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The replacement of mercuric chloride with non-mercury catalysts in acetylene hydrochlorination for the
production of a vinyl chloride monomer (VCM), the precursor to polyvinyl chloride (PVC), would meet the
requirements of green chemistry. The aim of this tutorial review is to discuss the design criteria for non-
mercury catalysts, with the focus on the relationship between the catalytic activity/stability and the elec-
tronic properties, adsorption, and reducibility of the catalysts. The developments of Au-based catalysts,
Ru-based catalysts and other monometallic catalysts are briefly covered in the first part, with emphasis on
the active species, reaction mechanism, and alternative preparation methods of Au-based catalysts. An
overview of the development of bimetallic/trimetallic catalysts is highlighted in the second part. Then the
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modification strategies (e.g. heteroatom modification of support, ionic liquid modification) and explora-
tions of the support/preparation method are addressed. Finally, particular attention is paid to the appli-
cations of metal-free catalysts and other catalysts (e.g. heteroatom-doped carbon material, nitride and

rsc.li/greenchem zeolite).

through direct acetylene hydrochlorination, with acetylene pro-
duced via calcium carbide CaC, from coal. On the other hand,

1. Introduction
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Polyvinyl chloride (PVC), as the third most widely produced
polymer after polyethylene and polypropylene, has a plethora
of applications in the building and construction industry as
well as in the packaging, electrical and apparel industries."™
According to Ceresana, over 42 million tonnes of PVC were
consumed globally in 2016, corresponding to over 16% of total
plastics demand. It is anticipated that the global PVC demand
will grow with an annual rate of 2.3% until 2024.” PVC is com-
monly produced through the polymerization of the vinyl chlor-
ide monomer (VCM). As shown in Fig. 1, there are two main
industrial processes for the production of VCM, the acetylene
method (also called the calcium carbide method) and the
ethylene method. On one hand, VCM can be produced
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VCM can be produced by the chlorination or oxychlorination
of ethylene to 1,2-dichloroethane (EDC), and the thermal de-
hydrochlorination of EDC.>*® In the Western world, the pro-
duction of VCM is based exclusively on ethylene-based pro-
cesses, due to the well-developed olefins technology in the
petrochemical industry, the loss of cost competitiveness of
the acetylene-based technology as well as the concerns about
the safety issues of handling acetylene on an industrial scale.’
By contrast, the one-step acetylene hydrochlorination, as one
of the most important coal-to-chemical applications, has
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Fig. 1 Production of VCM from acetylene, ethylene, and ethane via
hydrochlorination, chlorination, or oxychlorination. Reprinted with per-
mission from ref. 6 Copyright 2017 American Chemical Society.®
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attained great interest in regions with plentiful and cost-
effective coal supplies but a shortage of oil and gas (e.g.
China).>” The production capacity of PVC in China in
2017 has reached about 23 million tons, with approximately
80% PVC production coming from the acetylene route, occupy-
ing about 40% of the global production capacity of PVC.%°
Currently, activated carbon (AC) supported mercuric(u)
chloride catalyst with typically 10-15 wt% HgCl, is widely
applied in the commercial acetylene hydrochlorination.
However, the toxic and hazardous mercury chloride catalyst
has many disadvantages, for example, the sublimation and
loss of the active component due to the hot spots (>200 °C) in
industrial fixed bed reactors (C,H, + HCl - CH, = CH,Cl AH =
—124.8 kJ mol™), the environment pollution associated with
the catalyst manufacture, utilisation and disposal. In addition,
according to the requirement of the Minamata Convention on
Mercury passed by the United Nations Environment
Programme (UNEP), the use of mercury per unit production
should be reduced by 50% by 2020 against 2010, and the appli-
cation of mercuric chloride catalyst in the PVC industry will be
forbidden five years after the mercury-free catalysts based on
the existing processes become technically and economically
feasible.'®'" Therefore, the dependence on mercury-contain-
ing catalysts has been the bottleneck that constraints the devel-
opment of the acetylene-based PVC industry, and the replace-
ment of the environmentally non-friendly mercuric chloride
catalyst with a mercury-free catalyst can effectively solve the
bottleneck in terms of green chemistry.'*** The developments
of Au-based catalysts for acetylene hydrochlorination to VCM
production have been reviewed by Hutchings et al.,'** and
the advances of mercury-free catalysts have also been outlined
by Dai et al.>***” In addition, acetylene hydrochlorination has
been discussed from the aspects of halogen chemistry® and

acetylene-based chemicals.”® However, considering the
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requirement of the Minamata accord, as well as the ever-
increasing interest in acetylene hydrochlorination from both
the academic and industrial fields, there is still a great neces-
sity to summarize the green development of heterogeneous
non-mercury catalysts for the manufacture of VCM. The aim of
this tutorial review is to discuss the design criteria for non-
mercury catalysts, with the focus on the relationship between
the catalytic activity/stability and the electronic properties,
adsorption and reducibility of the catalyst. The development of
monometallic catalysts (e.g. Au-based and Ru-based catalysts),
bimetallic and trimetallic catalysts, metal-free catalysts as well
as the common modification strategies for acetylene hydro-
chlorination will be comprehensively reviewed.

2. Monometallic catalysts
2.1 Au-Based catalysts

Gold catalysis has played a vital role in a variety of applications
such as low temperature CO oxidation, acetylene hydrochlori-
nation, direct synthesis of hydrogen peroxide, propene epoxi-
dation and selective oxidation.”*™*" For the acetylene hydro-
chlorination, by comparison with the environmentally non-
friendly, highly toxic, easily volatile mercury(u) chloride cata-
lyst, which also yields small amounts of 1,2-dichlorethane due
to the sequential addition of hydrogen chloride to vinyl chlor-
ide, Au-based catalysts usually exhibit a quite high VCM
selectivity >99.5% in acetylene hydrochlorination.®"'®>
Moreover, it has been found that the catalytic activity generally
decreases in the following order: gold > other precious metals
> non-precious metals > non-metallic materials. Therefore, in
this section, Au-based catalysts will be briefly addressed since
the discovery, development and commercialization of Au-
based catalysts for acetylene hydrochlorination have been com-
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Fig. 2 Correlation of activity for acetylene hydrochlorination of carbon
supported metal chloride with the standard electrode potential.
Reproduced from ref. 45 with permission from The Royal Society of
Chemistry.14®

prehensively reviewed by Hutchings'®® or other researchers.*?

2.1.1 Active species. In the late 1980s, Hutchings et al
firstly correlated the catalytic activity of supported metal chlor-
ide catalysts with the standard electrode potential, instead of
the electron affinity of the metallic cations previously reported
by others,*>** predicted and verified that Au(m) cations with a
higher electrode potential (1.42 V) than Hg(u) (0.7961 V)
should provide enhanced catalytic activity in acetylene hydro-
chlorination (Fig. 2).*>™*"

Hutchings et al. demonstrated that Au/C deactivate at high
temperatures (120-180 °C) due to the reduction of Au(m) or
Au(l) to Au(0), as confirmed by '’Au Méssbauer spec-
troscopy.*®*® The deactivated Au/C can be reactivated online
by cofeeding oxidising agents (Cl,, NO, N,0),*® as well as off-
line by aqua regia treatment, as investigated in detail by X-ray
photoelectron spectroscopy (XPS) and '*’Au Méssbauer spec-
troscopy.”®>" Furthermore, the exposure of Au/C to C,H,
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Fig. 3 Correlation between the activity for acetylene hydrochlorination
and the standard electrode potential.’! Potentials are obtained from the
reduction potentials of (RhClg)*~, (RuCls)*~, PdCl,, (PtCls)*~, (IrClg)*™ (all
potentials for a 2 e~ reduction) and (AuCly)~ to (AuCl,)~. Reproduced
from ref. 61 with permission from The Royal Society of Chemistry.

(a well-known reducing agent) results in the catalyst de-
activation, whereas the exposure to HCI leads to enhanced
activity, which might be due to the regeneration/activation role
of HCI treatment that oxidizes Au(0) to some extent.’?
Therefore, Hutchings et al. proposed that Au(m) cations func-
tion as the active site in the Au/C catalyst. Meanwhile, some
research groups postulated that Au(1)’*** and Au(0)*>~>® are the
active species. Hutchings et al. further demonstrated Au(u)
cations located at the Au/C interface should be the active
species, since an excess of Au(ui) cations exerts no contribution
to the catalytic activity.>"*>°® More recently, Hutchings et al.
reported that the fresh catalyst prepared from aqua regia com-
prises atomically dispersed cationic Au species bound to the
support rather than Au(0) nanoparticles, and the cationic Au
(1) species in situ yields a Au(u)-Au(i) redox couple after react-
ing with acetylene and HCI, confirmed by high-angle annular
dark-field-scanning  transmission  electron = microscopy
(HAADF-STEM), XPS and the sequential feeding test of a HCl/
C,H, mixture, HCl and C,H,.'”°* And a correlation between
the catalytic activity and the standard electrode potential
based on Au**-Au" rather than the Au®**-Au® redox couple was
proposed (Fig. 3).

Considering the potential sample damage (e.g. photoreduc-
tion of Au(m) species during XPS analysis),*> and the fact that
the ex situ characterisation techniques cannot unambiguously
provide the vital information on the active site, Hutchings
et al. performed the first in situ X-ray absorption fine structure
(XAFS) spectroscopy under operating conditions, and demon-
strated that the highly active catalysts comprise highly dis-
persed single-site Au(i) species, and the catalytic activity is cor-
related strongly with the ratio of the Au L3-edge white-line
intensity decided by the Au(i) : Au(m) ratio, and a redox mecha-
nism between Au(1) and Au(u) was proposed and confirmed
(Fig. 4).77%3

2.1.2 Reaction mechanism. The acetylene hydrochlorina-
tion is believed to proceed via the Eley-Rideal mechanism in
which the gas phase HCI reacts with the adsorbed C,H, on the
catalyst surface.®*”®” DFT calculation indicates that C,H, is a
better ligand than HCI,>*®* thus C,H, is firstly adsorbed and

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 VCM productivity and in situ characterization of the catalysts as
a function of time-on-line. (a) Catalytic performance of the 1% Au/C-AR
(black) and the change in normalized white-line intensity (blue). (b)
Correlation between the variation in the Au Lz white-line intensity and
VCM production (Au/C-AR, Au/C-HNO3z and Au/C-S,03) (reproduced
from ref. 63 with permission from the American Association for the
Advancement of Science).

activated on the catalyst to form a C,H,-metal complex, then
the gas phase HCl was added to the activated C,H, to form
C,H;Cl, which is considered the rate-determining
step,*®*%871 and the addition of HCI was shown to occur in
the anti-stereochemistry configuration to acetylene and in
accordance with the Markovnikov rule;**°> eventually, the
C,H;Cl desorbs from the surface of the catalyst. The timely
and sufficient supply of gas phase HCI is significant to main-
tain the catalytic activity, since the intermediate chlorovinyl is
difficult to desorb from the AuCl; by converting to C,H;Cl due
to the high desorption energy.”” In addition, in the nucleophi-
lic-electrophilic interaction between the electrophilic Au®*
center and the nucleophilic C,H, via m-coordination,®>”® if
HCI could not interact with the activated C,H, timely and
sufficiently, the electron transfer from C,H, results in the
reduction of Au®* to metallic Au® by losing Cl atoms,”” and the
activated C,H, or reaction intermediate would easily polymer-
ize to form coke deposition.®’

2.1.3 Deactivation and regeneration. In general, the main
reasons for the deactivation of Au-based catalysts include: (i)
the reduction of active Au** or Au" species to Au® species, (ii)
the occurrence of coke deposition and (iii) the aggregation of
gold particles/clusters."*>°

Carbon-supported AuCl; catalysts suffer from deactivation
at both high temperature and low temperature. The de-
activation of Au/C at high temperatures (120-180 °C) is
ascribed to the reduction of Au(m) or Au(i) to Au(0), while the
deactivation at low temperatures (60-100 °C) is caused by the
deposition of polymeric carbonaceous materials, probably

View Article Online
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resulting from the surface polymerization of vinyl chloride.*®*°
In addition, the deactivated Au/C can be reactivated off-line by
aqua regia treatment,”®" as well as online by cofeeding oxidis-
ing agents (Cl,, NO, N,0),*® both of which effectively reoxidize
Au(0) to Au(1) and Au(m). And the coke residuals can be
removed by an air oxidation process.*® However, the aqua regia
treatment introduces strong acid sites, which can result in the
acetylene polymerization and the formation of carbon-contain-
ing nanotubes on the catalyst surface.”* Recently, Yuan et al.
reported that the iodohydrocarbon treatment under mild con-
ditions not only reoxidizes the Au’ species, but also redis-
perses large sintered Au particles to highly dispersed nano-
particles via the adsorption of iodic species on Au particles;
iodides exhibit a better redispersion effect than alkyl chlorides
and bromides,”” and CHI; with low C-I bond dissociation
energy effectively restores the activity of the Au/C catalyst in
acetylene hydrochlorination.”®

2.1.4 Preparation. The industrial application of aqua regia
encounters a lot of disadvantages such as the corrosivity,
hazard and potential environmental pollution. Moreover, the
Au-based catalyst prepared from aqua regia exhibits an unsatis-
factory stability owing to the reduction of the active species,
the catalyst sintering as well as the side reaction associated
with the acid sites on the catalyst."®'”*>7* In the past few
years, a great amount of effort has been focused on the
exploration of alternative gold precursors such as the Au
complex, in order to prevent the use of aqua regia in the prepa-
ration and to enhance the stability of the active site under reac-
tion conditions. The catalytic performances of Au-based cata-
lysts from the Au-complex are summarized in Table 1.

In 2010, Jacobs has commissioned a pilot plant by a VCM
manufacturer in western China, which replicated exactly a
single tube reactor of the same dimensions as a full scale com-
mercial VCM reactor (3 m x 50 mm diameter, with 2 kg catalyst
charge).”” Considering that the gold complexes with ligands
containing soft donor atoms (e.g. thiosulfate, thiocyanate,
thiourea, cyanides) display a greater stability in Au” and Au®*
than the counterpart with hard donor ligands (e.g. halides,
nitrogen and oxygen atoms) that tend to disproportionate or
be reduced to Au®,'®’® the team employed a series of sulphur-
containing ligands (e.g. Au-thiosulfate, Au-thiocyanate, Au-
thiourea) for the preparation of cationic gold complexes, and
found a highly active and selective Au/C with 0.1% loading pre-
pared by the immobilized NazAu(S,0;3), from aqueous solution
on carbon extrudates (Fig. 5). The sulfur-containing ligands

Table 1 The catalytic performances of Au-based catalysts from the Au-complex

Catalyst Electron trans. Adsorp./desorp Temp., °C GHSV, h™* Conv., % Time, h Ref.
0.25%Au-SCN v 180 1200 >05 3000 80
0.5%Au1-GSH3/AC Vv 170 360 82 3 53
0.4%Au(CS(NH,),),/AC v v 170 870 >70 20 81
0.2%Au/Cu/TCCA 180 90 98 24 82
0.5%Au1Cu1SH10/AC v 180 1200 56.3 8 56
0.49%[AuCl,(phen)]Cl Vv 180 280 >90 40 83
0.5%AuPPh;CI/AC v v 170 360 85 200 84

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Comparison of catalyst performance in a primary reactor for a
10% HgCl,/C catalyst (green), pilot plant operation for 0.1% Au/C to a
yield of 3000 kg VCM kg™ catalyst (blue), a full scale commercial
reactor for 0.1% Au/C to a yield of 1000 kg VCM kg™ catalyst (red).
Catalyst = 0.1% Au/C prepared by supporting NasAu(S,Os), on carbon
extrudates. Typical yield for 10% HgCl,/C catalyst = ca. 1000 kg VCM
kg™ catalyst. Reprinted with permission from ref. 16 Copyright © 2015
American Chemical Society.®

stabilize the cationic gold, which prevent the catalyst from fast
deactivation, and the aqua regia is not required during the
catalyst preparation.’”’® Throughout the operation of the pilot
plant, the catalyst conversion was >85%, and the catalyst
selectivity was >99%. In 2012, a full-scale shell and tube
reactor with 790 tubes was constructed. The reactor was
loaded with 1.6 t Au/C catalyst and was run for more than
4500 h. The conversion was >90%, and the selectivity was
>99%.'®%° The catalyst is currently marketed as part of the
Johnson Matthey’s PRICAT catalyst and is applied in the only
mercury-free process currently offered for license (DAVY VCM
process).”®

In 2014, Wei and co-workers prepared 0.25 wt% Au-based
catalyst by complexing Au cations with thiocyanate (-SCN).*°
-SCN decreases the electrode potential of Au(m) cations from
0.926 V to 0.662 V, and prevents the Au catalyst from quick de-
activation by the reduction by C,H,. The 3000 h industrial
testing on a 4 t per annum scale verified the catalyst’s long-
term stability, promising reactivity (>95%) and selectivity
(>99%) (Fig. 6).

Other sulphur-containing ligands have also been explored.
For example, Zhang et al. found that the glutathione (GSH)
addition leads to the reduction of Au®** to Au®, and Au-GSH/AC
enhances the chemical adsorption of HCI, and proposed that
the Au' species effectively enhances the catalytic activity.>?
Additionally, Zhu et al. prepared 0.4 wt% AuCls-thiourea/AC
catalyst and proposed that the electron transfer from thiourea
to the Au center increases the quantity of Au" and Au’®*
species, which leads to the enhanced adsorption of HCL.*' Luo
et al. found that the addition of trichloroisocyanuric acid
(TCCA) enhances the long-term stability of 0.2 wt% Au/Cu/
TCCA catalyst, and 6800-h pilot-trial evaluation was performed
and the promising capability for future practical applications
was verified (Fig. 7).%* Through DFT calculation, they proposed
that the weakened interaction between Au and acetylene over

Au/Cu/TCCA results in a negative adsorption energy

2416 | Green Chem., 2018, 20, 2412-2427
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Fig. 7 (a) 25 h laboratory evaluation of 0.2 wt% Au—-Cu catalysts with
Au:Cu:TCCA = 1:5:20 (mole ratio), reaction conditions: T = 180 °C,
GHSV = 90 h™%. (b) Comparison of 6800 h pilot-trial evaluation between
Au/Cu/TCCA and Au/Cu/KSCN systems, reaction conditions: T = 180 °C,
GHSV = 30 h™. Reproduced from ref. 82 with permission from The
Royal Society of Chemistry.

(=570.35 k] mol™"), which inhibits the reduction of high
valence Au by acetylene and the coking effect caused by acety-
lene polymerization.

Meanwhile, some researchers switch the attention to nitro-
gen-containing ligands. For instance, Dai and co-workers
reported that the Au(m)/Schiff-based catalyst [AuCl,(phen)]Cl
exhibits enhanced catalytic activity and stability, which is
ascribed to the inhibited reduction of Au** to metallic Au® by
the electron transfer from the 1,10-phenanthroline ligand to

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Proposed oxidative dissolution mechanism for Au in OAR.
© 2017 Elsevier Inc. All rights reserved.®®

the Au®" center.®® Similarly, Zhang et al. prepared a triphenyl-
phosphine (TPP)-ligated Au-based catalyst (AuPPh;Cl/AC); the
TPP increases the electron density of Au** and Au® through
electron transfer, the strong coordination effect enhances the
stability of Au®" and Au” species and inhibits the reduction of
Au®" or Au” species to Au® species.®* The TPP ligand enhances
the HCI adsorption and weakens the C,H, and VCM adsorp-
tion, which results in improved catalytic activity and long-term
stability.

Likewise, considering the corrosivity, hazard and potential
environmental issues of aqua regia,” Li et al. employed the
less toxic, relatively safe, and recyclable organic aqua regia
(OAR),*® the simple mixtures of thionyl chloride (SOCI,) and
N,N-dimethylformamide (DMF).*® OAR can not only activate
and increase the catalytic activity of Au/AC prepared from
aqueous HAuCl,, but also reactivate the used catalyst. The
residual sulfur atoms may form Au-S complexes while the
residual nitrogen atoms may increase the electron density of
the Au center through electron transfer, which increases the
reduction temperature of the Au®* species, and stabilizes the
cationic Au®" species (Fig. 8). Moreover, the electron-rich cata-
lyst treated with OAR enhances the adsorption of HCl and
weakens C,H, chemisorption strength, which also prevents the
reduction of the active Au®* species caused by C,H,.*”

2.2 Other monometallic catalysts

Considering the relatively high price of Au, ever-increasing inter-
est has been shown in the exploration of other noble metal
based or non-precious metal based catalysts for acetylene hydro-
chlorination. In 2012, Kang et al. employed density functional
theory (DFT) to calculate the activation barrier of the catalysts
MCl, (M = Hg, Au, Ru; x = 2, 3) for acetylene hydrochlorina-
tion,*® and found that the activation barriers were 16.3, 11.9,
and 9.1 kcal mol™* for HgCl,, AuCl;, and RuCl;, respectively,
indicating that Ru-based catalysts may be a good candidate
for the acetylene hydrochlorination. Considering the merits of
Ru such as low price, high activity, and environmental benig-
nity, many groups have been engaged in the study of Ru-based
monometallic catalysts. For instance, Li et al. found that the
content of RuO, plays a positive role in the activity in the acety-
lene hydrochlorination over a spherical activated carbon (SAC)
supported Ru-based catalyst (Ru/SAC), and proposed that RuO,
is the major active ingredient in the oxidative treatment.®®
Similar conclusions that RuO, acts as the active component
have also been drawn by other researchers.®®”®°' Zhang and
co-workers reported that Ru-based catalysts with nanoparticles

This journal is © The Royal Society of Chemistry 2018
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confined in CNT channels (Ru-in-CNT) exhibit better catalytic
activity, by comparison with that with particles deposited
outside of CNTs (Ru-out-CNT).”> They proposed the electron
transfer from the ruthenium species in the channel of CNTs to
the electron-deficient interior surface of CNTs, which leads to
the dominant formation of RuO, in Ru-in-CNTs.

In addition, attention has been paid to Pt-based,”*°® Rh-
based,”” Ag-based,”” and Pd-based”>°® (e.g. Pd/NH,F-HY,”® Pd/
NH,F-Urea-HY,'”  Pd/PANI-HY,'®* Pd  NPs/tetrabutyl-
phosphonium stearate'?) catalysts, in particular, the cost-
effective non-precious metal-based catalysts including Cu-
based (Cu-NCNT,"** CuP/SAC,"** CuCl,-[Bmim]CI'*®), Co-based
(Co-N-AC'%°) and Bi-based (BiP/AC'”") catalysts, with some
catalytic systems deeply discussed in the corresponding
section 4.1 (heteroatom modification of support) and section
4.2 (ionic liquid modification).

3. Bimetallic or trimetallic catalysts

Hutchings et al. once reported that the noble metal addition
(Pd, Pt, Ir, Rh and Ru) exhibited little positive effect on the
acetylene hydrochlorination, and the lower activity of bi-
metallic Au-based catalysts is attributed to the lower standard
electrode potential.'®® However, in recent decades, a variety of
bimetallic or trimetallic catalysts by the introduction of a
second metal chloride or metal oxide have been developed so
as to reduce the gold content and to improve the catalytic
activity/stability. The addition of other metal chlorides or
metal oxides usually increases the catalytic activity/stability
through the following directions:

(1) stabilize the catalytically active species (e.g. Au®* or Au”
species for Au-based -catalysts, RuO, for Ru-based -cata-
lysts®>'%%), and inhibit the reduction of the active component
(e.g. Au®" or Au” species to Au®), confirmed by the increased
relative amount of active species (XPS,°"'%M?  H,-
TPR'*M4119) " the increased reduction temperature of active
species (H,-TPR),”" 1101111147118 the increased reduction acti-
vation energy of Au®" to Au®,''! or the increased content of
C,H, desorption that has access to the active site (C,H,-
TPD).114’115’119

(2) increase the electron density of active species through
electron transfer from the additive to the active species (nega-
tive binding energy shifts confirmed by XPS),"'*'*°"'** which
strengthens the chemisorption of HCI over the electron-rich
catalyst (HCI-TPD),>»%>!'%117 and the adsorbed HCI can help
the metal species maintain the corresponding oxidative state,
and inhibit the reduction of active species by C,H,.**”?
However, it should be noted that the interaction between the
promoter and active species might also result in the lower
reduction temperature of  active species (Hy-
TPR).>*110:113,117,120,123 | jkewige, enhancing the desorption of
the VCM (C,H;CI-TPD)'® can also increase the long-term
stability, since the adsorbed VCM can lead to the formation of
carbonaceous materials via polymerization.*’

0111
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Electron Adsorp./ Anti

V(HCl Temp. GHSV C,H, Time

Catalyst transfer desorp. coke TOF /CoH,)  °C h™* conv.,, % h Stability h Ref.
Au-based 1Au(1%)-5Y/AC Vv v 1.2 180 800  65.9 110 2300 (30 h™") 125
Au(0.1%)-Cu-TL/AC v v 1685h™! 1.2 180 50  98.5 500 62
Au(0.2%)/Cu/TCCA Vv v 1.1 180 90 98 24 82
Au(1%)1Sr(11)1/AC v v Vv o285t 115 180 762 87.7 20 112
Au(0.25%)Cu(4%)/C Vv v 1.1 150 720 97.4 150 111
Au1(1%)Sn1/AC v v v 657minT' 1.1 170 720 95 48 120
AuCl;-CuCly/y-AlL 0, 1.1 150 120 ~90 6 126
1Au(1%)-4Cs"/AC v 0275 12 180 50 99.8 500 115
1Au(1%)-1Ba(u)/AC Vv v v 1.15 200 360 97.2 48 114
1Au(0.3%)-3Bi/AC v 184h™' 1.1 180 600 85 5 54
Au(0.1%)-5Bi/y-AlL O, Vv 1.05 150 120 96 10 118
1Au(1.5%)-3Ni/CSs v Vv 1 170 900 95.4 46 116
1Au(1%)-1La(m)/SAC v 115 150 360 87.6 36 110
1Au(1%)-1Co(11)/SAC Vv 115 150 360 88.8 36
1Au(1%)-3Co(m) /SAC v 115 150 360 92 48
1Au(1%)-3La/SAC v 115 150 360 90 48 127
1Au(0.5%)-5Cu/C 115 160 50 99.5 200 64
1Au(1%)-5Ce0,/AC v v v 1.15 180 852  98.4 20 123
1AUCl;(1%)-10TiO,/AC v v 1.15 180 870 81 10 122
Au(0.2%)-Cu-K/AC 1.05 165 10 89 1600 128
Au(1%)In"™(1%)Cs"(4%)/AC Vv Vv v 1.2 180 1480 89.1 50 6520 (50 h™Y) 117
1Au(0.25%)1Cu4Cs/AC v v Vv 1.2 180 50 98.8 600 6540 (30 h™!) 119
1Au(1%)3Co(m)1Cu(u)/SAC Vv Vv v 1.15 150 360 99.7 48 6513 (30h7Y) 121
Au(1%)-Cu(0.4%)-IL/AC v v 1685h' 1.2 180 740 767 12 500 (50 h™Y) 62
Other  Ru(0.1%)1Co(m)3Cu(m)1/SAC v 1.1 170 180 99 48 500(90h7Y) 91
metal  1Ru(1%)-1K/SAC v V. 245min' 1.2 170 180  86.5 48 109
based  1Ru(1%)-3Co/SAC v 1.1 170 180 95 48 129
Cu(4.24%)-Ru(400 ppm)/CNTs 1.81min~' 1.2 180 30 ~85 65 113
PA-K(7%)/NFY v 1.25 160 110 99 50 130
Bi/Cu/H;PO,/Silica gel 1.05 200 360 =80 200 131
(3) facilitate the dispersion of metal species'®?® (confirmed AuCl by electron transfer from Bi*" to Au’*, and inhibits the

by CO-TPD’"'® and TEM''>"'*'*%) and high dispersion of
metallic species might provide more active sites.

(4) obstruct the reduction of the active component, and
retard the agglomeration of nanoparticles to some degree,
instead of completely inhibiting the catalyst sintering (particle

size calculated by the Scherrer equation in XRD, TEM,""” and
STEM®>°1),

(5) inhibit the coke deposition (verified by TGA and
TPO'?).

The influence of the additive on the electronic, adsorption,
and redox properties of bimetallic or trimetallic catalysts is
summarized in Table 2. And some representative studies are
discussed in detail in the following. Zhang et al. reported that
Co(m), Co(u) and La(m) additives stabilize the catalytically
active Au” species and inhibit the reduction of Au** into Au®,
with the best catalytic performance achieved by Co(m) addi-
tives, which might be attributed to the higher standard elec-
trode electric potential of Co(i), and the Au—-Co(m) based cata-
lyst effectively inhibits the occurrence of coke deposition.'*”
Based on the fact that Au facilitates the reducibility of Ni(u) at
relatively low temperatures,'** Li et al. prepared a Au-Ni bi-
metallic catalyst, and proposed that the electron transfer from
Au to Ni inhibits the reduction of Au** and Au" to Au®, and oxi-
dizes the reduced Au® to Au’, which leads to enhanced cata-
Iytic activity, inhibited coke deposition and longer stability.'*®
Wei et al. found that the Bi additive stabilizes the formation of

2418 | Green Chem., 2018, 20, 2412-2427

reduction to metallic Au (confirmed by XPS, XANES and
EXAFS spectra), which results in a high hydrochlorination TOF
of 184 min~" (Fig. 9).>* However, it should be mentioned that
BiCl; additives are highly volatile due to the low boiling points
(350 °C).

Due to the low cost and good thermo-stability, Cu was often
selected as the additive. Li et al. found that the supported-
ionic-liquid-phase (SILP)-stabilized bimetallic catalyst (Au-Cu-
IL/AC) exhibits excellent catalytic performance and long-term
stability.®® It is proposed that the addition of CuCl, not only
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Fig. 9 Correlation between TOF values versus the standard electrode
potential of AuBi and other metals. Reprinted with permission from ref.
54. Copyright 2014 American Chemical Society.>*
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? Cu*/Cu® ’

C,H, HCI

Ca®*

Fig. 10 Schematic representation of the proposed oxidative mecha-
nism for Au® by Cu?* over the Au—Cu-IL/AC. Reprinted with permission
from ref. 62. © 2017 Elsevier B.V. All rights reserved.®?

inhibits the reduction of Au®" species, but also in situ re-oxidizes
the reduced Au® species to cationic Au species. A coupled redox
cycle involving the Cu®* species was proposed, the reduced Au’
species by C,H, is re-oxidized in situ to the cationic Au species
by Cu®*, and then the formed Cu® is re-oxidized to Cu” by HCI,
with the unstable CuCl transforming into metallic Cu® and
CuCl, to complete the catalytic cycle (Fig. 10).

Likewise, trimetallic catalysts have also attracted great inter-
est due to the synergistic effect between the additives and the
active metal species. For example, Zhang and co-workers
reported that the ternary Au-Co(m)-Cu(u) catalyst exhibits
excellent catalytic performance and long-term stability due to
the synergistic effects of Co(r) and Cu(u)."*! The Co(in) species
with a higher standard electrode potential than Au®" shows a
stronger ability to adsorb HCI, thus stabilizing the active Au"
species and inhibiting the reduction of Au™" (n = 1 or 3) to Au’.
The Cu(n) species stabilize the high oxidation state of the Au®*
species by electron transfer and act as a co-catalyst. Moreover,
Zhang and co-workers reported that satisfactory catalytic per-
formance and long-term stability can be achieved over the Ru-
Co(m)-Cu(m)/SAC catalyst.”® The Co(m) additives interact
strongly with Ru species and facilitate the formation of high
valent ruthenium oxides. And the Cu(n) species inhibit the
reduction of RuCl; precursors, and make Co>" or Co° trans-
form to high valent species of Co(m), which is beneficial for the
formation of ruthenium oxides. Similarly, Li et al. reported that
the synergistic effects among AuCl;, InCl; and CsCl significantly
enhance the activity and the stability of Au-based catalysts.""” In
particular, the InCl; additive, with less electronegativity than
Au, increases the electron density of Au®* species via the elec-
tron transfer from the In atom to the Au®' center, and enhances
the adsorption of HCI over the electron-rich catalyst.

In addition, some researchers investigated the catalytic per-
formance of bimetallic or trimetallic catalysts in pilot-scale trials.
For instance, Wei et al. conducted a 20-ton-per-year pilot-scale
trial over 700 h in fluidized-bed reactors with high heat transfer
efficiency and reported that the silica gel-supported Bi-Cu cata-
lyst stabilized by H;PO, exhibited around 80% C,H, conversion
in former 200 h."”*' Similarly, Zhao et al. conducted a long-run
test of 1600 h over Au-Cu-K/AC in a fixed bed reactor by a single-
tube pilot unit."*® The synergy effect between the additive and
gold facilitates the dispersion of the active species and inhibits
coke formation, which leads to higher long-term stability.

However, it should be noted that the addition of other
metallic promoters (e.g. K, Cs, etc.) will increase the recovery

This journal is © The Royal Society of Chemistry 2018
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cost of the Au-based catalyst, since the recovery of Au can be
easily achieved by dissolving in aqua regia.>®

4. Modification strategies
4.1 Heteroatom modification of support

Due to the excellent electron conductivity and high specific
surface area, carbon material has been widely adopted as the
support for metal-based catalysts for the acetylene hydrochlori-
nation. The dopants of non-metal elements (e.g. nitrogen,
boron and phosphorus) in the carbon material effectively
modify the surface chemistry and tune the electron affinity.
Therefore, heteroatom modification including surface grafting
or bulk doping is often adopted to enhance the stability of the
active species. The catalytic performance of catalyst systems
with heteroatom modification of the support (4.1), ionic liquid
modification (4.2), or novel support (4.3) are summarized in
Table 3. The heteroatom modification usually improves the
stability of the active species through the following ways:

(1) It functions as the anchoring sites for the active com-
ponent, stabilizes the catalytically active component (e.g. Au®*/
Au"  species, Ru0,,%>°° Cu®>/Cu’” species,'*'* pd**
species'®®'°!) and prevents the reduction of the active com-
ponent, confirmed by the increased relative amount of active
species (XAES,'** XPS,%71°%132 H,-TPR®*'3313%) the increased
reduction temperature of the active species (H,-
TPR),790104107,135,136  the increased reduction activation
energy,’® or the increased amount of adsorbed C,H, that corre-
lated with the amount of active component (C,H,-TPD)."*%13¢

(2) It enhances the chemisorption of HCl (HCI-
TPD),'*%13*13%135 due to the increased electron density of the
active component via electron transfer from the heteroatom
(negative binding energy shifts confirmed by XPs),’*'%'%%133 or
decreases the adsorption of vinyl chloride (C,H;CI-TPD).5*°

(3) It promotes the dispersion of the active component
(CO-TPD,***** N, O chemisorption'®*), and retards the aggrega-
tion of active species (particle size calculated from the
Scherrer equation from XRD, TEM,'*” STEM'*?).

(4) 1t retards the coke deposition (TGA).

For the first time, Dai et al. adopted nitrogen-doped CNTs
prepared from the pyrolysis of polypyrrole (PPy) as a support
for the Au-based catalyst (AuCl;/PPy-MWCNTS), and attributed
the enhanced catalytic activity to the electron transfer from the
N atom of PPy to the Au®" center and the increased adsorption
of hydrogen chloride.®” Afterwards, Li et al. deeply investigated
the surface chemistry of the carbon support by liquid phase
oxidation processes using concentrated HNO; solution and
subsequent thermal treatments under different atmospheres
(Hy/N,) and temperatures. There is a strong correlation
between surface oxygenated groups (SOGs) and catalytic per-
formance, and the catalytic activity and stability of Au/AC can
be improved by increasing the amounts of SOGs, especially
phenol, ether, and carbonyl (Fig. 11)."*” The P doping compris-
ing phosphate groups, (PO,)*” and (PO;)" from triphenyl-
phosphine has also been adopted over Au/P-SAC."**

Green Chem., 2018, 20, 2412-2427 | 2419
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Table 3 Catalytic performance of catalyst systems with heteroatom modification of the support, ionic liquid modification, or novel support

Catalysts Temp., °C GSHV, h™* Conv., % Time, h Ref.
4.1.1 AuCl;/4PPy-CNT 180 100 >80 100 87
Au/20%P-SAC 170 360 99.9 23 132
Ru(1%)-O/AC-O 180 180 99.6 24 134
Ru/AC-NHN 180 360 91.8 48 89
Pd(0.9%)/2NH,F-urea-HY 160 110 99 8 100
Pd(0.9%)/PANI(40%)-HY 160 110 95 300 101
2.5Cu(15%)P/SAC 140 30 97.2 82 104
BiP, 5/AC 160 120 67.5 9 107
Bi/Cu/H;PO, 180 50 80 200 131
4.1.2 Au/NAC 180 100 99.9 300 133
1Au4Cs/NAC 180 1480 98.6 50 135
Ru/SAC-N700 170 180 99.8 30 90
Co-N-AC 180 36 ~50 9 106
Cu(5%)-NCNT 180 180 43.8 280 103
Au(0.25%)/B(20%)AC 150 770 81.4 12 136
4.2 Pd NPs/[P4444][C17COO0] 180 13.6 93 55 102
0.1%Au-Cu-10%|[Prmim]/AC 180 50 98.5 500 62
0.2%Ru@15%TBPB/AC 170 90 99.3 400 69
Ru10%[BMIM]BF,/AC 170 180 98.9 24 143
Au-5%[Prmim]/AC 180 30 95.7 300 142
4.3 Au/MCN 180 220 R75 7 58
0.5%AuCl;/MC 180 720 84.7 8 146
Au/AC-SiC 165 60 920 200 147
1Au(1%)/58i0,/AC 180 530 ~70 16 148
ajs Do remvme decarboxylation and the subsequent reduction of Au®** to Au®

AC-n-N400-aq,,

AC-n-N600 &
x AC-n-N900-aq
£os AC-n-H900-a
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e
8
s
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02] AC-n-H900 -N600
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Fig. 11 Correlation between the amount of phenol, ether, and carbonyl
and catalytic performance of catalyst: (a) the highest acetylene conver-
sion in 24 h and (b) deactivation rate. Reprinted with permission from
ref. 137. Copyright 2014 American Chemical Society.**”

Furthermore, much attention has been paid to the influence
of surface heteroatom modification for other monometallic or bi-
metallic catalysts. For example, the influence of oxygenated func-
tional groups generated by HNO, treatment,"** and nitrogen func-
tional groups (-NO,, -NH, and -N-H-N prepared from nitration,
amination and pyridine)** on the activity/stability of Ru/AC
has been studied. Likewise, nitrogen [polyaniline (PANI) as
the precursor'®'], fluorine (NH,F as the precursor),”**° or nitro-
gen and fluorine dually doped (NH,F-urea modification)'
zeolite HY have been investigated in Pd-based catalysis. As for
non-noble metal catalysts, phosphoric acid modification has
been applied for CuP/SAC,'** BiP, s/AC,"”” and Bi/Cu/H;PO,/silica
gel.l.%l

By contrast, the heteroatom modification with bulk doping
is also adopted to improve the stability of the active species.
For instance, Li et al. reported that the bulk nitrogen doping of
AC through thermal pretreatment with urea removes the car-
boxylic groups on the AC surface, which prevents the surface

2420 | Green Chem., 2018, 20, 2412-2427

over Au/NAC."*'3® The coexistence of nitrogen species and
phenolic groups functions as the anchoring site for the gold
cations and stabilizes the Au®" species. Meanwhile, the
increased electron density of Au®" species via electron transfer
from nitrogen atoms to the Au®" center enhances the adsorp-
tion of HCl and inhibits the reduction of Au®" to Au’. The
effect of bulk nitrogen doping via the pyrolysis of the different
precursors (e.g. urea for AuCs/NAC,"*® melamine for Ru/
SAC-N,”® 1,10-phenanthroline for Co-N-AC,'°°) or other
methods [nitrogen doping in carbon sheets via chemical vapor
deposition (CVD) for Cu-NCNT'®] on the catalytic perform-
ance has also been widely investigated. In addition, Hu et al.
reported that the boron bulk doping from the calcination of
boric acid stabilizes the catalytically active Au®* species over
Au/BAC, inhibits the reduction of Au*" to Au’, and increases
the adsorption of HCI, which results in the improved catalytic
performance.'*® Meanwhile, the boron species effectively inhi-
bits carbon deposition and catalyst sintering.

4.2 Ionic liquid modification

Currently, most of the catalytic hydrochlorination of acetylene
is carried out in the gas-phase reaction." While regional hot-
spots and carbon deposition easily occur in the gas-phase reac-
tions, the liquid phase reaction is able to provide mild temp-
erature control and heat removal. In recent years, much atten-
tion has been given to ionic liquids (ILs) due to merits such as
the large solubility of metal-based catalysts, a wide liquid
range, nearly negligible vapor pressures and thermal
stability.*"**! For instance, Cao et al. conducted the reaction
with ILs (e.g. [Bmim]Cl, [Bmim]HSO,, [Bmim|PF¢, [Emim|PFs,
[EPy|Br and [BPy|BF,) as reaction media, and deeply investi-
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Redoxcycle Pd" Reaction path

Fig. 12 Redox cycle between Pd® and Pd" involved in acetylene hydro-
chlorination with an amplified microgram of a Pd NP. Reprinted with
permission from Ref. 102. Copyright 2015 American Chemical
Society.1°?

105

gated the CuCl,-[Bmim]Cl system. "> Xing et al. designed Pd/
Au/Pt nanoparticles (NPs)/anionic surfactant carboxylate IL
(ASC-ILs) systems for the gas-liquid acetylene hydrochlorina-
tion, and satisfactory results were achieved over the Pd NPs/
tetrabutylphosphonium stearate ([P4444][C17COQ]) system."®?
A redox cycle between Pd® and Pd" was proposed. Pd° is oxi-
dized to Pd" by reactant HCI to generate the catalytically active
Pd" component. With Pd" catalysing the reaction of C,H, and
HCI, partial Pd" is reduced to Pd° by C,H,. Meanwhile, the
self-assembly property of long-chain ASC-ILs facilitates the
in situ formation of Pd NPs from the reduced Pd° clusters and
prevents the aggregation of NPs (Fig. 12). In addition, due to
the strong hydrogen-bond basicity and good lipophilicity
(weak polarizability), ASC-ILs effectively absorb and activate
HCI, which enhance the catalytic activity.

More recently, the supported ionic liquid phase (SILP) tech-
nique has been adopted in acetylene hydrochlorination. ILs
can effectively stabilize the catalytic species and prevent the
active species from agglomeration. In addition, ILs can form a
thin film on the catalyst surfaces that provides a homogeneous
reaction medium for the highly dispersed metal complex, and
enhance the adsorption of the reaction substrates to facilitate
their access to the active sites.®>'** Therefore, catalytic systems
containing ILs such as Au(m)-IL/AC with the 1-propyl-3-methyl-
imidazolium chloride ([Prmim][Cl]),"** Ru-IL/AC with 1-butyl-
3-methylimidazolium tetrafluoroborate ([BMIM]BF,),'** Au-
Cu-IL/AC from [Prmim]Cl with strong hydrogen-bond basi-
city®® have been explored. Additionally, Li et al. deeply investi-
gated the reaction mechanism of the reaction over Ru@TPPB/
AC.% The thin layer of TPPB on the surface of AC improves the
dispersion of Ru species, stabilizes the active Ru species, and
inhibits the reduction of the active Ru species. C,H, is prior to
be adsorbed and activated on the Ru species, while HCI gets
electrons from ILs and activated by ILs. TPPB exhibits higher
adsorption amount of HCI than that of C,H,, and the timely
addition of HCI interacts with the activated C,H,, thus inhibit-
ing the coke deposition caused by the polymerization of the
activated C,H, and reaction intermediate (e.g. C,Hj3  or
C,H,CI’). Finally, the VCM is removed quickly from the inter-
face of IL due to the weak adsorption ability of the IL for VCM,
which also retards the coke deposition (Fig. 13).
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Fig. 13 Mechanism of acetylene hydrochlorination over Ru@lL/AC.
Reprinted with permission from Ref. 69. Copyright 2017 American
Chemical Society.®®

4.3 Support/preparation method exploration

The dispersion of metal species plays a vital role in the
catalytic activity and catalyst lifetime. Therefore, in addition
to the conventional incipient impregnation
method, a range of other preparation methods (e.g. mixed
solvents and vacuum-drying process,® ultrasonic-assisted
impregnation®® ' 0b 130144 or - the  microwave-assisted
method'**"'*) have been developed in recent years.

In addition, the coconut shell activated carbon (AC) with
low mechanical strength is easily crushed under reaction con-
ditions, resulting in the loss of active component and catalyst
deactivation. Therefore, efforts are ongoing to replace AC with
other supports, for example, pitch-based spherical activated
carbon (SAC),3%°%°1 104110127 megoporous carbon with inter-
connected mesoporous networks that facilitate the reactant
molecular diffusion and reaction product transport,"*® meso-
porous carbon nitride (MCN) with high thermodynamic stabi-
lity,”® silicon carbide (SiC) foam with high thermal conduc-
tivity, high mechanical strength and good chemical inert-
ness,"*” mesoporous y-Al,0;,"'®'*® and silica modified acti-
vated carbon (SiO,/AC)."*® Until now, there have not been
sufficient reports considering the acidity/basicity of the
support; silica with surface acidity was claimed to lead to
polymerization products,*>*> and mesoporous y-Al,O; with
strong basic sites and further KOH modification was reported
to enhance the catalytic activity.">®

wetness

5. Metal-free catalysts and other
catalysts

By comparison with metal-containing catalysts that suffer from
sintering during the reaction, metal-free catalysts are not only
cost-effective but also exhibit improved stability. In particular,
heteroatom doped materials (e.g. heteroatom doped carbon,
nitride) have gained substantial attention due to the unique
chemical and electronic properties. In general, the electrophi-
lic addition of HCI to acetylene is significantly influenced by
the electron affinity of the active site."*>** The incorporation
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of heteroatoms (e.g., N, B, S) into the sp® hybridized network
usually improves the catalytic performance through the follow-
ing ways:

(1) It increases the electron density of the catalyst, which
strengthens the chemisorption of HCI over the electron-rich
catalyst (HCI-TPD),"”* 7 enhances the adsorption ability of
C,H, that has access to the active site (C,H,-TPD),%7"!3%1547160
or decreases the adsorption of vinyl chloride (C,H;Cl-
TPD).'55:157

(2) inhibits the formation of coke deposition (TGA).

Due to the similar electronegativity and electron affinity of
nitrogen to carbon, nitrogen-doped carbon materials have
been widely adopted. For the first time, Bao et al. reported that
SiC supported N-doped carbon (SiC@C-N) delivers a stable
performance during a 150 hours test with acetylene conversion
reaching 80% and vinyl chloride selectivity over 98% at 200 °C
and a GHSV of 30 h™.*” By comparing the activity of SiC@N-C,
polypyrrole (PPy) containing only pyrrolic N species, and
C;3;N, with mainly pyridinic N and quaternary N, combined
with DFT calculations, it is revealed that the pyrrolic N species
are the active sites, and the activity increases monotonically
with the accessible-pyrrolic N sites (Fig. 14). High activity and
stability can also be achieved with polydopamine (PDA) coated
on SiC (PDA-SiC), which might also be attributed to the high
proportion of pyrrolic nitrogen species in PDA."®'

The coexistence of different N species (e.g. pyrrolic N, pyri-
dinic N, quaternary N) makes it difficult to assess the respect-
ive catalytic roles; therefore, there is no consensus regarding
the active site for the heteroatom-doped carbon material. For
instance, Wei et al. reported a positive correlation between the
quaternary N content and activity by comparing the catalytic
performance of nitrogen-doped carbon nanotubes (NCNT) pre-
pared from the self-decomposition of azodiisobutyronitrile
and synthesized by CVD growth.'*® DFT calculation indicates
that the nitrogen doping increases the nucleophilicity of CNTs
and enhances the interaction between the highest occupied
molecular orbital (HOMO) of NCNTs and the lowest unoccu-
pied molecular orbital (LUMO) of C,H,, which enhances the
adsorption of the C,H, molecule through the formation of
covalent bonds between C,H, and NCNTSs.
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& PPy-600) b
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Fig. 14 (a) XPS N 1s spectra of CsN4, PPy and PPy-500 (PPy activated
with KOH at 500 °C). (b) Acetylene conversion as a function of the
accessible-pyrrolic N sites, which are estimated, for comparison, by
multiplying the content of pyrrolic N species with the specific BET
surface area. Reaction conditions: 200 °C, 3.1 ml g~ min~* and HCl/
C,H, = 1.15/1 (volume ratio) (c) TPD of acetylene on different catalysts.
Copyright © 2014, Springer Nature.®’
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Table 4 Heteroatom-doped carbon, nitride and the corresponding
precursor, N amount and possible active site

N
amount,
Precursor wt% Active site Ref.
1 SiC@N-C CCl,, NH;, SiC 7.1 Pyrrolic N 67
PDA/SiC Polydopamine, SiC 4.3 Pyrrolic N 161
2 PANI-AC Polyaniline, AC 2.39 Pyrrolic N 154
AC-n- Urea, AC 4.04 Pyrrolic N, 156
U500 Quaternary N
N-CNT CVD, C,H,, 4.4 Quaternary N 149
acetonitrile
PSAC-N Melamine, 5.04 Quaternary N 152
spherical AC
N-G NH;, GO 5.47 153
N-OMC Urea, sucrose, 3.4 Quaternary N 163
SBA-15
N-OMC phenolic resin, 4.4 159
SBA-15,
polyurethane, NH;
3 N-Carbon ZIF-8 C atoms 162
bond to
pyridinic N
Z,M, Melamine, ZIF-8 1.56 155
ZIF-8/SAC  ZIF-8 1.1 Pyrrolic N 157
4 BN-G H,BO;, NH;, GO 10.96 153
S,N-C Phenyldiamine 7.91 Pyrrolic N 158
(NH,),8,05
NS-C- Sucrose, SBA-15, 18.26 C atoms 160
NH; benzyl disulfide bond to
pyridinic N
5 g-C3Ny4- Cyanamide, AC 7.28 Pyrrolic N 167
Cu/AC
g-C3N,/AC  Cyanamide, AC 8.64 Pyridinic N 151
p-BN Boric acid, 66

melamine, NH;

So far, nitrogen-doped carbon materials with a variety of
doping precursors (e.g. polyaniline,"”* urea,"*® melamine,"? or
NH, "% derived from metal-organic framework (MOF) pre-
cursors such as zeolitic imidazolate framework (ZIF-8),'>>'7:162
with interconnected mesoporous networks [e.g. ordered meso-
porous carbon (OMC)]*>***® have been explored (Table 4).

Moreover, a dual doping strategy was adopted to enhance
the catalytic activity. For instance, Zhu et al. reported that
boron and nitrogen-doped oxide graphene (B,N-G) exhibited a
high acetylene conversion of 94.87% and selectivity to vinyl
chloride (above 98%) with a GHSV of 36 h™' and at 150 °C,
which might be attributed to the improved HCI adsorption.">?
The TOF of B,N-G is 3.32 x 107> min™", about 15% of Hg/AC
and 0.6% of Au/AC (Fig. 15). The DFT calculation indicates
that the adsorption energy of HCI over B,N-G is higher than
that for N-G in all three types of N, with the HCI adsorption
capability decreasing in the following order: pyridinic N > pyr-
rolic N > graphitic nitrogen.

Likewise, much attention has been paid to sulfur and nitro-
gen co-doped carbon materials due to the synergistic effect
between S and N atoms.”® Li et al reported that C atoms
bonded with pyridinic N function as the active sites based on
the XPS analysis.'®® The DFT calculation demonstrates that the
charge density increases along the direction from the C atom
(the one between N and S) to the N atom structure in the

This journal is © The Royal Society of Chemistry 2018
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Fig. 15 (a) Catalytic reactivity evaluation of GO, B—G, N-G and B,N-G.
Reaction conditions: 150 °C, atmospheric pressure, GHSV of 36 h™?,
HCL/C,H, = 1.15/1 (volume ratio). (b)The TOFs for different catalysts: Au/
AC, Hg/AC, SiC@N-C, gCsN4/AC, B,N-G, and N-G. Reprinted with per-
mission from Ref. 153 Copyright 2015 American Chemical Society.*>®

models of pyridinic N adjacent to the sulfide groups, indicat-
ing that C atoms adjacent to pyridinic N are liable to adsorb
C,H, molecules.

In addition, nitrides (e.g. graphitic carbon nitride and
boron nitride) have gained a great deal of attention. Through
DFT calculation, Dai et al. demonstrated that hydrogen chlor-
ide is adsorbed at the nitrogen atom and acetylene is adsorbed
at the carbon atom of g-C;N4/AC."" The electron density of the
nitrogen atom affects the adsorption of hydrogen chloride
molecules due to the electron transfer, and the electron
density on the HOMO of the pyridinic nitrogen atom is higher
than those of graphitic nitrogen and primary amine groups;
thus, the hydrogen chloride molecule is more readily adsorbed
at the pyridinic nitrogen. Similarly, Bao and co-workers
reported that porous boron nitride (p-BN) exhibits a high
acetylene conversion of 99%, and a selectivity to vinyl chloride
of 99% at 280 °C and a GHSV of 44 h™', which might be attrib-
uted to the abundant defects and edge sites.®® DFT calcu-
lations indicate that the B-N sites in the armchair edge polar-
ize and activate acetylene molecules (Fig. 16), which then react
with gaseous HCI to yield VCM.

Afterwards, AC-supported transition metal nitrides (TMNs)
(e.g. VN, Mo,N, and W,N,"®* Mo-Ti-N'®®) have also been
explored due to the merits such as the surplus of electrons pro-
vided by N, high thermal stability, high chemical stability,
high corrosion resistance and platinum-like electronic struc-
tures. Dai et al. reported that the conversion rate of Mo,N/AC
is higher than that of W,N/AC and VN/AC, and proposed that
the activation of reactants is related to TMNs instead of the N
6% Additionally, Dai et al. found that the doping of Ti
in Mo,N reduces the adsorption of C,H, and enhances the
adsorption of HCI, with the highest acetylene conversion
achieved at the optimal mole ratio of Mo/Ti of 3:1.'®

More recently, acetylene hydrochlorination over zeolites has
also been investigated. Liu et al. reported that zeolite 13x
exhibited high activity and selectivity in acetylene hydro-
chlorination above 300 °C, which might be attributed to the
uniform micropores and unique supercage structure, and
sodium cations and the active carbon deposit formed in the
beginning of reactions facilitated acetylene hydrochlorination
(Fig. 17).'%¢

content.
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£
4
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Adsorplion sites

Fig. 16 DFT calculations showing different sites for acetylene adsorp-
tion. (A) Possible sites on the zigzag edge. (B) Possible sites on the arm-
chair edge and in the plane. (C) Adsorption energies on different sites.
(D) Optimized structure for acetylene adsorption on site 4 on the arm-
chair edge. (E) Charge distribution upon adsorption of acetylene on site
4. Blue: nitrogen atoms, light pink: boron atoms, gray: carbon atoms,
white: hydrogen atoms. Reprinted with permission from Ref. 66.
Copyright 2017 American Chemical Society.
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Fig. 17 Catalytic performances of different catalysts compared to 13x.
Reactor set point temperature = 320 °C. Reproduced from Ref. 166 with
permission from The Royal Society of Chemistry.*%®

6. Conclusion and outlook

Non-mercury catalysts for acetylene hydrochlorination are of
great significance for the synthesis of VCM in terms of green
chemistry. The aim of this tutorial review is to discuss the
design criteria for mercury-free catalysts, with the focus on the
relationship between the catalytic activity/stability and the elec-
tronic properties, adsorption and reducibility of the catalyst,
and we hope this review will shed light on the rational design
of heterogeneous mercury-free catalysts, and inspire more
novel research to tap the potential and overcome the chal-
lenges associated with mercury-free catalysts. Eventually, the
developing directions of mercury-free catalysts in acetylene
hydrochlorination are predicted.
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(1) There have been great achievements in Au-based cata-
lysts, and companies such as Johnson Matthey have provided
significant contribution to the promotion of Au-based cata-
lysts. However, the relatively high price of Au-based catalysts
prevents the further large-scaled commercialization and indus-
trial application. Therefore, the exploration of cost-effective
non-precious metal-based catalysts (e.g. Cu-based catalysts, Bi-
based catalysts) and metal-free catalysts (e.g. nitrogen-doped
carbon materials and zeolites) is of great practical significance.
Moreover, it should be noted that the reaction mechanism of
non-precious metal-based catalysts and metal-free catalysts
might not be identical to that of noble metal based catalysts
(e.g. Au-based catalyst), thus the deep understanding of the
reaction mechanism and correlation of the catalytic activity
with the active site over non-precious metal-based catalysts
and metal-free catalysts will facilitate the research and develop-
ment (R&D) of non-mercury catalysts.

(2) The comprehensive economic evaluation of the R&D
and promotion of non-mercury catalysts. The mercury-free
catalytic systems should not only be technically but also econ-
omically feasible. The operating cost of non-mercury catalysts
should be within the acceptable range in the existing PVC
manufacturers located in areas with vast coal reserves with oil
and gas shortage, which will be beneficial for the large-scale
promotion and industrial application of mercury-free catalysts
in PVC production with the calcium carbide-based process.

(3) The full consideration of the technical issues of the re-
placement of mercury-containing catalysts with mercury-free cata-
lysts. The optimal operating conditions (e.g. reaction tempera-
ture, GHSV and pressure) of the newly-developed mercury-free
catalysts might be different from the existing process of mercury-
containing catalysts; thus, it is of great necessity to focus on the
development and optimization of the corresponding chemical
processes for mercury-free catalysts. Meanwhile, the innovation
in the chemical processes might, in turn, promote the R&D of
the non-mercury catalysts, and facilitate the large-scaled indus-
trial application of non-mercury catalysts.

(4) The chemical (e.g. the organic functional groups and
impurities) and physical properties (e.g. the porosity and
mechanical strength) of the commonly adopted support, acti-
vated carbon, have a great influence on the catalytic activity,
especially the chemical/thermal stability of mercury-free cata-
lytic systems. Therefore, it is of great significance to deeply
investigate the preparation and modification strategies of acti-
vated carbon, which is beneficial for not only the stabilization
and dispersion of the active component in catalytic systems
but also the prevention of catalyst deactivation.

(5) The in situ/operando characterization of the catalyst
under real reaction conditions can provide vital information
on the catalytically active site. However, for the acetylene
hydrochlorination, reactants are highly corrosive and/or tend
to explode under pressure. Therefore, the development of the
advanced in situ/operando characterization technique of cata-
lytic systems under complicated real reaction conditions (e.g.
under the circumstance that reactants are highly corrosive
and/or tend to explode under pressure) is of great necessity.
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