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e chloride modified USY zeolites
for palladium-catalyzed acetylene
hydrochlorination†

Zeqing Long,‡a Lu Wang, ‡*a Haijun Yan,a Jianxin Si,a Meng Zhang,a Jide Wang,a

Ling Zhao,ab Chao Yang a and Ronglan Wua

USY zeolites (USY) were applied to design and synthesize palladium-based heterogeneous catalysts for

exploring an efficient non-mercuric catalyst for acetylene hydrochlorination. Choline chloride (ChCl) was

selected as the nitrogen-containing ligand to modify the Pd@USY catalysts and the proposed

Pd@15ChCl@USY catalyst exhibited obviously the best catalytic performance with a stable acetylene

conversion and vinyl chloride selectivity of over 99.0% for more than 20 h. According to the results of

characterization and the density functional theory calculations, it is indicated that the addition of ChCl

can significantly inhibit the agglomeration and loss of the Pd active species, prevent carbon deposition

and enhance the ability of HCl and C2H2 adsorption and C2H3Cl desorption, resulting in promoting the

catalytic performance of Pd@USY catalysts during the acetylene hydrochlorination reaction.
1 Introduction

Polyvinyl chloride (PVC) is one of the ve universal engineering
resin materials in the world, which has the advantages of low
price, ame retardance, high strength, good weather resistance
and excellent processability, and is widely used in industry,
agriculture, construction, daily necessities, and other indus-
tries.1–3 Industrially, PVC is produced primarily by the poly-
merization of vinyl chloride monomer (VCM). At present, the
production methods of VCM are the acetylene, ethylene and
ethane methods.4 Because of the energy structure of our
country, the synthesis process of VCM is acetylene hydro-
chlorination method. However, the traditional HgCl2/AC cata-
lyst is toxic and easy to sublimate, which seriously endangers
the ecological environment and human health, coupled with
the global shortage of mercury resources, so that the PVC
industry is facing the dual pressure of mercury pollution and
a shortage of mercury resources.1,5,6 In order to eliminate
mercury consumption in the PVC industry by 2025, as sched-
uled in the Minamata Convention.7 The development of more
effective and stable non-mercury catalysts is essential to the
sustainable development of the chlor-alkali industry.
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In recent decades, a series of mercury-free catalysts for
acetylene hydrochloride has been explored, such as Au,8,9

Ru,10,11 Pt,12,13 and Cu,14,15 Bi,16,17 etc. Gold (Au)-based catalysts
are the most widely used and studied owing to their unprece-
dented intrinsic activity in this reaction.18–20 Despite the
commercial success of gold-based catalysts (Na3Au(S2O3)2/C),1

there is still ongoing research to nd alternative catalysts for
industrial applications. As far as Ru-based catalysts are con-
cerned, the coexistence of abundant Ru species with distinct
valence states (such as RuO clusters, RuO2, RuOx and cationic
RuClx species) on the carrier surface makes it difficult to iden-
tify the individual catalytic behaviour of each Ru species.11,21 In
this regard, Pd species with relatively simple valence state (II
and 0) may be another more potentially promising candidate to
replace Au- and Ru-entities derived catalysts.22,23 In recent years,
zeolites have been widely applied in the petrochemical industry
due to their good hydrothermal stability, rich pore structure,
large surface area, and adjustable acidity, which can play the
role of screening and catalysis.24–26 For acetylene hydro-
chlorination, Liu et al. reported a systematic study of the activity
of 13X zeolite without loading any active metal component,
when the reaction temperature is over 300 �C, the conversion of
acetylene is close to 100% and the selectivity of vinyl chloride is
over 90.0%; besides, the spent catalyst can be partially regen-
erated by calcination and they believe that the activity of 13X
molecular sieve is related to its unique zeolite structure.27 Li
et al. also reported that an efficient and stable heterogeneous
zeolite supported ionic liquid catalyst (IL/CaX) has been
explored in acetylene hydrochlorination reaction, which
exhibits an excellent catalytic performance when compared to
the Au/C catalyst.28
RSC Adv., 2022, 12, 9923–9932 | 9923
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In our previous work, Pd-supported Y zeolite (Pd/HY) catalysts
with 0.5 wt% Pd content were prepared by ultrasound-assisted
impregnation and investigated in a xed bed reactor at 160 �C,
V(HCl)/V(C2H2)¼ 1.25 and gas hourly space velocity of C2H2¼ 110
h�1. For the Pd/HY catalyst, the conversion of acetylene is more
than 95.0% and the selectivity of vinyl chloride is over 90.0%
during 2 hours, which proved that the Pd metal can be the active
metal for acetylene hydrochlorination, although Pd-based cata-
lysts are easy sintered and deactivated.29 Aer that, we modied
the supports (NH4F,30 NH4F-urea,31 boron32) to improve the anti-
sintering of palladium and the results showed that heteroatom
modications may be an effective strategy to improve properties
of catalysts for increasing the dispersion of the Pd species and
reducing their particle sizes to improve the sintering resistance of
the Pd-based catalyst. Ionic liquids (ILs) have attracted much
attention due to their unexpected catalytic activity in many
heterogeneous reactions in recent years,15,33–35 especially in the
acetylene hydrochlorination reaction.34–42 Li et al. synthesized
pyridinic N-rich aromatic ladder structure catalysts through
controlling the self-assembly of polyacrylonitrile polymer chains
and the prepared catalysts showed �93.0% acetylene conversion
and exhibited a satisfying stability during 200 h.36 Zhao et al.
prepared nitrogen–phosphorus doped carbon catalysts using 1-
ethylsulfonic acid-3-methylimidazolium dihydrogen phosphate
[ESO3HMim + H2PO4

�] and 1-ethyl-3-methylimidazolium dicyan-
diamide [[EMim]+N(CN)2

�] as phosphorus and nitrogen sources,
and the catalyst also has an excellent activity for acetylene
hydrochlorination.34 Zhang et al. successfully synthesized Ru-10%
DMPU/AC catalysts and suggested the anchoring effect of the N-
containing ligand can increase the dispersion of Ru species and
decrease the coke deposition during reaction.38 Compared with
Ru/AC, series of quaternary ammonium ionic liquids (QAIL)
modied Ru-QAILs/AC catalysts revealed the synergistic effect
between metal and support and improve the catalytic perfor-
mance of catalysts, but their high cost limits their application in
PVC industry.39,40 Besides, choline chloride (ChCl) is cheaper,
more non-toxic, greener and easier to store than most ionic
liquids, which has been widely used in the Diels–Alder reaction
and the Fischer indole cyclization reaction.41–44 Therefore, we
hypothesized that ChCl could improve the performance of
Pd@USY zeolite catalyst in acetylene hydrochlorination as well.

In this work, a mercury-free Pd-based@USY catalyst with
high efficiency by ChCl modication was designed and devel-
oped. The ChCl additive had great inuence on the catalytic
performance of Pd-based@USY catalyst and the promotion
effects of ChCl were studied systematically by a series of
experimental characterizations combined with density func-
tional theory (DFT) calculations. This work created a novel way
for the modied strategies for mercury-free Pd-based@USY
catalysts in acetylene hydrochlorination reaction, which also
can improve the sustainable development of PVC industry.

2 Experimental
2.1. Catalyst preparation

The supported Pd@ChCl@USY catalysts were prepared using
an ultrasonic-assisted impregnation method and USY zeolite
9924 | RSC Adv., 2022, 12, 9923–9932
(20–40 mesh, Si/Al ¼ 6) purchased from Nankai University Co.,
Ltd. Take the preparation method of Pd@1ChCl@USY catalyst
for example. Firstly: 0.04 g palladium chloride precursor
(PdCl2, purity 59% purchased from Shanghai Titan Scientic
Co., Ltd) and 0.75 g choline chloride (ChCl purity $ 98%,
purchased from Shanghai Titan Scientic Co., Ltd) were dis-
solved in 6.32 ml hydrogen chloride aqueous solution (HCl
purity $ 99.99%) and deionized water, and the mixture was
stirring and completely dissolved at room temperature. Then,
5.0 g USY zeolite was added with vigorous stirring and the
obtained system was in an ultrasonic bath for 1 h. Finally, the
obtained sample was placed under atmosphere condition for
10 h and dried at 120 �C for 8 h, denoted as Pd@ChCl@USY
where 1 represents the mass percentage of ChCl. Similar
methods were applied to prepare the Pd@USY, ChCl@USY and
Pd@xChCl@USY catalysts the serious of Pd@xChCl@USY
catalysts with the mass ration of 5%, 10%, 15%, and 20% ChCl
species were named as Pd@5ChCl@USY, Pd@10ChCl@USY,
Pd@15ChCl@USY, and Pd@20ChCl@USY, respectively and
the load of Pd was kept content at 0.5% in all catalysts. The Pd–
ChCl@USY and the ChCl–Pd@USY catalysts were also
prepared by ultrasonic-assisted impregnation method. The
Pd–ChCl@USY catalyst was made through by rst impreg-
nating PdCl2 precursor(aq) on USY zeolite followed by
impregnating ChCl(aq) on Pd@USY aer drying at 120 �C for
8 h. The preparation of the ChCl–Pd@USY catalyst was similar
to the route of the Pd–ChCl@USY catalyst but the impregna-
tion order of PdCl2 precursor and ChCl solution was reversed.
Besides, 0.5 wt% Pd and 15 wt% ChCl were contained in all two
catalysts.

2.2. Catalytic performance evaluation

All catalysts (5.0 g) were evaluated into the self-designed quartz
(tube 10 mm diameter, 40 mm length), purged with N2 (15
ml min�1) to remove water and air activated under hydrogen
chloride (15 ml min�1) atmosphere at 160 �C for 40 min, then
reacted under the ow of hydrogen chloride (5.2 ml min�1) and
acetylene (7.2 ml min�1) at 160 �C (feed volume ratio VHCl:VC2H2

¼ 1.25), the C2H2 gas hourly space velocity of 120 h�1. The
acetylene conversion (XA) and vinyl chloride selectivity (Svc) were
analyzed by a gas chromatography (GC 2010 Shimadzu, Kyoto,
Japan) aer eliminating unreacted hydrogen chloride or other
effluent gases.

2.3. Catalyst characterization

Scanning transmission election microscopy (STEM) and trans-
mission electron microscopy (TEM) were measured by JEM-
2100F (JEOL, Japan) the acceleration voltage of 200 kV. The
elemental composition was achieved by an energy dispersive X-
ray spectroscopy (EDS, JEM-2100F) device coupled to STEM. X-
ray diffraction (XRD, X'Pert PRO MPD) was carried out to
determine dispersity and crystallinity of the active component
in prepared catalysts with Cu-Ka radiation (l ¼ 0.15407 nm)
irradiation over the range 10� # 2q # 80�. X-ray photoelectron
spectroscopy (XPS, Thermo ESCALAB250XI) was performed to
analyze the chemical elements valence states of the catalysts,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
and the standard C 1s (284.8 eV) was employed. Inductively
coupled plasma optical emission spectroscopy (ICP-OES, Agi-
lent ICP-OEST30) was detected to distinguish the actual Pd
loading for catalysts. Brunner–Emmet–Teller (BET, Quanta
chrome Auto sorb iQ2) was measured to the various texture
parameters of the prepared catalysts, which were pretreated at
120 �C for 5 h and tested at liquid nitrogen temperature (�196
�C). Thermogravimetric analysis (TGA, Thermo Plus EVO2) was
conducted to evaluate the thermostability and carbon deposi-
tion of catalysts under 100 ml min�1 air gas ow and a heating
rate of 10 �C min�1 from 30–800 �C. Ammonia temperature
programmed temperature desorption (NH3-TPD, AutoChem II
2920) tests were over the range from room temperature to
700 �C at a heating rate of 10 �C min�1 for investigating the
acidic properties of catalysts and pyridine adsorption infrared
spectra (Py-IR, Tensor 27) were obtained from 1000 to
2000 cm�1. Besides, acetylene temperature programmed
desorption (C2H2-TPD), hydrogen chloride temperature pro-
grammed desorption (HCl-TPD) and vinyl chloride temperature
programmed desorption (C2H3Cl-TPD) test were carried out
using a AutoChem II 2920 adsorption Instrument and the
procedure was as follow: the sample (0.75 mg) was treated with
C2H2, HCl or C2H3Cl at 180 �C for 2 h initially, then adsorption
and sweeping under 100 ml min�1 Ar (purity, 99.9%) gas ow
and a heating range of 10 �C min�1 from 25 �C to 800 �C.
2.4. Density functional theory (DFT) simulation

All the density functional theory (DFT) calculations were
carried out using the Vienna ab initio Simulation Package
(VASP).45,46 The generalized gradient approximation (GGA) with
Perdew–Burke–Ernzerhof (PBE) formulation has been
employed to dene the correlation energy and electron
exchange. A 2 � 2 � 1 k-point set and a 400 eV energy cut-off
had been used for the optimized structures.47–49 The vacuum
region (15 Å), the energy of the convergence criteria (10�5 eV)
and the force of the convergence criteria (0.04 eV Å�1) were
constructed. Then the adsorption energies (Eads) were calcu-
lated as Eads ¼ Ead/sub � Ead � Esub, where Ead/sub, Ead, and Esub
are the total energies of the optimized adsorbate/substrate
system, the adsorbate in the structure, and the clean
substrate, respectively. U ¼ 4.01 eV was applied to Pd states in
our calculations.
Fig. 1 Conversion of acetylene of USY-based catalysts (a); catalytic perfo
(b); catalytic performance of the Pd@15ChCl@USY catalyst (c). Reaction
1.25.

© 2022 The Author(s). Published by the Royal Society of Chemistry
3 Result and discussion

The catalytic performances of USY, ChCl@USY, Pd@USY and
Pd@ChCl@USY catalysts for acetylene hydrochlorination are
displayed in Fig. 1 and S1.† Over the USY and ChCl@USY
(Fig. 1a), the negligible catalytic activity (less than 8.9%) was
observed obviously indicating that USY support and ChCl
additive have little contribution to the reaction activity. Aer
loading Pd species, Pd@USY and Pd@ChCl@USY catalysts were
all exhibited a certain activity attributed to the contributions of
Pd species. For Pd@USY catalyst, the acetylene conversion
decreased from 74.8% to 15.0% during the reaction, showing
the Pd@USY catalysts was active but the poor stability. For
Pd@ChCl@USY catalyst, it is observed the signicantly
increasing activity and stability (the acetylene conversion was
exhibited approximately 99.6% during the reaction), which
proved that the ChCl addition can effectively improve the
catalytic performance Pd@USY catalyst. The catalytic perfor-
mance Pd–ChCl@USY and ChCl–Pd@USY catalysts had similar
and stable conversion but longer induction period during
600 min, and the co-impregnation was the optional method for
the Pd@ChCl@USY catalyst (Fig. S2†). In view of amount of
ChCl additives, the effect of ChCl additives on the catalytic
activity may be sorted in the following order: Pd@15ChCl@USY
(99.9%) > Pd@20ChCl@USY (96.0%) > Pd@10ChCl@USY
(90.9%) > Pd@5ChCl@USY (85.0%) > Pd@1ChCl@USY (80.0%)
(Fig. 1b). In addition, All the prepared Pd@ChCl@USY-based
catalysts showed more than 99.8% vinyl chloride selectivity.
Especially, the Pd@15ChCl@USY catalyst exhibited the optimal
catalytic performance, the maximum C2H2 conversion was kept
above 99.5% during 20 h (Fig. 1c). So, it is suggested the
appropriate amount of ChCl additive can both enhance the
catalytic activity and selectivity of Pd@USY-based catalysts for
acetylene hydrochlorination.

EDS mapping and STEM images of the fresh
Pd@15ChCl@USY catalyst were showed in Fig. 2. It was
demonstrated that the C, N, Pd, Cl, Si, Al and O signals (Si Al
and O elements were attributed to the original USY zeolite) were
homogeneously distributed over the catalyst, conrming the Pd
species and ChCl additives were successfully doped into the
USY zeolite. From Fig. 3, the characteristic diffraction peaks at
10.3� (220), 12.1� (311), 15.9� (331), 19.0� (511), 20.8� (440), 24.1�

(533), 27.6� (642), and 30.0� (555) belonged to the characteristic
rmance of the Pd@ChCl@USY catalysts with different ChCl mass ratios
conditions: T ¼ 160 �C, GHSV(C2H2) ¼ 120 h�1, and V(HCl):V(C2H2) ¼

RSC Adv., 2022, 12, 9923–9932 | 9925
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Fig. 2 EDS analysis (a), STEM image (b) and elemental mapping images
(c–i) of the fresh Pd@15ChCl@USY catalyst.

Fig. 3 XRD patterns of Pd-based@USY catalysts.

Fig. 4 HRTEM images of the fresh Pd@USY (a), used Pd@USY (b), fresh
Pd@15ChCl@USY (c) and used Pd@15ChCl@USY (d).
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View Article Online
peaks of USY (JCPDS no. 77-1551) were observed all the fresh
and used cata-lysts, but no discernible reections of Pd species
were detected in all the prepared Pd-based@USY catalysts,
which indicated that the active sites of Pd species were highly
dispersed on the USY-based support, or the crystalline size of Pd
species was below the limit of XRD detection (<4–5 nm), or the
low loading of Pd.50,51 HRTEM images (Fig. 4) was carried out to
observe the palladium particle size distribution of the fresh and
used Pd@USY and Pd@15ChCl@USY catalysts. For the fresh
catalysts (Fig. 4a and c), there appear almost no Pd dusters or
nanoparticles on all USY-based supports, indicating the highly
dispersed palladium particles,52–54 which is consistent with the
XRD analysis (Fig. 3). Compared with the fresh catalysts, Pd
nanoparticles were detected in the used Pd@USY and
Pd@15ChCl@USY catalysts, as observed in Fig. 4b and d. In
addition, one characteristic lattice fringes with lattice spacings
of 0.23 nm are found in the used Pd@USY HRTEM images
9926 | RSC Adv., 2022, 12, 9923–9932
(Fig. 4b), which can be attributed to the (111) crystal faces of
palladium with an average size of about 3.9 nm, manifesting the
sintering of the Pdmetal on the catalyst during the reaction and
is also one reason for the rapid activity decrease of the Pd@USY
catalyst.13,55 However, less and smaller (about 1.20 nm) visible
Pd nanoparticles are detected in the Pd@15ChCl@USY HRTEM
images (Fig. 4d) which can be suggested that although the
aggregation of Pd species are in the used Pd@15ChCl@USY
catalyst as well, the appropriate ChCl treatment during the
catalyst preparation and reaction processes can limit the
aggregation of Pd active species, which is favorable for contin-
uous high activity and stability of the catalysts for acetylene
hydrochlorination.

Fig. 5a–d displays the XPS curves of the Pd (3d) region for the
fresh and used Pd@USY and Pd@15ChCl@USY, and all Pd (3d)
signals could be well deconvoluted into Pd2+ (about 337.1 eV
and 342.2 eV) and Pd0 (about 335.5 eV and 340.6 eV) species.13,56

The relative contents of Pd0 and Pd2+ species in Pd-based
catalysts obtained from XPS are listed in Table 1. For the
fresh catalysts, it can be seen that Pd2+ species acts as the main
active component for acetylene hydrochlorination drawn by
other researchers.52,57 And there is a slight difference between
the palladium component before and aer adding ChCl in the
XPS results, which further proves that ChCl addition couldn't
directly affect the valence states of the Pd species in the cata-
lysts. Compared with the fresh catalysts, it indicated that the
Pd2+/Pd0 ratio in the used catalysts was signicantly decreased,
suggesting that the active Pd2+ species had been reduced during
the reaction resulted in the decreased activity of the catalysts.
However, a slower reduction (Pd2+ / Pd0) were found in the
Pd@15ChCl@USY catalysts experiences when compared with
the Pd@USY catalysts, which is likely one of reasons for the
better catalytic performance in Pd@15ChCl@USY catalysts. On
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS images and results of the Pd-based@USY catalysts before and after reaction: Pd spectra and corresponding Pd contents of the fresh
Pd@USY (a), used Pd@USY (b), fresh Pd@15ChCl@USY (c and e) and used Pd@15ChCl@USY (d and f); N spectra and corresponding N contents of
the fresh Pd@15ChCl@USY (g) and used Pd@15ChCl@USY (h).

Table 1 The relative content of Pd species in the fresh and used
catalysts determined by XPS and the actual Pd content determined by
ICP

Catalysts
Pd0 (area
%)

Pd2+ (area
%)

Fresh-Pd@USY 11.83 88.17
Used-Pd@USY 55.37 44.63
Fresh-Pd@15ChCl@USY 11.66 88.34
Used-Pd@15ChCl@USY 21.85 78.15

Catalysts

Total Pd (wt%)
Loss ratio
of Pd (%)Fresh Used

Pd@USY 0.63 0.21 58.73
Pd@15ChCl@USY 0.63 0.41 34.92

Table 2 Porous structure parameters of catalysts

Catalysts SBET
a (m2 g�1) Vb (cm3 g�1) Dc (nm)

USY 689 0.41 2.47
Fresh-Pd@USY 573 0.32 2.36
Used-Pd@USY 61 0.10 6.33
Fresh-Pd@15ChCl@USY 71 0.12 7.06
Used-Pd@15ChCl@USY 35 0.06 6.82

a Specic surface area. b Total pore volume. c Average pore diameter.
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the basis of these results, it concluded that the existence of ChCl
(Fig. 2 and S3†) act as a stabilizer to inhibit the reduction of Pd2+

species, thus effectively prolong the lifetime of the Pd@USY
catalyst for acetylene hydrochlorination. Additionally, it was
clearly seen that three individual peaks at 398.8 eV, 401.0 eV and
402.5 eV, demonstrating the coexistence of pyridinic N,
pyrrolic N and graphitic N respectively in fresh and used
Pd@15ChCl@USY catalysts (Fig. 5e and f). Moreover, their
relative contents of the existing nitrogen species according to
XPS were show in Fig. 5g and h. For the Pd@15ChCl@USY
catalyst, it suggested that the type of nitrogen species had no
changes but the relative contents before and aer reaction,
especially pyridinic N and graphitic N. Although the role of
various N species is still under debate in the metal-based cata-
lysts, N-containing species could be positive to the election
transferred from N species to the active center, thus enhancing
the catalytic activity.50,58–60

In order to further study the apparent inuence of ChCl for
the loss active component, ICP data of the amounts of the Pd in
© 2022 The Author(s). Published by the Royal Society of Chemistry
the fresh and used Pd-based catalysts are detected (Table 1).
Compared to the fresh catalysts, an obvious decrease in Pd
content is shown in all the used catalysts, indicating that the Pd
species were lost during the reaction. Meanwhile, it can be
observed that the loss ratio of Pd species in the
Pd@15ChCl@USY catalyst (34.92%) was much less than that in
the Pd@USY catalyst (58.73%), suggesting that ChCl addition in
the in the Pd@15ChCl@USY catalyst stabilized Pd species and
decreased Pd loss during the reaction, resulting in better cata-
lytic activity.

Table 2 show the structure and texture parameters of the
fresh and used Pd@USY and Pd@15ChCl@USY catalysts. It can
be seen that the bare USY possesses the highest BET specic
surface area (SBET) and the total pore volume (V) of 689 m2 g�1

and 0.41 cm3 g�1, respectively. However, the SBET and V of all the
fresh Pd-based catalysts substantially decrease with the adding
of Pd and ChCl species, which may occupy some of the available
space, what's more, the SBET and V of the fresh
Pd@15ChCl@USY catalyst was lower that of the Pd@USY
catalyst and the ChCl with coordination with Pd2+ has been
polymerized, which blocked the pores of catalysts and changed
pore structure.15,61,62 Aer reaction, the SBET and V of all used
catalysts were much lower than those of the fresh catalysts,
resulting in the carbon deposition or polymerization of the
reactant acetylene or the product vinyl chloride for decrease of
RSC Adv., 2022, 12, 9923–9932 | 9927
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the catalytic the catalytic activity. Data analysis indicated that
the relative loss of SBET (SBET%) during the reaction was in the
order of Pd@15ChCl@USY (51.42%) < Pd@USY (89.35%),
revealing that the existence of ChCl species may be conducive to
the rapid reaction of acetylene hydrochlorination and inhibits
the possibility of the carbon formation.

The degree of carbon deposition on the surface of
palladium-based catalysts are detected by TGA and the mass
loss of fresh and used Pd@USY and Pd@15ChCl@USY cata-
lysts are compared in Fig. 6. Obvious, the Pd-based catalysts
showed a visible mass loss before 150 �C, owing to the evap-
oration of moisture or other adsorbed species (like water) on
the catalyst surface.9 A signicant weight loss between 150 �C
and 450 �C could mainly attribute to the burning of the
carbon deposition and when the temperature is above 450 �C
the USY support combustion.32,63 Based on the contrastive
method,64 the carbon deposition of the Pd@15ChCl@USY
catalyst could be calculated as 1.91%, which was 51.77% less
than that of the Pd@USY catalyst (3.96%), providing indirect
evidence for the formation of the carbon deposition on the
catalyst surface and it is the other reason for the deactivation
of the Pd-based catalysts. In addition, it also indicated that
the ChCl addition could inhibit the formation of the carbon
deposition effectively on the catalyst surface during the
reaction.
Fig. 6 TGA profiles of the Pd@USY (a) and Pd@15ChCl@USY (b)
catalysts.

Fig. 7 NH3-TPD profiles of the Pd-based catalyst (a) and pyridine
adsorption IR of the Pd-based catalyst (b).

9928 | RSC Adv., 2022, 12, 9923–9932
NH3-TPD proles of all samples are displayed in Fig. 7a and
the prole of the USY support is provided for comparison. As
can been seen, all samples showed the ammonia desorption
peaks centered at around 200 �C was ascribed to the weak acid
sites (Lewis) and at around 500 �C related to the strong acid
sites (Brønsted).24,26,65,66 Compared with the pure USY support, it
was clearly exhibited that the intensities of weak acid sites were
decreased, and the strong acid sites were increased by the
incorporation of Pd metal and ChCl additive into the USY
zeolite, indicating the decreased amount of the weak acid sites
and the increased amount of the strong acid sites. In addition,
the fresh Pd@15ChCl@USY catalyst showed more strong acid
sites than the fresh Pd@USY catalyst, which might be associ-
ated with the framework dealumination and the presence of
nitrogen species.67,68 Aer reaction, both the intensities of the
weak and strong acid sites on the used Pd@USY and
Pd@15ChCl@USY catalysts were decreased, which provided
further clarication that both amounts and strength of the
strong acid sites in Pd-based@USY catalyst is generally accepted
to improve the catalytic performance for acetylene
hydrochlorination.32,63

Fig. 7b reports the 1400–1600 cm�1 Py-IR spectra to distin-
guish the types of surface acid sites further. The result indicated
that indicated that Py-IR bands centered at 1450 cm�1,
1540 cm�1 and 1490 cm�1 were correspond to Lewis (L),
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Brønsted (B) and both Brønsted and Lewis (B + L) acid sites,
respectively.69–71 According to quantitative analysis of the
Brønsted/Lewis (B/L) acidity radio for each catalyst at the
temperature 160 �C was shown in Table S1.† The B/L acidity
radio of the fresh Pd@15ChCl@USY catalyst was remarkably
higher than that of the fresh Pd@USY catalyst and the pure USY
support under the same condition, suggesting that more
abundant Brønsted acid sites on the fresh Pd@15ChCl@USY
catalyst (as indicated in the NH3-TPD results) related to the
ChCl additive. Combined with the catalytic performance of Pd-
based catalysts (Fig. 1), it is also reasonable to attribute the
enhanced catalytic activity of Pd@15ChCl@USY catalyst to the
more amount of surface B acid sites.

The introduction of ChCl additive affects the electronic
properties of the Pd active species and adsorption ability of the
fresh catalyst for the HCl and C2H2 reactants, which is directly
related to its catalytic performance in acetylene hydro-
chlorination reaction.68,72 So, the HCl-TPD and C2H2-TPD
experiments were carried out to investigate the adsorption
ability of the fresh Pd@USY and Pd@15ChCl@USY catalysts
(Fig. 8a and b) For the HCl-TPD curves (Fig. 8a),
Pd@15ChCl@USY catalyst exhibited a similar prole (the
multistate-adsorbed HCl at the central temperatures around
160 �C and 450 �C) compared to the Pd@USY catalyst. Accord-
ing to the qualitatively analysis by the area of the desorption
peaks, it is suggested that the order of the adsorption capacities
was Pd@15ChCl@USY > Pd@USY, which indicated that the
coordination of the Pd species and ChCl ligand may improve
the electron transfer from H to Pd(II) species, resulting in the
increase electron density around the Pd active and enhanced
the HCl adsorption.73 In terms of C2H2-TPD curves, the Pd@USY
and the Pd@15ChCl@USY catalysts also showed a multistate-
adsorbed C2H2 at the central temperature around 160 �C and
450 �C (Fig. 8b). As shown in Fig. 8b, two desorption peaks are
present for acetylene desorption from both Pd@USY and
Pd@15ChCl@USY catalysts in Fig. 8b, where the weaker peaks
covering the temperature �150 �C correspond to the C2H2

desorption from the USY support, while the stronger peaks at
temperatures about 450 �C were attributed to the C2H2

desorption from cationic Pd species.33,74 In addition, the
complexation of the Pd species and the ChCl ligand had
a negligible effect on the desorption temperature of C2H2, but it
clearly enhanced the C2H2 adsorption amount, which was in
agreement with the order of catalytic performance of the
Fig. 8 TPD evolution profiles of the Pd-based catalysts for the desorpti

© 2022 The Author(s). Published by the Royal Society of Chemistry
catalysts (Fig. 1).75 Combined with the HCl-TPD and C2H2-TPD
data, it is well shown that the incorporation of ChCl can
improve the adsorption ability of the Pd@USY catalyst to both
the HCl and C2H2 reactants, which is benecial to the catalytic
reaction. Moreover, C2H3Cl-TPD experiments were performed
to further study the effect of the presence of ChCl ligand on the
adsorption ability of C2H3Cl product. It is well known that the
peak area indicates the adsorption capacity and the desorption
temperature reects the adsorption strength.76 As shown in
Fig. 8c, the adsorption capacity for C2H3Cl on the
Pd@15ChCl@USY catalyst was lower than that on the Pd@USY
catalyst. At the same time, we found that the C2H2 desorption
peak of Pd@ChCl@USY catalyst at 450 �C was lower than that of
Pd@USY catalyst at 500 �C, which suggested that the addition of
ChCl decreased the adsorption of C2H3Cl on Pd@USY and
made the C2H3Cl desorption on Pd@ChCl@USY easier.
According to the results of TPD, the presence of ChCl can
strengthen the reactants adsorption and the product desorp-
tion, resulting in the enhanced catalytic performance of the
Pd@15ChCl@USY catalyst for acetylene hydrochlorination.76,77

In order to further investigate the effect of ChCl ligand on
the electronic property and adsorption ability of Pd active
species, DFT calculations were performed and the optimized
ground-state structures of the reactants are shown in Fig. 9.
The adsorption energy of C2H2 and HCl on Pd@15ChCl@USY
were calculated at�0.85 eV and�0.72 eV and that on Pd@USY
catalyst were calculated at�0.55 eV and�0.41 eV, respectively.
Compared to the Pd@USY catalyst, it is proved that the
Pd@15ChCl@USY catalyst owned the stronger the adsorption
capacity of the reactants (C2H2 and HCl), which was in favor of
the catalytic reaction. However, the adsorption energy of
C2H3Cl on Pd@15ChCl@USY catalyst (�0.32 eV) was lower
than that on Pd@USY (�0.73 eV), indicating that
Pd@15ChCl@USY was more favor �0.72 eV and that on
Pd@USY catalyst were calculated at �0.55 eV and �0.41
respectively. Compared to the Pd@USY catalyst, it is proved
that the Pd@15ChCl@USY catalyst owned the stronger the
adsorption capacity of the reactants (C2H2 and HCl), which
was in favor of the catalytic reaction. However, the adsorption
energy of C2H3Cl on Pd@15ChCl@USY catalyst (�0.32 eV) was
lower than that on Pd@USY catalyst (�0.73 eV), indicating that
Pd@15ChCl@USY was more favorable for the product
desorption. Thus, the DFT theoretical simulation results were
basically consistent with the experimental results of TPD
on of HCl (a), C2H2 (b) and C2H3Cl (c).

RSC Adv., 2022, 12, 9923–9932 | 9929
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Fig. 9 Adsorption energy of HCl, C2H2 and C2H3Cl on Pd@USY catalyst (a) and Pd@15ChCl@USY catalyst (b).
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results (Fig. 8). Moreover, the stronger adsorption of C2H2

than HCl on Pd@USY (Fig. 9a) or Pd@15ChCl@USY (Fig. 9b)
showed the necessity of C2H2 adsorption for triggering this
reaction, suggesting the reaction was triggered by the adsor-
bed C2H2, followed by linking HCl to its optimized ground-
state structure, giving rise to the generation and C2H3Cl
desorption as a whole reaction process, which followed
a typical Eley–Rideal (E–R) mechanism.

4 Conclusions

ChCl modied Pd@USY catalysts were synthesized and
assessed for acetylene hydrochlorination. The results showed
that the addition of the chlorine chloride can effectively
improve the activity and stability of the Pd@USY catalyst, and
the proposed Pd@15ChCl@USY catalyst exhibited obviously
better catalytic performance under the same reaction condi-
tions, with acetylene conversion and VCM selectivity over 99%
more than 20 h. The characterization results indicated that the
interaction between the central Pd active species and the ChCl
additive guaranteed the anchoring and high dispersion of Pd
active species on the surface of catalysts. Furthermore, the
ChCl ligand relatively discouraged the agglomeration and loss
of active species, inhibited the carbon deposition and stabi-
lized the Pd species in a high-valent state, thus signicantly
slowing down the deactivation of the catalyst. In particular, the
presence of ChCl ligand also made Pd2+ harder to reduce the
Pd species, which synergistically enhanced the adsorption and
activation ability of HCl and C2H2 reactants and the desorption
ability of C2H3Cl products, resulting in Pd@ChCl@USY cata-
lysts with enhanced activity and long-term stability. This
current work not only broadens the scope of Pd-based catalysts
9930 | RSC Adv., 2022, 12, 9923–9932
but also deepens the understandings of the modied strategies
for mercury-free catalysts in acetylene hydrochlori-nation
reaction.
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