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Application of the three-reactor hydrogenation
process in the recycling utilization of waste
lubricating oil and study on the catalyst
deactivation mechanism
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In the recycling of waste lubricating oil, the rapid deactivation of catalysts during the hydrotreating process

limits their industrial application. In this paper, a three-reactor process is proposed for the refining of waste

lubricating oil, which is compared with the conventional two-reactor process. Experimental results reveal

that the three-reactor technique demonstrates enhanced performance in hydrodesulfurization (HDS),

hydrodechlorination (HDCl), hydrodenitrogenation (HDN), hydro-decolorization, and demetallization,

effectively doubling the service life of the catalysts. Characterization of the deactivated catalysts identifies

carbon deposition, silicon (Si) poisoning, and boron (B) poisoning as the primary factors contributing to

catalyst deactivation. The presence of a protective agent (the second catalyst) within the three-reactor

process effectively removes Si and B, thereby mitigating the Si and B poisoning of the primary

hydrogenation catalyst, and extending the catalyst's lifespan. This approach offers a viable solution to the

challenge of frequent catalyst deactivation encountered during the high-value utilization of waste

lubricating oils, thereby providing an effective pathway for overcoming this issue in the chemical industry.

1. Introduction

Lubricating oils are among the most valuable, yet minor,
constituents of oil, extensively used in various motor vehicles
and mechanical equipment.1 Their primary functions include
reducing friction, noise, sealing, and cooling.2 Lubricating
oils are composed mainly of base oil (71.5–96.2%) and
additives (3.8–28.5%), with the specific types of additives
varying by region and country.3,4 However, prolonged use
leads to the deterioration of lubricating oils due to the
formation and accumulation of oxidation products and
harmful substances, such as metal debris, dust, carbon,
colloids, and asphaltene. These contaminants impair the oil's
original functions, such as lubrication, antifriction, cooling,
sealing, and antivibration, resulting in waste lubricating oil
(WLO).5,6 With the rapid development of industrial society,
demand for lubricating oil and the need for effective waste
lubricating oil treatment have increased significantly.7,8

Various techniques9–11 have been employed for recycling
WLO, including the acid clay process, solvent extraction,

distillation–clay filtration, chemical and clay treatment and
membrane technology. Particularly, the acid clay process12–14

has been popular for some time, however, it caused serious
secondary pollution and is being phased out in favor of
hydrorefining.15 Hydrorefining, facilitated by catalysts,
involves a series of reactions including hydrodesulfurization,
hydrodeoxidation, hydrodenitrogenation, hydrodechlorination,
and hydrodemetallation. These reactions effectively remove
harmful impurities from the feedstock, thereby enhancing the
added value of the product. This hydrogenation technique is
currently recognized as the most efficient method for the
treatment of waste lubricating oil and holds promising
prospects for widespread application.16 At present, widely used
hydrogenation processes include Kleen, KTI, Snamprogetti,
REVIVOIL, DCH, Recyclon, etc.17,18 The KTI process,19 a typical
distillation–hydrogenation process, involves distillation, vacuum
distillation, and hydrorefining. The Snamprogetti process20 is
an evolution of the acid clay process, producing products
through repeated propane extraction after vacuum distillation.
The REVIVOIL process21 can achieve a 12% asphalt recovery on
the basis of hydrorefining, significantly reducing energy
consumption. The Kleen process21 involves separating base oil
and kerosene by adding catalysts in a vacuum fixed bed reactor,
significantly improving the quality of the hydrogenated product.
However, high costs due to catalyst deactivation limit their

React. Chem. Eng., 2024, 9, 3257–3266 | 3257This journal is © The Royal Society of Chemistry 2024

a CNOOC Huizhou Petrochemical Company Limited, 516086, China
b Institute of Coal Chemistry, Chinese Academy of Sciences, Taiyuan 030001, China
c State Key Laboratory of Coal Conversion, Institute of Coal Chemistry, Chinese

Academy of Sciences, Taiyuan 030001, China

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

4:
00

:4
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://crossmark.crossref.org/dialog/?doi=10.1039/d4re00323c&domain=pdf&date_stamp=2024-11-16
http://orcid.org/0009-0007-6945-2557
http://orcid.org/0000-0002-4342-0510
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4re00323c
https://pubs.rsc.org/en/journals/journal/RE
https://pubs.rsc.org/en/journals/journal/RE?issueid=RE009012


3258 | React. Chem. Eng., 2024, 9, 3257–3266 This journal is © The Royal Society of Chemistry 2024

broader adoption. In summary, the presence of various
additives in waste lubricating oil can affect the quality of the
recycled oil products. Moreover, during use, the lubricating oil
can undergo oxidation reactions, producing oxygen-containing
compounds such as organic acids, which can corrode
equipment and catalysts, thus increasing the difficulty of
processing. Therefore, developing appropriate treatment
processes tailored to the properties of waste lubricating oil is
crucial for the high-value utilization of waste lubricating oil.

Traditionally, two reactors are used for the hydrogenation
process of waste lubricating oil. The first reactor is loaded
with a low-temperature prehydrogenation catalyst, primarily
utilizing NiMo catalysts to remove easily polymerizable gums
and conjugated diolefins at low temperatures. The second
reactor is charged with a high-temperature main
hydrogenation catalyst, primarily using NiMo or CoMo
catalysts, to remove heteroatoms such as organic sulfides,
chlorides, and nitrides at high temperatures, achieving the
purpose of decolorization and refining. However, industrial
applications have shown that the two-reactor hydrogenation
process suffers from issues such as short catalyst life and
poor product quality, which urgently require improvement.

In this study, the three-reactor hydrogenation process
was employed for the hydrogenation reaction of waste
lubricating oil to enhance the service life of the catalyst.
The deactivation mechanism of the catalyst has also been
thoroughly investigated, which contributes to the
improvement of the hydrogenation process and the
development of more targeted catalysts. This paper aims to
investigate the efficacy of a three-stage hydrogenation
process for the treatment of waste lubricating oil, and to
discover the reason of catalyst deactivation, thereby
providing a reference for the technological development and
progress in the field of high-value utilization of waste
lubricating oil.

2. Experimental
2.1 Materials

Waste lubricating oil is provided by Hebei Rongda Company.
Dimethyl disulfide, N-hexane, toluene, ethanol, and
cyclohexane were purchased from Aladdin Chemical Reagent
Co. Ltd. The water used for experiments and characterization
was deionized water.

2.2 The flowchart of the three-reactor process

The catalysts used in this manuscript are prepared by the
Institute of Coal Chemistry, Chinese Academy of Sciences and
the specification characters are listed in Table 1. After the
reaction, the obtained products were subjected to color
comparison and analytical measurements of sulfur, chlorine,
nitrogen, and metal content to assess the performance
differences between the two hydrogenation processes. The spent
catalyst was washed with toluene for 48 h in a Soxhlet extractor
to remove the remaining oil on the surface of the catalyst.

The three-reactor process is used in this manuscript and
the flowchart of the hydrogenation process is illustrated in
Fig. 1. Waste lubricating oil is first filtered to remove
mechanical impurities, and then subjected to sedimentation
for oil–water separation. Subsequently, it undergoes
distillation. The waste lubricating oil is fractionated into
three fractions, that is below 300 °C, 300–450 °C, and above
450 °C fractions. Finally, the 300–450 °C fraction serves as
the feedstock for hydrogenation to obtain a qualified
product. Three catalysts with different functionalities are
loaded into three reactors. The first catalyst removes easily
polymerizable organic compounds at low temperatures. The
second catalyst is responsible for the removal of
organosilicons and organometallic compounds to extend the
lifespan of the primary hydrogenation catalyst. Meanwhile
the third catalyst serves as a hydrorefining catalyst, primarily
aimed at the removal of organic sulfur, organic chlorine,
organic nitrogen, and decolorization. For comparison, this
paper also investigates a two-reactor hydrogenation process,
and the catalysts correspond to the first and third catalysts of
the three-reactor process. The character specifications of the
catalysts used in this manuscript are listed in Table 1. The
difference between these two processes lies in the addition of
a protective catalyst in the three-reactor process for
desilication and demetallization. This catalyst possesses a
higher specific surface area, pore volume, and pore diameter
to enhance its accommodation capacity.

2.3 Activation and evaluation of the catalysts

The catalysts were activated by sulfidation under the
following conditions: P = 3.8 MPa, H2/feed ratio = 800, LHSV
= 1.8 h−1, T = 150 °C (2 h) → 230 °C (4 h) → 290 °C (2 h) →
320 °C (2 h) → 150 °C (4 h). Hydrogenation of waste

Table 1 The reaction conditions and catalyst information of the two-reactor process and three-reactor process

Two-reactor process Three-reactor process

First reactor Second reactor First reactor Second reactor Third reactor

Catalyst NiMo/γ-Al2O3 NiMo/γ-Al2O3 NiMo/γ-Al2O3 NiMo/γ-Al2O3 NiMo/γ-Al2O3

Reaction temperature, °C 200 300 200 260 300
Reaction pressure, MPa 3.8 3.8 3.8 3.8 3.8
Specific area, m2 g−1 152 145 152 300 145
Pore volume, m3 g−1 0.52 0.48 0.52 0.62 0.48
Average pore diameter, nm 10.2 9.1 10.2 12.4 9.1
Ni, % 3.2 2.6 3.2 2.2 2.6
Mo, % 8.1 9.3 8.1 7.8 9.3
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lubricating oil was carried out in a fixed bed reactor under
the following conditions: P = 3.8 MPa, LHSV = 5.0 h−1, H2/
feedstock ratio of 800. The experiment was conducted at low
pressure and high space velocity to shorten the evaluation
period.

2.4 Characterization

The specific surface area, pore volume, and average pore
size were determined using the Brunauer–Emmett–Teller
(BET) method with nitrogen adsorption–desorption
measurements conducted on a TriStar 3000 at 77.4 K. The
pore size distribution was measured using the Barrett–
Joyner–Halenda (BJH) method. The trace element content
in catalysts and oil products was measured by inductively
coupled plasma atomic emission spectroscopy (ICP-OES)
using a Thermo iCAP6300 spectrometer. Sulfur and
nitrogen contents in the oil were analyzed using a TSN-
5000 Plus sulfur and nitrogen analyzer, while the chlorine
content was determined with a JF-WK-2000
microcoulometry comprehensive analyzer. In the
determination of sulfur (S), nitrogen (N), and chlorine
(Cl), the decomposition temperature of the instrument is
set to 1050 °C. X-ray photoelectron spectroscopy (XPS) was
performed using a PHI-5000 VersaProbe III (Kratos AXIS
ULTRA DLD), with spectra calibrated to the C 1s position
at 284.86 eV and analyzed using CasaXPS software. CHNS
analysis of the fresh and deactivated catalysts was
conducted using a Euro EA3000 analyzer. Scanning
electron microscopy (SEM) was used for high
magnification imaging and elemental analysis. Pellets of
fresh and spent catalysts were cut radially to generate a
flat surface, and the distribution of elements was
determined by energy dispersive X-ray (EDX) analysis. FTIR
spectra were recorded with a Thermo Fisher Nicolet iS50
spectrometer equipped with an MCT/A detector. The

spectra were obtained with 64 scans at a resolution of 4 cm−1.
The sample mixture with KBr was pressed into a pellet at
8 MPa, and collected in the range of 400–4000 cm−1.

3. Results and discussion
3.1 Fractionation of waste lubricating oil

The waste lubricating oil was separated by vacuum distillation;
the appearance of waste lubricating oil and its various fractions
are shown in Fig. 2. The color of waste lubricating oil is dark
brown. After distillation, the light fraction (below 300 °C) and
middle fraction (301–450 °C) exhibit a lighter color, while the
heavy fraction (above 450 °C) becomes darker in color. Their
physical properties are shown in Table 2. The results show that
the 301–450 °C fraction in the vacuum-distilled waste lubricating
oil constitutes 90% of the total oil, which is significantly higher
than the other distillate fractions (2% and 8%). On the other

Fig. 1 The flowchart of the hydrogenation process of waste lubricating oil.

Fig. 2 The appearance of waste lubricating oil and its various
fractions: (A) WLO, (B) <300 °C, (C) 301–450 °C, and (D) >450 °C.
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hands, the analysis results show that sulfur (S), nitrogen (N),
chlorine (Cl), and silicon (Si) in the waste lubricating oil are
rather high in the light distillation fraction (below 300 °C). The
acid value of this fraction is 2.5 mg KOH g−1, which is relatively
high and can cause significant corrosion to the catalyst and
equipment, making it an important factor affecting the catalyst's
lifespan. Therefore, this fraction is not suitable for use as a raw
material. On the other hand, the heavy distillation fraction
(above 450 °C) contains higher percentages of boron (B),
phosphorus (P), colloids and asphaltene. These substances can
severely affect the service life of the catalyst in the hydrogenation
process of waste lubricating oil.16,22–24 This fraction constitutes
only 8% of the total, which is a relatively small proportion, and
thus, it is not considered as a feedstock. Therefore, the middle
distillation fraction (301–450 °C) is used as the feedstock in this
manuscript.

3.2 Hydrogenation results

This paper compares the effects of the two-reactor and three-
reactor processes. The decolorization effect is a crucial indicator
for the high-value utilization of waste lubricating oil. Therefore,
the color comparison was conducted. A sample is collected and
analyzed weekly to assess and compare the hydrogenation
effects. The obtained products for the two-reactor process were
named as X1–X14 and Y1–Y14 for the three-reactor process,
respectively. Their performance is presented in Fig. 3, 4 and
Table 3. It is seen that the color of samples X1–X3 and Y1–Y7
was nearly colorless and transparent, with removal efficiencies

for sulfur (S), nitrogen (N), and chlorine (Cl) above 82.53%. This
indicates that the catalysts exhibited high activity in
hydrogenation and are efficient at the initial stage of the
reaction. The three-reactor hydrogenation technique exhibits a
pronounced improvement in efficacy over the conventional two-
reactor hydrogenation process.

Surprisingly, it was observed that the removal efficiency of
nitrogen was slightly lower than that of sulfur and chlorine,
likely because C–N bonds are more difficult to break under
the same reaction conditions.25,26 As the reaction progressed,
the product turned light yellow on the fourth week (X4) and
subsequently deepened in color, indicating a rapid decline in
catalyst activity. Unsurprisingly, the catalytic activities in the
two-reactor hydrogenation process deactivated rapidly, with
significant activity loss observed from sample X5. This
phenomenon has been validated during industrial
application processes.

For the three-reactor process, within 7 weeks, the sample
remained colorless and transparent. On the 8th week (Y8), a
light yellow color appeared in the sample, and subsequently,
the color deepened gradually but still lighter than that for
the two-reactor process. The duration of decolorization
maintenance and the depth of coloration indicate that the
lifespan of the three-stage hydrogenation process can be
prolonged at least twice that of the two-reactor process.
Notably, the removal efficiency of nitrogen decreased slowly,
even as the activities of hydrodesulfurization (HDS) and
hydrodechlorination (HDCl) declined rapidly in both the two-
reactor and three-reactor processes. This indicates that these
three reactions occur at different active centers.

The previous section investigates the feasibility of the high-
value utilization of waste lubricating oil through the
hydrogenation process under low pressure and high space
velocity conditions. The results indicate that the three-reactor
hydrogenation technology can significantly extend the catalyst's
lifespan. However, catalyst deactivation was still observed after
14 weeks of use, necessitating research into the primary causes
of catalyst deactivation, which would promote the development
of new catalysts and process improvements. Due to the relatively
high reaction temperatures in the main hydrogenation stage,
industrial applications have shown that catalyst deactivation
primarily occurs on the last catalyst. Therefore, this paper
focuses on the characterization and analysis of the last catalyst
to identify the primary causes of catalyst deactivation. The spent
catalysts were washed using toluene for 48 hours in a Soxhlet
extractor. The resulting catalysts were labeled A2 (the second
catalyst for the two-reactor process) and A3 (the third catalyst for
the three-reactor process). Subsequently, A2 and A3 were
calcined at 550 °C for 8 hours with a heating rate of 5 °C per
minute. The calcined catalysts were labeled AC2 and AC3,
respectively.

3.3 Reason of catalyst deactivation

3.3.1 Nitrogen adsorption–desorption isotherms. The
nitrogen adsorption–desorption isotherms of the catalysts are

Table 2 Properties of waste lubricating oil and each fraction

WLO <300 °C 301–450 °C >450 °C

Mass percentage % 2 90 8
Flash point °C 181 120 180 223
Kinematic viscosity@40 °C 20.4 15.3 20.3 25.3
Kinematic viscosity@100 °C 3.69 1.33 3.68 3.68
Copper corrosion
(100 °C h−1)

3.5 8 3 3

Color (ASTM) 8.9 7.2 8.5 10.6
Density 0.865 0.815 0.864 0.877
Gum 3 2.5 3.1 4.1
Water content (%) 1.3 6.1 0.1 0.1
Acidity (mg KOH g−1) 1.7 2.5 1.6 1.5

Elemental analysis (wt%)

C 85.66 85.12 85.65 86.32
H 12.73 12.85 12.74 12.32
O 0.56 0.59 0.55 0.56

Element contents (ppm)

S 1210 2105 1205 1011
N 620 965 612 586
Cl 669 1520 652 638
B 15.9 8.9 15.2 25.3
P 2.7 1.8 2.4 6.8
Ca 3.8 1.5 3.5 8.2
Zn 0.2 0.1 0.2 0.6
Si 66.5 88.9 65.2 45.6
Fe 4 3.1 3.5 9.5
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given in Fig. 5(A). All samples show distinct IV isotherms with
H1-type hysteresis loops, which are typical for mesoporous
materials. Isotherms of the spent catalysts (A2 and A3) show
that lower adsorption capacity can be accounted for the decline

of the surface area of the catalysts. The values of the structure
parameters of the catalysts are given in Table 4. The specific
surface area, pore volume and average pore size of the fresh
catalyst is 183 m2 g−1, 0.48 cm3 g−1 and 7.9 nm, respectively. For
the two-reactor and three-reactor processes, the specific surface
area of the deactivated catalysts decreased to 57 and 67 m2 g−1,

Fig. 3 Photographs of the products.

Fig. 4 Results of the catalytic test: removal efficiency of S, N and Cl.

Table 3 The variations of the removal efficiency of sulfur, chlorine, and
nitrogen

Sample
S
con%

N
con%

Cl
con% Sample

S
con%

N
con%

Cl
con%

X1 97.23 83.77 98.12 Y1 97.93 90.55 95.71
X2 97.21 83.21 96.23 Y2 97.84 90.22 95.40
X3 96.51 82.53 95.12 Y3 97.51 90.06 95.09
X4 90.21 82.10 91.12 Y4 97.43 89.92 95.25
X5 85.53 80.81 87.11 Y5 97.26 89.59 94.33
X6 70.60 78.51 80.55 Y6 97.26 88.93 93.71
X7 42.50 73.12 55.12 Y7 95.52 88.79 91.56
X8 25.11 65.51 30.12 Y8 93.94 87.50 90.49
X9 11.14 51.23 16.15 Y9 90.27 85.96 87.42
X10 6.52 33.12 9.10 Y10 84.88 83.52 85.58
X11 3.12 16.23 4.22 Y11 79.19 81.19 80.36
X12 2.25 7.51 2.30 Y12 71.70 78.54 74.57
X13 2.20 3.12 2.20 Y13 66.05 72.86 59.59
X14 2.00 3.00 1.00 Y14 51.56 67.33 48.69
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the pore volume decreased to 0.14 and 0.17 m3 g−1, and the
average pore size decreased to 4.8 and 6.2 nm, respectively. This
represents that a significant portion of the pores are
obstructed. It is speculated that the catalyst may have
experienced significant carbon deposition or inorganic
compound poisoning. Used catalysts (AC2 and AC3) were
calcined and further characterization analysis is carried out to
ascertain the exact cause. The specific surface area, the pore
volume and the average pore size of the deactivated catalysts
exhibit a slight increase, yet the values are significantly reduced
compared to those of the fresh catalyst. It can be inferred that
inorganic deposition poisoning is the predominant factor
leading to catalyst deactivation.

Pore size distribution curves for the fresh and spent
catalysts are presented in Fig. 5(B). The figure illustrates that
the catalysts possess a bimodal pore structure. It can be
observed that the mesopores of the two used catalysts have
significantly decreased, with an increased proportion of
micropores. This may be due to the accumulation of carbon
deposits and inorganic compound deposits within the pore
channels, causing the pore diameters to shrink. Notably, the
decrease in porosity and surface area is more pronounced in
the A2 catalyst than in the A3 catalyst, indicating more severe
blockage. While inorganic compound deposition over the
catalyst surface is typically responsible for such issues,27 the
spent catalysts (A2 and A3) showed no significant changes in

textural properties after being calcined at 550 °C, and their
activity did not recover after decarburization. Therefore, the
conclusion is that inorganic deposition poisoning is the
primary cause of catalyst deactivation, rendering the catalyst
non-regenerable due to the inorganic deposition poisoning.

3.3.2 CHNS elemental analysis. The CHNS analysis (EA)
results for the fresh and spent catalysts are presented in
Table 5. The data show negligible carbon content on the
fresh catalyst, which is in agreement with the fact that no
carbon source was introduced during the preparation
process. For the spent catalysts (A2 and A3), there is an
observed increase in carbon content and a significant
reduction after calcination (AC2 and AC3). Notably, A2 and
A3 have similar amounts of residual carbon. However, the
surface area of the A2 catalyst is significantly lower, further
confirming that carbon is not the primary reason causing
surface blockage in the used catalysts.

3.3.3 XPS. To investigate the species deposited on the
spent catalysts, XPS experiments were performed (Fig. 6). The
XPS data obtained from the decomposition of the spectra are
provided in Table 6. The survey spectrum of the fresh catalyst
shows the presence of Mo, Ni, and Al. However, three new
peaks appear at BE = 190 eV, BE = 151 eV, and BE = 97 eV in
the spectra of A2 and A3, corresponding to B 1s, Si 2s, and Si
2p, respectively.

The data in Table 6 reveal that the silicon (Si) content
increased from 1.53% in the fresh catalyst to 34.5% in A2 and

Fig. 5 N2 adsorption–desorption isotherms (A) and pore size distribution curves (B) calculated from adsorption branches of the fresh catalyst, A2,
A3, AC2 and AC3.

Table 4 The surface area and pore structure of the fresh catalyst, A2,
A3, AC2 and AC3

Samples
BET surface area
(m2 g−1)

Pore volume
(cm3 g−1)

Average pore size
(nm)

Fresh catalyst 183 0.48 7.9
A2 57 0.14 4.8
A3 67 0.17 6.2
AC2 63 0.17 6.2
AC3 72 0.20 6.9

Table 5 CHNS analysis of the fresh catalyst and spent catalyst

Sample C H N S

Fresh catalysts 0.02 1.0 0.01 3.39
A2 5.25 1.28 0.33 6.32
A3 6.51 1.49 0.29 6.57
AC2 0.21 1.1 0.01 0.21
AC3 0.34 1.1 0 0.42
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22.71% in A3. Similarly, the boron (B) content increased to
19.25% in A2 and 15.15% in A3, while no boron was detected in

the fresh catalyst. It should be noted that the contents of Si and
B did not change after calcination at 550 °C. These results align
well with the BET data, suggesting that the inorganic elements
are Si and B. And the deposition of Si and B led to the
deactivation of the catalysts. Due to the presence of a protective
agent in the second reactor, the amount of Si deposition on the
A3 catalyst was significantly reduced, which enhanced the
hydrogenation efficiency and prolonged the service life of the
three-reactor hydrogenation process.

3.3.4 SEM-EDS element mapping. The SEM-EDS analysis of
the catalysts is shown in Fig. 7. The composition profile was
measured on flat surfaces of pellets cut radially to display the
content of different elements from the border to the center of
the pellets. For the A2 catalyst (Fig. 7A), the cross-section is
covered with silicon, and the outer surface is covered with
carbon. The A3 catalyst (Fig. 7B) exhibited a similar pattern, but
A2 had a higher silicon content. Intriguingly, the distribution of
silicon over the cross-section of A3 presents a circular structure,
with a large amount of silicon accumulating primarily on the
outer surface. This indicates that silicon covers only part of A3,
consistent with the XPS results, showing less silicon in A3
compared to A2. The hydrogenation desilication reaction
proceeds more facilely, initially involving silicon deposition on
the external surface of the catalyst. Subsequently, as the activity
of the external surface catalyst diminishes, silicon deposits
gradually migrate into the pore channels. This phenomenon can
be attributed to the presence of a protective agent in the second
reactor, resulting in lower Si and B contents in A3.

It is shown in the literature28 that adsorption of silicon-
containing compounds occurs in close proximity to sulfide
active component particles. Therefore, the large molecules
(such as sulfur containing compounds, nitrogenous
containing compounds, polycyclic aromatic hydrocarbon,
etc.) from waste lubricating oil are limited by steric
hindrance, leading to catalyst deactivation. In our case, the
same situation signifies that Si and B deposition over the
catalyst surface was the important cause of catalyst

Fig. 6 XPS survey spectrum of the fresh catalyst, A2, A3, AC2 and AC3.

Table 6 XPS data of the element content of the fresh catalyst, A2, A3,
AC2 and AC3

Element

Atomic proportion

A2 AC2 A3 AC3 Fresh cat

Mo 4.62 4.36 3.54 3.15 7.40
Fe 0.52 0 1.03 0.3 0
Ni 0.1 0.33 1.78 0.5 1.00
Al 33.1 36.96 36.52 46.9 78.51
Si 34.5 31.02 22.71 21.05 1.53
As 0.9 0 4.92 0 0.42
P 2.24 7.99 10.82 5.57 7.57
S 4.76 3.04 3.41 4.48 2.48
B 19.25 15.57 15.15 14.91 0
W 0 0.76 0.12 0.6 1.13

Fig. 7 SEM-EDS element mapping of A2 (A) and A3 (B) (distribution of Mo, Ni, C, Fe, Al, P, B and Si on the catalysts).

Reaction Chemistry & Engineering Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

4:
00

:4
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4re00323c


3264 | React. Chem. Eng., 2024, 9, 3257–3266 This journal is © The Royal Society of Chemistry 2024

deactivation. More importantly, this finding helps explain the
shorter lifespan of the two-reactor process and provides
guidance on how to prolong catalyst life in the future.

3.3.5 ICP. To obtain more detailed information about the
sample compositions, ICP experiments were conducted. As
shown in Table 7, the fresh catalyst contained only 0.04%
boron (B) and 0.08% silicon (Si). For the spent catalysts, the
main elements aluminum (Al), molybdenum (Mo), and nickel
(Ni) remained consistent with those in the fresh catalyst,
ruling out the loss of active components as a cause of catalyst
deactivation. However, the content of boron and silicon
increased significantly in the spent catalysts, reaching 3.10%
B in A2, 2.50% B in A3, 1.14% Si in A2, and 0.71% Si in A3.
The total content of Si and B in A2 is much more than that
in A3, which is supported by SEM-EDS of A2 and A3 (Fig. 7).

3.3.6 FT-IR. The FT-IR spectra of the catalysts are shown
in Fig. 8. For the fresh catalyst, a typical absorption band is
observed in the 1000–400 cm−1 region, attributed to Al–O
vibrations in the bulk structure.29,30 The broadness of the

bands in the alumina indicates disorder in the defective
spinel-type phase. Two broad absorption bands centered at
878 cm−1 and 608 cm−1 are assigned to tetrahedral and
octahedral aluminum, respectively.31 However, the intensity
of these bands diminishes and almost disappears in the
spent catalysts A2 and A3, likely due to impurities covering
the support.

After calcination, the coke covering the alumina surface is
gradually removed, but the typical Al2O3 absorption bands do
not return to the levels seen in the fresh catalyst. Fortunately,
the absorption bands of other impurities appear gradually.
The shoulder peak at 1406 cm−1 in AC2 and AC3 is ascribed
to the vibration absorption peak of B–O–B, confirming the
presence of boron compounds.32 Additionally, three bands
centered at 1093, 801, and 466 cm−1 emerge in the AC2
catalyst, corresponding to the asymmetric stretching,
symmetric stretching, and bending modes of Si–O–Si,
respectively.33,34 These bands were not observed in the spent
catalysts (A2 and A3), likely due to coke accumulation.

It is well known that HDN conversion is independent of
catalyst composition but dependent on Brønsted acid sites
(BASs).35 The hydrogenolysis reactions of nitrogen-containing
compounds from waste lubricating oil require planar
π-adsorption with the BAS in the catalysts.36 Interestingly,
previous reports indicate that BASs form when Si is adsorbed
on Al2O3.

37 In our case (Fig. 8), a peak at 910 cm−1

characteristic of Si–O–Al vibration was observed, indicating
the formation of BASs on the catalyst surface. Additionally,
silicon occupies the hydroxyl positions on Al2O3, hindering
the adsorption of chlorine and reducing catalyst activity.
Consequently, the transformation of nitrogen-containing
compounds becomes easier compared to sulfur-containing
compounds, which helps explain the faster decline in
desulfurization rate accompanied by catalyst deactivation.38

3.4 ICP results of the products

The ICP data are shown in Table 8. For the first product, the
removal efficiency of silicon (Si) reached 98.4%. However, it
is evident that this conversion rate declines as the reaction
progresses. This trend is likely similar for other elements
newly accumulated in the spent catalysts, such as boron (B)
and calcium (Ca).

4. Conclusions

This study investigates the hydrogenation effects of a two-
reactor and a three-reactor process for waste lubricating oil.

Table 7 ICP results of the fresh catalysts and spent catalysts

Sample B% As% Si% P% Ni% Co% Mo% Al%

A2 3.10 0.14 1.14 3.75 2.21 2.60 7.51 41.55
A3 2.50 0.01 0.71 2.86 2.31 2.61 9.84 41.66
Fresh catalyst 0.04 0.01 0.08 2.47 2.44 2.75 8.60 43.17

Fig. 8 FT-IR spectra of the fresh catalysts and spent catalysts.

Table 8 The changes of the element content after hydrotreating by ICP analysis

WLO Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10 Y11 Y12 Y13 Y14

Si 65.2 1 1.6 2.1 2.3 2.9 3 4.7 5.1 7.6 11.3 22.5 29.6 36.2 44.1
Ca 3.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.4 0.6 0.9 1.2
Fe 3.5 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.8 2.3
B 15.2 0.2 0.2 0.2 0.3 0.2 0.2 0.3 0.3 0.4 1.9 4.3 8.7 10.5 12.6
P 2.4 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 0.5 0.9
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The research indicates that the three-reactor process exhibits
superior hydrogenation efficiency; the removal efficiencies of
sulfur (S), nitrogen (N), and chlorine (Cl) remained above
80% for 10 weeks, compared to just 4 weeks for the two-
reactor hydrogenation process and the decoloration effect
increased from 3 to 7 weeks. This suggests that the three-
reactor process is more suitable for the high-value utilization
of waste lubricating oil. An in-depth investigation into the
deactivation mechanisms of the catalysts in both processes
reveals that pore blockage is the primary cause of catalyst
deactivation. Carbon deposits can be removed through
calcination, whereas Si and B cannot be regenerated by
calcination, resulting in permanent deactivation due to the
coverage of active sites and pore blockage by these inorganic
species. The protective agent used in the three-reactor
process effectively removes these inorganic deposits, thereby
safeguarding the main hydrogenation catalyst. This research
provides significant insights into the high-value utilization of
waste lubricating oil.
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