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ABSTRACT: Acetylene dimerization is necessary to the coal chemical industry for
producing monovinylacetylene, while the deactivation mechanism and regeneration of
catalysts have not been studied in detail, which is crucial to the design of high-efficiency
catalysts for acetylene dimerization. Herein, the deactivation mechanism and
regeneration methods of CuCl/activated carbon catalysts in gas−solid acetylene
dimerization were studied in detail. The catalysts with different reaction times were
analyzed by temperature-programmed desorption of ammonia (NH3-TPD), Fourier
transform infrared (FT-IR), thermogravimetry (TG), pyridine-FTIR, and X-ray
photoelectron spectroscopy (XPS) analyses. NH3-TPD results demonstrated that as
the time went on, the strong acid in the samples was enhanced, while the weak acid was
weakened. Similarly, pyridine-FTIR results indicated that both Brönsted and Lewis
acids in the samples were decreased. TG and XPS results showed that the reasons for
deactivation for acetylene dimerization in the gas−solid reaction were significantly
affected by coke deposition and the change of Cu valence. The more the content of
Cu+, the higher the acetylene conversion rate, implying that Cu+ may be the active center of the acetylene dimerization reaction.
Thus, removing carbon deposition through calcining and increasing the content of Cu+ was an effective way of regenerating the
catalyst. This work strengthened the understanding of the deactivation behavior and provides a practicable regeneration method for
the catalyst in gas−solid acetylene dimerization.

1. INTRODUCTION
The sources of acetylene will be cleaner, cheaper, and more
extensive, which is along with the continuous development of a
new technique for acetylene production by coal.1 In addition,
the price of petrochemical products remains high along with
the increasingly exhausted crude oil resources and the rising
price, creating a large profit space for downstream products of
the acetylene chemical industry. Monovinylacetylene (MVA)
as a downstream product of acetylene is an important fine
chemical intermediate. It is prepared by the acetylene
dimerization reaction and is widely used in the production of
many important chemical products.2 Consequently, acetylene
dimerization is a significant reaction to produce MVA.
In the 1930s, the Nieuwland catalyst was invented and

applied in industry. Owing to its convenient preparation,
safety, and inexpensiveness, the catalyst still has been used
until now. However, the catalyst has the disadvantages of low
conversion and selectivity, many byproducts, and poor
stability. Therefore, efforts were made to enhance the catalytic
activity and stability of the catalyst. Han and co-workers
reported that hydrochloric acid could restrain the production
of precipitates, but too much hydrion had a negative effect on
the reaction. It is beneficial for the life time of the catalyst and
acetylene conversion, as the pH of the catalyst was controlled
at 5.80−5.97 in the reaction process.3 Meanwhile, decorating
the catalyst with a ligand could strengthen the catalytic activity

and selectivity.4 Zhang et al. added various ligands to the
Nieuwland catalyst in the aqueous-phase system. The research
found the Nieuwland catalyst modified by the iminodiacetic
acid, risedronic acid, and nitrogen-containing carboxylic acid,
which could improve the reactivity and selectivity.5−7

Compared with the aqueous-phase reaction system, the
anhydrous catalyst had higher activity because the catalytic
ions in the anhydrous catalyst had higher electron density.8 Liu
et al. studied the effects of different solvents on catalytic
properties of acetylene dimerization. They pointed out that the
yield of MVA was the highest as dimethylformamide was the
solvent.9 They also prolonged the lifetime of the catalyst by
adjusting the acidity of the anhydrous catalytic system.10

Furthermore, Liu et al. discussed that Cu+ was transformed
into Cu2+ which led to the deactivation of the catalyst. In
addition, the Cu2+ could inhibit the transition from Cu+ to
Cu2+, further enhancing the reactivity and catalyst life.11
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Compared with the gas−liquid reaction system, the gas−
solid reaction system has the advantages of simple operation,
easy separation and recovery of catalysts, high mass transfer
rate, and so on. Li et al. used a CuCl/activated carbon (AC)
catalyst in the gas−solid reaction system.12 Subsequently, the
CuCl2 was added to the CuCl/AC catalyst for the reaction,
and the acetylene conversion could reach 70.0%.13 In recent
years, researchers have made great progress in the gas−solid
reaction system of acetylene dimerization, but the stability of
the CuCl/AC catalyst is still not meeting the needs of real
applications. Meanwhile, the deactivation mechanism of CuCl/
AC in gas−solid acetylene dimerization is not yet known, so it
is more than necessary that the catalysts are optimized for
better utilization.
Based on this, in this study, catalysts with different reaction

times were systematically discussed through many tests such as
temperature-programmed desorption of ammonia (NH3-
TPD), Fourier transform infrared (FT-IR), thermogravimetry
(TG), pyridine-FTIR, X-ray photoelectron spectroscopy
(XPS), and so on. This work attempts to explain clearly the
deactivation mechanism of CuCl/AC in gas−solid acetylene
dimerization. In addition, a practicable regeneration method
was also investigated in this work.

2. EXPERIMENTAL SECTION
2.1. Preparation of Catalysts. Catalysts were synthesized

following a reported procedure.13 Typically, 8.58 g of CuCl
(97 wt %, Shanghai Macklin Biochemical Co., Ltd) and 3.83 g
of ethanamine (98 wt %, Shanghai Macklin Biochemical Co.,
Ltd) were dissolved in the mixture (7 mL of DMF and 3 mL of
1, 4-dioxane, Shanghai Macklin Biochemical Co., Ltd) in a
nitrogen atmosphere, which was stirred for 30 min at 80 °C.
Then 5 g of coconut-shell AC (60−80 mesh, Tangshan United
Carbon Technology Co., Ltd) was dispersed in the above
solution, which was stirred for 120 min at 80 °C. The sample
was further stirred for 10 h at 25 °C. Then the sample was
filtered and dried under a vacuum oven for 12 h at 80 °C.
Finally, the obtained sample was denoted as CuCl/AC.
In addition, samples were collected with different reaction

times and named Sx (x = 0, 2, 4, 6, 8,10 h).
2.2. Acetylene Dimerization. Acetylene dimerization was

carried out in a fixed bed microreactor made of stainless steel
(40 cm in length, internal diameter 6 mm). The reaction
temperature was set at 100 °C. The inflow of acetylene was set
4 mL/min. For the CuCl/AC catalysts (2 mL), the gaseous
hourly space velocity was 120 h−1. Before the heating, N2 was
flowed to the reactor for 30 min to get rid of air in the system.
Then, acetylene was fed into the reactor as the temperature
reached 100 °C. The gas chromatograph (Shimadzu, GC-
2014C) was employed to confirm the composition of the
products after washing.

2.3. Characterization. The morphology of the samples
was analyzed by transmission electron microscopy (TEM,
Tecnai G2 F20 S-TWIN 200KV). The crystal structure of the
samples was determined by X-ray diffraction (XRD, Bruker D8
Advance powder diffractometer). The surface chemical state of
the samples was characterized by X-ray photoelectron spectra
(XPS, Thermo Scientific Escalab 250Xi). The coke content of
the samples was investigated by a thermal gravimetric analyzer
(TG, NETZSCH STA 449 F5/F3 Jupiter thermos gravimetric
analysis). To obtain the TG profiles, the samples were heated
from 50 to 800 °C (10 °C/min) in an air flow. The surface
acidity was analyzed by NH3-TPD (Auto Chemll 2920). The

molecular structure of the samples was characterized using a
Raman spectrometer (Raman, Renishaw inVia, measurement
range: 100−3500 cm−1, laser wavelength: 532 nm). The
surface chemical structures of the samples were analyzed by
Fourier transform infrared reflection (FTIR, Nicolet IS10).
The elemental composition of the samples was analyzed by
inductively coupled plasma optical emission spectroscopy
(ICP-OES, Agilent ICPOES 730). Surface acidity of the
samples was analyzed by FTIR-adsorbed pyridine (Py-FTIR,
Thermo Nicolet 380).

3. RESULTS AND DISCUSSION
The catalytic performance of the CuCl/AC catalyst was tested
in the acetylene dimerization reaction, as shown in Figure 1.

The conversion to acetylene was lightly raised at the initial
reaction. Less obvious inactivation was observed over a period
of 2 h. However, the reaction activity declined sharply after 2 h.
When the reaction lasted for 6 h, it decreased by 20%
compared with the initial stage. After that, the conversion of
acetylene declined slowly, and the conversion to acetylene was
30% with 10 h time on stream. The conversion of total
acetylene decreased by 36%. Moreover, at the early reaction
stage, the selectivity of MVA was lightly raised and then came
to a stable state. For the heterogeneous catalysis, the reasons
for the supported catalyst inactivation were the loss of active
sites, sintering of catalysts, or structures of catalyst change
owing to instability or being covered/poisoned.14 To dig the
reasons for catalyst inactivation out, we performed the
following tests on the samples.
The surface chemical structures of these samples were

determined by FTIR (Figure 2). The signals of vibration at
∼3400 cm−1 were assigned to −OH.15,16 As time went on, the
signal strength of these peaks progressively decreased,
indicating that the acidity of the samples changed during the
reaction.17 In the meantime, the signals of vibration at ∼1640
cm−1 in all samples were attached to −NH from ethanamine.
Additionally, the signals of vibration at ∼1050 cm−1 were
attributed to −C−O.15 Furthermore, The signals of vibration
at ∼1570 and 600 cm−1 were related to C�C and −C−H,
respectively.15

The surface acidity of these samples was investigated by
NH3-TPD because the strength and distribution of acidity of
the samples also had a major part to play in the reaction. NH3-
TPD profiles and NH3 uptakes of these samples are presented

Figure 1. Catalytic activity of CuCl/AC in acetylene dimerization.
Reaction conditions: 100 °C and space velocity 120 h−1.
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in Figures 3 and S2 and Table 1, respectively. The peaks at
∼110 °C may be related to NH3 desorbed from support
channels. The peaks at 150−300 °C were assigned to weak
acid sites. The peaks at 300−500 °C were related to strong
acid sites.18 The copper species could interact with ammonia
molecules by forming Cux-NH3 bonds.19 In addition, the
desorption peaks shown at ∼600 °C may also be assigned to
the decomposition of the complex between copper and NH3 of
the samples.20 Compared with an AC support, the adsorption
quantity of ammonia was greatly increased in other samples.
This was because a large amount of ammonia was adsorbed by

the copper species in the samples, especially Cu2+ species.19,20

As the reaction went on, the strong acid in the samples was
improved as the Cu2+ increased. At the same time, CuCl could
enhance the Brönsted acid in the samples, so that more
ammonia was adsorbed on the samples.20,21 In addition, with
the increase of reaction time, the desorption peaks
corresponding to strong acid sites lightly moved to higher
temperature, suggesting that the acidity was a little enhanced.
It was clear that strong acid was increased with the extension of
the reaction time, which was unfavorable for catalyst stability
because strong acid sites could accelerate the formation of
coke.22 It was quite evident that carbon deposition also
increased with the increase of strong acid of the samples, as
shown in Figure 8.
Because Brönsted and Lewis acid cannot be distinguished by

NH3-TPD, the pyridine adsorption IR spectra were employed
to analyze the samples. Figure 4 shows the FT-IR spectra of

pyridine desorption of these samples at the reaction temper-
ature (100 °C). The signals at 1450 and 1540 cm−1 correspond
to Lewis and Brönsted acids sites, respectively.22,23 The relative
amounts of two types of acids and their ratio (B/L) are listed
in Table 2. Notably, by comparing the results from the
described in NH3-TPD analysis, two types of acid sites over
these samples’ surface displayed a much lower acidic amount
(Figure 3). This was because of a great quantity of acid −OH
over these samples’ surface.17,24 In NH3-TPD profiles, the
peaks at ∼300 °C were assigned to ammonia desorbed from
Brönsted acid sites. The peaks at ∼350 °C were related to
Lewis acid sites. It was notable that the dispersed copper
species were Lewis type of acid sites.18,19 In addition, it was

Figure 2. FTIR spectroscopy of the samples.

Figure 3. NH3−TPD profiles of the samples.

Table 1. Amount of Desorbed NH3 of These Samples Tested by the NH3-TPD

ammonia amount (mmol/g)

samples weak acid (150 °C < T < 300 °C) strong acid (300 °C < T < 500 °C) total W/S

AC 0.35 0.11 0.46 3.18
S0 1.05 3.45 4.50 0.30
S2 1.02 1.50 2.52 1.53
S4 0.89 1.83 2.72 0.48
S6 0.82 2.42 3.24 0.34
S8 0.73 2.61 3.34 0.28
S10 0.57 2.97 3.54 0.19

Figure 4. Pyridine-FTIR analysis of different samples measured at 100
°C.
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known that Brönsted acid sites (Cu−OH) could be generated
by the hydration of the bond between −OH and Cu.18

However, the IR spectra indicated that the quantity of OH
groups in the samples gradually reduced as the reaction was
prolonged, resulting in the reduction of Brönsted acid in the
sample. In addition, CuCl could enhance the acidity of
Brönsted acid in the samples.21 Therefore, the decrease of
Brönsted acid in the samples may be related to the decrease of
Cu+. These may explain why Brönsted acid in the samples
decreased. Extensive studies carried out showed that Lewis
acid sites originated from the metal cations.18 However,
compared with Cu2+, the acid strength of Cu+ was weak.25

According to the valence analysis of the copper element by
XPS, Cu+ in the surface of the fresh catalyst was oxidized to
Cu2+, resulting in the highest content of Lewis acid in the fresh
catalyst. Compared with the fresh sample, a large amount of
Cu2+ was reduced to Cu+ or Cu0 and carbon deposition in the
samples was also becoming more and more serious with the
reaction time increase, causing the metal sites on the surface to
be covered.22 For these reasons, the strength of Lewis acid in
the samples decreased.
Figure 5a shows the Cu 2p3/2 XPS spectra of the samples.

Two main peaks could be observed at binding energies of
932.9 and 934.8 eV which were associated with Cu0/Cu+ and
Cu2+, respectively. The satellite peaks at 941.8 and 944.5 eV
correspond to Cu0/Cu+ and Cu2+, respectively.26,27 However,
as previously reported, the binding energies of Cu0 and Cu+
(±0.1 eV) were too close to distinguish the valence states of
Cu0 and Cu+ by Cu 2p3/2 analysis in XPS.28 Thus, Cu LMM
Auger patterns are shown in Figure 5b. The peaks at 915.7 eV

were related to Cu+ species, and the peaks at 911.0 and 918.4
eV were assigned to the Cu transition state and Cu0 species,
respectively.29,30 In addition, proportions of Cu 2p3/2 species
were quantitively given in Table 3. From Table 3, it is shown

that the amount of Cu2+ was decreased and Cu+ was increased
at the initial reaction (during the first 2 h), which displayed the
highest acetylene conversion. It might be speculated that the
formation of the Cu active component during this process.
Moreover, the Cu0 and Cu+ species increased with the reaction
processing which could be attributed to the part of Cu2+ or
Cu+ was reduced to Cu0 and Cu+ by acetylene. However, as
the reaction proceeded, it is clearly found that the amount of
Cu2+ increased and Cu+ decreased gradually, which may be
because the Cu+ was partially oxidized to Cu2+ and a part of
Cu+ was reduced to Cu0 or covered by carbon deposition.22

Moreover, the relationship between the conversion of
acetylene and the amount of Cu+ is clearly shown in Figure
6. The more content of Cu+, the higher acetylene conversion
rate, which further implied that Cu+ may be the active center of
the acetylene dimerization reaction.
It was well known that metal loss was another primary

reason for catalyst inactivation. To evaluate the amount of
metal loss in the samples, ICP-OES was performed in our
experiments. From Table 4, the Cu component of all samples
decreased slowly as the reaction progressed, which is one of
the reasons for the deactivation.
Figure 7 shows the Raman spectra of these samples. The

peaks were at around 1348 and 1582 cm−1, which
corresponded to the D and G bands of samples, respectively.31

Generally, the D band was associated with the unordered sp3

Table 2. Acidic Properties of These Samples Analyzed by
Pyridine-FTIR

acid amount (umol/g)

samples Brönsted Lewis Total B/L

AC 2.81 24.38 27.19 0.11
S0 2.92 28.56 31.48 0.10
S2 2.50 23.76 26.26 0.11
S4 2.46 24.05 26.51 0.10
S6 1.62 24.83 26.45 0.07
S8 1.53 25.49 27.02 0.06
S10 1.45 25.84 27.29 0.06

Figure 5. Cu 2p 3/2 XPS spectra (a) and Cu LMM Auger spectra (b) of the samples.

Table 3. Proportion of Cu Species and Cu+/Cu2+ Atomic
Ratios of the Samples Based on XPS Characterization

Cu 2p3/2 (%)

samples Cu0 Cu+ Cu2+ Cu+/Cu2+

S0 0.8 6.2 93.0 0
S2 3.5 34.3 62.2 63.6
S4 2.9 25.1 72.0 47.0
S6 2.5 24.7 72.8 39.7
S8 3.9 23.1 73.0 35.0
S10 2.1 22.6 75.3 31.2
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carbon and the G band was related to the sp2 graphitic carbon.
In addition, the area ratio of the two peaks (ID/IG) was most
commonly used for evaluating the degree of graphitization and
defects of the sample.26 The Raman spectra showed an
increasing trend of ID/IG value as time went on, which may be
interpreted as the increase of carbon deposition or vacancies.16

Meanwhile, the change of the ID/IG value suggests a larger
unordered degree in the acetylene dimerization process.15 This
may be associated with the carbon deposition on the sample
surface.
TG-DTA was employed to test the carbon deposition in the

samples (Figure 8). The curves of similarity could be obtained
at 110−200 °C in the samples. The slow downtrend may be
associated with the desorption of the solvent. At 200−350 °C,
the TG profiles of the used catalysts showed an obvious

downtrend and the relevant DTA profiles exhibited sharp
peaks. This may be related to the decomposition of
hydrocarbon species or coke over the sample surface.32 By
calculation, the total amount of hydrocarbon or coke
deposition of the used catalysts wase gradually increased
with the increase of reaction time. Meanwhile, the TEM
images in Figure S3 showed that coke was coated on the
surface of the samples with the increasing time. According to
analysis, coke deposition in the sample S10 was 7.8 wt %. As
everyone knows, the metal sites were covered by coke
deposition which may cause the deactivation of the catalyst.22

It may cause the acetylene conversion to decrease by 36% from
66 to 30%. At 350−800 °C, the TG profiles decreased
significantly, indicating the decomposition of AC.13

4. REGENERATION
It was certainly worth further exploring catalysts with high
activity and stability, as well as developing an effective way of
regenerating the catalyst. The regeneration of carbon-based
catalysts by effectively eliminating deposits of carbon and
keeping its structure were a challenging, as well as increasing
the amounts of active sites of Cu+. To verify this, 2 wt % CuCl
was added to the sample S10, but the reactive of CuCl/AC was
not recovered (Figure 10). This showed that only increasing
the amount of Cu+ was not enough. As shown in Figure S4, the
TG profiles of the sample were regenerated in air (0.5 h, 250
°C). The loss of quality was dropped to the original state of the
sample S0. From the result, coke deposition was successfully
cleaned up. Although the deposit of coke could be removed, at
the same time, the Cu+ species were also reduced from the
above catalyst. XPS demonstrated that a large number of Cu+
on the catalyst surface was reduced or oxidized (Figure 9). As a
result, the activity of CuCl/AC was still not recovered (Figure
10). Therefore, the regeneration of the catalyst required the
combination of removing carbon deposition and increasing
Cu+ content.
As 2 wt % CuCl was added to the calcined catalyst, the

reactivity was increased. In addition, the conversion of
acetylene reached ∼69% as the addition amount of CuCl
was 5 wt %, close to the fresh catalyst. This demonstrated that
removing carbon deposition and increasing the content of Cu+
was an effective way of regenerating the catalyst.

5. CONCLUSIONS
In summary, the catalysts with different reaction times were
systematically analyzed with reaction activity and character-
ization experiments. The results revealed that with different
reaction times, the strong acid was increased, while the weak
acid was decreased. Similarly, both Brönsted and Lewis acids
were decreased. In addition, this paper demonstrated that the
reasons for deactivation for acetylene dimerization in the gas−
solid reaction were significantly affected by coke deposition
and the change of Cu valence. Carbon deposition could cover
the active sites. Meanwhile, the more content of Cu+, the
higher acetylene conversion rate, implying that Cu+ may be the
active center of the reaction. Thus, the key points of improving
the activity were exposing more active sites and reducing the
carbon deposition. Regeneration by removing carbon deposi-
tion and adding Cu+ appeared to be a viable option for
recovering the reactivity, even though catalyst regeneration was
still required to develop.

Figure 6. Relationship between the conversion of acetylene and the
amount of Cu+.

Table 4. Fraction of Cu in the Samples Derived from ICP-
OES Analysis

Cu elemental analysis

samples Cu wt % the loss of ratios (%)

S0 21.44
S2 21.16 1.31
S4 20.95 2.29
S6 20.90 2.52
S8 20.24 5.60
S10 20.23 5.64

Figure 7. Raman analysis of different samples.
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Figure 8. Thermogravimetry-differential thermal analysis (TG-DTA) curves of the samples.

Figure 9. Cu 2p 3/2 XPS spectrum (a) and Cu LMM Auger spectra (b) of the catalyst after air treatment at 250 °C.

Figure 10. Catalytic activity of CuCl/AC and its catalytic activity upon regeneration by adding CuCl. (a)Conversion to acetylene and (b)
selectivity of MVA. Reaction conditions: 100 °C and space velocity 120 h−1.
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