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a b s t r a c t

A series of model catalysts were obtained by treating commercial fresh and spent catalysts unloaded
from the factory with different methods, including green oil dipping, extraction and high-temperature
regeneration; finally, the deactivation behavior of the commercial catalyst for acetylene hydrogenation
were studied. The influence of various possible deactivation factors on the catalytic performance was
elucidated via detailed structural characterization, surface composition analysis, and activity evaluation.
The results showed that green oil, carbon deposit and sintering of active metal were the main reasons for
deactivation, among which green oil and carbon deposit led to rapid deactivation, while the activity
could be recovered after regeneration by high-temperature calcination. The sintering of active metal
components was attributed to the high-temperature regeneration in hydrothermal conditions, which
was slow but irreversible and accounted for permanent deactivation. Thus, optimizing the regeneration
is expected to extend the service life of the commercial catalyst.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

As an important chemical raw material, ethylene is widely used
in the production of a variety of high-value-added polyolefin
products and is known as the cornerstone of the modern chemical
industry. Generally, ethylene is produced by naphtha cracking in
industry. However, the obtained ethylene inevitably contains some
acetylene (about 0.3e3 v%) (Zhou et al., 2022); which can poison
the Ziegler-Natta ethylene polymerization catalyst (Ru, 2021) and
lead to a decrease in catalyst performance. To ensure the poly-
merization proceeds smoothly, the content of acetylene needs to be
lower than 1 ppm (Wu et al., 2019), so it is necessary to take
effective methods to eliminate the contaminating acetylene in
ethylene (Hu et al., 2021; Huang et al., 2018; Li et al., 2019a; Wang
et al., 2018; Chen et al., 2022a). Hence, it is necessary to take
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effective methods to eliminate acetylene. Selective hydrogenation
of acetylene to ethylene is generally adopted in the industry. At
present, commercial acetylene hydrogenation catalysts (also
known as C2 selective hydrogenation catalysts) are alumina-
supported Pd catalysts (Chen et al., 2022b; Hou et al., 2023; Liu
et al., 2022; Ru, 2021; Tan et al., 2023; Yang et al., 2021; Zhang
et al., 2022). Among them, PdeAg bimetallic catalyst is the most
widely used (Zhang et al., 2018). Although the PdeAg catalyst ex-
hibits good activity and selectivity, it is prone to inactivation (Guo
et al., 2021; Huang and Chen, 2022; Li et al., 2019b; Melnikov
et al., 2020; M�endez et al., 2021; Qi et al., 2021; Rassolov et al.,
2020; Zhou et al., 2020). In order to obtain a long-lifetime cata-
lyst, it is important to conduct a detailed study about the deacti-
vation of the catalyst (Ren et al., 2021; Shi et al., 2022a, b, c, d, e).

Many researchers have devoted themselves to the deactivation
of C2 catalysts (Hansen et al., 2013; Ma et al., 2020; Forzatti and
Lietti, 1999; Kim et al., 2003). It reveals that acetylene tends to
polymerize to form green oil (Zhou et al., 2022; Huang and Chen,
2022; Zhang et al., 2016). Green oil is a kind of liquid
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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hydrocarbon with complicated compositions, which accumulates
in the pore and on the surface of the catalyst, covering the active
center and resulting in the deactivation of the catalyst (Borodzi�nski
and Bond, 2006; Huang and Chen, 2022; L�opez and Vargas-Fuentes,
2012; Yang et al., 2013). Sarkany et al. (1984) stated that green oil
covered the active sites of the catalyst and thereby decreased the
activity. But it had little influence on product distribution. Wang
(1995) concluded that the deposited green oil blocked the pore of
the catalyst, which was an essential reason for the deactivation of
the catalyst. Abdulrasheed et al. (2019) claimed that carbon deposit
was an important factor in catalyst deactivation. Carbon deposits
can not only cover the catalyst surface and the activemetal sites but
also form filamentous carbon species, which accumulate in catalyst
pores, resulting in catalyst rupture and abrasion, reactor blockage,
and activity decay. Tan et al. (2009) also stated that the formation of
coke was the main cause of catalyst deactivation.

Sintering of active metal components is another important
factor, leading to catalyst deactivation (Tan et al., 2009; Zhou et al.,
2022). Forzatti and Lietti (1999) stated that sintering reduced the
active metal-specific surface area and the number of active sites,
leading to the deactivation of the catalyst. Zhang et al. (2017)
investigated the relationship between green oil and catalyst activ-
ity using the spent catalysts at varying times on stream. They found
that green oil only led to the temporary deactivation of the catalyst,
while the sintering of Pd particles and loss of Ag were the main
reasons for the permanent deactivation. Kim et al. (2003) pointed
out that the sintering of Pd particles occurred during catalyst
burning in the air during repeated cycles, which caused the deac-
tivation of the catalyst. Hansen et al. (2013) divided the sintering
process into three phases. Phase I involves a rapid loss in catalyst
activity (or surface area), then sintering slows down in Phase II, and
finally, the catalyst may reach a stable performance in Phase III.

Previous studies on the deactivation of PdeAg catalysts give
many clues for the research and development of C2 catalysts.
However, most of these studies were based on laboratory catalysts
in micro-reactors (Che et al., 2020; Dehghani et al., 2019; Glyzdova
et al., 2020a, b, 2021; Gonçalves et al., 2020; Ravindran et al., 2023;
Wang et al., 2020). Due to the differences in operating conditions
between the plant and the laboratory, this work is based on eval-
uating a commercial catalyst on an industrial scale, which holds the
promise for understanding deactivation in large-scale operations.
This will guide the development of new catalysts and the
Fig. 1. The relationships among model catalysts with the cor
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optimization of production processes. In this study, the deactivate
behavior of the catalyst was studied in detail using the fresh
commercial catalyst, the industrial spent catalyst, and a series of
derived model catalysts, aiming to develop long-lifetime catalysts.

2. Experimental

2.1. Model catalysts

The used catalyst is commercially available. In this study, the
fresh catalyst is denoted as Cat-1, and the spent catalyst is denoted
as Cat-2. Cat-2, regenerated at high temperatures for many cycles,
was permanently deactivated and unloaded from an industrial
plant. Cat-3was obtained by fully dipping the fresh catalyst Cat-1 in
green oil from an industrial plant, which was only affected by green
oil. Cat-4 was obtained by fully extracting green oil deposited in
Cat-3 by a Soxhlet extractor with cyclohexane as solvent. The green
oil accumulated in Cat-2 was fully extracted by Soxhlet extractor
with toluene as solvent, and the obtained catalyst was denoted as
Cat-5. Spent catalyst Cat-2 was calcined in the air at 500 �C for 4 h
to remove green oil and carbon deposit completely, and the ob-
tained catalyst was denoted as Cat-6. Catalyst Cat-7 was obtained
by regenerating Cat-2 at industrial regeneration conditions (calci-
nation at 500 �C in the air& steam) with a prolonged hydrothermal
treating time of 48 h. The model catalysts, corresponding treat-
ments, the main influencing factors and the relationships among
them are shown in Fig. 1.

2.2. Catalytic performance

Catalytic evaluations were performed in a continuous flow
fixed-bedmicroreactor. 0.75 g catalyst was loaded in the isothermal
zone. Prior to the reaction, the catalyst was in-situ activated by
99.999% H2 at 120 �C for 4 h at the gas hourly space velocity (GHSV)
of 960 h�1. After activation, the systemwas cooled down to 50 �C in
the reducing gas flow, and then the inlet gas was switched to feed
gas with the composition of 0.5 vol% acetylene, 0.7 vol% hydrogen,
6 vol% ethane, and 93.5 vol% ethylene. Usually, the catalytic reaction
in the industrial scale is taken to ensure 100% of acetylene con-
version, and the effect of the small amount of ethane produced by
excess hydrogenation can be neglected. Therefore, under industrial
working conditions, it is difficult to discriminate the catalytic
responding treatments and the main influencing factors.



Fig. 2. (a) Photos of Cat-1 and Cat-2, (b) XRD patterns of Cat-1 and Cat-2.
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activity change of the catalyst samples after different treatments. In
order to enhance the performance difference between the series of
catalyst samples, the evaluation was conducted at an enlarged
GHSV, and the working condition is as follows: 1.5 MPa, GHSV
6000 h�1, at a temperature of 50, 60, 70, 80, 90 �C. The tail gas was
analyzed by online gas chromatography. Acetylene conversion and
catalytic selectivity were calculated by Eqs. (1) and (2), as follows:
Fig. 3. TG profiles of fresh catalyst Cat-1 in (a) air atmosphere and (b) nitrogen atmosphere
nitrogen atmosphere.
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Conversion¼CAcetylene;feed gas � CAcetylene;feed gas

CAcetylene;feed gas
� 100% (1)

Selectivity¼ CEthylene;product � CEthylene;feed gas

CAcetylene;feed gas � CAcetylene;feed gas
� 100% (2)
, TG profiles and differential curve of spent catalyst Cat-2 in (c) air atmosphere and (d)



Fig. 4. (a) GC-MS of green oil, (b) GC-MS of toluene extracts, (c) FTIR spectrum of Cat-2
taking Cat-1 as the background.
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2.3. Structural characterization

Powder X-ray diffraction (XRD) patterns were recorded on
Bruker D8 Advance diffractometer with a copper target at 40 kV,
40 mA, with a scanning angle of 5�e80� and scanning speed of 5�/
min. The N2-adsorption analysis was conducted on the Micro-
meritics ASAP 2460 physical adsorption instrument at�196 �C. The
specific surface area (SBET) was calculated according to the
Brunauer-Emmett-Teller (BET) method. The pore size was calcu-
lated by Barrett-Joyner-Halenda (BJH) method. The contents of Pd
and Ag were determined on Shimadzu inductively coupled plasma
atomic emission spectrometer (ICP-AES9820). For better compari-
son, Cat-2 was regenerated by calcination at 500 �C to remove
carbon deposit before the ICP test. The sample was digested with
phosphoric acid-sulfuric acid with a molar ratio of 1:1. Micro-
structures of the samples were analyzed by FEI Talos F200X field
emission high-resolution electron microscope with acceleration
voltage 200 kV. High-angle annular dark field (HAADF) image and
micro-area element distribution surface scan analysis (STEM-
Mapping) were conducted on the same instrument. The sample
was obtained by scraping the surface of catalyst particles and then
dispersed ultrasonically in ethanol. Thermal analysis was carried
out on Netzsch STA449 thermal analyzer from room temperature to
1100 �C with a heating rate of 10 �C/min. GC-MS analysis was
conducted on ThermoFisher TRACE1300þISQ7000 GC-MS. The
sample was diluted with dichloromethane for sampling. The
retention time was calibrated with the retention time of dichloro-
methane solvent of 3.6e3.7 min. XPS measurements were per-
formed on a Thermo Fisher K-Aepra ESCA X-ray photoelectron
spectrometer with Al Ka ray as the excitation source, and the
binding energy was calibrated by C1s peak with the binding energy
of 284.6 eV.

3. Results and discussion

3.1. Bulk structure analysis

XRD patterns of fresh catalyst Cat-1 and spent catalyst Cat-2 are
shown in Fig. 2(b). Both catalysts exhibit similar patterns with
characteristic diffraction peaks at 25.58�, 35.15�, 37.78�, 43.36�,
52.56�, 57.51�, 66.52�, 68.21� and 76.89�, and 16.22�, 19.59�, 31.21�,
31.61�, 31.70�, 32.78�, 36.68�, 38.88�, 40.05�, 44.80�, 47.59�, 59.90�,
63.93�, 67.42� and 67.57�, corresponding to a-Al2O3 (PDF 78-2462)
and q-Al2O3 (PDF 86-1410), indicating that both a-Al2O3 and q-
Al2O3 exist in the two catalysts and no observed phase change
during the reaction. However, the presence of carbon deposit had
some impact so that the XRD pattern intensity of Cat-2 slightly
decreased compared to Cat-1. No obvious diffraction patterns are
detected for Pd and Ag species, meaning a good dispersion of active
metals even for spent catalyst Cat-2; this will be confirmed by TEM
results with their average PdAg crystal size of 4 nm. Meanwhile, no
apparent fragmentation or pulverization of catalyst particles is
observed when the catalyst is unloaded in the plant (Fig. 2(a)),
indicating that the fragmentation of catalyst particles and reactor
blockage are not the reasons for the deactivation.

3.2. Carbon deposit analysis

Carbon deposit on the catalyst surface is an important cause of
deactivation, so the carbon contents of Cat-1 and Cat-2 are analyzed
with a carbon & sulfur analyzer. Cat-1 contains little carbon, while
the carbon content of Cat-2 is as high as 13.76 wt%, indicating that
1408
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the carbon deposit is severe during operation. During the reaction,
acetylene will be polymerized to form liquid hydrocarbon mixtures
called ‘green oil’ with various chain lengths and complicated
compositions (Sarkany et al., 1984; Forzatti and Lietti, 1999; Huang
and Chen, 2022; Zhang et al., 2016; Zhou et al., 2020) and the ‘green
oil’ is the primary source of carbon deposit. Because of the large
amount of green oil produced during the reaction, a green oil col-
lecting tank is usually installed behind the reactor in an industrial
plant to reduce the influence of green oil on the catalyst.

The deposited green oil, especially the long-chain components,
can be further dehydrogenated and coked to form carbon deposits.
It means that the carbonaceous material in the spent catalyst
contains both green oil and carbon deposits. In order to obtain the
information of green oil and carbon deposits, thermal analysis of
Cat-1 and Cat-2 is conducted under air and nitrogen, respectively,
and the results are shown in Fig. 3. Cat-1 has no noticeable weight
loss in either air or nitrogen atmosphere (Fig. 3(a), (b)). In contrast
to Cat-1, when Cat-2 is heated in an air atmosphere, a typical three-
stage weight loss is observed (Abdulrasheed et al., 2019; Hansen
et al., 2013; Forzatti and Lietti, 1999; Zhang et al., 2016) with
peaks at 248.5, 342.5 and 456.3 �C (Fig. 3(c)). The first and second
stages were mainly attributed to the vaporization of water and
combustion of light green oil, while the third stage is mainly
attributed to the combustion of heavy green oil and carbon de-
posits. No weight loss is observed from 456.3 to 1100 �C, indicating
that water and carbonaceous materials in Cat-2 had been removed
completely. In the N2 atmosphere, Cat-2 also shows an apparent
weight loss, peaking at ca. 423.4 �Cwith a small shoulder at 187.6 �C
(Fig. 3(d)). Because combustion does not occur in the absence of
oxygen, and the green oil and carbon deposits are removed through
thermal decomposition and vaporization, the decomposition is not
as complete as that in the air condition.

GC-MS analysis results of green oil (Fig. 4(a)) show that the
green oil from the plant is mainly composed of alkanes and alkenes
in the range of C4eC26 (Huang and Chen, 2022). This means that the
boiling point of each component of green oil is below 420 �C,
indicating that the weight loss in the nitrogen atmosphere
(Fig. 3(d)) is mainly due to the vaporization and decomposition of
green oil. The results also indirectly indicate that the multi-stage
weight loss of Cat-2 in the air is caused by the combustion of
green oil and carbon deposits.

In order to further explore the information of deposits on Cat-2,
toluene has been used for the Soxhlet extraction, and the toluene
extract has been analyzed by GC-MS, as shown in Fig. 4(a), the
presence of coking substances, including ethylbenzene, dimethyl-
benzene, pentanoic acid, propionic acid, dimethyl-cyclohexane,
and cyclooctene. Meanwhile, the FTIR test of the spent catalyst
has been taken with the fresh catalyst Cat-1 as the background, as
shown in Fig. 4(c). Peaks at 1450 and 1640 cm�1 are associated with
the stretching vibration of the phenyl ring (Wang et al., 2022).
Peaks at 1550, 1568, and 1610 cm�1 are attributed to the stretching
vibration of theeCOO group, indicating the formation of carboxylic
acids (Wang et al., 2020). Peaks at 2855 and 2928 cm�1 correspond
to the stretching vibration of methyl groups (Wang et al., 2020). The
Table 1
Metal content and textural properties of Cat-1 and Cat-2.

Sample Ag, wt% Pd, wt% SBET, m2/g

Cat-1 0.039 0.023 32
Cat-2 0.039 0.022 18
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peak at 1728 cm�1 corresponds to the stretching vibration of qui-
nones (Wang et al., 2022). These results further confirm the for-
mation of alkanes and aromatic compounds, which may be
attributed to the polymerization of ethylene and aromatization
processes.

3.3. Active metal analysis

Table 1 lists the contents of active metals Pd and Ag in Cat-1 and
Cat-2. The results show that the metal content of Cat-1 and Cat-2 is
approximately the same, indicating no noticeable loss of active
metal components during the reaction. The loss of Ag is considered
important for the permanent catalyst deactivation in previous re-
ports (Zhang et al., 2017). However, no loss of active metal com-
ponents has been observed from the ICP results in Table 1.

The surface elemental composition and active metal valence
state of Cat-1 and Cat-2 are tested by XPS and shown in Fig. 5. From
the full XPS spectra of the fresh and spent catalyst (Fig. 5(a)), the
surface C content in spent catalyst Cat-2 is significantly higher than
that of fresh catalyst Cat-1, which shows the same trends with the
bulk carbon content by a carbon analyzer. The difference in carbon
content tested by XPS and carbon analyzer is the surface and bulky
carbon content, respectively. Nevertheless, the higher carbon con-
tent in Cat-2, as comparedwith Cat-1, indicates that a large number
of carbonaceous materials were deposited on the surface of the
spent catalyst, which is consistent with the results of the ther-
mogravimetric analysis.

The Ag 3d and Pd 3d spectra (Fig. 5(b), (c)) show peaks attrib-
uted to metal Pd and Ag both appear in fresh catalyst Cat-1, while
no peaks of Pd and Ag can be observed on the surface of Cat-2. The
disappearance of Pd 3d and Ag 3d peaks may be due to the exis-
tence of a large number of deposited carbonaceousmaterials on the
catalyst surface, covering the active metal sites (Sarkany et al.,
1984). Meanwhile, the uneven distribution of metals caused by
sintering cannot be ruled out. Thus, the surface metal species on
Cat-2 are challenging to detect by XPS. It is worth noting that the
binding energy of Ag3d5/2 in Cat-1 is 367.6 eV, which is slightly
smaller than 368.2 eV of elemental Ag (Fig. 5(b)); meanwhile, the
binding energy of Pd 3d5/2 is 336.3 eV (Fig. 5(c)), which is slightly
larger than 335.8 eV of elemental Pd, indicating that the active
metals exist in the form of PdeAg alloy clusters or alloy nano-
particles (Pt�a�cek and Bastl, 1990).

3.4. Textural properties

The textural properties of fresh and spent catalysts are compiled
in Table 1. Compared with fresh catalyst Cat-1, the specific surface
area (SBET) and pore volume of spent catalyst Cat-2 decrease while
the average pore size increases. This decrease in SBET and pore
volume and increase in average pore size can be explained by the
existence of carbon deposits blocking the micropores of the cata-
lyst. This is also an essential reason for catalyst deactivation (van
Vegten et al., 2009). As shown above, no phase change appears
between fresh and spent catalysts from the XRD results, and no
Pore volume, cm3/g Average pore diameter, nm

0.15 21.1
0.12 30.7



Fig. 5. (a) Full, (b) Ag 3d, (c) Pd 3d XPS spectra of fresh catalyst Cat-1 and spent
catalyst Cat-2.
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fragmentation of catalyst particles (Fig. 2(a)) and no active metal
loss can be observed in Table 1; therefore, the decrease in SBET and
pore volume of spent catalyst can be attributed to carbon deposit
on the surface, and the increase in the average pore size of Cat-2
indicates that the carbon deposits mainly block the small pores
(Forzatti and Lietti, 1999).

3.5. Microstructural analysis

Scanning transmission electron microscopy (STEM) combined
with high-angle annular dark field imaging (HAADF), can easily
show the metal particles with a higher atomic number than the
element Al in the support. Hence, they are widely used in the study
of supported precious metal catalysts (Akita et al., 2010; He et al.,
2022; Huang et al., 2022), especially for very fine nanoparticles
which are difficult to be observed by transmission electron mi-
croscopy (TEM). Due to the high dispersion of active metals and the
small size of metal nanoparticles of the acetylene hydrogenation
catalyst, the active metal particles can hardly be observed by TEM
(Zhang et al., 2017; Liu et al., 2017). Therefore, STEM-HAADF is used
to analyze the dispersion of active metal particles, as shown in
Fig. 6. For precise analysis, more than 100 nanoparticles in several
STEM images have been included in the static analysis of average
particle size. It was found that the nanoparticles of the active
metals in Cat-1 are distributed very uniformly (Fig. 6(a)) with an
average particle size of about 2.80 ± 0.07 nm (Fig. 6(b)), indicating
that the active metals in Cat-1 have excellent dispersion. HRTEM
shows lattice spacing of 0.23 nm of metal nanoparticles (Fig. 6(c)),
which is between the spacing of Ag (111) of 0.2359 nm
(PDF#040783) and the spacing of Pd (111) of 0.2246 nm (PDF#46-
1043), indicating that Ag and Pd form PdeAg alloy nanoparticles
(Huang et al., 1998; Zhang et al., 2000), which is consistent with the
results of XPS. The uniformity of metal nanoparticles in Cat-2 be-
comes significantly worse (Fig. 6(d)). The average particle size is
increased to about 4.30 ± 0.26 nm (Fig. 6(e)) with some particle
sizes of 10 nm or even above 20 nm, and the metal sintering can be
observed. Although the catalyst particle size increases after deac-
tivation, the metal nanoparticles in Cat-2 still remain in the alloy
state, as indicated by the HRTEM result (Fig. 6(f)). STEM area
scanning element analysis (mapping) further confirms the PdeAg
alloy state of active metal nanoparticles (Fig. 7). STEM-mapping
shows that the distribution of Pd and Ag elements almost over-
lap, which proves the existence of PdeAg alloy (Huang et al., 1998;
Zhang et al., 2000). Pd and Ag are adjacent elements in the periodic
table, and they have similar atomic radii, and they both belong to
the face-centered cubic crystal type and are easy to form alloys. At
the same time, the binding energy of PdeAg (137 kJ/mol) is higher
than that of PdePd (100 kJ/mol), so PdeAg alloy has higher ther-
modynamic stability, which further ensures that Pd and Ag can
remain in the alloy state (Xia et al., 2013; Gong et al., 2020).

PdeAg alloy is generally regarded as the active center for the
selective hydrogenation of acetylene (Gong et al., 2020). The above
results show that the metal particles in Cat-1 and Cat-2 are in the
form of alloys, so the catalyst deactivation cannot be assigned to the
metal separation of Pd and Ag. However, the metal particle size in
Cat-2 is significantly larger than that of Cat-1, indicating that the
sintering of metal particles is an essential reason for deactivation.
The acetylene hydrogenation catalyst is used at a very low tem-
perature, and the industrial operating temperature keeps below
80 �C. Under such mild reaction conditions, the possibility of sin-
tering is very low. However, the catalyst must be regenerated
frequently at hydrothermal conditions up to 500 �C (Pachulski et al.,
1410
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2011; Wang, 1995) to remove green oil and carbon deposits.
Therefore, it is speculated that the sintering of metal nanoparticles
is caused by the high temperature and the hydrothermal condition
in the regeneration process. Usually, Pd particles are sintered at
above 600 �C on the surface of alumina. Whereas, under the
regeneration condition, due to the presence of water vapor and
green oil, Pd particles are sintered at 500 �C (Liu et al., 2005).
Meanwhile, the sintering temperature of nanoparticles will be
significantly lower than bulk metals.

3.6. Evaluation results of model catalysts

The characterization results show that green oil, carbon deposit
and sintering of metal particles might be the factors causing cata-
lyst deactivation. In order for the role of each factor in deactivation,
the catalytic performances of model catalysts with different influ-
encing factors (Fig. 1) are studied under the same conditions. The
evaluation results are shown in Fig. 8. The evaluation results of Cat-
1 (Fig. 8(a)) show that the acetylene conversion increases rapidly
with temperature and reaches almost 100% at 80 �C. However, the
too-high temperature will lead to over-hydrogenation of acetylene,
so the ethylene selectivity decreases at high temperatures. In in-
dustrial plants, low temperature is used at the early stage of the
reaction, and increase the temperature later to compensate for the
loss of activity. As shown in Fig. 8(a), it can be seen that Cat-2 has
Fig. 6. (a) STEM-HAADF image of fresh catalyst Cat-1, (b) HRTEM image of resh catalyst Cat
spent catalyst Cat-2, (e) HRTEM image of spent catalyst Cat-2, (f) particle size distribution
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significantly lower acetylene conversion and ethylene selectivity as
compared with Cat-1. Fig. 8(a) indicates that the Cat-2 has been
seriously deactivated, and it is impossible to improve the perfor-
mance by increasing the reaction temperature, which is a common
strategy used in the industry (Chen et al., 2022b; Liu et al., 2005;Ma
et al., 2020).

In order to elucidate the main reason for the deactivation,
compared with fresh catalyst Cat-1, Cat-3 after fully dipping fresh
catalyst Cat-1 in green oil, the acetylene conversion and ethylene
selectivity of Cat-3 decreases dramatically (Fig. 8(b)), although the
performance tends to improve with the increase of reaction tem-
perature, there is still a significant difference in performance.
However, the conversion of the catalyst Cat-4 recovers after further
removing green oil from Cat-3, which is almost the same as before
dipping green oil. The results suggest that green oil can reduce the
catalytic activity; however, the deactivation is reversible, and the
activity can recover after removing green oil (Fig. 8(b)). After the
removal of green oil from Cat-2, the activity of Cat-5 increased
obviously (Fig. 8(c)), indicating that the decrease in activity caused
by green oil is reversible.

In order to distinguish the effects of carbon deposit and metal
sintering, two methods are used to remove carbon deposits in Cat-
2, i.e., calcination at 500 �C in the air (Cat-6) and calcination at
500 �C in air & steam with a prolonged time of 48 h (Cat-7). The
performances of the corresponding model catalysts are shown in
-1, (c) particle size distribution of fresh catalyst Cat-1, (d) STEM-HAADF image of fresh
of spent catalyst Cat-2.



Fig. 7. HAADF images, distribution of Pd and Ag elements of (a) fresh catalyst Cat-1 and (b) spent catalyst Cat-2.
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Fig. 8(c). Compared with Cat-2, the activities of Cat-6 were greatly
improved, indicating that burning off carbon deposits is beneficial
for the recovery of catalyst performance. However, if calcined Cat-2
under steam & air at a prolonged time, a noticeable decrease in the
activity was observed, which might be attributed to the further
sintering of metal particles during calcination under steam (Ahn
et al., 2007; Liu et al., 2005) (Fig. 8(c)).

Based on the results of Fig. 8(a)e(c), it can be concluded that the
green oil and carbon deposit, which covers the active sites of cat-
alysts, triggers the decrease in reaction performance. However, the
deactivation is reversible. Metal sintering is the main reason for the
decrease in activity and ethylene selectivity and contributes much
to the permanent deactivation of the catalyst. Although the oper-
ating conditions industrially aremild and do not cause the sintering
of active metal particles, the catalyst needs to be frequently re-
generated under hydrothermal conditions up to 500 �C in the long-
term use of industrial plants (Pachulski et al., 2011; Liu et al., 2005).
A recurrent regeneration using oxygen-containing regeneration gas
may possibly be adopted to further remove green oil and carbon
deposits (Liu et al., 2005; Wang, 1995). The harsh conditions of
regeneration can lead to the sintering of metal particles, eventually,
the permanent deactivation of the catalyst. Therefore, high-
temperature hydrothermal regeneration and high-temperature
recurrent regeneration in an oxygen-containing atmosphere are
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the primary causes of catalyst deactivation. To enhance the catalyst
lifetime, it is necessary to optimize the catalyst regeneration pro-
cess and develop more moderate regeneration conditions.
4. Conclusions

The studies of fresh commercial catalysts and spent catalysts
unloaded from industrial plants show that the spent catalysts do
not show fragmentation and no apparent phase change from XRD
patterns of spent catalyst Cat-2, while the diffraction pattern in-
tensity of Cat-2 slightly decreases, compared with Cat-1. No PdAg
metals loss can be observed during the industrial operation. Green
oil accumulation, carbon deposit, a reduction in the specific surface
area of the support and the sintering of metal particles are the
causes of catalyst deactivation; however, the deactivation caused
by green oil and carbon deposit is reversible. However, the metal
sintering and noticeable reduction in surface area and pore volume
of the catalysts are important factors leading to a decrease in ac-
tivity and selectivity, finally resulting in the permanent deactiva-
tion of the catalyst. Since sintering originates from the high-
temperature hydrothermal regeneration process, optimizing the
regeneration process and developing mild regeneration conditions
are challenging to improve the catalyst lifetime further.



Fig. 8. Conversion and selectivity of (a) Cat-1 and Cat-2, (b) Cat-1 and Cat-3 (after
introducing green oil on Cat-1) & Cat-4 (further removal of green oil from Cat-3), (c)
Cat-2, Cat-5 (after toluene extraction of Cat-2), Cat-6 (calcination of Cat-2 at 500 �C for
4 h), and Cat-7 (Calcination of Cat-2 under steam & air at 500 �C for 48 h).
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