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In the present work, the catalytic performance of Au/C catalysts prepared by ultrasonic-assisted,
microwave-assisted and incipient wetness impregnation techniques for the hydrochlorination of acety-
lene to vinyl chloride monomer (VCM) was studied. The catalyst prepared by the ultrasonic-assisted
technique significantly exhibited enhanced acetylene conversion activity and selectivity to VCM over a
period of 20 h of evaluation. The effect of gold loading on catalyst performance was determined, from
which 1% Au was found to be the optimum loading compared to 0.5% and 2.0% loading. Importantly,
the effect of different catalyst pretreatments (i.e. with and without H,/HCl and HCI purging prior to the
reaction testing) on the catalytic performance was also identified. The use of different pretreatment pro-
cedures affects only the initial activity of catalyst, while the long-term activities of catalyst with different
pretreatments are almost identical.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Polyvinyl chloride (PVC) is the third highest global volume
plastic after polyethylene and polypropylene, and the demand
increases annually. In 2008, the PVC world market reached a vol-
ume of 34 million tons, whereas in the year 2000 demand amounted
to 24 million tons. Moreover, the PVC demand is expected to
be total more than 40 million tons in the year 2016 [1]. PVC is
produced from polymerization of vinyl chloride monomer (VCM),
whichis typically produced industrially by the dehydrochlorination
of dichloroethane (ethylene-based process) or hydrochlorination of
acetylene (acetylene-based process). In China, the world’s largest
producer of PVC, the PVC capacity has increased more than 20%
annually since 2000 and became greater than that of the United
States in 2005. Currently, PVC production through the acetylene-
based process accounts for about 70% of the total PVC production
capacity in China [2].

In the commercial acetylene-based process, acetylene (C;H>)
gas reacts with anhydrous hydrogen chloride (HCI) gas over carbon-
supported mercuric chloride to produce vinyl chloride monomer
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(VCM). This reaction is exothermic and highly selective at an opti-
mum reaction temperature of about 170-180°C [3-5]. The major
problem of this process is sublimation of mercury, arising from
reduction of mercuric chloride during the reaction. This not only
affects catalyst deactivation but also causes severe safety and envi-
ronmental problems [6]; alternative catalysts are thus needed.
Previous workers have reported a direct correlation between the
standard reduction potential of noble metals and acetylene con-
version and concluded that gold is a potential catalyst to replace
the mercuric chloride as the preferred catalyst for this reaction
[4-9]. However, the lifetime of gold catalysts is relatively short and
the rate of deactivation is dependent on temperature. At higher
temperatures (>100°C), deactivation is due to reduction of Au3* to
Au® while carbon deposition causes catalyst deactivation at lower
temperatures (<100 °C). However, even though catalyst deactiva-
tion was minimized at 100 °C, catalytic activity was too low at this
temperature [8].Several groups have shown that carbon-supported
gold catalysts offer high initial activity; however, reduction of Au3*
(presumed to be the active site) to Au® and subsequent sintering
as well as poor distribution of Au particles on the carbon support
result in rapid loss of activity [9].

Recently, there have been several attempts to synthesize
supported metal catalysts with high dispersions using microwave-
assisted or ultrasonic wave-assisted techniques. It is known that
an important parameter for catalyst synthesis by drying with
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microwave irradiation is proper contact time. For normal drying
processes, the solvent is heated by conduction and convection,
which typically results in large temperature gradients within the
solvent and catalyst support [10]. For the ultrasonic-assisted tech-
nique, the ultrasound wave enhances good mass transport and
even thermal distribution throughout the impregnation solution
and the pores of the catalyst support using the cavitation phe-
nomenon typical of ultrasonic methods. Other desirable physical
phenomena include formation, growth and collapse of bubbles
in the liquid medium. In contrast, the microwave-assisted tech-
nique can assist catalyst synthesis by modifying the shape of the
supported metal to be quasi-spherical in morphology. Moreover,
the catalyst preparation time can be reduced by this technique
[11-13]. For the ultrasonic-assisted technique, the ultrasound wave
improves mass transport, emulsification, thermal heating, and a
variety of support effects by the phenomenon of cavitation which
involves formation, growth and collapse of bubbles in the lig-
uid medium. Consequently, catalyst particle diameters may be
decreased, surface defects can be introduced on the particle surface,
and the surface area of the support may be increased [14,15]. In the
present work, Au/C catalysts having high Au dispersion have been
synthesized by microwave-assisted and ultrasonic wave-assisted
techniques, and their catalytic activities for acetylene hydrochlo-
rination have been studied and compared to catalysts prepared
by typical incipient wetness methods. Finally, the effects of gold
weight loading and pretreatment options on the catalyst perfor-
mance were also investigated.

2. Experimental
2.1. Catalyst preparation

A conventional Au/C catalyst was first prepared by incipient
wetness impregnation using concentrated aqua regia as a solvent
[16]. The carbon support (coconut shell-based and supplied by Car-
bokarn) was initially washed with dilute, aqueous HCI (1 M) (Qrec
HCI 37%) to eliminate impurities. The carbon was washed thor-
oughly by distilled water and then filtered and dried overnight at
110°C. A solution of HAuCly-xH; O (Sigma-Aldrich: 50% gold assay)
in concentrated >aqua regia solvent (mixture of HCI (Qrec HCI 37%):
HNO3 (Qrec HNO3 67%) = 3:1) was added drop-wise to the activated
carbon while stirring about half an hour. Then the impregnated cat-
alyst was then dried overnight at 110°C in the oven (CI sample).
Alternatively, the ultrasonic-assisted (UL sample) preparation was
prepared by ultrasonically-agitating the dissolved HAuCl, in aqua
regia solution and carbon support in an ultrasonic bath (Crest Ultra-
sonic Model: 275HTAE 42-45kHz) and maintaining at 45-50°C
for 6h [17]. The microwave-assisted technique (MW sample) was
applied during the drying stage of the impregnated carbon support
microwave-assisted preparation by using a microwave oven (Sanyo
EMS 1063s 800W compact microwave) for 2 min.

2.2. Catalyst characterization

X-ray diffraction (XRD) was used to investigate the crystalline
characteristics of the catalysts. The XRD spectra of catalysts were
measured by a Rigaku MiniflexIl with a Texultra detector using Cu
K, radiation over the 26 range from 20° to 80°. The analysis of
elemental compositions and oxidation states of catalyst surfaces
was determined by X-ray photoelectron spectroscopy (XPS) using
a Kratos Axis Ultra DLD instrument equipped with a monochro-
mated Al K, X-ray source and hemispherical analyzer capable of
an energy resolution of 0.5eV. Temperature-programmed reduc-
tion (TPR) was used for determining the reduction temperature of
Au?*, using a Micromeritics Chemisorb 2920, with 10% H, in Ar (50

SCCM total flow) and a temperature ramp rate of 5°C/min from
25°C to 500°C. Gold weight loadings were determined by atomic
absorption (AAnalyst 400; PerkinElmer) after digestion of the Au/C
catalyst in aqua regia at 110 °C for 4 h and then filtering of the solid
catalyst from the solution containing the Au salt. Finally, the BET
surface areas of the supported Au catalysts were determined using
a Micromeritrics ASAP 2020. The measurements were performed
by degassing of the sample at 120°C for 12 h prior to using N,
as the adsorbate at —196 °C. The specific surface area was calcu-
lated based on the Brunauer-Emmett-Teller (BET) method while
the pore volume, average pore diameter, and pore size distribution
were calculated using Barrett-Joyner-Halenda (BJH) desorption
branch analysis and t-plot micropore area analysis.

2.3. Catalyst evaluation

Acetylene hydrochlorination using the supported Au catalysts
was carried out in a fixed bed reactor (Pyrex glass tube, 3/8” OD).
The C;H; feed gas was treated to remove acetone inhibitor by pass-
ing through a molecular sieve 5A trap and then added along with
He diluent to a flow of anhydrous HCI (Praxair, 99.999% HCl purity)
before feeding to the reactor. The following reaction protocol was
used for all catalysts. The reactor loaded with fresh catalyst was
dried in flowing helium at 120°C for 30 min to remove residual
H,0 and then pre-chlorinated using a flow of He and HCI (1: 1
ratio) at 180°C for 1 h. Acetylene was then added at a desired flow
to give a feed composition of C;H,: HCl: He=1.0: 1.1: 1.0 at an ini-
tial reaction temperature of 180°C. The exit gas from the reactor
was passed through a temperature-regulated scrubber (15 °C) con-
taining 5M NaOH solution to absorb unreacted HCl. The gaseous
products were analyzed by an on-line gas chromatograph (model
HP5890 with FID detector using a capillary column of Agilent J&W
HP-Plot Poraplot Q column). Acetylene conversion and VCM selec-
tivity were calculated by mass balance methods. The fractional
conversion of C;H, was determined using the standard formalism
0of (C2Hz(iny — C2Hz(our))/C2Ha(iny and VCM selectivity was calculated
from the amount of VCM formed/amount of total products formed.
Since only C, products were observed, no normalization to VCM
was required.

3. Results and discussion
3.1. Effect of catalyst preparation technique

The comparative X-ray diffraction (XRD) patterns of freshly-
prepared (no pretreatments) conventional (CI), ultrasonic-assisted
(UL), and microwave-assisted (MW) catalysts are shown in Fig. 1.
None of the catalysts shows peaks indicative of any Au® or gold salt
species, indicating that all Au species are present in either amor-
phous or very small, highly dispersed particles. Thus, Au® particle
sizes must be <4nm or most of the Au exists as non-crystalline
Au3* species [18]. For Au®/C catalysts, the typical peaks of Au®
at 20=38.2, 44.4, 64.7 and 77.7°, assigned to the diffraction lines
of (111),(200),(220) and (31 1) facets of gold, respectively, are
expected [19].

The methods of catalyst preparation also affect the physical
properties of the carbon support. Support analyses data are sum-
marized in Table 1. Impregnation of the Au salts lowers the surface
area of the support, as expected. The effect is most pronounced for
the CI sample. Both MW and UL effects decrease the loss of sur-
face and also maintain the more desirable larger pore diameters of
the carbon micropores. This phenomenon of the UL sample is likely
due to the tiny bubbles formed by the vibrations which collapse and
then re-form from the cavitation phenomena. This occurs when the
expansion speed of bubbles is high enough and the inertial power is
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Fig. 1. XRD spectra of catalysts from different preparation methods; conventional
impregnation (CI), ultrasonic-assisted (UL), and microwave-assisted (MW). “F”
denotes fresh catalyst before reaction and “U” denotes used catalyst, after reac-
tion. The black triangles mark the 26 values where Au® diffraction peaks would be
expected. The 260 values = 38.2,44.4, 64.7 and 77.7 correspond to the diffraction lines
of (111),(200),(220) and (31 1) facets of gold metal.

also very high, so that the bubbles cannot contract and thus remain
in an expanding mode. Bubble collapse can also cause a micro high
speed flow within the pores, causing unwanted local hotspots [15].

In previous work [5-9], the active Au species for acetylene
hydrochlorination has been inferred to be in the Au3* oxidation
state. Thus, XPS analysis was carried out to determine and quantify
the oxidation states of the surface Au sites on the different catalysts.
Both fresh catalysts (no pretreatment) and catalysts after reaction
(used) were analyzed. All Au peaks were referenced to the C1s bind-
ing energy (BE) of the support at 284.6eV. As shown in Fig. 2 and
Table 2, the Cland UL samples contain a higher fraction of Au3* than
the MW sample. The reference values for Au 4f 7/2 binding energies
of Au®, Au*, and Au3* are listed in Fig. 2 [20]. The XPS peak positions
for the fresh catalysts are similar, but the normalized intensities for
each catalyst depend on the contribution of the Au3* peak. The XPS
spectra for all used catalysts, however, show that the surfaces have
been reduced to Au®; the presence of Au3* is not obvious.

The catalyst evaluation data in Fig. 3 shows that Cl and UL sam-
ples have higher initial activities than the MW sample and that after
20 hoperation the UL sample exhibits significantly higher acetylene
conversion than either the Cl or MW sample. In all cases, selectivity
to VCM was more than 99.5% VCM with 1,2 dichloroethane (EDC)
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Fig. 2. Gold 4f 7/2 and 4f 5/2 binding energies XPS spectra of catalysts pre-
pared by different methods; conventional method (CI), ultrasonic-assisted (UL) and
microwave-assisted (MW). Fresh and used catalysts denoted as Fand U, respectively.
Binding energy values have been referenced to C1s peak at 284.6 eV. Literature val-
ues for Au 4f 7/2 binding energies of Au®, Au*, and Au?* are 83.9, 85.0, and 85.7 eV,
respectively [20].
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Fig. 3. Evaluation of catalysts prepared by different methods (T=180°C, P=1atm,
HCI: C,H,: He feed composition=1.1: 1: 1 and GHSV=1480h"1).

Table 1
BET surface areas and pore analyses of the carbon support (CK) and fresh catalysts prepared by conventional impregnation (CI), ultrasonic-assisted (UL), and microwave-
assisted (MW) methods.
Sample Au loading® % Surface area (m?2/g) Pore volume (cm3/g) Pore diameter (nm)
Cl 1.04 687 0.33 1.98
MW 0.98 883 0.58 2.66
UL 1.08 861 0.59 2.76
Support (CK) - 940 0.48 2.57

2 Values measured by AA after dissolution of Au using concentrated aqua regia.

Table 2
Identification of Au species from XPS for different Au/C catalysts (the Au® and Au3* 4f 7/2 peak intensities are normalized to C1s intensity at 284.6eV).
Preparation method and catalyst status Au?* (eV) AuC (eV) Audt (%) Au® (%)
Cl Fresh 86.21 83.76 38 62
Used - 83.87 - 100
UL Fresh 86.14 83.65 36 64
Used - 83.99 - 100
MW Fresh - 83.93 - 100
Used - 84.13 - 100

a The % is percentage ratio of integrated area Au* and total Au area of Au3* and Au® that was calculated from XPS peak program.
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Fig. 4. Effect of Au loading for UL catalysts on catalytic activity (T=180°C, P=1atm,
HCl: C;H,: He feed composition=1.1: 1: 1 and GHSV=1480h"1).

as the only trace product. The results in Fig. 3 clearly indicate that
“longer term” catalyst activity is not correlated to the amount of
Au3* as observed by XPS (Table 2) after reaction. Conte et al. [21]
have also investigated the effect of Au3* content on Au/C activ-
ity by preparing a set of catalysts with different Au3* content and
reported that the most active catalyst was not the catalyst with
highest Au3* content. Nevertheless, this study shows the amount
of Au3* does affect the initial activity of the catalyst; the fresh MW
sample which contains no detectable Au3* also has the lowest ini-
tial catalytic activity. Its activity then increased dramatically within
2 h, indicating the formation of a more active surface composition.
Since XPS analysis of all used samples showed no presence of Au3*,
it is difficult to attribute the higher activity to the formation of
Au3* sites. Regardless, the Au/C prepared by the ultrasonic wave-
assisted technique showed the highest overall activity and a lower
rate of activity loss after 20 h reaction time. Thus, the UL sample
was chosen for further studies. It should be noted that for the best
of our knowledge, there is still no commercial catalyst prepared
by ultrasonic and microwave methods. However, these technolo-
gies have been successfully implemented in some industries such
as food industry [22,23]. Therefore, it is expected that they can soon
be employed for commercial catalyst preparation.

3.2. Effect of gold catalyst loading

The effect of gold loading for UL-prepared catalysts was stud-
ied over the range of 0.5 to 2.0 wt%. As shown in Fig. 4, the catalytic
activity does not increase with increasing Au amount. The 2.0% Au/C
sample shows relatively high acetylene conversion at the first two
hours, which could be due to the high Au3* content (according to the
XPS analysis in Fig. 5 and Table S1), but its activity has decreased
dramatically after 15 h. In contrast, 0.5% Au/C sample shows low
initial acetylene conversion but its activity increases steadily and
becomes more active than 2.0% Au/C sample after 20 h. The activity
of the 0.5 wt% Au sample ends up being considerably lower, how-
ever, than the 1.0% Au/C sample. The XRD patterns of the fresh and
used catalysts that were evaluated in Fig. 4 are shown in Fig. 6. It can
be seen that the fresh catalysts exhibit only the amorphous diffrac-
tion peak of the activated carbon support, meaning the Au species
were either very small and/or amorphous in structure. However,
the 2.0% Au/C catalyst after reaction clearly shows the Au® (111)
peak at 38.2°. Similarly, a much smaller Au (11 1) peak is observed
for the 1 wt% Au sample. Based on Scherrer’s equation, the calcu-
lated sizes of Au® using only the (11 1) reflection for 2.0% and 1.0%
Au/C are 16 nm and 4.6 nm, respectively. This confirms that the
higher weight loadings of Au undergo sintering to larger particles
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Fig. 5. XPS spectra for 0.5, 1.0, and 2.0wt% Au/carbon samples prepared by
ultrasonic-assisted method (UL). (F: fresh catalyst, U: used catalyst). See Fig. 2 for
BE assignments.

with increasing reaction time. The highest Au particle density on
the carbon surface of the 2 wt% Au sample favors thermal sintering
relative to the 1.0 and 0.5 wt% Au samples. These sintering tenden-
cies are reflected in the activity data in Fig. 4. A loading of 1.0% Au
gives the best balance of resistance to sintering and concentration
of active surface sites.

3.3. Effect of catalyst pretreatment

The catalyst performances with different pretreatment proce-
dures are shown in Fig. 7. The pre-chlorinated sample (Task 1)
shows the highest initial activity, while the reduced-only sample
(Task 4) has the lowest initial activity. Nevertheless, all catalysts
exhibit very similar performances behavior after 3 h reaction for
the remainder of the evaluation period (20 h). Not only are reac-
tion rates the same, the rates of catalyst deactivation are very
similar. Regardless of pretreatment options, the same active Au
surface exists after an initial reaction period. Hence, it is mis-
leading to assess catalyst performance for fewer than 5h of run
time as has been done by others [4-9,21,24]. The sample that
was pre-chlorinated following reduction at 180 °C (Task 3) has the
same initial (and long term performance) as the sample that was
only reduced before reaction (Task 4). This shows that on-line HCI
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Fig. 6. XRD spectra of different gold loading catalysts before and after reaction.
(F: fresh catalyst, U: used catalyst). The black triangles on plot denote principle
reflections for Au®.



296 W. Wittanadecha et al. / Applied Catalysis A: General 475 (2014) 292-296

100
80
~
g
=
S 100 5
“ .
- g
3 .
2 40 -o-Task 1 g (a) |
-§‘ t Es0
8 ) -=Task2 §
< [ m/ %
20/  -e-Task3 1
[ 0
L k- TaSk 4 g klln Time (Hnurx} :
Qag———— 34—+
0 5 10 15 20
Run Time (Hours)

Fig. 7. Effect of pretreatment sequence on initial and longer term evaluation for
acetylene hydrochlorination. The inset (a) shows initial performance from 0-3 h, and
performance over the 20 h period of evaluation is shown in (b). (T=180°C, P=1 atm,
HCI: CH,: He feed composition=1.1: 1: 1 and GHSV=1480h"1).

o~
s \
S, NV
o~ .
vy

.
b N \ B
o . . 5 ' Task 4 (U)
PPy PR oy -
RN L Y P S ey, .
v - VRIS VN W
- v e P A
J " P ~
PR Y w
. ™ Y, . Task3(U)
Y A g e 780 MR VN ied \ -
IV NN, TNV IS AP, = \ A PPN R
.~ % \,
Aot JURPIPEE - Task 2 (U)
R Y e o ,a? pUA VRPN W
2 A FEAN QY
! 4 A 29
& : X 1)
|2 R VY PR R v gpna, “n Task 1,
§ At A RS VT AP RY
=
=

Fresh + Reduced

Fresh

92 920 88 86 84 82 80

Binding Energy (eV)

Fig. 8. XPS spectra showing Au 4f binding energies of the different catalysts after
reaction (U) and comparison to XPS spectrum of fresh catalyst with no pretreatment.

oxidizes the Au metal to form the same active Au-Cl, species as
during the pre-chlorination step [25]. The XPS characterization of
the different catalysts after reaction (Fig. 8) confirms that only
Au® existed during reaction, suggesting that the active Au sur-
face is essentially metallic Au upon which a Cl-containing species
is chemisorbed. While the prechlorination step can provide more
active Au sites for higher initial activity for acetylene hydrochlori-
nation, the sites are not stable for longer term operation.

4. Conclusion

The paper compares catalytic performance for acetylene
hydrochlorination of Au/C catalysts prepared by different methods;
ultrasonic-assisted (UL), microwave-assisted (MW), and conven-
tional incipient wetness impregnation (CI) techniques. Acetylene
conversions greater than 80% with VCM selectivity of 99.5% after
20h reaction period can be achieved from catalysts prepared by
the ultrasonic-assisted technique. This method is more preferable

than MW in terms of catalyst stability. The experimental results
for 0.5, 1.0, and 2.0 wt% Au show that the catalyst activity does not
depend significantly on Au loading. A loading of 1.0% Au gives the
best balance of resistance to sintering and highest concentration
of active Au surface sites. From the investigation on the effect of
pretreatment, pre-chlorination of the catalyst prior to the reaction
does promote initial, higher catalytic activity, but the long-term
activity was almost identical to the other pretreatment methods,
including no pretreatment before evaluation. These results indi-
cate that the presence of Au3* on the catalyst surface does give the
highest initial catalyst activity while the completely-reduced Au/C
on surface has the lowest initial activity. However, after an initial
period of approximately five hours, activities are similar regard-
less of pretreatment. XPS analysis after 20 h of reaction shows the
existence of only Au® species. In combination the results suggest
that the active Au surface is essentially metallic Au upon which a
Cl-containing species is chemisorbed which reacts with acetylene
to form VCM.
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