Sample #N) was obtained by extru-
sion molding a mixture of nitric acid and Sample #M, followed by
drying and roasting. The obtainedmolybdic acid, nickel nitrate, and
ammonia water were then dissolved together to impregnate the
alumina carriers (Sample #N) and reprepare the MoeNi/Al2O3

catalyst, which showed similar porous structure properties to the
reference catalyst. The proportion of pore volume (pore size of
<8 nm) to total pore volume was equivalent in these two MoeNi/
Al2O3 catalysts. However, the proportion of pore volume (pore size
in the range of 8e15 nm) to total pore volume was greater in the
reprepared catalyst, while the reprepared catalyst had a slightly
smaller proportion (pore size >15 nm) compared to the reference
one (Table S2). The distribution of pore structure between the
carrier and the catalyst indicated that the microstructure of the
recycled catalyst is similar to that of the fresh one.

The XRD analysis results showed the recovered alumina
exhibited typical characteristics of the g-Al2O3 crystal phase (JCPDS
No. 04-0880) (Fig. 3(a)), whose characteristic peaks are at 37.5�,
39.5�, 46.0�, and 67.0�, respectively. These results confirmed that
the g-Al2O3 carrier remained unchanged and no nickel aluminum
spinel phase was formed regardless of the preparationmethod. It is
worth noting that the characteristic peak at 58.4� corresponds to

Table 1
XRF analysis of the obtained substance in the recovery process

Substance Content/% (mass)

Sample #D Sample #E Sample #I Sample #G Sample #M

Na2O 1.67 0.06 0.49 5.05 �
Al2O3 57.61 87.05 0.02 8.63 97.07
SiO2 0.80 0.35 0.03 0.16 0.84
P2O5 2.91 3.95 0.21 0.77 0.09
SO3 9.65 0.15 0 0.01 1.55
CaO 0.54 0.11 0.37 1.51 0.02
Fe2O3 0.62 0.35 0.14 4.41 0.03
NiO 5.41 6.46 0.02 68.60 0.01
MoO3 20.43 1.36 � 0.18 0.23
H2MoO4 � � 98.52 � �
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Fig. 2. XRD patterns of (a) first treated catalysts, (b) polymolybdic acid, (c) final residue, and (d) alumina obtained during recovery treatment.

Fig. 3. The comparison of resynthesized catalysts and referred one in (a) XRD patterns, (b) Raman spectra, high-resolution XPS spectra of (c) Mo 3d and (d) Ni 2p orbits.
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the MoS2 phase formed (JCPDS No. 17-0744) during the vulcani-
zation process.

To investigate the surface states, Sample #A’ and #R catalysts
were characterized by the CO adsorption infrared spectrum (CO-IR)
(Fig. S3(b)). The infrared spectra of CO-adsorption of the two cat-
alysts showed similarities. Specifically, the peaks at 2195 and
2156 cm�1 are characteristic of the interaction between CO and
Al3þ coordinatively unsaturated sites (CUS) as well as acidic OH
groups in alumina [23]. Additionally, the peak at 2120 cm�1 is a
characteristic peak of CO adsorption on unpromoted sites without
the influence of additives [24,25]. Furthermore, the peaks at 2080
and 2050 cm�1 are specific to CO adsorption on Ni-promoted sites
[26]. These two peaks, respectively, represent the CO adsorption on
Ni sites and Mo sites in the active phase of NiMoS. The combination
of these peaks within 2050e2150 cm�1 suggests the presence of an
additive characteristic peak.

The Raman characterizations of Sample #A’ and #R catalysts
were also carried out to study the surface states (Fig. 3(b)). The
Raman signals within the ranges of 890e1000 cm�1 and
830�970 cm�1 correspond to the symmetric and asymmetric vi-
bration of Mo¼O bonds [27]. The Raman signals in the range of
310e370 cm�1 indicate the bending vibration of end Mo¼O bonds
[28]. The analysis reveals two main molybdenum oxide species,
located at 350 and 950 cm�1, respectively, representing the pres-
ence of the symmetric octahedron Mo7O24

6� [29]. Additionally, the
Raman scattering peaks at 225, 925, and 965 cm�1 are assigned to
the symmetric octahedronMo8O26

4� [30]. The intensity of the Raman
peaks indirectly indicates the abundance of molybdate species in
the catalyst. These results demonstrate that the number and
strength of the active phase structure in the resynthesized catalyst
from the recovered contents are comparable to those of the fresh
one, highlighting the feasibility of this recovery strategy in sus-
tainable development.

3.4. Performance evaluation

First, to investigate the impact of the valence state of active Mo
and Ni species on the sulfidation degree, the vulcanized MoeNi/
Al2O3 catalyst was characterized using XPS technology with high-
resolution Mo 3d and Ni 2p spectra (Fig. 3(c)). The Mo 3d orbit
analysis revealed the presence of sulfurized Mo4þ species (229.0
and 232.2 eV), weaker unsulfurized Mo6þ species (232.6 and
235.8 eV), and Mo5þ species in the form of OeMoeS (230.7 and
233.9 eV), respectively [31]. Additionally, the Ni 2p spectrum dis-
played a sulfide state with a binding energy ranging from 853.3 to
856.5 eV (Fig. 3(d)) [32]. Moreover, high-resolution transmission
electron microscope (HRTEM) characterization (Fig. S4) revealed
that the surface of MoO3 was converted into a typical lamellar
structure of MoS2 after vulcanization. The average slab length (L)
and average stacking layer number (N) of MoS2 were calculated
based on the count in the field of view, and the results showed that
they were essentially the same as those of the reference catalyst
(Table S3). This further confirms that the active phase structure of
the resynthesized catalyst is almost identical to that of the fresh
one. These findings provide evidence that the valence and structure
of the metal phase in the resynthesized catalyst from the recovered
metals meet the basic characteristics of hydrogenation catalysts.

Moreover, the performance evaluation of these catalysts was
carried out using a fixed-bed, small-scale device. Prior to the
evaluation, the catalysts were presulfurized by a vulcanized oil
containing 10% (mass) dimethyl disulfides. The catalytic activity of
the hydrogenation catalysts was assessed by introducing the whole
distillate oil of coal liquefaction (Table S4) as the raw feeding ma-
terial into the reactor. The catalyst activity evaluation was carried
out under common conditions, including a hydrogen partial

pressure of 13.0 MPa, a hydrogen-to-oil volume ratio of 300:1, a
reaction temperature of 370 �C, and a volume space velocity of 1.5
h�1. The measurement results (Table 2) showed that the properties
of refined oil obtained using the re-synthesized catalyst were
similar to those obtained using the reference catalyst, with some
discrepancies in certain parameters. Specifically, the nitrogen
content in the refinery oil produced by the re-synthesized catalyst
from the recovery metals was approximately 229 g$g�1, while that
obtained using the reference catalyst was about 157 g$g�1. This
indicates a slightly lower activity of the re-synthesized catalyst in
removing nitrogen impurities during the hydrogenation treatment.
The molar percentages of total cycloparaffins and total aromatics
obtained in the refined oil from the re-synthesized catalyst were
31.8% and 64.8%, respectively, whereas the corresponding values
from the reference catalyst were 37.0% and 59.7%, respectively. This
suggests that the aromatic hydrocarbons in the refined oil pro-
duced by the re-synthesized catalyst were less saturated, resulting
in the formation of a smaller amount of total cycloparaffins during
the hydrogenation process. These results demonstrate that the re-
synthesized catalysts using the recovery metal ions from the spent
catalysts can exhibit similar hydrogenation activity to those using
commercial raw reagents, thus highlighting the potential of valu-
able elements from waste catalyst. Such a strategy for the cycling
utilization of spent catalysts aligns with the concept of waste-to-
wealth in a sustainable society.

4. Conclusions

Overall, a facile and effective strategy has been developed to
extract valuable metal resources from spentMoeNi/Al2O3 catalysts.
Polymolybdic acid is primarily recovered in the form of coarse
crystals with a small amount of ammonium molybdate, but its
purity is equal to the commercially available molybdic acid.
Alumina is also recovered in a high-purity, typical g-Al2O3 phase.
By utilizing recycled poly molybdic acid and pseudo-boehmite as
raw materials, the prepared catalysts exhibit the same structure
and dispersion ofMo species as the reference catalyst. Furthermore,
these catalysts display comparative performance in denitrogena-
tion, aromatic saturation, and hydrogenation to that of the refer-
ence catalyst, indicating a promising future for hydrogenation
applications. This recycling technology for waste catalysts paves a
solid path for sustainable development by transforming waste into
wealth.

Table 2
Properties of resynthesized and reference catalyst applied in oil refinery

Crude oil and fraction Sample #A’ Sample #R

Density (20 �C)/g$cm�3 0.9499 0.9464
Distillation range/oC e e

Initial boiling point (IBP)/(10%) 50/488 45/486
Viscosity (20 �C)/mm2$s�1 10.71 10.18
Carbon residue/% 0.02 0.02
Ash/% <0.001 <0.001
Sulfur/mg$kg�1 27 33
Nitrogen/mg$kg�1 229 157
Carbon/% 89.08 89.35
Hydrogen/% 10.95 11.06
Aromatic carbon molar percentage/% 30.46 28.81
Hydrogen supply index/mg$g�1 0.228 0.232
Mass spectrum (MS)/%
Alkanes 3.4 3.3
Total cycloparaffins 31.8 37.0
Total aromatics 64.8 59.7
Resins 0 0
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Nomenclature

L average slab length of MoS2, nm
Li slab length of the ith MoS2 unit, nm
N stacking layer number of MoS2
Ni stacking layer number of the ith MoS2
Si number of slabs or stacks in a determined range of the

ith MoS2
q half angle between the incident X-ray and its diffraction,

(º)
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