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13X zeolite exhibited high catalytic activity and selectivity in acety-

lene hydrochlorination at high temperatures above 300 °C. The

activity of 13X may be derived from its unique zeolite structure,

meanwhile Na+ and the active carbon deposit facilitated acetylene

hydrochlorination. This finding presented a promising approach

for the development of green non-mercury catalysts.

Polyvinyl chloride (PVC), as one of the most widely used plas-
tics, is manufactured by polymerization of the vinyl chloride
monomer (VCM).1 Currently, VCM is mainly produced via the
oxychlorination of ethylene or the hydrochlorination of acety-
lene. In China, about 70% of VCM is produced from acetylene
hydrochlorination using activated carbon (AC) supported
HgCl2 catalysts.2 However, the facile volatility of HgCl2 will
cause high loss of mercury from the catalyst which limits the
catalyst lifetime, and even worse, threatens the environment
and human health.3 Therefore, the exploration of environmen-
tally friendly non-mercury catalysts is of great significance to
acetylene hydrochlorination.

Normally, metal chlorides, such as HgCl2,
4 HAuCl4,

5,6

K2PdCl4,
7 BiCl3,

8 CuClx
9 etc., were the active species of acety-

lene hydrochlorination. Hutchings and co-workers found a
correlation between the standard electrode potentials of metal
cations and their catalytic activities.10 Consequently, lots of
catalysts such as Au/AC,2,5,6,11–18 Au–Bi/AC,8,19 Au–Cu/AC,9,20

Au–Co/AC,21 Au–Pd/AC,22 Au/SiO2,
23 Au–Bi/γ-Al2O3,

8 Ru/AC,24

and Pd/Y25 were developed, aiming at high activity and stabi-
lity in acetylene hydrochlorination. Recently, it was reported
that materials like SiC@N–C,26,27 g-C3N4,

28 PSAC-N,29

NCNTs,30 and PANI-AC31 had good performance in acetylene
hydrochlorination without loading traditional active metal

components. Up to now, Au based catalysts have been believed
to be the most promising green non-mercury catalyst candi-
dates. However, high cost of gold would restrict its industrial
application.

Zeolite was widely used as a catalyst in the petro-refining
and petro-chemical industries.32,33 Wang et al.25 reported that
zeolite Y could be used as a non-mercury catalyst support.
Herein, we systematically investigated the acetylene hydro-
chlorination activity of faujasite (FAU) zeolite 13X without
loading any active metal components. It was found that 13X
zeolite showed very low activity under the conventional reac-
tion temperature range of 150–200 °C. However, when the reac-
tion temperature gradually increased to above 300 °C, the
acetylene conversion increased to nearly 100%, and the VCM
selectivity was more than 90%. To date, acetylene hydrochlori-
nation over zeolite without loading other active metal com-
ponents has not yet been mentioned. In addition, this was the
first report about acetylene hydrochlorination at such high
temperatures.

Performances of catalysts in acetylene hydrochlorination
were evaluated in a fixed-bed micro-reactor (i.d. 10 mm). The
loading amount of catalysts was 10 ml. The reactor was heated
to the reaction temperature in a nitrogen atmosphere to
remove water and air in the system before reaction. Then C2H2

and HCl were fed through mass flowmeters to the reactor
under ambient pressure. The flow rate of C2H2 and HCl was
10 ml min−1 and 12 ml min−1, respectively. The gas compo-
sitions were analyzed on-line by gas chromatography.

Fig. 1 and S1† show the catalytic performances of AC,
γ-Al2O3, and SiO2 and zeolites of Beta, MOR, ZSM-5, and 13X
at a reaction temperature of 320 °C. γ-Al2O3, SiO2, MOR and
ZSM-5 displayed very low catalytic activity, all of their acetylene
conversions were below 10%. Zeolite Beta and AC gave the
acetylene conversion of nearly 20% and 30%, respectively.
However, zeolite 13X exhibited outstanding activity among the
catalysts investigated, its highest acetylene conversion reached
98.5%. Meanwhile, the VCM selectivity of zeolite 13X exceeded
93.37%, which was slightly lower than that of AC, but higher
than those of other catalysts. It was well known that the
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reactivity of the catalyst had a close relationship with its struc-
ture and properties.26 As compared to AC, γ-Al2O3 and SiO2,
zeolite 13X had a uniform microporous structure. The major
difference between 13X and MOR, ZSM-5, and Beta was that
13X contained a unique supercage in its framework. Thus, it
could be speculated that the remarkable acetylene hydrochlori-
nation reactivity of 13X was ascribed to its special microporous
and supercage structure.

As has been noted, AC displayed obvious acetylene hydro-
chlorination activity. In fact, AC was utilized as the catalyst
support in most of the studies on acetylene hydrochlorina-
tion.18 The detailed comparison of AC and 13X catalysts was
summarized and discussed in this section (Fig. 2, S2 and S3†).
When using AC as the catalyst, the acetylene conversion had a
maximum value of around 40% at 220 °C, and the VCM selec-
tivity was nearly about 99% except at 100 and 320 °C. While, the
acetylene conversion of 13X increased with the temperature
rising until 340 °C exhibiting an S-shaped curve, and its VCM

selectivity was above 90% at all temperatures. It was worth
noting that the AC catalyst displayed higher activity than 13X
zeolite when the reaction temperatures were below 240 °C.
However, the acetylene conversion of 13X showed a sharp
increase as the temperature increased above 260 °C, while that
of AC decreased gradually. This result indicated that 13X
exhibited unique and superior reactivity at high temperatures,
which was not mentioned in previous studies.

The on-line mass spectra results are shown in Fig. 3, which
revealed the variations of gas composition after feed gases
passed through the catalyst bed. When AC was used as the
catalyst, the reactants and the main product could be detected
simultaneously after 5 min reaction. As for the 13X catalyst,
the first detectable time of C2H2, VCM and HCl was 18, 40 and
62 min after reaction, respectively. Meanwhile, the break-
through time of C2H2 and HCl was 34 and 70 min, respectively
(Fig. S4†). Obvious temperature rising about 16 °C in the 13X
catalyst bed could be observed in the beginning of the reac-
tion. It means that the adsorption ability of C2H2, especially
HCl, on 13X was much stronger than AC. Previous studies
revealed that high adsorption ability of reactants was the basic
characteristic of the effective acetylene hydrochlorination cata-
lyst.9,18,21,34,35 The abundant uniform micropores, unique
supercage and special basicity arising from Na+ in the frame-
work might lead to a strong adsorption of C2H2 and HCl, on
zeolite 13X, which was supposed to be the reason why 13X dis-
played higher activity than AC at high temperature.

Catalytic performances of FAU zeolites with different types
of cations and different SiO2/Al2O3 ratios were evaluated. Their
catalytic performances and chemical compositions are shown
in Fig. S5, S6 and Tables S1, S2.† The VCM selectivity of these
X catalysts with SiO2/Al2O3 < 3 was in the range of 91–96%,
while that of Y catalysts with SiO2/Al2O3 > 7 was below 70%. It
indicated that the SiO2/Al2O3 ratio had a great influence on
VCM selectivity, and a low SiO2/Al2O3 ratio was good for the
FAU catalyst to catalyse the conversion of acetylene to VCM.
Compared to these X catalysts with different cation types,
acetylene conversion of 13X (Na–X) was more stable and much
higher. Thus, it could be concluded that the cation type of X
zeolite had an important effect on its catalytic activity, and Na+

in the zeolite framework facilitated the conversion of acety-
lene. Further comparison of catalytic activities among LSX,
13X, Na–Y and Na-USY verified that high Na2O/Al2O3 and low
SiO2/Al2O3 ratios were beneficial for acetylene conversion.

Fig. 1 Best catalytic performances of different catalysts in acetylene
hydrochlorination. Reaction conditions: reactor set point temperature =
320 °C.

Fig. 2 Acetylene conversion (■ AC, ●13X) and VCM selectivity (□ AC,
○13X) of catalysts at different temperatures after reacting for 2 h.

Fig. 3 On-line mass spectrometry in the beginning of the reaction
(a) AC; (b) 13X. Reaction conditions: reactor set point temperature =
320 °C.
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Fig. 4 showed that acetylene conversion of the 13X catalyst
decreased gradually as the reaction proceeded. The acetylene
conversion decreased from 98.5% to 77.6% after 6 h. The XRD
pattern of the spent 13X displayed that the crystallinity of
zeolite decreased obviously as compared to the fresh catalyst
(Fig. 5). Meanwhile, typical peaks of NaCl crystals could be
observed in their XRD pattern. The SEM images of fresh and
spent 13X catalysts showed that the catalyst was broken into
irregular shape and size after deactivation (Fig. S7†). These
results indicated that HCl reacted with Na+ in the zeolite
framework and generated NaCl crystals, which would cause
the collapse of the 13X’s FAU structure to some extent.
Normally, carbon deposit was a predominant factor of catalyst
deactivation in acetylene hydrochlorination.6 TG analysis
showed that the weight loss in 235–535 °C mainly is attributed
to the burning of carbon deposit, so it could indicate the

content of carbon deposit (Fig. 6). The data in Table 1 and
Fig. S8† show that the carbon deposit formed rapidly in the
first 1 h reaction and then it increased slowly. The carbon
deposit amount reached as high as 16.03% after 6 h.
Regeneration of the catalyst was conducted by 4 h calcination
in air atmosphere at 550 °C. TG analysis revealed that most of
the carbon deposit on the spent catalyst could be burned off at
this temperature. Although the activity of the spent catalyst
was partly recovered after regeneration, the highest acetylene
conversion of the regenerated catalyst was still lower than that
of the fresh catalyst (Fig. S9†). The XRD pattern of the regen-
erated catalyst displayed that the crystallinity of zeolite slightly
increased as compared to the spent catalyst. While, typical
peaks of NaCl could still be observed in the regenerated
catalyst though their strength decreased. Thus, it could be
seen that both the collapse of the zeolite structure and the
serious carbon deposit caused catalyst deactivation, while the
former inhibited the completed regeneration of the spent
catalyst.

An interesting phenomenon was worth noting that the cata-
lytic activity of the 13X catalyst increased with the carbon
deposit amount increasing in the beginning of the reaction
(Fig. 4, Table 1 and Fig. S8†). The amount of the carbon
deposit was 7.85% at 0.5 h, and increased to 9.87% at 1 h. The
BET results showed that the specific surface area decreased

Fig. 4 Acetylene conversion of fresh and regenerated 13X catalysts.
Reaction conditions: reactor set point temperature = 320 °C.

Fig. 5 XRD patterns of fresh, spent and regenerated 13X catalysts
(● refers to indexed NaCl peaks).

Fig. 6 TG-DSC curves of the spent catalyst (reacted 6 h). Reaction con-
ditions: reactor set point temperature = 320 °C.

Table 1 Change of carbon deposit on catalysts as the reaction
proceededa

Reaction
time (h)

Carbon deposit
contentb (wt %)

Carbon contentc

(wt %)

0.5 7.85 3.04
1 9.87 4.87
2 10.98 5.47
6 16.03 9.11

a Reaction conditions: reactor set point temperature = 320 °C. b Carbon
deposit content was defined as the weight loss in the range of
235–535 °C from TGA. c Carbon content was received by TOC.
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sharply from 501.1 to 171.6 m2 g−1 after only 0.5 h (Table 2).
Normally, the serious carbon deposit and the decreasing
surface area would lead to obvious deactivation of the catalyst.5

However, in this experiment, the acetylene conversion of the
13X catalyst still kept increasing until 1.5 h though the carbon
deposit increased. Previous research reported that carbon
species could catalyse acetylene hydrochlorination effectively.26

So it could be deduced that the carbon deposit on the 13X
catalyst had catalytic activity and facilitated the conversion of
acetylene with HCl. The 13C CP/MAS NMR spectra of the spent
catalyst indicated that aromatic compounds (around 130 ppm)
were the main carbon deposit species (Fig. S10†). In the begin-
ning of the reaction, the amount of the active carbon deposit
increased to an optimal level, and the activity of the catalyst
reached the maximum. As the reaction proceeded, the pores of
the catalyst were clogged by carbon deposit gradually, and the
catalyst deactivated.

In conclusion, 13X zeolite exhibited high catalytic activity
in acetylene hydrochlorination at temperatures above 300 °C.
The catalytic mechanism of 13X zeolite is different from the
conventional metal chlorides supported catalysts. Activity of
13X may be derived from its abundant uniform micropores
and unique supercage. Sodium cations in the zeolite frame-
work and the active carbon deposit formed in the beginning of
reactions could also facilitate the acetylene hydrochlorination
reaction. Deactivation of 13X was caused by the collapse of its
crystal structure and serious carbon deposit. The spent catalyst
could be partly regenerated by calcination. This research pre-
sented a new idea for the development of acetylene hydrochlor-
ination catalysts. Zeolite will be a promising candidate for
green non-mercury catalysts.
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