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ABSTRACT

In order to overcome problems of Au-Cu bimetallic catalysts for acetylene
hydrochlorination reaction such as instability, Au-Cu-SH/AC catalysts were prepared
through the introduction of thiol and tested to examine their activity and stability. It was
found that performances of Au-Cu-SH/AC catalysts were quite excellent, with
significantly higher catalytic activity and better stability than performances of Au/AC
and Au-Cu/AC catalysts. The content of Cu and thiol additives were also optimized and
the optimum molar ratio of Au/Cu/SH was 1:1:10. Catalyst samples were characterized
by scanning electron microscopy (SEM), nitrogen adsorption/desorption (BET), X-ray
diffraction (XRD), transmission electronic microscopy (TEM), H2 temperature-
programmed reduction (H2-TPR), and X-ray photoelectron spectroscopy (XPS). It was
demonstrated that Au-Cu-SH/AC catalysts were Au®-based catalysts, due to thiol can

reduce Au®* to Au® species during the preparation process. Au® species exhibited more
1
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excellent catalytic activity than Au®* species for acetylene hydrochlorination, according
to the comparison with the composition of active species in different samples through
XPS. Furthermore, the sulfydryl of thiol could bond to the surface of gold nanoparticles
(Au NPs). It helped mitigating the oxidation of Au® by HCI, protecting Au NPs from
structure damage, stabilizing Au NPs in a nearly constant particle size and keeping more
active structure under the reaction ambience. Thus, better active species dispersity and
active structure protection of Au NPs resulted in better catalytic activity and stability of
Au-Cu-SH/AC.

Key word: Au-Cu catalyst; Thiol; Dispersity of Au NPs; Acetylene

hydrochlorination;

* Corresponding author. E-mail addresses: Jiangbb@zju.edu.cn (Binbo Jiang).

1 Introduction

Along with the fast economic growth, the demand and consumption of polyvinyl
chloride (PVC) in China grow quickly in recent years, and production of PVVC reached
16.30 million tons in 2014[1]. Ethylene oxychlorination, a clean petroleum-based route
to synthesize vinyl chloride monomer (VCM), is broadly used in developed countries.
However, based on the energy structure and the rekindled enthusiasm in coal-derived
feedstock, the coal-based process, acetylene hydrochlorination, is dominating the PVC
industry of China. Statistically, acetylene hydrochlorination contributes to more than
70% of PVC production in China every year[2]. Acetylene hydrochlorination is

catalyzed by hazardous Hg catalysts and 60% of Hg in China is consumed in this usage

2
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annually. The volatilization of poisonous Hg during the reaction is severely harmful to
the safety of the employees and environment[3][4]. Consequently, novel heterogeneous
non-mercury catalysts have been widely investigated in the past decades[5][6][7][8][9].
aiming at the substitution of their Hg counterparts. As a pioneer, Shinoda[4] had tested
the catalytic activities of more than 20 kinds of metal chlorides in acetylene
hydrochlorination reaction. By analyzing Shinoda’s experimental results, Hutchings[6]
drew the conclusion that the activity of different metal chlorides in acetylene
hydrochlorination was correlated with the standard electrode potential of corresponding
metal cations. Accordingly, he predicted that Au** might be the most active catalyst in
this reaction in 1985, which was experimentally confirmed in 1988[10].

In recent years, Au catalysts have aroused huge concerns due to its excellent catalytic
performance in various catalytic systems[11][12][13][14][15][16]. Along with these
developments, the study of Au/AC catalyst for acetylene hydrochlorination has also
made significant progress[8][17][18][19][20][21]. Most importantly, it is widely
noticed that the poor stability and high cost of Au catalysts restrict its industrial
application. For purpose of overcoming these two problems, researchers have made
great efforts to adopt varied approaches, including carrier modification[7], design of
the preparation method[19], and the introduction of additional metal
components[9][20][21][22][23].

The introduction of an auxiliary metal is a simple and effective method to improve
the performance of Au catalysts. It is well established that the catalytic properties of

bimetallic catalysts are usually superior to those of their monometallic counterparts by
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taking the advantage of synergistic effect[24][25][26][27]. Thereinto, Au-Cu bimetallic
catalysts have received extensive interest in the ‘catalysis gold rush’. Owing to the
synergistic effect between the two congeners, Au-Cu catalysts usually show enhanced
catalytic activity and stability when compared to their monometallic
samples[28][29][30][31][32][33]. Not surprisingly, Au-Cu bimetallic catalyst
functioned well in acetylene hydrochlorination reaction. For example, Wang et al.[8][34]
developed an active Au-Cu/C catalyst. However, active species in this Au-Cu/C tended
to sinter during the reaction. Therefore, despite of its high efficiency, industrial
application of Au-Cu/C was mainly hindered by its poor stability. Zhang et al.[20]
introduced Co(NH3)sCls to Au-Cu/SAC catalysts and found that Co could inhibit the
carbon deposition obviously and the reduction of Au™ (n = 1 or 3) to Au® during the
preparation and reaction process. Zhou et al.[9] introduced KSCN into Au-Cu catalyst,
and obtained Au-Cu-SCN/AC that had higher activity and stability. Despite of all these
achievements abovementioned, the problem of sintering of active species remained
unsolved and thus the active structure of Au NPs damaged during the reaction, leading
to continuous deactivation. To obtain more stable Au-Cu/AC catalysts, new and
effective methods should be proposed to solve the problem of sintering.

As is well known, the catalytic performance of Au featuring catalysts directly
depends on their size and structure. The addition of Cu to Au catalysts will definitely
enhance the dispersion of gold and produce smaller Au NPs[9][20]. However, owing to
their high surface energy, smaller Au NPs are usually unstable, hence they tend to

agglomerate during the preparation or reaction process, resulting in a poor activity or
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stability. To solve this problem, various physical and chemical approaches have been
adopted to stabilize Au NPs. Thiol is one common additive and it has been researched
extensively in many cases[35][36][37] including catalysis[23][38]. It was demonstrated
that bonding effect between Au and sulfydryl could separate and protect Au NPs. For
example, Zhang et al.[35] realized the successful dispersion and stabilization of large
Au NPs (20-50 nm) in solution through the use of thiol-based ligands (e.g. 1,1,1-
tris(mercaptomethyl)-pentadecane). Gaur et al.[37][38] used Ci2-SH as additive to
synthesize thiol-ligated Auss clusters supported on TiO2 to catalyze CO oxidation
reaction, and improved performance was obtained. On account of these achievements,
it’s reasonable to imagine that thiol might be effective in preparing stable Au-Cu
catalysts for acetylene hydrochlorination reaction. However, thiol can reduce Au®* to
AP species to prepare Au®-based catalyst, which failed to draw broad attentions for
acetylene hydrochlorination reaction so far.

In this work, thiol was introduced to develop Au-Cu-SH/AC catalysts that exhibit
enhanced catalytic activity and stability than ordinary Au-Cu/AC catalysts. For
comparison, the properties of Au-Cu-SH/AC catalysts were characterized and

compared with Au/AC and Au-Cu/AC in detail.

2 Experimental

2.1 Materials and reagents

HAuCl4 4H20 (assay 47.8%), NaOH, hydrochloric acid (36-38%), thioglycollic acid

(C2H402S) were purchased from Guoyao Chemical Reagent Company (Shanghai,
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China); CuCl2 2H20 was purchased from Shanghai Zhanyun Chemical Co., Ltd;
activated carbon (marked as AC, 14-18 mesh) was obtained from Hainan coconut shell
activated carbon factory; Nitrogen (99.99%) was purchased from Jingong materials Co.,
Ltd.; Hydrogen chloride (99.998%) was provided by Shanghai Weichuang Standard
Gas Analytical Technology Co., Ltd.; Acetylene (99.5%) was purchased from Jiaxing

Tianli Gas Co., Ltd.

2.2 Catalyst preparation

The activated carbon (AC) was initially washed with dilute aqueous HCI (1 mol L)
at 70 °C for 5 h to remove residual alkali species, which may affect the catalyst
preparation and final catalytic performance. The mixture was filtered, washed with
distilled water till pH=7 and then dried at 140 °C for 12 h[7].

The activated carbon-supported Au-Cu catalyst (Au-Cu/AC) was prepared according
with the incipient wetness impregnation technique. A certain amount of HAuCls 4H20
and CuCl2 2H20 was dissolved in deionized water to prepare the Au-Cu impregnation
liquid. Similarly, a certain ratio of HAuCls 4H20 to CuCl2 2H20 was dissolved in
sodium thioglycolate aqueous solution to prepare the Au-Cu-SH impregnation liquid.
Thereinto, sodium thioglycolate aqueous solution was prepared by dissolving NaOH
into thioglycollic acid aqueous solution, and the molar ratio of NaOH to thioglycollic
acid was 2:1. The obtained impregnation liquid was added dropwise to AC under
constant shaking. After that, the wet product was kept at room temperature for 2h to
gain a better impregnation, and then dried at 140 °C for 12h before being collected for

use.
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The Au content of all catalysts was fixed at 0.5 wt%, and various Cu/Au molar ratios
of 0/1, 0.5/1, 1/1, 5/1, 10/1 and 20/1, denoted as AulCux/AC (x=0, 0.5, 1, 5, 10, 20),
and SH/Cu/Au molar ratios of 0/1/1, 3.5/1/1, 5/1/1, 10/1/1 and 20/1/1, denoted as

AulCulSHy/AC (y=0, 3.5, 5, 10, 20) were prepared.

2.3 Catalyst testing

Hydrochlorination reaction of acetylene was carried out in fixed bed laboratory
microreactor. Catalysts were tested using a stainless steel reactor tube (i.d. of 8 mm).
The reaction zone consisted of 0.5 g fresh sample of catalyst. The reactor was operated
at atmospheric pressure, and maintained at 180 °C, in down-flow mode. N2 was used
as purging gas. Pressure of the reactants, namely HCI and C2H2, was chosen for safety
and in accordance with industrial condition.

After being heated to 180 °C, highly purified hydrogen chloride was regulated by
mass flow controllers and fed into the reactor alone for 1 h to activate the catalyst,
according to the industrial process. Then, acetylene was introduced into concentrated
sulfuric acid to remove trace poisonous impurities such as acetone, moisture, S, P and
As, and subsequently fed into the reactor to start the reaction.

A total GHSV (gas hourly space velocity) of 2550 h!, which gave a total MHSV
(mass hourly space velocity) of 7.9 h't, was chosen for catalyst testing. Conversion of
acetylene was not too high in this situation (< 75%), thus all results obtained were in
kinetic regime[10]. A reactor loaded with 0.5 g bare activated carbon presented only
slight activity for hydrochlorination of acetylene (< 0.5% conversion of acetylene). The

gas product was passed through a vessel filled with 15% sodium hydroxide solution
7
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and a drying tube in sequence to remove the remaining hydrogen chloride and moisture.
The composition of the effluent was determined immediately using a gas
chromatography equipped with a flame ionization detector. Catalytic performance was
evaluated by conversion of acetylene (Xa), selectivity of VCM (Svem) and the

deactivation rate (DR) as follows:

Xa=pvcm>100% (Eqn.1)
Svem=pvem/(1-9a) <100% (Egn.2)
DR= - (X, - X})/t><100% (Eqn.3)

Where @a and @vcwm are the volume fraction of remaining acetylene and VCM in gas
product separately, X3 and X; refer to the highest and the last Xa obtained respectively
during the experiment. Time span from X3 and X} is denoted as t, in units of hours.

The specific rate of a catalyst was calculated by the following formula[19]:

mol of acetylene converted
mass of gold used (g)xtime (h)

specific rate= (Egn.4)

The induction period was defined as the time last from the start of reaction to the

moment that the activity reached the highest and began to decline.

2.4 Catalyst characterization

Morphology of activated carbon carrier was obtained by scanning electron
microscopy (SEM) using a Hitachi TM-1000 scanning electron microscope. The
samples were deposited on carbon holders and evacuated at high vacuum before

micrographs were taken.

Page 8 of 34



Page 9 of 34

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

RSC Advances

The texture properties of the catalysts were derived from N2 adsorption—desorption
measurements carried out at liquid nitrogen temperature using an ASAP2020
instrument. Prior to any adsorption measurements, each sample was outgassed at 200 °C
for 6 h to eliminate air and vapor from the capillaries of the pore structures of the solids.
Specific surface areas and pore volume of the samples were calculated applying BET
and T-plot models respectively.

X-ray powder diffraction spectra (XRD) were acquired with a Philips PW3050/60
vertical goniometer using Ni-filtered Cu Kal radiation (A = 1.5406A). A proportional
counter and a 0.02° step size in the 20 range from 5 to 80< The assignment of the
various crystalline phases is based on the JPDS powder diffraction file cards.

The size of the Au NPs was determined by transmission electron microscopy (TEM).
JEM 2100F field emission transmission electron microscope (JEOL) working at 200
kV was used to acquire the images.

Temperature-programmed reduction (TPR) experiments were performed using a
Micromeritics AutoChem 2920 instrument equipped with a thermal conductivity
detector (TCD). The weight of the tested samples was 0.1 g. The temperature was
increased from 50 to 500 °C at a heating rate of 10 K min™ with a 10.0% Hz-Ar
atmosphere flowing at a rate of 30 mL min for TPR. The final temperature of 500 °C
was maintained for 0.5 h.

The X-ray photoelectron spectroscopy (XPS) analyses were performed by an
ESCALAB 250 Xi XPS system (Thermo Fisher Scientific), England and excited by

monochromatic Al Ka radiation (1486.6eV). All binding energies were calibrated
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using the C(1s) peak (284.6 eV).

3 Results and discussion

3.1 Effects of Cu content on catalytic performance

The performance of Au-Cu catalysts and the influence of Cu content were firstly
studied. In this section, Cu was introduced into Au/AC catalyst to improve the catalytic
activity and Au-Cu series catalysts were tested. The content of Au in the catalysts was
fixed at 0.5 wt%, while the molar ratio of Cu to Au was varied from 0 to 20.

The catalytic performance of catalysts is shown in Fig. 1 and conversion of acetylene
for each catalyst is plotted against time on stream (TOS). The ordinary Au/AC attained
conversion of acetylene at about 36.0%, along with a deactivation rate of 0.677% h™.
The highest activity of Au-Cu/AC catalysts increased when the molar ratio of Cu to Au
increased gradually from 0 to 5. Whilst, further addition of Cu brought about negative
effects, with poorer activity and stability.

According to Pauling’s electronegativity principles, Au is more electronegative than
Cu[43]. Thus, it is reasonable to assume that electron transfers from Cu to Au and
accumulates at the Au center in this Au-Cu bimetallic system, which would be
confirmed below. As a consequence, the adsorption of hydrogen chloride at Au was
enhanced, which could promote the initial reaction rate and thus shorten the induction
period of the reaction. As we can see in Fig. 2, the induction period shortened, as Cu
increasing. However, the enhanced adsorption of hydrogen chloride would exacerbate

the dispersion of Au NPs and the damage of active structure[19]. Accordingly, it was

10
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discerned that Au-Cu samples in Fig. 1 exhibited poorer stability.

AulCul/AC catalyst showed the best stability and relatively higher activity when the
molar ratio of Cu to Au equal 1. Thus, we determined that the optimum molar ratio of
Cu to Au is 1, with 50.4% acetylene conversion, 99.9% selectivity to VCM, and the

deactivation rate of 0.731% h..

3.2 Effects of thiol content on catalytic performance

The performance of Au-Cu-SH catalysts and the influence of thiol content were
firstly studied. In this part, thiol was introduced into Au-Cu/AC to prepare Au-Cu-
SH/AC catalysts by adding thioglycollic acid. The content of Au was fixed at 0.5 wt%,
and the molar ratio of Cu to Au was 1:1, the optimum molar ratio of Cu to Au according
to findings listed above, whilst the molar ratio of thioglycollic acid to Au was varied
from 0 to 20.

Obtained catalytic performance is shown in Fig. 3. It is immediately evident that as
the content of thiol increased, except for AulCulSH20/AC, conversion of acetylene
gradually increased. It could be attributed to the thiol which could improve the
dispersion of Au. When thiol was excessive, such as in AulCulSH20/AC, the size of
active species may be too small to have catalytic activity with reduced active sites[17].
Whilst, it can be observed that the stability of thiol-contained sample became better,
with increasing thiol. Such achievements might be ascribed to the stabilization effect of
thiol on Au NPs. Experimental results demonstrated AulCulSH10/AC was the most
active sample with conversion of acetylene of 56.3%. In the meantime, it was quite

stable, with a deactivation rate of 0.178 % h’.
11
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For convenient comparison, the catalytic performance of Au/AC, AulCul/AC and
AulCulSH10/AC is summarized in Table 1 (Fig. S1 and Fig. S2 in detail). It can be
observed that the AulCulSH10/AC catalyst showed the highest catalytic activity with
about 1.56 times the catalytic activity of ordinary Au/AC catalyst. Specific rate of
Au1CulSH10/AC reached 13.3 mol g* h't. More importantly, the deactivation rate of
AulCulSH10/AC was rather smaller, reflecting the extended lifetime. The enhanced
activity and stability of AulCulSH10/AC demonstrated that the thiol could be used to

improve the catalytic performance of Au-Cu/AC catalysts.

3.3 Property change of Catalysts

To elucidate the in-depth mechanisms that enabled the improvement abovementioned,
typical catalysts, namely bared AC, Au/AC, AulCul/AC and AulCulSH10/AC as well

as their used samples, were detailedly characterized.

3.3.1 Texture properties

The morphology of pure activated carbon is shown in Fig. S3. As could be discerned,
the surface of activated carbon is porous, with no visible impurity. Pore structure
parameters of catalysts are shown in Table 2. In comparison with bared activated carbon,
the surface area, pore volume and average pore diameter of the three fresh samples
decreased respectively in the order of Au/AC, AulCul/AC and AulCulSH10/AC. The
change of texture properties might be attributed to the loading active species with
additives on the surface of activated carbon. Nevertheless, such tiny surface changes,
resulting from the loading of active component, should not be the main causation of the

12
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obvious change of the final performance.
3.3.2 The presence of thiol on the surface of Au NPs

XPS S2p spectrums of fresh AulCu/AC and AulCulSH10/AC were shown in Fig.
4. Unsurprisingly, as no sulfur in fresh AulCu/AC, there was no any peaks, indicating
no sulfur in fresh AulCu/AC. Using a 2:1 peak area ratio and a 1.1eV splitting, peak
fitting of XPS S2p spectrum of AulCulSH10/AC indicated doublet peaks at 162.2 eV
(S 2p3) and 163.3 eV (S 2pir), resulted from sulfur which was bound to Au
nanoparticles [38][39][40][41][42]. The peak centered at 167.0 eV can be assigned to
oxidized sulfur species [40], produced by the redox reaction between thiol and Au®".
The results indicated that the thiol could reduce Au®* and bond to the surface of Au NPs

successfully.

3.3.3 Valence of active species in the fresh samples

H2-TPR profiles presented in Fig. 5 showed that fresh Au/AC catalyst exhibited a
characteristic reduction band in the range of 240 and 300 °C assigned to Au®" (5=1, 3).
By contrast, there are two characteristic reduction bands in fresh AulCul/AC. The first
weaker band, in the range of 200 to 270 °C, was attributed to Au®". In contrast to fresh
AU/AC, an evident decrease in the reduction temperature of Au®" in fresh AulCul/AC
was observed, which meant easier reduction of Au®", possibly caused by electron
transfer[20]. The area of this peak is small, testifying that only trace amount of Au
loaded in the activated carbon was in its oxidation states. Another peak, in the range of
300to 440 °C, attributed to Cu®* (8=1, 2), was much stronger, because Cu®" has weaker

oxidation ability than Au®* and is difficult to be reduced just by activated carbon.
13
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No reduction peak was observed in the TPR profiles of fresh AulCulSH10/AC,
implying the absence of Au®" and Cu®". In other words, all Au and Cu element in fresh
Au1CulSH10/AC was in the form of Au® and CuP. The same results were revealed by
the deconvolution of the XPS spectra shown in Fig. S4 — S9, and the surface relative
amount of each Au species and their binding energies are listed in Table 3. The XPS
spectra of Au/AC and AulCul/AC both showed Au(4f72) peaks at 84.1(%0.1) and
86.1(20.3) eV, which could be assigned to Au® and Au®*, respectively. Whilst, only Au®
could be discerned in AulCulSH10/AC. It also indicated the presence of a third state
in fresh Au/AC, AulCul/AC and used AulCulSH10/AC with an Au(4f72) peak at
84.6(=20.2) eV, which could be likely assigned to the Au* state[17][44][45]. Compared
with fresh Au/AC, the peak of Au(4f72) of fresh AulCul/AC shifted to lower binding
energy (from 84.2 eV to 84.0 eV), a sign of strong interaction between Au and Cu that
Cu transferred electrons to Au, which could explain the negative change of Au®" peak
location in Fig. 8.

It can be seen that fresh Au/AC, AulCul/AC and AulCulSH10/AC catalyst
contained a large amount of Au® species at their surface. As was stated in the
literatures[46][47], the emergence of Au® was associated with the instability of HAUCI4
and the high reducing ability of activated carbon. Apparently, the XPS result of
AulCulSH10/AC suggested that thiol could facilitate the complete reduction of Au®*
and Cu®", which could be ascribed to the stronger reducing ability of sulfydryl of
thioglycollic acid than activated carbon[35].

3.3.4 Valence change of active species in used samples

14
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As shown in Fig. 6, Characteristic reduction bands of Au®"in all three used samples
became stronger, which meant more hydrogen need to be consumed and the content of
AU’ increased in used catalysts. This finding was in accord with the XPS results
summarized in Table 3, demonstrating the increasing of Au®* in used samples, in line
with the conclusion of our previous study[19]. It could be observed that Au* species in
fresh Au/AC disappeared after the reaction, which might be ascribed to the its
instability[21]. Unlike Au, the characteristic reduction bands of Cu®" in AulCul/AC
and AulCulSH10/AC catalysts changed inconspicuously after the test. Such
phenomenon could be attributed to the reason that Au was the main active center and
the reactants were mainly adsorbed on the surface of Au NPs.

In comparison with Au/AC and AulCul/AC, the amount of AuU®* in
AulCulSH10/AC was little and increased less after the test, while it deactivated in a
slower rate. This suggested that the emergence of Au®" might be unfavorable while Au°
species made more contributions to the catalytic performance in AulCulSH10/AC, in
accord with our previous work[19]. Au®species ignored by many researchers could also
exhibit more excellent catalytic activity than Au®* species, which was interesting and

worth of being explored more deeply in the following studies.

3.3.5 Distribution of active species in the fresh samples

Fig. 6 is the comparison of XPS Au4f spectrums of fresh Au/AC, AulCu/AC and
AulCulSH10/AC, the signal of thiol-introduced sample was the strongest. Since XPS
is a surface technique, the signal is a function of the surface to bulk atoms ratio[48].

Thus we concluded that the best Au dispersion at the surface was obtained in
15
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AulCulSH10/AC, which illustrated that thiol could contribute to the improvement of
Au dispersion.

XRD patterns of activated carbon and fresh AulCulSHx/AC (x=0, 3.5, 5, 10, 20)
catalysts are shown in Fig. 7. The broad peaks in the range of 20 = 40~48° typical of
carbon materials were observed in the XRD pattern of activated carbon, implying the
amorphous framework. The peaks at 20 of 38°, 44.3°, 64.5° and 77.5° were also
observed in the XRD pattern attributed to the 111, 200, 220, and 311 diffractions of
face-centered cubic (FCC) metallic gold (JCPDS PDF-04-0784), indicating that
reduction of Au®" in the process of catalyst preparation. The presence of Au® in the
catalysts cohered with the H2-TPR and XPS results above-mentioned. However, there
was no discernible reflection of Cu or CuClz in the XRD patterns, which might because
that Cu was well dispersed at the surface of AC[49].

Investigating the Au-Cu-SH/AC series catalysts, we noticed that the Au(111) peak
shrunk gradually along with the increasing addition of thioglycollic acid. According to
XRD technology, Au NPs with the size below 4 nm and Au®* species had invisible XRD
signals. One noticed that there were no Au®* species in all thiol-introduced samples (H:-
TPR results in Fig. S10), therefore, we can conclude that the amount of Au NPs with
the size below 4 nm increased with the increasing addition of thioglycollic acid.

These above results show that the sulfydryl of thioglycollic acid could improve the
dispersity of Au® species and prevent the Au NPs from agglomeration during the
preparation process of the catalysts, which could be attributed to the function that
sulfydryl of thioglycollic acid could bond to the surface of Au NPs and isolate neighbor
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particles.

3.3.6 Distribution of active species in used samples

Fig. 8 displays the XRD patterns of fresh and used Au/AC, AulCul/AC and
AulCulSH10/AC catalysts. Compared to the fresh samples, the Au(111) peaks of used
AU/AC and AulCul/AC shrunk respectively. There was nearly no loss of Au during a
short time period in the laboratory testing[9][20]. So it may be the reason that the
surface of Au NPs was oxidized by HCI and even the crystalline grains were further
broken up into smaller size below 4nm under the effect of feed gas[19][50][51]. Thus,
the active structure of Au NPs was damaged and decreased. However, the shrinking
phenomenon of Au(111) peak in fresh and used AulCulSH10/AC was not obvious. It
was because that thiol could bond to the surface of Au NPs, stabilizing and protecting
Au NPs from oxidation of Au NPs surface by HCI. It further avoided consequent
structure damage of Au NPs.

TEM pictures of the six samples were presented in Fig. 9. Active species in fresh
AU/AC agglomerated obviously. The dispersity was better in fresh AulCul/AC and
AulCulSH10/AC. The average particle size of active species in fresh
AulCulSH10/AC was 12.8 nm, smaller than 24.9 nm in fresh AulCul/AC shown in
Fig. S11. It hardly found any Au NPs under TEM in used Au/AC and AulCul/AC,
testifying the speculation that the active species were dispersed into smaller size below
4 nm. However, a great amount of nanoparticles were still observed in used
AulCulSH10/AC. The average particle size of nanoparticles in used AulCulSH10/AC

was slightly smaller than fresh AulCulSH10/AC, indicating that the dispersion of
17
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crystalline grain still happened during the reaction, but it was inhibited at the extreme.
All the TEM results highly coincided with XRD results and supported the conclusion

about the function of thiol.

4 Conclusions

Au-Cu-SH/AC catalysts were prepared and exhibited better catalytic performance
than Au/AC and Au-Cu/AC catalysts. The optimum molar ratio of Au/Cu/SH was
1:1:10. With a specific rate up to 13.3 mol g* ht, AulCulSH10/AC catalyst appeared
to be 1.56 times as active as the ordinary Au/AC catalyst and over 99.9% selectivity to
VCM. More important, on account of the introduction of thiol, the stability of
AulCul/AC catalyst was improved and the rate of deactivation was lowered 76%,
which means the lifetime of Au-Cu/AC catalyst could be extended.

It was demonstrated that Au-Cu-SH/AC catalysts were Au0-based catalysts, due to
thiol can reduce Au®* to Au® species during the preparation process, and Au° species
exhibited more excellent catalytic activity than Au3* species for acetylene
hydrochlorination, according to the comparison with the composition of active species
in different samples through XPS. Through XRD, TEM and TPR, it was confirmed that
the sulfydryl of thiol could bond to the surface of Au NPs, avoiding the agglomeration
during the preparation process and mitigating the oxidation of Au® by HCI. It helped
protecting Au NPs from structure damage, stabilizing Au NPs in a nearly constant
particle size and keeping more active structure under the reaction ambience. Thus,
better active species dispersity and active structure protection of Au NPs resulted in

better catalytic activity and stability of Au-Cu-SH/AC.
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What’s more important is that Au® species with a specific surface structure and grain
size ignored by many researchers in previous studies could also exhibit more excellent
catalytic activity than Au®* species. The work proposes a new thought and direction to

develop Au-based catalysts for acetylene hydrochlorination.
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Table 1 Comparison of fresh Au/AC, AulCulSH/AC and AulCulSH10/AC.

Catalysts initial activity/% Selectivity/% Deactivation rate/%h™
Au/AC 36.0 99.92 0.677
AulCul/AC 50.4 99.88 0.731
AulCulSH10/AC 56.3 99.92 0.178

Reaction conditions: Temp=180 °C;GHSV(C;H,)=1200 h™;Vuci/Vearp=1.13.

Table 2 Pore structure parameters of samples.

Catalysts AC AUu/AC AulCul/AC AulCulSH10/AC
BET Surface area® 888.8 841.4 834.2 785.4
Pore volume® 0.465 0.445 0.428 0.377
Ave. pore diameter®© 2.12 2.14 2.08 1.94

Units in the table: (a) m?/g, (b) cm®/g, (c) nm.

Table 3 Surface relative amount and binding energies of Au®*, Au* and Au® over Au/AC,
AulCul/AC and AulCulSH10/AC catalysts determined by XPS.

Au° Au* Au
Catalysts Binding Oxidation Binding Oxidation Binding Oxidation
energy®  state®  energy®  state®  energy®  state®
AU/AC- fresh 84.2 48.9 84.8 46.1 86.0 5.0
AU/AC- used 84.0 57.1 -- - 86.4 42.9
AulCul/AC- fresh 84.0 71.7 84.4 21.7 85.8 6.6
AulCul/AC- used 84.0 42.4 -- - 86.4 57.6
AulCulSH10/AC-fresh 84.2 100.0 -- - -- --
AulCulSH10/AC-used 84.1 59.6 84.8 18.6 86.6 21.8

Units in the table: (a) eV, (b) %.
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Figure captions

Fig. 1 Effects of Cu content on the catalytic performance of Au-Cu/AC series catalysts.

Reaction conditions: Temp=180 °C; GHSV/(C2H2)=1200 h%; Vhci/VCar2=1.13.
Fig. 2 Induction Period of Au-Cu/AC series catalysts.

Fig. 3 Effects of thiol content on the catalytic performance of Au-Cu-SH/AC series
catalysts. Reaction conditions: Temp=180 °C ; GHSV(C2H2)=1200 h*;

Vhe/VCah2=1.13.
Fig. 4 XPS S2p spectrum of fresh AulCul/AC and AulCulSH10/AC catalysts.

Fig. 5 H2-TPR profiles of Au/AC, AulCul/AC and AulCulSH10/AC fresh and used

catalysts.

Fig. 6 XPS Au4f spectrums of fresh Au/AC, AulCul/AC and AulCulSH10/AC

catalysts.
Fig. 7 XRD patterns of AulCulSHy/AC series fresh catalysts.

Fig. 8 XRD patterns of Au/AC, AulCul/AC and AulCulSH10/AC fresh and used

catalysts.

Fig. 9 TEM picture: (a)Au/AC-fresh; (b)Au/AC-used; (c)AulCul/AC-fresh;

(d)AulCul/AC-used,; (e)AulCulSH10/AC-fresh; (HAuULCulSH10/AC-used.
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Thiol could bond to the surface, mitigating the oxidation by HCI and protecting the
active structure of Au NPs.
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