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Acetylene hydration to acetaldehyde is considered a valuable and potential production route in the
acetylene chemical industry. A new Zn-based catalyst was synthesized using a simple method and
evaluated for the acetylene hydration reaction. All catalysts were characterized by XRD, BET, TGA, TEM,
XPS, H,-TPR, and ICP-OES techniques to explore the effects of the methanesulfonic acid (MSA) ligand
on the catalytic performance of the zinc catalyst in the hydration of acetylene. It was proved that the
MSA ligand was an excellent ligand to improve the catalytic activity of the Zn-based catalyst for the
hydration of acetylene. An outstanding catalytic stability was exhibited over the Zn-1.5MSA/MCM-41
catalyst with the CoH, conversion of 99%, and the selectivity to CH3zCHO was above 70% within 150 h.
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Accepted 21st October 2022 acid sites and improve the dispersion of the metal catalyst. Moreover, the aggregation of Zn species and
the loss of active Zn species were the main reasons for the deactivation of the Zn-based catalyst during

the catalytic stability test for acetylene hydration. This study would provide more valuable perspectives
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1. Introduction

Acetaldehyde is an important chemical commodity for the
synthesis of many high-value chemicals due to its excellent
reactivity.”> Before 1950s, industrial acetaldehyde could be
manufactured by acetylene hydration and ethylene oxidation,
in which acetylene hydration was an ancient process to prepare
acetaldehyde.® In early 1881, acetylene hydration was widely
used in the industrial production of acetaldehyde in coal-rich
countries and regions.® At present, combined with China’s
energy structure, acetylene hydration to acetaldehyde showed
some advantages including cost, resources, and technologies.

Previous studies have shown that some transition metal
cations (Hg, Ag, Cu, Cd, Pd, and Zn) could be used as active
components for acetylene hydration. In fact, many transition
metal oxides, molybdates, and cationic zeolites have been
found to be active in acetylene hydration.”® Moreover,
researchers reported that the cationic zeolite catalysts of cad-
mium and zinc were not reduced in acetylene hydration as
compared to other metals, which showed better activity and
stability.”® In recent years, it has been aimed to study Zn-based
catalysts for acetylene hydration. For instance, Zn-based cata-
lysts with PEI, APTES, titania, and zirconia modified MCM-41
were prepared and applied to acetylene hydration.”** The
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for the design of ligand catalysts for the hydration of acetylene.

modified support enhanced the interaction of metal-support
and improved dispersion, thereby effectively improving the
performance of the Zn-based catalyst. Moreover, other efforts
have also been applied to improve the catalytic stability for
acetylene hydration."*"* Nevertheless, the catalytic stability of
Zn-based catalysts is still the core of the present study stage
needed for a breakthrough.

The application of ligand-modified metal catalysts in hetero-
geneous reactions has attracted extensive attention in recent
years.">™"” Many study results concluded that suitable ligands
could be coordinated with metal ions, which would effectively
promoted the dispersion of catalysts, inhibited the reduction of
metal ions, and reduced the aggregation of catalysts, and thus
greatly improved the catalytic performance of the metal cata-
lysts. Hu et al. reported that the coordination of the HMPA
ligand with Cu can improve the dispersion of Cu species and
inhibit the generation of carbon deposition and the loss of Cu
species and thereby increase the operation life of the Cu
catalyst for acetylene hydrochlorination.’® In addition, the
application of Cu complex catalysts in acetylene hydration
has also been reported recently. Zhang et al. reported that the
Cu-1HEDP/AC catalyst exhibited a high catalytic performance
with an initial conversion of 99.7% and selectivity of 92%, while
the catalytic stability was only 20 h.*®

Based on this, we focused on the application of zinc-ligand
catalysts for acetylene hydration to obtain a higher catalytic
stability. To the best of our knowledge, methanesulfonic acid
(MSA) is considered a green organic acid due to low volatility,
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low toxicity, good biodegradability, and relatively low price.>
Most importantly, the use of the MSA ligand is in coordination
with metals to form coordination compounds. At present, there
are no literature reports on the application of zinc-ligand
catalysts in the hydration of acetylene. Moreover, catalytic
stability is still an urgent problem to be solved in acetylene
hydration reactions. Therefore, in this study, a new Zn-based
catalyst system with an MSA additive was synthesized, and the
catalytic performance for acetylene hydration was evaluated in
a micro fixed-bed reactor. All catalysts were characterized by
XRD, BET, TGA, TEM, XPS, H,-TPR, and ICP-OES techniques to
explore in detail the effects of the methanesulfonic acid (MSA)
ligand on the catalytic performance of the zinc catalyst in the
hydration of acetylene. This study would provide more valuable
perspectives on the design of ligand catalysts for the hydration
of acetylene.

2. Experimental
2.1 Catalyst preparation

All Zn-based catalysts were obtained through wet impregnation.
Specifically, the ZnCl, precursor and MSA ligand were firstly
dissolved in 20 mL deionized water, and the mixture was stirred
continuously at ambient temperature for 0.5 h until a clear
solution was formed. Then, 2 g of MCM-41 support was added
to the above clarified solution to obtain a intense mixture. The
mixture was continuously stirred for 10 h and the Zn-xMSA/
MCM-41 catalyst was obtained after the resulting white mixture
was dried at 80 °C in a drying cabinet for 24 h. Here, x
represents the molar ratio of the MSA ligand to ZnCl,
(x = 0.5, 0.75, 1, 1.25, 1.5, and 2). Moreover, the Zn/MCM-41
catalyst with no ligand and MSA/MCM-41 catalyst were pre-
pared by the same method. It is worth noting that the theore-
tical content of Zn was 7.2 wt% in all Zn-based catalysts.

2.2 Characterization technologies

The texture properties of all samples were measured using a
Micrometrics ASAP 2020C Apparatus. To investigate the ther-
mal stability (carbon content) of the catalyst, thermogravi-
metric (TG) curves were obtained by a SDT Q600 V20.9 Build
20 instrument with a N, (air) atmosphere of 100.0 mL min~".
The Fourier transform infrared (FT-IR) spectra of all materials
were recorded on a Thermo Fisher Nicolet iS5 instrument to
analyze the surface functional groups of catalysts. X-Ray power
diffraction (XRD) analysis was conducted on an UltimalV
apparatus to analyze the crystal structure changes of catalysts
before and after the reaction. X-Ray photoelectron spectroscopy
(XPS) characterization was performed using a Thermo Scientific
K-Alpha+ instrument to understand the element state and
relative content with the catalyst surface and binding energy
was corrected by C 1s (284.6 eV). Transmission electron micro-
scopy (TEM) pictures were acquired on a JEOL JEM2010 equip-
ment tested for 200 kV to find the form of catalysts and the
distribution of active substances in the catalysts. The load of Zn
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in samples was measured through ICP-OES on an Agilent 5110
equipment.

2.3 Evaluation of catalyst performance

The catalytic performance was tested using 2 mL catalyst in a
fixed-bed glass microreactor (i. d. of 10 mm) for the hydration
of acetylene. Typically, 2 ml of the prepared catalyst was added
in the reactor. Before the reaction, the pipeline was cleaned
with N, for 30 min to remove water and air, and then the
reaction tube was heated. After the temperature reached 260 °C,
the reaction tube was filled with water vapor for 0.5 h to activate
the catalyst. Then, acetylene and water vapor were passed
into the reaction tube for reaction to the C,H, GHSV of
90 h™" and the molar ratio of H,0:C,H, = 4:1, and finally
the reaction products of the residual products were together
analysed by gas chromatography. In addition, acetylene con-
version (XA) and selectivity to acetaldehyde (SAA) are the
performance indicators for the Zn catalyst, and the calculation
equation is as follows:

Drg — Pa

X =
A Dao

x 100%

PA L 100%

Sar =

AA =TT N

where &,, and &, are the volume fraction of the initial and
remaining acetylene, respectively.

3. Results and discussion
3.1 Catalytic performance of catalysts

Fig. 1 shows the catalytic performance with all Zn-based
catalysts having different ZnCl,/MSA molar ratios for acetylene
hydration. The tested results revealed that acetylene conversion
decreased from 92% to 68% and the selectivity to acetaldehyde
reduced by 13% for the Zn/MCM-41 catalyst after 10 h of
reaction, which indicated that the Zn/MCM-41 catalyst showed
worse catalytic stability. However, it could be seen from Fig. 1
that the selectivity to acetaldehyde of all Zn-xMSA/MCM-41
catalysts remained unchanged within 10 h of reaction, and
the acetylene conversion decreased more slowly compared with
the Zn/MCM-41 catalyst. In particular, the outstanding catalytic
performance was observed in the Zn-1.5MSA/MCM-41 catalyst.
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Fig. 1 Acetylene conversion (A) and selectivity to acetaldehyde (B) of the
catalysts in acetylene hydration.
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The conversion of acetylene decreased by 2% from 99% within
10 h, and the selectivity to acetaldehyde remained about 76%.
Therefore, it could be concluded that the activity of the Zn-
based catalyst for the hydration of acetylene greatly improved
by adding the MSA ligand and the optimal ZnCl,/MSA molar
ratio was 1:1.5.

Furthermore, the catalytic stability of the Zn-1.5MSA/MCM-
41 catalyst for acetylene hydration was further proved by the
operation of the catalyst for 150 h. As shown in Fig. 2, within
70 h, the selectivity to acetaldehyde was still about 74%, and the
conversion of acetylene was above 90%. After 150 h of reaction,
the selectivity was reduced to 70%, and the conversion was
reduced to 78%, indicating that the addition of MSA ligand
effectively reduced the catalyst deactivation rate of the Zn-based
catalyst. This inference also indicates that the results of the
study are in accordance with our desired goal to improve
the stability of the catalyst by adding a ligand. Importantly,
the catalytic stability of the Zn-1.5MSA/MCM-41 catalyst is the
longest catalytic stability test data reported in the hydration of
acetylene reaction at present.

3.2 FT-IR characterization

Fourier transform infrared spectroscopy (FT-IR) characteriza-
tion was used to ascertain the characteristic functional groups
of the MCM-41 support, pure MSA ligand, and Zn-xMSA/MCM-
41 catalysts. As shown in Fig. 3, the spectra of fresh Zn/MCM-
41, Zn-1.5MSA/MCM-41, MSA/MCM-41, and MCM-41 samples
were in unanimity.>* The spectra at 3400 cm ™" and 1627 cm ™"
corresponded to the -OH group of adsorbed water on the
material surface. The spectra at 1235 cm™ ' and 1082 cm ™'
could be due to the asymmetric vibration of Si-O-Si functional
groups, while the peak at 797 cm™' corresponded to the
symmetric stretching vibration of Si-O-Si in MCM-41. The Si-
O-H stretching vibration of the support was observed at
965 cm™'. In addition, Zn/MCM-41 and Zn-1.5MSA/MCM-41
catalysts showed a small band at 1400 cm™', in the plane
bending vibration of -OH, which was related to the water
absorption of ZnCl,.*> On the other hand, according to the
methanesulfonic acid complex studies in the literature,***** the

100 100

60

@
=]

@
o
T
1

B
=)
T
1

40

—u— Conversion of acetylene
u  Selectivity to acetaldehyde|

N
=)
T

<420

Conversion of acetylene (%)
Selectivity to acetaldehyde (%)

0 1 I 1 I 1 1 I
0 20 40 60 80 100 120 140

Time on stream (h)

Fig. 2 Catalytic stability test of the Zn-1.5MSA/MCM-41 catalyst in acet-
ylene hydration.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

MCM-41

Zn/MCM-41 '

Zn-1.5MSA/MCM-41

MSA/MCM-41

Transmittance (a.u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3 FT-IR spectra of fresh catalysts.

absorption at 763 cm™* corresponded to the stretching vibra-
tion of C-S, and the spectra at 1126 cm ™' and 1049 cm ™' were
asymmetric and symmetric stretching vibrations of -SO,-,
respectively, but it was difficult to determine whether MSA
existed in catalysts because the bands of the MSA ligand in
the range of 500-2000 cm ™" coincided with that of the MCM-41
carrier. Nevertheless, the Zn-1.5MSA/MCM-41 catalyst and the
MSA/MCM-41 catalyst showed absorption peaks at 1194 cm ™"
and 1176 cm™*, respectively, with a disappearance of the peak
at 1235 cm ™!, which indicated that MSA was introduced into
the support, and the peak blue shifted from 1176 cm ™" to
1194 cm™ ' in the Zn-1.5MSA/MCM-41 catalyst compared with
MSA/MCM-41.

3.3 TG characterization

The TG results of catalysts are shown in Fig. 4, which were
tested in an N, atmosphere to confirm the thermal stability of
Zn/MCM-41, Zn-1.5MSA/MCM-41, and MSA/MCM-41 catalysts
during the reaction. The Zn/MCM-41 and Zn-1.5MSA/MCM-41
catalysts had similar weight loss before 325 °C, which could be
considered as the volatilization of adsorbed water on the
catalyst surface (<150 °C) and the decomposition of a small
fraction of Zn species (150-325 °C). While a significant differ-
ence in the weight loss between the two catalysts in 325-500 °C
was observed. The results showed that the Zn-1.5MSA/MCM-41
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Fig. 4 TG curves of the fresh catalysts.
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catalyst and the MSA/MCM-41 catalyst had large weight loss in
the temperature range of 325-500 °C, which was probably due
to the decomposition of the MSA ligand. This indicated that the
prepared Zn-1.5MSA/MCM-41 catalyst had good thermal stabi-
lity and would not decompose at the reaction temperature of
acetylene hydration.

3.4 BET characterization

The texture properties and N, adsorption-desorption isotherms
of all catalysts are shown in Table 1 and Fig. 5. It could be seen
from Table 1 that the specific surface area and pore volume of
the catalyst diminished with the addition of MSA ligand, which
was attributed to the entry of catalyst particles into the pore
channel of the support. Compared with the isotherms of all
catalysts, it was found that there was a hysteresis loop between
P/P, = 0.4-1.0, implying the mesoporous structural property of
the carrier,” which meant that the mesoporous property of the
support has been retained after the addition of MSA and
reaction for 10 h.

3.5 XRD characterization

Wide angle XRD characterization over the fresh and used
catalysts was used to investigate the change in the crystal phase
structure of the catalysts. Both catalysts displayed a wide
characteristic peak at about 23° in Fig. 6(A), corresponding to
amorphous silica in the MCM-41 mesoporous molecular
*® No diffraction peaks of Zn species or MSA ligand were
observed, which implied that the Zn active species were well
dispersed on the support, or the Zn species along with the MSA
ligand existed in amorphous forms. In addition, small angle
XRD was used to determine the ordered structure of MCM-41
support, as shown in Fig. 6(B). The long-range ordering of the
MCM-41 carrier in Zn/MCM-41 catalysts before and after the
reaction were determined by three well-defined peaks located at
2.3% 3.8°, and 4.6°, which corresponded to the (1 0 0), (1 1 0),
and (2 0 0) planes of the ordered hexagonal channel structure of
MCM-41, respectively.”” However, the diffraction peaks almost
disappeared after the addition of MSA ligand, which may be
due to the catalyst particles entering into the pores of MCM-41,
resulting in the severe disintegration of the ordered meso-
porous structure of the support.

sieve.

3.6 Surface morphologies of the catalysts

As we all know, the uniform dispersion of active metal sub-
stances is of great importance to the stability of the catalysts.
Therefore, in order to observe the dispersion of the catalyst

Table 1 The content of Zn and texture properties of fresh and used
catalysts

Samples Sger (M* ¢ ) V(em®g') D (nm)
Zn/MCM-41 788.2 0.7 3.4
Spent Zn/MCM-41 755.3 0.7 3.5
Zn-1.5MSA/MCM-41 527.7 0.5 3.5
Spent Zn-1.5MSA/MCM-41 567.5 0.5 3.6
Spent Zn-1.5MSA/MCM-41(150 h) 539.0 0.5 4.0
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Fig. 5 N, adsorption isotherms of fresh and spent catalysts.
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Fig. 6 Wide angle XRD patterns (A) and small angle XRD patterns (B) of
the fresh and used catalysts.

Fig.7 TEM images of fresh Zn/MCM-41 (a), Zn-1.5 MSA/MCM-41
(c), spent Zn/MCM-41 (b), and spent Zn-1.5 MSA/MCM-41 (d) catalysts.

before and after the reaction, TEM characterization was per-
formed. As shown in Fig. 7, there are no active component
particles on the surface of all fresh catalysts, which may be due
to the better dispersion of active species or smaller particle size.
Nevertheless, the spent Zn/MCM-41 catalyst showed certain
agglomeration, while no particle agglomeration was observed
in the spent Zn-1.5MSA/MCM-41 catalyst, indicating that the
addition of MSA could inhibit the agglomeration of catalyst

© 2022 The Author(s). Published by the Royal Society of Chemistry
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particles to certain extent. Therefore, the Zn-1.5MSA/MCM-41
catalyst showed better stability than the Zn/MCM-41 catalyst.

3.7 XPS characterization

Fig. 8 shows the XPS pattern of Zn 2p;, in the fresh and spent
Zn/MCM-41 and Zn-1.5 MSA/MCM-41 catalysts. As shown in the
figure, the binding energy of Zn shifted slightly to the lower
part of the spectra after adding the MSA ligand, which indi-
cated that Zn acquired electrons from MSA, thus, increasing the
electron cloud density around the Zn active component. All the
catalysts showed two states of existence, with (ZnOH)" species
at high binding energy and (ZnH)" species at low binding
energy.”®* The relative content of Zn species in all catalysts
is shown in Table 2. It could be found that there were more
(ZnOH)" species in the fresh Zn-1.5MSA/MCM-41 catalysts.
Moreover, the relative content of (ZnOH)" species in the Zn-
1.5MSA/MCM-41 catalyst decreased significantly less than that
of Zn/MCM-41 catalyst after 10 h of reaction. Higher electron
cloud density of the Zn active species and more (ZnOH)" species
contributed to the catalytic reaction. In addition, ICP-OES
characterization was used to evaluate the load of Zn in the
catalysts, and the results are shown in Table 2. The loading of
Zn species in the two fresh catalysts was similar to the theore-
tical content, and it could be seen the Zn content in the spent
catalysts decreased slightly. Further, the MSA ligand inhibited
the loss of Zn to some extent, which could improve the catalytic
activity of the Zn-based catalyst in the hydration of acetylene.

3.8 Py-FTIR characterization

As far as we know, the surface acidity of the catalyst has certain
impact on the performance of the catalyst, and MSA is a strong
organic acid; thus, it was speculated that the addition of MSA
might change the surface acid properties of the catalyst. There-
fore, in order to further understand the acid content and
distribution of acid sites, the Py-FTIR (as shown in Fig. 9)
characterization was carried out for the MCM-41 support, Zn/
MCM-41 catalyst, 1.5MSA/MCM-41 catalyst, and Zn-1.5MSA/
MCM-41 catalyst. The spectra at 1445 cm ' and 1545 cm
were attributed to pyridine adsorbed at Lewis acid sites and

Intensity (a.u.)

Zn/MCM-41

1 1 1 1
1026 1024 1022 1020
Binding energy (eV)

1028 1018

Fig. 8 Zn 2ps,, XPS pattern of the fresh and used catalysts.

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper
Table 2 Composition of Zn on the catalyst surface
Zn
Binding energy (eV) (Wt%)

(ZnOH)" (znH)"

Samples (znH)" (ZnOH)" (%) (%) —

Zn/MCM-41 1022.6 1023.2 48.4 51.6 7.47
Spent Zn/MCM-41 1022.6 1023.2  37.6 62.4 7.22
Zn-1.5MSA/MCM-41 1022.5 1023.0 60.2 39.8 6.29
Spent Zn-1.5 MSA/MCM-41 1022.4 1023.0 54.4 45.6 6.14

—— MCM-41
Zn/MCM-41

Zn-1.SMSA/MCM-41
—— 1.5MSA/MCM-41

Absorbance (a.u.)

1560 1540 1520 1500 1480 1460

Wavenumber (cm™)

1440 1420 1400

Fig. 9 Py-FTIR spectra of the catalysts.

Bronsted acid sites, respectively, while the spectrum at
1490 cm™ "' is attributed to pyridine adsorbed at both Lewis
and Bregnsted acid sites in the Py-FTIR spectra.”>*° As shown in
Fig. 9, it is clearly shown that there is no MCM-41 absorption
peak; it is a fact that pure MCM-41 exhibits almost no
acidity.*"** The absorption peak of the Zn/MCM-41 catalyst at
about 1450 cm ™" indicates that it is a Lewis acid solid catalyst.
The spectra at 1545 cm ™' and 1490 cm ™! for the 1.5MSA/MCM-
41 catalyst suggest that it is a Brgnsted acid catalyst. Therefore,
it was speculated that the increase in acid sites as well as the
coordination between Lewis and Brgnsted acid sites might be
another reason for the improvement of the Zn-1.5MSA/MCM-41
catalyst catalytic performance. Although the acid site could
promote acetylene hydration to a certain extent, the acid site
was also the active site for the aldol condensation reaction,**
which also explains that the addition of MSA ligand in the Zn-
based catalyst improved the catalytic performance and stability
of the catalyst, while the selectivity to acetaldehyde was still
not ideal.

3.9 Catalyst deactivation

In addition, the reasons of catalyst deactivation for the Zn-
1.5MSA/MCM-41 catalyst were preliminarily explored for acet-
ylene hydration. The TEM images (Fig. 10) of the spent Zn-
1.5MSA/MCM-41 catalyst showed that the catalyst particles had
clear accumulation after 150 h of reaction. In addition, carbon
deposition during the reaction was estimated by calculating the
weight difference between the fresh and spent catalysts in the

Energy Adv, 2022,1,1021-1027 | 1025
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Fig. 10 TEM images of the spent Zn-1.5MSA/MCM-41(150 h) catalyst.
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Fig. 11 TG-DTG curves of fresh and spent Zn-1.5MSA/MCM-41 catalysts.

same temperature range (150-300 °C). From the TG curve in
Fig. 11, it can be seen that compared with the used catalyst, the
mass loss of the fresh catalyst in the temperature range of 150-
300 °C is more, which is due to the decomposition of some
active components in the reaction process, while the used
catalyst basically has no mass loss, which indicates that there
is almost no carbon deposition even after 150 h of reaction.
Moreover, after 150 h of reaction, the specific surface area of
the catalyst was 539 m” g~ ', the pore volume was 0.5 cm”® g™,
and the pore diameter was 4.0 nm. Compared with fresh
catalysts (as shown in Table 1), the texture structure changed
slightly, which also indicated that there was no large amount of
carbon deposition during the reaction. It is revealed that the
high stability of the Zn-1.5MSA/MCM-41 catalyst is closely
related to its good resistance to carbon deposition. Moreover,
the content of Zn in the catalyst decreased from 6.90% to 5.46%
after 150 h of reaction and about 20.9% of Zn species was lost.
Therefore, it was concluded that the agglomeration and the loss
of Zn species of the catalyst were the main reasons of catalyst
deactivation in the hydration of acetylene.

4. Conclusions

In this study, a new Zn-based catalyst system with an MSA
additive was synthesized, and the catalytic performance for
acetylene hydration was evaluated in a micro fixed-bed
reactor. The performance test results showed that the

1026 | Energy Adv, 2022,1,1021-1027
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Zn-1.5MSA/MCM-41 catalyst exhibited excellent catalytic per-
formance and stability with about 80% acetylene conversion,
and the selectivity of acetaldehyde decreased by about 8% only
after 150 h of operation. The improvement of the catalyst
performance could be attributed to the increase in the acid
content, decrease in the agglomeration of active components,
and higher electron cloud density around the Zn species after
the addition of MSA. In addition, the excellent carbon deposi-
tion resistance also contributed to the outstanding stability of
the Zn-1.5MSA/MCM-41 catalyst. Moreover, the aggregation of
Zn species and the loss of active Zn species were the main
reasons for Zn-based catalyst deactivation during the catalytic
stability tests for the acetylene hydration reaction. This study
would provide a high reference value for the development and
preparation of efficient and stable catalysts for acetylene
hydration.
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