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Developing an efficient Zn-based catalyst modified with Trifluoromethanesulfonic acid (TfOH) ligand is
extremely desirable for the acetylene hydration reaction. In this paper, with the use of a simple impreg-
nation method, a series of Zn-TfOH/AC catalysts were synthesized, and the Zn-1.5TfOH/AC catalyst demon-
strated the optimal catalytic performance with 96% acetylene conversion in the hydration of acetylene.
The X-ray absorption fine structure (XAFS) spectra of the fresh Zn-1.5TfOH/AC catalysts demonstrated the
establishment of the Zn-04 coordination structure. According to the characterization results, TfOH lig-
ands effectively inhibited carbon accumulation and Zinc loss, improved acidic sites and the dispersion of
active metal, and produced more catalytic active site. Furthermore, the hydration reaction mechanism of
Zn-TfOH/AC catalyst with Zn(OTf),, TfO-ZnCl, and TfO-ZnOH complex configurations was explored by the
Density Functional Theory (DFT) method, which showed that the activation barrier increased sequentially
TfO-ZnOH < Zn(OTf), < TfO-ZnCl. Importantly, the OH~ in TfO-ZnOH is involved in the reaction and re-
generated by the dissociation of H,0, which lowers the energy barrier. This will provide a reference to

design more efficient nonmercury catalysts for acetylene hydration.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Acetaldehyde, an intermediate of extremely important indus-
trial chemicals, has a wide range of applications in pharmaceuti-
cals, food and feed additives [1]. With the continued development
of industry, the global demand for acetaldehyde would continue to
increase in the future [2]. Acetaldehyde has been primarily gener-
ated by the ethylene and acetylene processes [3-5]. However, for
the countries with abundant coal supplies, the acetylene process
pathway for acetaldehyde production would be still of high re-
search value [6], such as China. Currently, metals such as Hg [7-
9], Cd [10,11], Au [12,13], Ru [14,15], Cu [16], and Zn [17] have
been developed for alkyne hydration. Due to the Au and Ru metals
are relatively expensive, reactive metal Cu ions are readily reduced
to copper monomers, and Cd and Hg toxic metals [18]. Thus, the
low price and high initial performance of active Zn-based catalysts
would be more suitable for acetylene hydration reaction. However,
the shortcomings of Zn-based catalysts, such as poor catalytic per-
formance and stability, could not allow ignoring. Therefore, there is
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an urgent need to develop simple and efficient Zn-based catalysts
for acetylene hydration reactions.

At present, the studies mainly focused on the carrier and ac-
tive ingredients modification. Wang et al. [19,20] found that the
use of amino (APTES, PEI) modified mesoporous MCM-41 carriers
could effectively improve the catalyst dispersion and enhance the
metal-carrier force to increase the electron cloud density around
the active Zn ingredient, thereby improving the catalytic perfor-
mance of Zn-based catalysts. Subsequently, research of Zr-modified
ZSM-5 zeolites revealed that increasing concentrations of weak
acid sites and active sites boosted hydration catalytic activity, with
more than 96% acetylene conversion [21]. Wang et al. [22] inves-
tigated bimetallic catalysts and found that the synergistic effect
of Cu and Zn was able to inhibit Zinc species loss, resulting in
an acetylene conversion rate of up to 98%. Furthermore, they at-
tempted to impregnate Zn onto Ti-doped MCM-41 carriers, which
effectively boosted particle size control and hindered carbon de-
position [23]. The results showed that after 10 h, the selectivity
of acetylene reached 90%. Li et al. [24] systematically investigated
the mechanisms of such reactions on ZnCl,, Zn(OH)CI, and Zn(OH),
catalysts through density functional theory (DFT) methods. They
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found that the energy required for breaking the O —H bond in wa-
ter determined the activation energy of catalytic processes. Then,
they reported a single-atom catalyst (ZnN4S,-SAC) with S and N
co-doped defective graphene carriers, which modified the elec-
tronic structure of acetylene upon adsorption and facilitated the
hydration reaction [25]. Yang et al. [26] investigated the perfor-
mance of S-containing ligands on copper-based catalysts in acety-
lene hydration processes and deduced the catalytic reaction mech-
anism in conjunction with DFT calculations. Zhang et al. [27] intro-
duced HEDP ligands by impregnation, which successfully blocked
the reduction of Cu ions during the acetylene hydration processes.
Furthermore, the synergistic interaction between ionic liquids (IL)
and Cu species inhibited the loss of Cu while enhancing Cu species
dispersion [28]. At GHSVc,y, =90 h-1 and Vi,0/Ve,n, = 115, ac-
etaldehyde selectivity was greater than 90%. Liu et al. [29]. Syn-
thesized N and P co-doped Cu-based catalysts, which significantly
increased the dispersion of the active component Cu, while in-
hibiting the reduction of high-valent Cu. The acetylene conversion
reached 90% when the N and P doping concentrations were 0.40%
and 2.61%, respectively.

Although substantial progress has been made in zinc and
copper-based catalysts, there are still flaws that cannot be ignored.
To begin with, MCM-41 molecular sieve is expensive and has poor
hydrothermal stability. Second, in the study of transition metal
modified carriers, the doping amounts of transition metals Zr and
Ti are excessively high. Furthermore, the relevant papers for Cu-
based catalysts have not yet confirmed whether the active species
is Cu?* or Cut, and there is no specific study on the reaction
mechanism.

In recent years, ligand catalysts have been widely used in var-
ious catalytic reactions, which can help to modulate the catalytic
site environment and enhance the catalytic activity. Liu et al
[30] explored the mechanism of [W!VO(mnt),]?~ on acetylene hy-
dration in conjunction with DFT, hypothesizing that an OH~ con-
taining model may be the reaction mechanism for catalytic acety-
lene hydration. Najafian et al. [31] combined DFT calculations and
natural bond orbital theory to investigate the effect of different
metal and ligand substituents on the catalytic properties of acety-
lene hydration, which found that electron-absorbing substituents
significantly reduced the activation free energy and that less po-
lar active sites were more favorable for acetylene hydration. Triflu-
oromethanesulfonic acid (TfOH), a strong organic Lewis acid that
has been employed as a ligand for several transition metals in a
range of acid-catalyzed processes due to its great thermodynamic
stability and strong proton giving ability. Mugio et al. [32] found
that Hg(OTf), has significant catalytic activity to obtain methyl ke-
tones with high catalytic turnover by achieving the hydration of
terminal alkynes. R. E. Ebule et al. [33] investigated the effect of
TfOH ligands on Au-catalyzed liquid-phase alkyne hydration pro-
cesses, achieving complete conversion at low gold catalyst loading
(0.01%) at room temperature. Bai et al. [34] revealed the mecha-
nism of Janus polymerization in conjunction with DFT and found
that the rare earth element Sc can form a five-ligand structure
with the O atom in TfOH. The preceding research demonstrates
that TfOH can be used as a ligand for several transition metals in a
wide range of catalytic processes. Therefore, it is also worthwhile
to investigate the performance enhancement of acetylene hydra-
tion process by zinc ligand catalysts.

In this work, a series of Zn-TfOH/AC catalysts were synthesized
by impregnation method as effective catalysts for acetylene hydra-
tion. The aim of this study was to investigate the effect of TfOH
ligands on the activity of Zn catalysts in acetylene hydration and
whether the introduction of TfOH ligands helps to modulate the
catalytic environment of Zn catalysts. Then, on the basis of the ac-
tivity test and characterization results, the reasons for the promo-
tion of activity are presented and discussed in detail. Finally, the
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Fig. 1. TEM images of fresh catalysts: Zn/AC (A), Zn-0.5TfOH/AC (B), Zn-TfOH/AC (C),
Zn-1.5TfOH/AC (D), Zn-2TfOH/AC (E).

potential ligand structure and its reaction mechanism are inferred
by combining DFT calculations. The development of more effective
zinc-based catalysts in terms of thorough investigation of the reac-
tion mechanism is critical in the industrial application of acetylene
hydration.

In this experiment, the raw materials, catalyst preparation
methods, characterization instrument information, performance
evaluation methods, and DFT methods used were shown in the
Supporting information.

According to the physical structures and N, adsorption desorp-
tion isotherms of all catalysts shown in Table S1 and Fig. S1 (Sup-
porting information), the pore volume and specific surface area
of the catalysts decreased significantly after the addition of TfOH,
which may be due to the fact that Zn-TfOH complex occupied the
pore channel. It can be seen from the TG curve of fresh catalysts in
N, atmosphere in Fig. S2 (Supporting information) that the ligand
catalyst has good thermal stability and will not decompose at 240
°C. The FT-IR spectrum of the fresh catalyst in Fig. S3 (Supporting
information) indicates that the TfOH ligand has been successfully
bound to the surface of the carbon support.

To explore the dispersion of Zinc species in fresh catalysts from
a microscopic perspective, fresh catalysts samples were analyzed
by TEM and the results are shown in Fig. 1. Fresh Zn-based cat-
alysts showed substantial agglomeration, whereas agglomeration
was significantly decreased in catalysts after ligand addition. The
results indicated that TfOH ligands could significantly promote the
dispersion of active ingredients and inhibit the agglomeration of
Zinc species during catalyst preparation, which could have a posi-
tive effect on the catalytic performance of acetylene hydration.

The acidity of catalysts has a great influence on their catalytic
performance. Hence, to further investigate the variation of acid
point type and acid concentration of the catalysts, Py-FTIR spec-
troscopy was performed on fresh catalysts, and the results are
shown in Fig. 2 and Table S2 (Supporting information). Accord-
ing to the literature, the 1450 cm~! peak represents the Lewis acid
site, the 1540 cm~! peak represents the Bronsted acid site, and the
1490 cm~! absorption peak indicates both the Lewis and Bronsted
acid sites [35,36]. The three peaks of the catalyst at 1446 cm™!,
1492 cm~1, 1548 cm~!, and 1610 cm~! correspond to the L acid
sites, L+B acid sites, B acid sites, and strong acid sites, respec-
tively, as illustrated in Fig. 2.

To investigate the chemical state and coordination environment
of Zn in fresh Zn-1.5TfOH/AC catalyst, it was further characterized
by synchrotron radiation in conjunction with XANES and EXAFS of
the zinc K-edge. As shown in Fig. S4 (Supporting information), only
the ZnO and Zn wavelets are found in the sample obviously only
has one atomic signal. This is the Zn—0 signal, which can be ana-
lyzed from the contour center coordinates in the wavelet, the sam-
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Fig. 2. Py-FTIR spectrum of fresh catalysts.

ple ZnO signal, and the Zn—O0 in ZnO specifically, the k value in the
sample is slightly larger than ZnO, and the R value is also larger
than ZnO, confirming the EXAFS data and the fitted structural pa-
rameters in Table S3 (Supporting information).

The X-ray absorption near-side structure spectrum of the fresh
Zn-1.5TfOH/AC catalyst is shown in Fig. S5 (Supporting informa-
tion). The intensity of the white line for Zn-1.5TfOH/AC is higher
than the reference value for Zn metal, as shown in Fig. S5A, and
the leading-edge transfers to higher energies, also close to the
white line for ZnO. The absorption edge motion indicates that Zn
is in the oxidation state, and the sample absorption edge is red-
shifted with respect to ZnO, indicating that Zn in the sample may
be higher than the +2 valence. Because the XAFS data are aver-
aged, it is appropriate to state unequivocally that the sample Zn
valence is near to +2. The Fourier converted X-ray absorption fine
structure spectra of ZnO, Zn foil, and Zn-1.5TfOH/AC are shown in
Fig. S5C. The curve of Zn-1.5TfOH/AC displays a high peak at 1.72 A,
which corresponds to the Zn—0 bond. The sample’s Zn—0 peak po-
sition is greater than that of ZnO, indicating a longer Zn—O bond
in the sample. The EXAFS fit curve of the extended edge data fits
the experimental curve very well, as shown in Fig. 3, which is
consisted with the results in the Table S3. The results of the ex-
periment revealed that the primary support for the Zn element in
the catalyst is Zn—0 coordination, and the sample is a single-atom
structure, and the fitted assessed Zn-O4 conformation by combin-
ing wavelet, k3, and EXAFS data.

Based on the above analysis, the addition of TfOH would show
a positive effect on the catalytic performance of Zn catalysts in
the acetylene hydration, therefore, the catalytic performance of
Zn-xTfOH/AC (x=0.5, 1, 1.5, 2) catalysts was tested in the acety-
lene hydration reaction to investigate the effect of TfOH ligand on
the performance of Zn/AC catalyst in acetylene hydration. Firstly,
the effects of different temperatures on the performance of Zn-
TfOH/AC catalysts in the acetylene hydration reaction were inves-
tigated as shown in Fig. S6 (Supporting information). It is clearly
found that the catalytic activity of Zn-TfOH/AC an increasing trend
with the increase of temperature, while the activity was reduced
at the higher temperature of 260 °C, which indicated that the re-
action temperature of 240 °C was better for the acetylene hydra-
tion. Furthermore, the effect of temperatures on the selectivity of
acetaldehyde is more remarkable at the high reaction temperature.

Then, the catalytic performance of Zn-xTfOH/AC (x=0.5, 1, 1.5,
2) catalysts was tested at the reaction temperature of 240 °C in
the acetylene hydration reaction, and the results showed in Fig. 4.
It can be seen that the Zn/AC catalyst has high initial activity but
poor catalytic stability. However, with the increasing of TfOH lig-
and content, the catalytic activity was significantly enhanced and
the stability was improved, especially for the Zn-1.5TfOH/AC cata-
lyst with above 90% acetylene conversion and about 72% selectivity
of acetaldehyde. Moreover, more addition of TfOH ligand content
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would cover the Zn active component species caused the reduc-
ing of the catalytic performance, which indicated that the optimal
amount of addition was 1.5. The tested results confirmed that the
introduction of TfOH ligand could show a significantly positive ef-
fect on the catalytic performance of Zn catalyst in the acetylene
hydration.

For heterogeneous catalytic systems, the effect of catalyst dis-
persion on the catalyst performance is significant. Combined with
the results of TEM, the Zn-xTfOH/AC (x=0.5, 1, 1.5, 2) catalysts
with the better dispersion of active species showed the better cat-
alytic performance.

Lastly, in order to confirm the structure of the complex in
the catalysts, the Zn(OTf),/AC catalyst was prepared with the
same method and tested in the hydration of acetylene at the
same reaction conditions. The catalytic activity results showed that
Zn(0Tf),/AC catalyst was almost inactive in the acetylene hydra-
tion. Combined with the results of XAFS characterization results,
the Zn element in the catalyst is Zn—0 coordination and the fitted
assessed Zn-04 conformation by combining wavelet, k3, and EXAFS
data, which confirmed that the Zn-1.5TfOH/AC with Zn—0O coordi-
nation is more active for the acetylene hydration.

The TEM images of the fresh and used (Fig. S7 in Support-
ing information) catalysts showed that the addition of TfOH lig-
and could obviously promote the dispersion of Zn species on AC,
reduce the agglomeration of Zn species particles during the reac-
tion, and greatly improved the reaction activity. The loss rate of Zn
species in the catalyst was characterized and analyzed by ICP-OES.
The results are shown in Table S4 (Supporting information), the
addition of TfOH significantly reduced Zn loss, and the amount of
Zn loss gradually decreased as the content increased. When com-
bined with the results of the XAFS analysis, it is hypothesized that
the formation of coordination between Zn and the O atom in TfOH
improves Zn interaction with the carrier and inhibits Zn loss. The
ICP-OES and TEM characterization results are consistent with the
activity test of the catalyst, which is consistent with the design of
the initial experiment.

To further understand the chemical state and concentration of
zinc, the fresh and used Zn-xTfOH/AC (x=0.5, 1, 1.5, 2) catalysts
were analyzed by XPS technique. Fig. 5 showed a blue shift in
the binding energy of Zn 2ps, after the addition of the TfOH lig-
and, indicating that Zn lost electrons, lowering the electron cloud
density around the active Zn species. This may be attributed to
the strong electron-absorbing property of the S=0 bond in triflu-
oromethanesulfonic [37], which also indicated the coordination in-
teraction of Zn with TfOH. Furthermore, the magnitude of the blue
shift in the binding energy of Zn 2p;, became more pronounced
as the ligand quantity increased. The fitted curves of the Zn 2p;p,
peaks clearly show the fitted peaks corresponding to the chemical
states of the two Zn species. The high binding energy is attributed
to the (ZnOH)* species, while the low binding energy is attributed
to the (ZnH)* species [19].

It has been speculated in the literature that Zn** with partial
hydroxyl groups, i.e., (ZnOH)* species, are produced on the surface
of Zn catalysts after water vapor treatment [38]. Combined with
the results of XPS analysis, the (ZnOH)* species in the Zn/AC cat-
alyst was only 36.7%, so it is presumed that the (ZnOH)* species
formed by the water vapor activation treatment is a small amount.
In addition, related literature also shown that Zn%* is capable of
proton exchange with strongly acidic -OH groups, so we speculate
that the B acid site may favor the formation of (ZnOH)* species
[39,35]. In addition (ZnOH)* species are unstable and prone to de-
hydroxylation reactions in the presence of reducing gasses [38]. As
shown in Table 1, the (ZnOH)* species in the catalyst gradually in-
creased after the addition of TfOH ligand, and the (ZnOH)" species
in the Zn-1.5TfOH/AC catalyst was 57.5%. Combined with the Py-
FTIR characterization results, it appears that the addition of TfOH
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ligand increased the B-acid sites in the catalyst, which promoted
the formation of (ZnOH)*. In addition, since acetylene is a reduc-
ing gas, the (ZnH)"™ species are most likely formed by (ZnOH)*
dehydroxylation. Py-FTIR analysis showed that the Zn-1.5TfOH/AC

Table 1
Relative content of (ZnH)* and (ZnOH)* species on the catalyst surface.

Catalysts Binding energy (eV) Zn species content
(ZnH)*+ (ZnOH)* (ZnOH)* (ZnH)*
Zn/AC 1021.8 1022.8 36.7% 63.3%
Used Zn/AC 1021.7 1022.6 32.4% 67.6%
Zn-0.5TfOH/AC 1021.9 1022.7 37.9% 62.1%
Used Zn-0.5TfOH/AC 1021.9 1022.7 35.4% 64.6%
Zn-TfOH/AC 1021.9 1022.6 41.9% 58.1%
Used Zn-TfOH/AC 1022.2 1022.5 39.8% 60.2%
Zn-1.5TfOH/AC 1021.9 1022.6 57.5% 42.5%
Used Zn-1.5TfOH/AC 1022.4 1023.6 52.1% 47.9%
Zn-2TfOH/AC 1023.3 1024.3 49.5% 50.5%
Used Zn-2TfOH/AC 1022.6 1024.1 45.4% 54.6%
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Fig. 6. TG and DTG curves of fresh and used catalysts.

catalyst had the highest B acid content, while the Zn-1.5TfOH/AC
catalyst had the largest percentage of (ZnOH)* species, which in-
dicated that more (ZnOH)* species were more favorable for the re-
action. The content of (ZnOH)* species in all catalysts was slightly
reduced after the reaction compared to before the reaction, indi-
cating that (ZnOH)* species were consumed during the reaction.
This is also supported by the catalytic performance of the Zn-
1.5TfOH/AC catalyst.

According to the literature, carbon deposition is an important
factor for the catalyst deactivation, in order to investigate the ef-
fect of TfOH ligand on the carbon deposition of Zn-based cata-
lyst during the reaction, the Zn-xTfOH/AC (x=0.5, 1, 1.5, 2) cat-
alysts were analyzed with TG characterization, and the results are
shown in Fig. 6 and Fig. S8 (Supporting information). Carbon depo-
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Table 2
Carbon deposition of catalysts.

Catalysts Amount of carbon deposition (%)
Zn/AC 2.96
Zn-0.5TfOH/AC 2.11
Zn-TfOH/AC 1.12
Zn-1.5TfOH/AC 1.19
Zn-2TfOH/AC 1.53

20} Zn(0T1),
TFO-ZaCl
s TO-ZnOH

Re

—_— Ts2

Co-ads

Energy (kcal/mol)
'S
e

Reaction coordinate

Fig. 7. Schematic energy profiles for the reaction pathway Zn(OTf),, TfO-ZnCl and
TfO-ZnOH.

sition was calculated by estimating the weight difference between
fresh and used catalysts in the same temperature range. The mass
loss of the samples between room temperature and 130 °C was as-
cribed to the evaporation of water absorbed on the surface of the
catalyst samples. The TG and DTG curves of fresh and used cat-
alysts were basically identical, and both underwent ZnCl, break-
down and (ZnOH)" dehydroxylation between 350 °C and 600 °C.
Table 2 showed that the carbon accumulation of the catalysts was
significantly reduced after the addition of TfOH ligand, and the car-
bon accumulation of the Zn-1.5TfOH/AC catalyst was only 1.19%.
These results demonstrated that Zn-1.5TfOH/AC is thermally sta-
ble and resistant to carbon buildup, which showed the excellent
catalytic performance in the hydration of acetylene.

To further verify the catalytic active species in our prepared cat-
alysts, the DFT simulation was employed in this part to explore
the reaction pathway of different active species for acetylene hy-
dration. According to the previous literature, three possible Zn co-
ordinated species named Zn(OTf),, TfO-ZnOH, and TfO-ZnCl were
investigated to obtain the adsorption energies and activation bar-
riers. As shown in Fig. S9 (Supporting information), Zn(OTf), is a
tetracoordinate complex with the Zn atom combined with the four
O atoms of the two (-OTf) perssad. For the three-coordinated TfO-
ZnOH and TfO-ZnCl, the Zn atom was combined with two O atoms
of one ligand and -OH(-Cl) group.

In order to explore which coordination structure is more favor-
able for acetylene hydration, as shown in Fig. 7, we speculated
the reaction energy barriers of the three possible active ingredi-
ents, with TfO-ZnOH having a significantly lower reaction energy
barrier than the other two coordination conformations. As estab-
lished in the literature [24], for the initial step of Co-ads, all ligand
configurations preferentially adsorb water before forming a Co-ads
state because water has a greater adsorption energy than acety-
lene. The geometric configurations in the complete reaction path-
way were displayed in Fig. 7, where a series of steps proceed from
the co-adsorbed state (Co-ads) to the transition state (Ts) and then
through several intermediates (Im) before forming the final prod-
uct, acetaldehyde (Pr).

In exploring the reaction pathways, it was found that there is
only one reaction pathway for each zinc coordination configura-
tion. For the Zn(OTf), structure, first it forms a Co-adsorbed state
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(Co-ads), then one of the O—H of the water molecule breaks and
the dissociated OH~ adsorbs onto Zn(OTf), to form the transition
state Ts1. The process that requires overcoming the 42.77 kcal/mol
energy barrier. Following that, H* and OH~ were combined with
the two carbon atoms of acetylene to form an enol (Im1), which
was then hydrolyzed to produce acetaldehyde (Pr represents the
total energy of acetaldehyde and complexes) [31], while the active
component reverted to the Zn(OTf), structure. The pathway of the
TfO-ZnCl structure is similar to that of Zn(OTf),. After forming the
co-adsorbed state, when the dissociated OH~ adsorbs onto TfO-
ZnCl to form the transition state Ts1, a process that requires over-
coming the 45.28 kcal/mol energy barrier. Subsequently, H* and
OH~ were added to the two carbon atoms of acetylene to form an
enol (Im1), followed by the hydrolysis of Im1 to form acetaldehyde,
while the active component reverts to the TfO-ZnCl structure.

Both Zn(OTf), and TfO-ZnCl have only one transition state, Ts1,
whereas TfO-ZnOH has two transition states, which differs from
the previous two. The H,O molecule does not dissociate after the
formation of the co-adsorbed state (co-ads), the OH~ in TfO-ZnOH
first undergoes an addition reaction with C;H, to form Ts1, while
the other carbon atom in acetylene reacts with Zn?t in the cata-
lyst interacts to form a vinyl metal complex to form the transition
state Im1, while an energy barrier of 13.37 kcal/mol needs to be
overcome. Then the O—H bond in the adsorbed water molecule
breaks and the dissociated H" combines with the other carbon
atom of acetylene to produce the vinyl alcohol Ts2, which un-
dergoes a second transition state Ts2 with an energy barrier of
22.63 kcal/mol. Subsequently, a final state (Fs) of vinyl alcohol and
TfO-ZnOH was formed, and finally, the adsorbed vinyl alcohol un-
dergoes dissociation and hydrolysis to produce the target product
acetaldehyde. Thus, the step that determines the rate is Ts2. The
energy barrier of TfO-ZnOH is lower than that of Zn(OTf), and
TfO-ZnCl due to the presence of OH™ in the structure, which par-
ticipates in the reaction and regenerates through the dissociation
of H,O molecules, lowering the energy barrier. Moreover, from a
thermodynamic point of view, TfO-ZnOH is more favorable for the
reaction due to the fact that Fs to Pr is an exothermic process.
However, for the remaining two complex structures, the process
is heat-absorbing.

In conjunction with the above study, TfO-ZnOH, which has the
lowest energy barrier, is more likely to be the coordination struc-
ture of Zn and TfOH. Synchrotron radiation paired with XANES
and EXAFS of the zinc K-edge revealed that Zn?* developed a Zn-
04 coordination configuration during catalyst production. Because
of the activation of high-temperature water vapor in the reaction
phase, the Zn-04 coordination conformation gradually opened, the
Zn atom was combined with two O atoms of one ligand and -OH
group. Consequently, forming TfO-ZnOH with a triple-ligand con-
formation could effectively increase reaction activity.

In this work, a series of Zn-TfOH/AC catalysts were synthesized,
of which the Zn-1.5TfOH/AC catalyst showed the best catalytic per-
formance in the hydration reaction of acetylene with 96% acetylene
conversion. TEM and Py-FTIR characterization analysis showed that
the addition of TfOH effectively promoted the dispersion of zinc
species, while providing additional surface weak acid sites and cat-
alytically active sites, which was favorable for the experiments. The
XAFS test results showed that the element Zn was mainly present
in the catalyst as a Zn—0O coordination structure. The results of Py
FTIR, XPS, ICP-OES and TG showed that TfOH ligand could increase
the content of B acid and the relative content of (ZnOH)* species,
enhance the interaction between zinc components and carriers, in-
hibit the loss of zinc species, and effectively enhance the stability
of metal active species. The DFT calculations inferred that the TfO-
ZnOH conformation is more likely to be a coordination structure
formed by the zinc ligand, and the OH~ in TfO-ZnOH participates
in the reaction and is regenerated by H,O dissociation, thus re-
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ducing the energy potential barrier. The above analysis is the main
reason for the selective catalytic hydration of acetylene to acetalde-
hyde by Zn-1.5TfOH/AC catalyst.
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