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Abstract: As environmental awareness grows, hydrodesulfurization (HDS) catalysts have become crucial in
petroleum refining, yet their use results in oil-laden waste that poses environment risks and complicates
subsequent treatment. Efficient oil removal is thus critical for processing spent catalysts. This study
systematically compares three de-oiling methods: extraction, chemical thermal washing, and pyrolysis, to
identify the optimal de-oiling method. In the experiments, the extraction achieves 94.12% oil removal rate at a
liquid-to-solid ratio of 10 mL/g and 45°C in 60 minutes, maintaining around 90% efficiency after five cycles of
solvent recovery. The chemical thermal washing achieves oil removal rate of 96.26% after 4 hours at 90°C, with
0.15 wt.% SDS, 3.0 wt.% NaOH, and a liquid-to-solid ratio of 10 mL/g. The heavy oil emulsion is then
decomposed with 4% CuO and 5% H:0:. The pyrolysis method removes 96.19% of oil at 600°C in 60 minutes.
While the extraction and chemical thermal washing methods are effective, they produce wastewater, raising
environmental concerns. In contrast, the pyrolysis method is more environmentally friendly. SEM, EDS, and
FT-IR analyses show that after oil removal, the metal structures on the alumina support of the spent HDS
catalyst are clearly exposed, facilitating the subsequent recovery of valuable metals.

Keywords: resource recycling; environmental protection; oil removal efficiency; extraction;
chemical thermal washing; pyrolysis

1. Introduction

As global awareness of environmental protection continues to grow, automotive fuel
specifications and atmospheric emission standards are becoming increasingly stringent. In order to
meet these ever-tightening requirements, the role of hydrodesulfurization (HDS) catalysts in the
petroleum refining process has become increasingly important. These catalysts are primarily used to
remove impurities such as sulfur, nitrogen, and metals from crude oil [1], thereby producing cleaner
energy. However, after repeated cycles of use, catalysts gradually lose their activity due to sintering,
heavy metal poisoning, coke formation, sulfide and residual oil deposition, or wear and loss of active
sites [2]. Eventually, they turn into waste catalysts. It is estimated that the global petrochemical
industry generates over 170,000 tons of waste HDS catalysts annually [3]. The surfaces of these spent
catalysts are often covered with a large amount of crude oil components and heavy metals, which
pose a significant threat to the environment and human health. As a result, they are classified as
hazardous solid waste by countries like China and the United States [4]. Therefore, the safe disposal
of oil-containing waste HDS catalysts is becoming particularly urgent and important.

At the same time, these spent catalysts contain more valuable metals than natural minerals, such
as aluminum (Al), nickel (Ni), molybdenum (Mo), and vanadium (V) [3]. In recent years, with the
rapid rise of new energy companies, the development of secondary nickel resources has become a
hot topic [3]. Thus, processing these spent catalysts and recovering the valuable metals not only helps
protect the environment but also has significant economic implications. Traditional methods for
handling spent catalysts include transporting them to metal recycling plants, commercial landfills, or
direct incineration [5]. Regardless of the method used, the oil removal process is always indispensable.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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There are two main reasons for this: on the one hand, the residual oil in the spent catalyst contains
toxic substances such as aromatic hydrocarbons, resins, asphaltenes, and trace metals [6]. Removing
the oil helps reduce environmental pollution to air, water, and soil during landfill disposal. On the
other hand, the crude oil attached to the spent catalyst surface hinders the contact between the solid
surface and the liquid phase, thus affecting the effectiveness of recovering precious metals through
chemical leaching.

Currently, treatment technologies for oil-containing solid waste mainly fall into two categories:
harmless treatment and resource utilization. Harmless treatment methods include solidification [7],
oxidation-reduction [8], biodegradation [9], and incineration [10], aimed at reducing environmental
pollution and health risks. Resource utilization methods include physical separation [11], pyrolysis
[12], chemical thermal washing [1], ultrasonic treatment [13], and solvent extraction [6], focusing on
recovering valuable components from waste and promoting resource recycling. Given the high oil
content in spent catalysts, the industry tends to favor resource utilization methods to maximize
resource recovery and utilization. Therefore, this paper combines the characteristics of waste HDS
catalysts with market demand and investigates three common oil-removal methods: extraction,
chemical washing, and pyrolysis. The extraction method extracts oil from the spent catalyst using an
extractant, recycles the solvent, and reuses it. Chemical washing combines alkali and surfactants to
remove the oil attached to the surface of the spent catalyst through a thermal washing process.
Pyrolysis is conducted in an inert atmosphere using a tube furnace, where high-temperature
pyrolysis reactions produce pyrolysis oil and gas. This paper aims to compare the effectiveness of
these three methods and explore the most efficient oil removal technique, thereby achieving high-
efficiency recovery of crude oil from the surface of spent catalysts and promoting resource utilization.
Finally, SEM, EDS, and FT-IR characterization techniques are used to analyze the spent catalysts
before and after treatment, assessing whether the oil removal process facilitates the subsequent
recovery of valuable metals.

2. Materials and Methods

2.1. Materials and Chemicals

The raw material used in this study is spent hydrodesulfurization catalyst (V-Mo-Ni/ALQOs,
HDS), which has a cylindrical structure and is black due to the presence of crude oil and coke on its
surface. Its oil content is approximately 26%. Acetone (>99.5%), dichloromethane (AR), toluene (AR),
p-xylene (AR), ethyl acetate (>99%), petroleum ether (AR), sodium hydroxide (NaOH), sodium
dodecyl sulfate (SDS) are all of analytical reagent grade and are purchased from Aladdin Chemical
Reagent Co., Ltd. All designated concentrations of solutions are prepared using deionized water.

2.2. Experimental Procedure

2.2.1. Extraction Method

5 g of spent HDS catalyst is added to a flask containing solvent, and seal the flask with plastic
wrap. Then, place the flask in a water bath and perform the de-oiling experiment under magnetic
stirring conditions. After de-oiling, use a circulating water vacuum pump to achieve liquid-solid
separation, and dry the separated solid in an oven at 120°C for 12 hours. The experimental conditions,
including liquid-solid ratio, temperature, time, stirring speed, and particle size of the spent catalyst,
is studied to determine the optimal extraction. The extract is separated from the solvent and crude
oil through distillation equipment (Figure 6a). The separated solvent is reused to clean the spent
catalyst, and the separated oil is recovered.
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2.2.2. Chemical Hot Washing Method

5 g of waste HDS catalyst is added to a beaker containing an alkaline SDS solution, and the
beaker is sealed with plastic wrap. Then, the beaker is placed in a water bath and the desorption
experiment is conducted under magnetic stirring conditions. After desorption, liquid-solid
separation is achieved using a circulating water vacuum pump, and the solid obtained is dried at 120
°C in an oven for 12 hours. The experimental conditions of SDS concentration, NaOH concentration,
liquid-solid ratio, temperature, time, stirring speed, and the size of the waste catalyst are studied to
determine the optimal extraction conditions. In addition, since the oil-free alkali solution obtained after
desorption contained a large number of alkanes and cannot be discharged directly, a method of adding
4% CuO and 5% H20: at 50°C for 1 hour is used to catalyze the degradation of the emulsified liquid [14].

2.2.3. Pyrolysis Method

100 g of hydrodesulfurization waste catalyst and place it in a quartz boat, which is then inserted
into the steel tube of the tube furnace. The carrier gas delivery pipe, steel tube, and condensation
purification device are connected, and N is continuously introduced at a flow rate of 200 mL/min.
After the air in the system is purged, the N flow rate is adjusted to 100 mL/min. The quartz boat is
quickly pushed into the temperature-controlled reaction zone, and the pyrolysis reaction begins. The
pyrolysis reaction setup is shown in Figure 1. First, the heating rate is set to 10°C/min, and the
pyrolysis time is set to 60 min. Then, pyrolysis is carried out at temperatures of 300°C, 400°C, 500°C,
600°C, 700°C, and 800°C to determine the optimal pyrolysis temperature conditions. After finding
the optimal temperature, pyrolysis continues under N, conditions, maintaining a heating rate of
10°C/min, and different residence times (30 min, 60 min, 90 min, and 120 min) are set to determine
the optimal pyrolysis time. The oil produced from the pyrolysis is then recovered.
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Figure 1. Extracting process flow diagram.

2.3. Oil Removal Efficiency Determination

The dried waste HDS catalyst was weighed, and the oil removal efficiency could be calculated
using Equation (1)[1].

__C0¢G o
a__26%><c0 x100% (1)

where a is the oil removal efficiency of the waste HDS catalyst, %; c, is the initial mass of the waste
HDS catalyst, g; and ¢; is the mass of the residual substance of the spent HDS catalyst after oil
removal, g.
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2.4. Characterization

The morphology of the spent HDS catalyst before and after treatment is characterized using a
scanning electron microscope (SEM, Smart Lab 9kw, Japan) and energy dispersive X-ray
spectroscopy (EDS, Smart Lab 9kw, Japan). The functional groups of the surface-attached crude oil
on the spent HDS catalyst before and after treatment are characterized using a Fourier transform
infrared spectrometer (FT-IR, VERTEX 70, Germany).

3. Results and Discussion
3.1. Optimization of Extraction Process Conditions

3.1.1. Selection of Extraction Agent

This section comprehensively considers the volatility, toxicity, and cost of solvents, and selects
six commonly used pure solvents with similar polarity and good solubility to residual oil as oil
extraction agents. These solvents are acetone, dichloromethane, toluene, p-xylene, isobutyl acetate,
and petroleum ether. The oil extraction experiments are conducted with these solvents under the
conditions of 50°C, 60 minutes, a solid-to-liquid ratio of 10:1, a stirring speed of 500 rpm/min, and an
average particle size of 47.419 um, and the results are shown in Figure 2.
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Figure 2. Chemical thermal washing process flow diagram.
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Figure 3. Pyrolysis Reaction Setup Diagram.

From Figure 4, the cleaning efficiency of the solvent in descending order is: Toluene > Para-
Xylene > Methylene chloride > Isobutyl Acetate > Acetone > Petroleum ether. Generally, the cleaning
efficiency of the solvent increases as its polarity decreases (Table 1), because the main component of
the oil on the spent HDS catalyst is non-polar, and according to the principle of similar dissolution,
the lower the solvent polarity, the higher the cleaning efficiency. Although petroleum ether has a low
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polarity, its cleaning efficiency is low because the light oil components in petroleum ether have a
higher solubility in the spent HDS catalyst, but the light oil components on the spent HDS catalyst
are less, resulting in low cleaning efficiency. In addition, the selection of the solvent not only needs
to consider its polarity, but also its aromaticity. The analysis of the oil recovered by gas
chromatography shows that the crude oil contains a large proportion of aromatic hydrocarbons.
Toluene is more similar in composition to the aromatic hydrocarbons and asphaltenes in the crude
oil than to the other solvents, thus having better affinity for the crude oil and higher cleaning
efficiency. Therefore, Toluene is selected as the cleaning solvent after comprehensive consideration.
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Figure 4. Efficiency of solvent cleaning of crude oil from spent HDS catalysts.

Table 1. Solvent polarity and boiling point [15].

Solvent Polarity Boiling point (°C)
Petroleum ether 0.01 30-60
Toluene 2.4 110.6
P-Xylene 2.5 138.4
Methylene chloride 3.4 39.8
Acetone 54 58.08
Isobutyl Acetate - 116

3.1.2. Optimization of Oil Removal Efficiency

In order to further improve the efficiency of toluene removal from waste HDS catalysts, the
effects of liquid-to-solid ratio, temperature, time, stirring speed, and catalyst particle size on the oil
removal efficiency are studied.

In the extraction process, the amount of solvent used has a decisive effect on the extraction
efficiency. As shown in Figure 5a, the oil removal efficiency of the waste catalyst increases as the L/S
ratio increases. This is because the larger the L/S ratio, the greater the solubility of oil in the extraction
solvent, thereby increasing the amount of recovered oil [16]. When the L/S ratio increases from 4:1 to
8:1, the oil removal rate increases linearly, but the rate of oil removal efficiency increase gradually
decreases after exceeding 8:1. Therefore, considering extraction efficiency and extraction cost, the
optimal liquid-to-solid ratio of 10:1 is selected.

Figure 5b shows the effect of temperature on oil removal efficiency. In the range of 25°C to 45°C,
as the temperature increases, the oil removal efficiency of the spent HDS catalyst improves, with a
noticeable increase. This is because: (1) the increase in temperature reduces the viscosity of the oil,
improving the fluidity of the crude oil components; (2) the diffusion of crude oil components and the
Brownian motion of solvent molecules accelerate with the temperature increase, leading to an
increased mass transfer rate of crude oil molecules from the solid phase to the liquid phase; (3) the
adhesion force between catalyst particles and crude oil molecules weakens as temperature increases,
allowing more hydrocarbons to dissolve in the solvent[17]. However, as the temperature continues
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to rise, a significant decrease in oil removal efficiency occurs, and the amount of toluene recovered
by filtration decreases. Therefore, the reason for the gradual decrease in o0il removal efficiency with
increasing temperature may be the volatilization of toluene, causing the sample not to fully contact
with toluene under these conditions. Considering safety, equipment, and energy consumption in the

d0i:10.20944/preprints202412.0408.v1

de-oiling process, the optimal reaction temperature is selected as 45°C.
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Figure 5. Effect of (a) liquid-solid ratio, (b) temperature, (c) time, (d) stirring speed and (e) particle
size of spent catalyst on oil removal efficiency.

Figure 5¢ demonstrates the time-dependent variation in oil removal efficiency. In the range of
30 min to 60 min, as the time increases, the oil removal efficiency of the spent HDS catalyst
continuously improves, reaching its maximum oil removal rate at 60 min. The reasons may be as
follows: when the contact time is short, the reaction process is incomplete, leading to a low oil
removal rate; as the time increases, the spent catalyst and toluene have more sufficient contact, and
the oil removal rate continues to improve with good separation efficiency. However, if the reaction
time is extended further, the oil removal rate decreases. This is because, by 60 min, the solvent has
essentially reached a saturated state, and the extraction process reaches equilibrium. As time
increases, the oil removed from the catalyst surface is re-adsorbed, which leads to a reduction in oil
removal efficiency. Therefore, the optimal extraction time is selected as 60 min.

Figure 5d depicts the impact of stirring speed on oil removal efficiency. The stirring speed
determines the contact efficiency between the catalyst and the solvent. When the stirring speed is too
slow, the contact between the catalyst and the solvent is insufficient, which is equivalent to only part
of the solvent participating in the cleaning. Increasing the speed will increase the contact rate between
the crude oil and the solvent molecules, thereby increasing the mass transfer rate of the catalyst to
the solvent. However, at too high a stirring rate, the contact time between crude oil and solvent
molecules is short, and there is not enough time for extraction. The solvent extraction efficiency
reaches its maximum at 300 rpm, so 300 rpm is selected as the optimal stirring speed.

Figure 5e presents the influence of particle size on oil removal efficiency. By comparing the oil
removal efficiency of different particle sizes of waste HDS catalyst, it can be concluded that grinding
the waste HDS catalyst can significantly improve the oil removal efficiency of HDS catalyst. This is
because the particle size of the waste HDS catalyst is reduced, exposing more oil-containing pores,
thereby improving the oil removal efficiency. However, when the particle size of the waste HDS
catalyst is less than Dso of 47.416 pum, the oil removal efficiency does not further improve, but slightly
decreases, because the particle size of the catalyst is too small, exposing the low oil content or
uncontaminated parts, causing the oil to re-adsorb onto the catalyst [18]. It has also been reported
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that small particles bind to the colloid in oil more firmly. Therefore, Dso of 47.416 pum is chosen as the
suitable particle size of the waste catalyst.

3.1.3. Solvent Recycling

The most prominent advantage of solvent cleaning waste HDS catalyst is the ability to recover
oil resources and solvents during the cleaning process, achieving the recycling of resources, reducing
costs, and reducing environmental pollution. After extraction, the waste catalyst and extraction liquid
are separated by filtration, and the solid part is dried for use in the metal extraction stage, allowing
it to be further resourcefully utilized. The extraction liquid is then separated by a distillation device
(Figure 6a) to recover the solvent and crude oil. The color of the recovered oil is brownish yellow,
and the deeper the color, the higher the double bond content in the crude oil, suggesting that the
recovered oil contains higher amounts of aromatic hydrocarbons and asphaltenes.

The recovered solvent was used in the experimental study of recycling washing oil from spent
catalysts, with the lost solvent being supplemented to keep the L/S ratio at 10:1 throughout the
washing process. The cyclic experiment was conducted at 45°C, 60 min, 300 rpm/min, and with the
Dso of the waste catalyst being 47.416 um. The experimental results, as shown in Figure 4b, indicate
that after five cycles, the extraction efficiency of toluene for the spent HDS catalyst still remains at
around 90%, which indicates that recycling the solvent to recover oil from spent catalysts is
economically feasible. The recovered solvent volume is shown in red in Figure 6b, with a recovery
rate ranging from 88 to 94%. The solvent may be lost during mixing, filtration, and transferring
liquids [19]. Therefore, to reduce the loss of solvent, it is possible to optimize the sealing of equipment
and simplify the process flow in practical operation, and reduce the frequency of liquid transfer. By
doing so, the cleaning cost can be further controlled.
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Figure 6. (a) Diagram of the device for separating and recovering solvent and oil from the extraction
solution and (b) extraction efficiency for different cycles and solvent recovery efficiency for each cycle.

3.2. Optimization of Chemical Thermal Washing Process Conditions

3.2.1. Optimization of Oil Removal Efficiency

In order to further improve the efficiency of chemical thermal washing in removing oil from
spent HDS catalyst, the effects of SDS concentration, NaOH concentration, liquid-solid ratio,
temperature, time, stirring speed, and catalyst particle size on oil removal efficiency are studied, as
shown in Figure 5.

The oil removal efficiency from waste catalysts is closely related to the interfacial tension, which
is influenced by the concentrations of SDS, NaOH, liquid-to-solid ratio, temperature, time, stirring
speed, and the particle size of the waste catalyst. Figure 7a illustrates the impact of SDS concentration
on oil removal efficiency. The oil removal efficiency first increases and then decreases, reaching a
maximum at an SDS concentration of 0.15 wt.%. This is because when the surfactant concentration
reaches the critical micelle concentration, micelles are formed in the solution, which solubilize the oil
components, making previously insoluble oil soluble. As the concentration increases, the solubilizing
effect becomes more pronounced. The surfactant also helps to lift the oil from the solid surface [17,20].
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However, when the concentration becomes too high, the solubilizing effect of the surfactant reaches
saturation. At this point, interactions occur between the hydrophobic groups, forming a bilayer
adsorption on the surface of the spent catalyst [17,21]. The mixed system transitions into
emulsification, which results in a decrease in de-oiling efficiency. Moreover, excessively high
concentrations not only reduce oil removal efficiency but also lead to waste of chemicals, increasing
costs. Therefore, 0.15 wt.% is selected as the optimal SDS concentration.
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Figure 7. (a) Diagram of the device for separating and recovering solvent and oil from the extraction
solution and (b) extraction efficiency for different cycles and solvent recovery efficiency for each cycle.

Figure 7b displays the effect of NaOH concentration on oil removal efficiency, which has a
similar trend to that of SDS. This is likely because adding an appropriate amount of NaOH can
enhance the activity of the surfactant, reduce the oil-water interfacial tension, and neutralize the
acidic substances in the waste HDS catalyst, which helps separate the oil, gums, and coke from the
catalyst, thus improving the oil removal rate [22]. However, an excessive amount of NaOH can cause
the contact angle to shift from water-wet to oil-wet, blocking the water channels between the
estimated surface and the oil phase, which reduces the oil removal efficiency. Excessive NaOH
concentration not only lowers the oil removal efficiency but also leads to reagent waste and increased
costs. Thus, the appropriate ratio of alkali to surfactant is key. Considering these factors, 3 wt.% is
chosen as the optimal NaOH concentration.

Figure 7c indicates that the liquid-to-solid ratio significantly affects oil removal. The oil removal
efficiency of the waste HDS catalyst increases with the L/S ratio. A higher L/S ratio increases the
solubility of oil in the solvent, thereby increasing the amount of o0il recovered. When the L/S ratio
increases from 4:1 to 8:1, the oil removal rate increases linearly. However, when the L/S ratio exceeds
8:1, the growth rate of oil removal efficiency gradually slows down. Therefore, considering both
washing efficiency and cost, an L/S ratio of 10:1 is selected.

Figure 7d shows that within the range of 25°C to 90°C, the oil removal efficiency of the waste
HDS catalyst increases with temperature, with a noticeable increase. This is because increasing the
temperature enhances molecular motion, increases the activity of the washing agent, reduces
hydration, and facilitates micelle formation. It also accelerates the reaction rate and decreases the
viscosity of the crude oil, increasing the flowability of the crude oil components, reducing the
adhesion between the crude oil and catalyst, and improving the contact between the washing agent
and catalyst, thereby enhancing the oil removal efficiency [17]. When the temperature is between
90°C and 95°C, oil removal efficiency increases but at a slower rate, and higher temperatures result
in greater energy consumption. Therefore, considering these factors, the optimal washing
temperature is selected as 90°C.

Figure 7e demonstrates that as the washing time increases, the oil removal efficiency continues
to improve. This is because the viscosity of the residual oil attached to the waste HDS catalyst is high.
If the cleaning time is too short, the catalyst cannot be fully dispersed in the cleaning solution, and
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the residual oil does not come into complete contact with the washing agent, resulting in poor oil
removal. As the washing time increases from 0.5 hours to 4 hours, the waste HDS catalyst is more
effectively stirred and dispersed, allowing for better contact between the cleaning agent and the waste
catalyst, significantly improving oil removal efficiency. However, as the washing time increases
further, the dispersion of the waste catalyst in the cleaning solution reaches saturation, and the
improvement in oil removal efficiency becomes less noticeable. Extended washing times not only fail
to significantly increase oil removal but also increase energy consumption. Therefore, considering
the optimal cleaning time, 4 hours is selected.

The impact of stirring speed on oil removal efficiency is shown in Figure 7f. As the stirring speed
increases, the oil removal efficiency improves. Increasing the stirring speed helps promote the full
contact between the waste HDS catalyst and the washing agent, facilitating the action of the surfactant
to lift and peel off the oil, thus improving the oil removal rate. However, excessively high stirring
speeds not only increase energy costs but may also lead to the formation of water-in-oil emulsions,
affecting oil-water separation [23]. Considering both oil removal efficiency and cost, an optimal
stirring speed of 800 rpm/min is selected.

Figure 7g illustrates that crushing used HDS catalysts can significantly improve the de-oiling
efficiency of the HDS catalyst. This is because the reduction in particle size of the used HDS catalyst
exposes more oil in the pores, thus enhancing the de-oiling efficiency. When the particle size of the
used HDS catalyst is smaller than D50 = 47.416 um, the de-oiling efficiency does not increase further.
Instead, it slightly decreases, as catalysts with too small a particle size expose areas with low oil
content or non-contaminated sites, causing oil to re-adsorb onto the catalyst. It has also been reported
that smaller particles bind more strongly with the colloids in the oil. Therefore, D50=47.416 um is
chosen as the suitable particle size for the used catalyst.

3.2.2. Wastewater Treatment

The de-oiling alkali solution is an emulsion of heavy oil containing a large number of alkanes
that cannot be directly discharged, so the emulsion is decomposed by the catalytic degradation
method using CuO. The specific operation is as follows: add 4% CuO and 5% H20: to the de-oiling
alkali solution, heat to 50°C, and react for 1 hour. The infrared spectrum of the emulsion is shown in
Figure 8. The infrared spectrum analysis of the emulsion is as follows [24]: The broad absorption peak
at 3447 cm is the stretching vibration of -OH, -NH in alcohol, phenol, and water; the absorption peak
at 1396 cm! is the asymmetric bending vibration of -CHs; the absorption peak at 1110 cm is the
bending vibration of alkane. The sample after the emulsion is degraded with NaOH is consistent with
the peak of pure NaOH solution, and the characteristic peak of crude oil is basically eliminated,
indicating that the catalytic degradation can effectively treat the emulsion.
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Figure 8. Infrared spectra of crude oil emulsion before and after degradation.
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3.3. Optimization of Pyrolysis Process Conditions

Figure 9a shows the oil removal efficiency at different pyrolysis temperatures, Figure 6a shows
the oil removal efficiency at different pyrolysis temperatures. The results indicate that as the pyrolysis
temperature increases, the oil removal efficiency rises rapidly, but the rate of increase slows down
after 500°C. When the pyrolysis temperature reaches 600°C, the yield of pyrolysis oil decreases, likely
because above this temperature, liquid products further crack into small molecule gases, leading to a
decrease in yield and an increase in pyrolysis gas. Therefore, 600°C is determined as the optimal
pyrolysis temperature. Figure 9b shows the effect of different pyrolysis times on oil removal
efficiency at 600°C. It can be seen that as the pyrolysis time increases, the oil removal efficiency first
increases and then stabilizes. The extended pyrolysis time promotes the generation of pyrolysis gas,
which results in a decrease in the yield of pyrolysis oil, so 60 minutes is chosen as the optimal
pyrolysis time.
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Figure 9. Effect of (a) temperature and (b) time on thermal degreasing efficiency.

Oil removal by pyrolysis demonstrates high efficiency due to its ability not only to remove
residual oil from the surface of spent catalysts but also to effectively clean the oil trapped within the
catalyst's pores. Additionally, the pyrolysis process generates pyrolysis oil, enabling the recovery of
residual oil and laying the foundation for the secondary high-value utilization of waste oil.
Characterization of the oil-removed spent catalysts allows for the evaluation of both the oil removal
efficiency and changes in pore structure, thereby creating favorable conditions for the subsequent
efficient recovery of strategic metals from the spent catalysts.

3.4. Characterization

3.4.1. SEM and EDS

The morphology of the waste HDS catalyst before and after oil removal by different methods
was analyzed using SEM (Figure 10). It can be seen from Figure 10a: that the dispersibility of the
waste HDS catalyst before oil removal is poor, and the surface is completely covered with oil (Figures
10az, 10a3), resulting in a significantly larger particle size of the waste HDS catalyst before oil removal
(Figure 10a1) than the particle size of the waste HDS catalyst after oil removal by the three methods
(Figures 10b1, 10c1, 10d1). After being treated by the three oil removal methods, the crude oil on the
surface of the waste HDS catalyst and in the pores was effectively removed (Figures 10b2, 10bs, 10c,
10c3, 10d2, 10ds), and the dispersibility of the waste HDS catalyst was significantly improved (Figures
10b1, 10c1, 10d1). However, it can be clearly seen from Figures 10bi, 10ci, and 10d: that the
dispersibility of the waste HDS catalyst after pyrolysis method is significantly better than that of the
waste HDS catalyst after extraction method and chemical thermal washing method treatment. From
Figure 10b2, 10bs, 10c2, 10cs, 10d2, and 10ds, it can be seen that the amount of residual oil on the surface
of the waste HDS catalyst after hot-alkali treatment is less than that after extraction treatment and
chemical thermal desorption treatment, which is more favorable for the subsequent leaching of
valuable metals. Therefore, in the process of removing oil from waste HDS catalysts, pyrolysis
method is superior to extraction method and chemical thermal washing method. Furthermore, the
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three desorption methods can make the metal structure loaded on the alumina support of the spent
HDS catalyst clearly exposed (Figures 10bs, 10cs, 10ds), which makes it easier for subsequent valuable
metal chemical recovery.

10 pm

10 pmy
—

Figure 10. SEM images of the spent HDS catalyst before treatment (a) and the spent HDS catalysts
treated with extraction (b), chemical thermal washing (c), and pyrolysis (d) at different multiplicities.

The surface element composition of the spent HDS catalyst before and after desorption was
analyzed by EDS. It is reported that the HDS catalyst is composed of active metal-loaded on Al20s
carrier, such as Ni, V, Mo, etc. [25]. Therefore, the cleaned catalyst should consist of elements such as
Al, Ni, V, Mo, etc. However, as shown in Figure 11a, the elements mainly contained in the oil-
contaminated spent HDS catalyst are C, O, Al, S, Fe, and Ca. These are mostly elements present in
crude oil, of which C and O are the hydrocarbons in crude oil, S, Fe, and Ca are elements carried by
crude oil. Therefore, the content of the elements that should be present in the catalyst, such as Al, O,
Ni, V, etc,, is very low. However, after the three desorption methods were applied, the content of C,
Ca, and S in the catalyst was significantly reduced or even disappeared, indicating that the three
methods can effectively remove the crude oil on the surface of the spent catalyst. After the crude oil
was removed, as shown in Figures 11b, 11c, and 11d, the Al2Os carrier and the active metal were
exposed, and the content of surface elements such as Al, O, Ni, V, etc. increased significantly.
However, the total amount of valuable elements on the surface of the spent catalyst after being treated
by extraction method and chemical thermal desorption method is less than that exposed by pyrolysis
method, therefore, among the three methods of oil removal, the pyrolysis method is superior to the
other two methods. Therefore, among the three methods of oil removal, the pyrolysis method is
superior to the other two methods.
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Figure 11. EDS images of the spent HDS catalysts before treatment (a) and the spent HDS catalysts
treated by extraction (b), chemical thermal washing (c), and pyrolysis (d).

3.4.2. FT-IR

Figure 12 shows the FT-IR spectra of three different methods of oil removal before and after treatment
of waste HDS catalysts. The red line represents the infrared spectrum of the oil-containing waste HDS
catalyst before treatment, while the blue, purple, and green lines represent the infrared spectra of the
waste HDS catalyst after extraction, chemical thermal washing, and pyrolysis method, respectively. There
is a broad absorption band in the range of 3500~3200cm™, which may be the stretching vibration
absorption peak of -OH [26,27]. The peaks at 2922cm and 2852cm correspond to the asymmetric and
symmetric stretching vibrations of -CH: [27,28]. The absorption peak at 1626cm™ is the symmetric
stretching of the -COO group, indicating that there are more asphaltene in the oil-containing waste HDS
catalyst [29,30]. The absorption peaks at 1458cm™ and 1378cm are due to the symmetric and asymmetric
bending vibrations of -CHs [28,29]. The absorption peak at 1104cm is the stretching vibration of Al-O-Al,
which is a structure that is easy to form hydrogen bonds with oil molecules [31]. There are also two
absorption bands in the range of 900~600cm, which may be the deformation vibration of C-H in aromatic
rings, further proving the presence of aromatic compounds [32,33].

After toluene extraction, the intensity of the asymmetric (C-H, 2922 cm™) and symmetric (C-H, 2852
cm) stretching vibrations of the catalyst is significantly reduced, indicating that a large amount of alkane
substances is removed. The intensity of the symmetric stretching vibration of the -COO group (C=0, 1626
cm?) is weakened, indicating that there was still a large amount of asphalt pitch in the treated oil-
containing waste HDS catalyst. Meanwhile, the peaks at 1458 cm! and 1378 cm™! almost disappeared.

After being treated by chemical thermal washing, the stretching vibration absorption peak of -
OH (3500~3200 cm') became narrower, indicating that part of the hydrocarbons and water are
removed. The intensity of the symmetric stretching vibration of the -COO group (C=0, 1626 cm) is
weakened, indicating that there is still a part of asphalt pitch in the treated oil-containing waste HDS
catalyst. Meanwhile, the absorption peak near 1104 cm! is also significantly weakened. Furthermore,
the two absorption bands in the range of 900~650 cm! almost disappeared.

After being treated by pyrolysis, the stretching vibration absorption peaks of -OH (3500~3200
cm) in the catalyst were significantly narrower, indicating that a large number of hydrocarbons and
water are removed. Meanwhile, the asymmetric (at 2922 cm™?) and symmetric (at 82852 cm™)
stretching vibration peaks of C-H almost disappeared, indicating that alkanes are removed in large
quantities. The symmetric stretching intensity of C=O (1626 cm!) in the -COO group is significantly
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weakened, indicating that the pyrolysis method also has an effect on asphalt. The absorption peak
around 1104 cm-! is also significantly weakened. In addition, the peaks at 1458 cm™ and 1378 cm™ and
the two absorption bands in the range of 900 to 650 cm™ were almost absent.
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Figure 12. FT-IR spectra of spent HDS catalyst (a) and spent HDS catalyst treated by extraction (b),
chemical thermal washing (c), and pyrolysis (d), respectively.

These changes indicate that the three different treatment methods can remove the crude oil
components in the spent HDS catalyst, thereby exposing the metal structure loaded on the alumina
more clearly, which will facilitate the subsequent recovery of valuable metals. Especially, the
efficiency of the pyrolysis method in oil removal is more prominent.

4. Conclusion

In this study, based on the characteristics of spent HDS catalysts and market demand, three oil
removal methods were selected: extraction, chemical thermal washing, and pyrolysis. The
effectiveness of these methods in removing crude oil adhered to the surface of spent HDS catalysts
was investigated. Experimental results show that all three methods can effectively remove the crude
oil adhered to the surface of the spent catalyst. Specifically, the extraction method achieves an oil
removal rate of 94.12% when using a liquid-to-solid ratio of 10 ml/g and extracting at 45°C for 60
minutes. After five cycles of solvent recovery, the oil removal efficiency remains around 90%. The
chemical thermal washing method, conducted at 90°C with 0.15 wt.% SDS, 3.0 wt.% NaOH, and a
liquid-to-solid ratio of 10 ml/g for 4 hours, achieves an oil removal rate of 96.26%. Subsequently,
heavy oil emulsions are degraded using 4% CuO and 5% H;O.. The pyrolysis method achieves an oil
removal efficiency of 96.19% under the conditions of 600°C and 60 minutes.

However, while the extraction and chemical thermal washing methods show outstanding oil
removal efficiency, they generate a large amount of waste liquid during the process, increasing the
complexity and cost of subsequent treatment, and may lead to secondary pollution. In contrast, the
pyrolysis method not only avoids the generation of large amounts of waste liquid during the oil
removal process, making it more environmentally friendly, but also allows the oil components to be
fractionated and pyrolyzed at different temperature ranges, improving the efficiency of resource
recovery. In addition, SEM, EDS, and FT-IR analyses before and after the treatment of the spent HDS
catalyst confirm that all three methods can effectively remove the crude oil adhered to the surface of
the spent catalyst. The pyrolysis method stands out in crude oil recovery. During the pyrolysis
process, the dispersibility of the spent catalyst is significantly improved, and the metal structure
loaded on alumina is clearly exposed, providing more favorable conditions for the subsequent
chemical recovery of valuable metals, thus simplifying the recovery process.
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