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A B S T R A C T   

An original nonmetallic mercury-free catalyst for the production of vinyl chloride monomer (VCM) by acetylene 
hydrochlorination was studied in this work. It was first found that a nitrogen-containing diheterocycle, 1,8-dia
zabicyclo[5.4.0]undec-7-ene hydrochloride ([DBU][Cl]), displayed excellent catalytic performance in acetylene 
hydrochlorination. The 20%[DBU][Cl]/AC catalyst exhibited an acetylene conversion of 86.7% and a selectivity 
to VCM of 99.2%, and the deactivation rate was only 0.033 %/h during the 200 h lifetime evaluation under the 
conditions of a bed temperature of 240 ◦C, GHSV(C2H2) of 30 h− 1 and V(HCl)/V(C2H2) of 1.2. TPD character
izations and intermittent flow experiments revealed that the 20%[DBU][Cl]/AC catalyst has a larger HCl 
adsorption capacity and smaller VCM adsorption capacity, which may be one of the reasons for the good catalytic 
activity and stability. The catalytic mechanism over [DBU][Cl] was proposed based on DFT calculations.   

1. Introduction 

Polyvinyl chloride(PVC) is one of the most important general plastic 
and has a wide range of applications, especially in the construction in
dustry [1]. The production of PVC relies on the polymerization process 
of vinyl chloride monomer (VCM). At present, acetylene hydro
chlorination is the main process for the production of VCM in coal-rich 
regions [2]. The activated carbon supported HgCl2 (HgCl2/AC) catalyst 
is used in the current industrial process of acetylene hydrochlorination 
process, which is highly toxic and prone to sublimation. These disad
vantages result in mercuric chloride catalyst deactivation and environ
mental pollution problems simultaneously [3]. The Minamata 
Convention has been signed to ban the production and exchange of 
mercury products in the world. Hence, it is imperative to exploit an 
eco-friendly and low-cost catalyst as alternative to HgCl2/AC in the 
production of VCM. 

In 1985, Hutchings et al. conducted a preliminary investigation on 
the correlation between the initial catalytic activity of metal chlorides 
and the standard electrode potential [4]. This opened the prelude to the 
study of nonmercury catalysts for hydrochlorination of acetylene. In the 
past decades, researchers have mostly focused on the application of 

different metal chlorides in the hydrochlorination of acetylene, such as 
AuCl3 [1,4,5], K2PtCl4 [6–8], PdCl2/K2PdCl4 [9,10], RuCl3 [3,11–13], 
CuCl2 [14,15] and BiCl3 [16,17]. In recent years, researchers have 
conducted in-depth research on metal salt supported catalysts such as 
Na3Au(S2O3)2/AC [1], Au-SCN/AC [18], Ru-IL/AC [19] and 
Cu-1HEDP/AC [20] and developed a series of mercury-free catalysts 
with considerable application potential. Nevertheless, the commercial
ization of metal catalysts for acetylene hydrochlorination has been 
limited due to high cost, scarce mineral reserves and poor impurity 
tolerance. 

The nonmetallic catalysts previously reported mainly include 
heteroatom-doped carbon [21–23], carbon nitride materials [24–26], 
boron nitride materials [27,28], graphene carbon [29,30] and defective 
carbon materials [31–33]. For example, Li et al. manufactured a 
SiC@N–C nanocomposite for acetylene hydrochlorination that dis
played acetylene conversion over 80% and excellent VCM selectivity, 
and it was subjected to 150 h endurance test [24]. Li and coworkers 
prepared N, P-codoped carbon materials by the self-assembly method, 
which displayed excellent catalytic activity and resistance to high tem
peratures and impurities during a 400 h test [34]. Previous work has 
proven that the prominent HCl adsorption and activation ability makes 
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for the catalytic activity and extends the catalyst’s life. For example, Zhu 
et al. designed a catalyst of B and N heteroatoms codoped on oxide 
graphene, which showed acetylene conversion of 94.87% [2]. 
Temperature-programmed desorption (TPD) and DFT calculations 
indicated that the high catalytic activity was attributed to the enhanced 
HCl adsorption capacity due to the synergistic effect of B and N atoms. 
Liu et al. reported a nonmetallic HMT/AC catalyst, which gave ~60% 
conversion and 99% VCM selectivity [35]. Combining theoretical cal
culations and characterization analysis, HMT can preferentially adsorb 
HCl and form a complex (HMT-HCl). In addition, a single component 
metal-free catalyst was synthesized with an imidazolyl ionic liquid and 

the proposed catalytic mechanism indicated that the anion of ionic 
liquids must be a chloride anion because it participates in acetylene 
hydrochlorination by the activation of hydrogen chloride molecule [36]. 

Previous studies reported that DBU could efficiently catalyze the aza- 
Michael addition reaction [37,38] and nucleophilic addition reaction 
[39]. It is reasonable that DBU may be active in the hydrochlorination of 
acetylene. We speculated that functionalized DBU could effectively 
adsorb and activate hydrogen chloride molecules and catalyze the 
hydrochlorination of acetylene. Hence, a series of [DBU][Cl]/AC 
metal-free catalysts were synthesized and studied in depth. The catalytic 
performance of [DBU][Cl]/AC catalysts was evaluated to specify high 
catalytic activity and long service life. SEM, BET, XRD, FT-IR and TGA 
characterization experiments were employed to study the surface 
morphology, structural properties and thermal stability of the catalysts. 
Temperature programmed desorption, intermittent flow experiments 
and theoretical calculations were performed to study the adsorption 
behavior of reactant and product molecules on [DBU][Cl] and the cat
alytic mechanism in hydrochlorination of acetylene. 

Fig. 1. Acetylene conversion (a) and selectivity to VCM (b) over the different 
catalysts. Reaction conditions: T = 240 ◦C, GHSV(C2H2) = 60 h− 1 and V(HCl)/V 
(C2H2) = 1.2. 

Table 1 
Texture parameters of samples.  

Sample SBET (m2•g− 1)[a] Vtotal (cm3•g− 1)[b] 

Fresh Spent Fresh Spent 

AC 1374 1347 0.48 0.50 
10%[DBU][Cl]/AC 1092 1117 0.39 0.44 
20%[DBU][Cl]/AC 486 793 0.29 0.37 
30%[DBU][Cl]/AC 228 386 0.24 0.34 
40%[DBU][Cl]/AC 92 119 0.16 0.20 

[a] BET specific surface area. [b] Total pore volume by BJH desorption. 

Fig. 2. Acetylene conversion (a) and selectivity to VCM (b) over the 20%[DBU] 
[Cl]/AC catalyst. Reaction conditions: GHSV(C2H2)=60 h− 1 and V(HCl)/V 
(C2H2)=1.2. 
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2. Experimental 

2.1. Materials 

Activated carbon (AC, 20–40 mesh) was supplied by Fujian Xinsen 
Carbon Co., Ltd. Hydrochloric acid (HCl aqueous solution, 36.0–38.0 wt 
%) was derived from Tianjin Damao Chemical Reagent Factory. Nitric 
acid (HNO3 aqueous solution, 65.0–68.0 wt%) was purchased from 
XiLong Co., Ltd. 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 1,5-diaza
bicyclo[4.3.0]-5-ene (DBN) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene 
(TBD) were supplied by Shanghai Aladdin Bio-Chem Technology Co., 
LTD. Acetylene (C2H2, 99.9%) was purchased from Dalian Guangming 
Special Gases Co., LTD. HCl gas (99.999%) and vinyl chloride gas (10% 
C2H3Cl + 90%He) were supplied by Dalian Special Gases Co., LTD. 

2.2. Catalyst preparation 

[DBU][Cl]/AC catalysts were prepared through a wetness impreg
nation method. Firstly, activated carbon was pretreated by HNO3 
aqueous solution (5 wt%) at 25 ◦C to remove impurity metallic elements. 
Then, AC was washed to pH = 7 with deionized water, dried and 

reserved. Next, 1.00 g DBU and 0.65 g hydrochloric acid (5 wt%) were 
successively dispersed in 6.35 g anhydrous ethanol, and then the 
mixture was stirred for 10 min to obtain [DBU][Cl] solution. Further
more, 5.00 g pretreated AC was added into [DBU][Cl] solution under 
ultrasound and the solid phase was incubated at room temperature for 8- 
12 h. Finally, the sample was dried at 100 ◦C for 12 h to obtain the 
catalyst, named 20%[DBU][Cl]/AC. In similar way, 10%[DBU][Cl]/AC, 
30%[DBU][Cl]/AC and 40%[DBU][Cl]/AC catalysts were prepared, 
respectively, with the amounts of DBU added 0.50 g, 1.50 g and 2.00 g. 
The preparation of 20%[DBN][Cl]/AC and 20%[TBD][Cl]/AC catalysts 
used the same method, except that DBU was substituted for DBN and 
TBD. 

2.3. Catalyst characterizations 

The structural properties of samples were studied by N2 adsorption/ 
desorption isotherms at 77K using Micromeritics GeminiⅦ. Scanning 
Electron Microscope (SEM) was conducted on a Hitachi SU8020 in
strument to observe morphologies and elemental mappings of the cat
alysts. The XRD patterns of samples were recorded on an X-ray 
diffractometer (PANalytical X’Pert PRO) with the Cu-Kα radiation (λ =
1.54059 Å) at 40 kV and 40 mA. Fourier transform infrared spectra (FT- 
IR) of samples were measured from 500 cm− 1 to 2000 cm− 1 using 
Thermofisher scientific Nicolet iS50. The adsorption and desorption 
properties of reactants and products on catalysts were investigated by 
Temperature-programmed desorption (TPD) experiments using Micro
meritics Chemisorption Analyzer Auto Chem 2920. The thermog
ravimetry analysis (TGA) was employed to probe the thermal stability 
and carbon deposition of catalysts on TA Instrument SDT-650 analyzer. 
Thermal analysis was performed at a heating rate of 10 ◦C/min from 25 
℃ to 800 ◦C under an air flow of 100 ml/min. 

2.4. Catalysts test 

The acetylene hydrochlorination performance of samples were 
evaluated in a fixed-bed reactor (i.d. 10 mm). C2H2 gas (0.1 MPa) and 
HCl gas (0.1 MPa) were fed through mass flow meters into a special steel 
reactor with 5 ml samples. The catalyst was dried for 2 h at 200 ◦C with 
high purity nitrogen to remove air and moisture and then activated by 
hydrogen chloride at reaction temperature for 30 min before the reac
tion started. The temperature controller was employed to conduct the 
temperature of the catalyst bed. Gas-phase products were analyzed by 
Agilent 7890B GC with flame ionization detector (FID). The final 
effluent passed absorption tower containing activated carbon and 13X 
zeolite to absorb unreacted acetylene, hydrogen chloride and other 
environmentally harmful products. 

Intermittent flow experiment: Fed HCl into the reactor at 12 ml/min 
for 2 h and then purge residual HCl with N2 for 2 h. Then, acetylene gas 
was fed to the reactor at a rate of 5 ml/min and acetylene conversion was 
recorded. 

2.5. Computational details 

DFT calculations were carried out in Gaussian 09 computer software 
package [40]. All molecular geometries involved in the reaction path 
were optimized without any restrictions. Geometry optimizations, fre
quency calculations and single-point energy calculations were carried 
out using the Becke-3-Lee-Yang-Parr (B3LYP) [41–43] method. In geo
metric optimization and single-point energy calculations, 6-311G (d, p) 
basis set was applied to all atoms. The intrinsic reaction coordinate (IRC) 
[44,45] of transition states were calculated at the same level. Atomic 
charges were endowed with the Mulliken type. Transition states (one 
imaginary frequency) and minima (no imaginary frequencies) were 
determined through all stagnation points. The sum of the electronic and 
zero-point energies was defined as energy values (E) in this study. The 
adsorption energies (Eads) were calculated as shown in Eq. (1). 

Fig. 3. Acetylene conversion (a) over the 20%[DBU][Cl]/AC catalyst under 
different GHSV(C2H2). Reaction conditions: T = 240 ◦C and V(HCl)/V(C2H2) =
1.2. Acetylene conversion and selectivity to VCM (b) over the 20%[DBU][Cl]/ 
AC catalyst under different V(HCl)/V(C2H2). Reaction conditions: T = 240 ◦C 
and GHSV(C2H2) = 60 h− 1. 
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Eads = Eadsorption − Emolecule − E[DBU][Cl] (1)  

where Emolecule refers the energy of free HCl, C2H2 or VCM, respectively. 

3. Results and discussion 

3.1. Catalytic performance of [DBU][Cl]/AC catalysts 

The catalytic performance of [DBU][Cl]/AC catalysts was tested in a 
fixed-bed reactor. Fig. 1a shows the acetylene conversion of samples 
with different [DBU][Cl] loadings. The initial acetylene conversion of 
AC is only 30.4% and it is reduced to 19.4% after 300 min of evaluation. 
The rapid deactivation rate of AC may be due to coke deposition [46]. In 
contrast, the initial acetylene conversion is significantly increased after 
the introduction of [DBU][Cl] and it reaches 85.5% for the 40% [DBU] 
[Cl]/AC catalyst. The low specific surface area (Table 1) of 40%[DBU] 
[Cl]/AC should be attributed to agglomeration and pore occupancy of 
active components. Therefore, the higher acetylene conversion of 40% 
[DBU][Cl]/AC suggests that it exposes more active sites. Moreover, the 
acetylene conversion of all [DBU][Cl]/AC catalysts slightly decreases 
after the same evaluation time. This implies that the introduction of 

[DBU][Cl] can not merely strengthen catalytic activity, but also improve 
the stability of [DBU][Cl]/AC samples. Fig. 1b shows that the selectivity 
to VCM is above 99% for all [DBU][Cl]/AC catalysts. To further inves
tigate the effect of bed temperature on catalyst performance, 20%[DBU] 
[Cl]/AC was tested under different bed temperatures. In Fig. 2, in the 
range of 150-260 ◦C, the acetylene conversion of 20%[DBU][Cl]/AC has 
a significant positive correlation with bed temperature, and the selec
tivity to VCM is hardly affected by bed temperature. The acetylene 
conversion is the highest (85.3%) when the bed temperature is 260 ◦C. 
Taking into account the thermal decomposition of [DBU][Cl] and en
ergy consumption at high temperature, the optimal temperature was 
determined to be 240 ◦C. Fig. 3a shows the acetylene hydrochlorination 
of the 20%[DBU][Cl]/AC catalyst at different GHSV(C2H2). The acety
lene conversion reaches 86.8%, and the selectivity is always above 
99.5% under the condition close to the industrial GHSV(C2H2) of 30 h− 1. 
Next, the 20%[DBU][Cl]/AC catalyst was evaluated under different feed 
gas ratios. Fig. 3b demonstrates that the acetylene conversion increases 
and then decreases with V(HCl)/V(C2H2) enhancement from 0.8 to 1.4. 
The V(HCl)/V(C2H2) ratio of 1.2 is determined to be the best value from 
the perspective of the utilization rate of HCl and environmental 
friendliness. The chemical structures of [DBN][Cl] and [TBD][Cl] are 

Fig. 4. SEM images of AC (a) and 20%[DBU][Cl]/AC (b) and elemental mapping images of C (c), O (d), N (e) and Cl (f) of 20%[DBU][Cl]/AC.  
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close to that of [DBU][Cl] (Fig. S2). The catalytic performance of 20% 
[DBN][Cl]/AC and 20%[TBD][Cl]/AC was evaluated at T = 240 ◦C, 
GHSV(C2H2) = 60 h− 1 and V(HCl)/V(C2H2) = 1.2. Acetylene conversion 
is 78.1% and 66.0% on 20%[DBN][Cl]/AC and 20%[TBD][Cl]/AC, 
respectively, and the selectivity to VCM is above 99% (Fig. S1). 

3.2. Characterization of the [DBU][Cl]/AC catalysts 

Fig. 4a, b show scanning electron microscopy (SEM) images of AC 
and 20%[DBU][Cl]/AC, in which a fluffy porous structure is displayed. 
Fig. 4c–f exhibit a uniform distribution of carbon, oxygen, nitrogen and 
chlorine elements on the 20%[DBU][Cl]/AC surface, indicating the 
uniform dispersion of [DBU][Cl] on AC support. The surface element 
composition of AC and the 20%[DBU][Cl]/AC catalyst was confirmed 
by SEM-EDX, as listed in Table S1. The structural properties of samples 
were studied by N2 adsorption/desorption isotherms at 77 K. Fig. S3 
shows that all the samples have a type Ⅳ adsorption isotherm because of 
the adsorption hysteresis loop. Table 1 lists the specific surface area and 
total pore volume of fresh and spent samples. For fresh samples, the 
specific surface area decreases from 1374 m2/g to 92 m2/g and pore 
volume decreases from 0.48 m3/g to 0.16 m3/g, respectively, when the 
loading of [DBU][Cl] increases from 0 to 40%. The decrease is due to 

partial micropores of AC being occupied by [DBU][Cl]. Although the 
specific surface area of 40%[DBU][Cl]/AC is reduced to 92 m2/g, its 
catalytic activity is the highest, which also confirms that [DBU][Cl] is 
indeed the active site of acetylene conversion. Compared to the fresh 
sample, the reduced specific surface area of spent AC is owing to coke 
deposition during acetylene hydrochlorination [47]. In contrast, for the 
spent [DBU][Cl] catalysts, the specific surface areas surprisingly in
crease after evaluation, compared to the fresh individual counterparts. 
The increased specific surface area suggests that there is a partial loss of 
[DBU][Cl] component during the reaction process. Fig. S4 displays the 
XRD patterns for fresh AC and 20%[DBU][Cl]/AC samples. The peaks 
situated at 23.3◦ and 43.6◦ are characteristic of the (0 0 2) and (1 0 1) 
planes of graphitic carbon [48]. Fig. S5 displays the FT-IR spectra of AC, 
20%[DBU][Cl]/AC and [DBU][Cl]. The absorption peaks at 1645 cm− 1 

and 1321 cm− 1 are assigned to the stretching vibration of the C=N bond 
and the out-of-plane bending vibration of the C–H bond in the spectrum 
of [DBU][Cl] [49]. Two identical peaks are also found in the spectrum of 
20%[DBU][Cl]/AC, indicating that [DBU][Cl] is only anchored to AC by 
adsorption without other chemical changes or decomposition. 

3.3. The lifetime test and thermogravimetric analysis of 20%[DBU][Cl]/ 
AC 

The service life of the catalyst is a significant parameter in the in
dustrial process of acetylene hydrochlorination. The life test of the 20% 
[DBU][Cl]/AC catalyst was performed under the conditions of T = 240 
◦C, GHSV (C2H2) of 30 h− 1 and V(HCl)/V(C2H2) of 1.2. As can be seen 
from Fig. 5a, the initial acetylene conversion reaches 86.1%, and the 
VCM selectivity is above 99.2%. The acetylene conversion merely de
creases to 79.5%, and the deactivation rate is only 0.033 %/h within 
200 h. The catalytic performance data of 20%[DBU][Cl]/AC and re
ported nonmetallic catalysts are listed in Table S2. This implies that the 
20%[DBU][Cl]/AC catalyst could be a promising mercury-free catalyst 
for acetylene hydrochlorination. TGA was further carried out to explore 
the thermal stability and deactivation cause of the 20%[DBU][Cl]/AC 
catalyst. Fig. S6 shows that the thermal decomposition of [DBU][Cl] 
occurs in 220–400 ◦C in an air atmosphere. TGA profiles of the fresh and 
spent 20%[DBU][Cl]/AC tested for 200 h are displayed in Fig. 5b. The 
weight loss peak between 220 ℃ and 400 ◦C is due to the thermal 
decomposition of [DBU][Cl] on the basis of TGA profile of [DBU][Cl]. 
Compared with the fresh 20%[DBU][Cl]/AC sample, the weight loss of 
the spent 20%[DBU][Cl]/AC catalyst is significantly reduced at 
220–400 ◦C, which indicates that part of [DBU][Cl] is lost and the loss 
rate is 7.77% during the reaction progresses. The mass loss above 500 ◦C 
belongs to combustion decomposition of AC support in air atmosphere 
[3,50]. The weight loss difference between the spent and fresh 20% 
[DBU][Cl]/AC catalysts at 400-500 ◦C could reflect coke deposition 
[51]. The amount of coke deposition was 3.71% during the 200 h 
evaluation. On the basis of above results, we summarized that the 
deactivation of the 20%[DBU][Cl]/AC catalyst in the 200 h evaluation 
was attributed to the loss of a small part of [DBU][Cl] and carbon 
deposition. 

3.4. The adsorption properties of reactants/products on 20%[DBU][Cl]/ 
AC 

TPD characterizations were performed to investigate the adsorption 
behaviors of reactant and product molecules on the 20%[DBU][Cl]/AC 
catalyst. In Fig. 6a, the TPD-He profile of 20%[DBU][Cl]/AC shows that 
the desorption peak located at 410 ◦C ascribes the thermal decomposi
tion of [DBU][Cl]. Fig. 6b–d display TPD-C2H2, TPD-HCl, and TPD-VCM 
profiles of the AC and 20%[DBU][Cl]/AC samples. Generally, the 
desorption peak temperature represents the adsorption strength be
tween the adsorbate and adsorbent, and the desorption peak area is 
related to the adsorption amount in the TPD profiles [52,53]. Compared 
with the AC support, the C2H2 desorption peak of the 20%[DBU][Cl]/AC 

Fig. 5. Acetylene conversion and selectivity to VCM (a) over the 20%[DBU] 
[Cl]/AC catalyst. T = 240 ◦C, GHSV(C2H2) = 30 h− 1 and V(HCl)/V(C2H2) =
1.2. TGA profiles(b) of the fresh and spent 20%[DBU][Cl]/AC catalysts in an 
air atmosphere. 
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catalyst moves to a lower temperature. This indicates that [DBU][Cl] 
can reduce the adsorption strength of C2H2 and positively affect the 
deactivation of the 20%[DBU][Cl]/AC catalyst. It was demonstrated in a 

Fig. 6. TPD profiles of the fresh 20%[DBU][Cl]/AC and AC catalysts. (a) TPD-He, (b) TPD-C2H2, (c) TPD-HCl and (d) TPD-VCM.  

Fig. 7. Intermittent flow experiments over 20%[DBU][Cl]/AC and AC cata
lysts. (HCl: 12 ml/min, 2 h → N2: 20 ml/min, 2 h → C2H2: 5 ml/min, recording). 

Table 2 
The adsorption energy of C2H2, HCl and VCM on [DBU][Cl], [DBN][Cl] and 
[TBD][Cl] (kcal/mol).   

C2H2 HCl VCM 

[DBU][Cl] -4.89 -11.07 -3.68 
[DBN][Cl] -4.50 -11.81 -3.90 
[TBD][Cl] -4.25 -10.48 -3.58  

Table 3 
Charge variations in the atoms of C2H2, HCl and C2H3Cl adsorbed on [DBU][Cl].  

Molecule Atoms Before 
adsorption (e) 

After 
adsorption (e) 

Δ (e) Δ(e) 
(molecule) 

C2H2 H1 0.121 0.171 0.050 -0.017 
C1 -0.121 -0.086 0.035 
H2 0.121 0.110 -0.011 
C2 -0.121 -0.212 -0.091 

HCl H 0.176 0.215 0.039 -0.171 
Cl -0.176 -0.386 -0.210 

C2H3Cl H1 0.128 0.122 -0.006 -0.022 
H2 0.135 0.200 0.065 
C1 -0.158 -0.157 0.001 
C2 -0.21 -0.221 -0.011 
H3 0.169 0.164 -0.005 
Cl -0.063 -0.129 -0.066  
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number of studies that a reduction in C2H2 adsorption strength could 
inhibit the occurrence of side reactions and the formation of carbon 
deposition [21,47]. For the HCl reactant, the desorption peak area and 
position on 20%[DBU][Cl] are larger than those on AC, implying a 
larger HCl adsorption capacity and strength on the 20%[DBU][Cl]/AC 
catalyst. Much work has reported that a high adsorption capacity and 
adsorption strength promote the adsorption of HCl molecules, which has 
a positively effects the catalytic activity of 20%[DBU][Cl]/AC [25,48, 

54]. For the VCM product, the VCM desorption peak area on 20%[DBU] 
[Cl]/AC is smaller than that on AC. This means that VCM can desorb 
quickly from the catalyst surface, which greatly improves the turnover 
frequency of the reactant molecules and resists the formation of coke 
deposition [47,48] Comparing the TPD results of 20%[DBU][Cl]/AC 
with those of AC, It can be recognized that the increased HCl and 
decreased VCM adsorption capacity and the weak C2H2 adsorption 
strength of 20%[DBU][Cl]/AC can be attributed to the addition of 

Fig. 8. Reaction energy diagram and the geometric structures of the substances involved in the reaction pathways. Carbon, hydrogen, nitrogen and chlorine atoms 
are depicted in gray, white, blue and green, respectively. 
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[DBU][Cl]. From the above results, it can be summarized that [DBU][Cl] 
can not only enhance the catalytic activity but also improve stability [3, 
55]. To further verify that the HCl adsorption capacity on 20%[DBU] 
[Cl] is higher than that on AC, we conducted intermittent flow experi
ments. Fig. 7 shows that the acetylene conversion of 20%[DBU][Cl]/AC 
is always greater than that of AC at the same moment, which reveals that 
the 20%[DBU][Cl]/AC catalyst has a larger HCl storage capacity than 
the AC support. The weaker adsorption of vinyl chloride may also have a 
positive effect on the improvement of VCM amount produced by 20% 
[DBU][Cl]/AC. This result is consistent with the result from TPD-HCl. 

3.5. The catalytic mechanism of acetylene hydrochlorination over [DBU] 
[Cl] site 

To further understand the reaction mechanism of acetylene hydro
chlorination catalyzed by [DBU][Cl], we executed a series of DFT cal
culations. Table 2 displays that the adsorption energies (Eads) of C2H2, 
HCl and VCM on [DBU][Cl] are -4.89, -11.07 and -3.68 kcal/mol, 
respectively. The results prove that [DBU][Cl] prefers to adsorb HCl 
rather than C2H2 by the more negative adsorption energy. The adsorp
tion energies of reactants/products on [DBN][Cl] and [TBD][Cl] are 
essentially comparable to their adsorption energies on [DBU][Cl]. This 
preferential adsorption of HCl not merely enhances the catalytic activ
ity, but also inhibits the deactivation of the catalyst [46,47]. Previous 
reports identified that B, N-G had higher HCl adsorption energy than 

N-G, implying that the catalyst improved acetylene hydrochlorination 
[2]. Meanwhile, the lower adsorption energy makes for the rapid 
desorption of VCM from the internal pore of catalyst. As listed in Table 3, 
the electrons transferred are 0.017 e, 0.171 e and 0.022 e from [DBU] 
[Cl] to C2H2, HCl and VCM by Mulliken charge analysis. It is clearly 
illustrated that [DBU][Cl] tends to transfer more electrons to HCl than 
C2H2 and VCM. This result is consistent with the adsorption energy 
(Ead), indicating that [DBU][Cl] preferentially activates HCl molecules 
rather than C2H2 [35]. Fig. 8 shows the probable reaction pathway over 
[DBU][Cl] and involved ground-state structures in the reaction 
pathway, including the [DBU][Cl] initial configuration (1), HCl 
adsorption on the [DBU][Cl] configuration (2), HCl and C2H2 coad
sorption on the [DBU][Cl] configuration (3), transition state configu
ration (TS), and VCM adsorption on the [DBU][Cl] configuration (4). In 
the HCl adsorption on the [DBU][Cl] configuration, the H2 atom from 
the HCl molecule gradually moves to the Cl1 anion of [DBU][Cl] to form 
a H2-Cl1 bond because of a hydrogen bond interaction, with a bond 
length of 1.892 Å. Meanwhile, the bond lengths of H1-Cl1 and H2-Cl2 
stretch to 1.999 Å and 1.386 Å, respectively. The Ead of HCl adsorp
tion on [DBU][Cl] is -11.07 kcal/mol. In the HCl and C2H2 coadsorption 
on the [DBU][Cl] configuration, the H3 atom in the C2H2 molecule 
draws near the Cl1 anion, the distance between H3 and Cl1 is 2.566 Å, 
and the bond length of H2-Cl1 slightly stretches to 2.001 Å. The Ead of 
C2H2 adsorption on the [DBU][Cl]-HCl complex is -3.40 kcal/mol. In the 
transition state configuration, H2 and Cl2 atoms attack C2 and C1 atoms, 

Scheme 1. The catalytic mechanism of acetylene hydrochlorination over [DBU][Cl] site.  
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respectively, with bond lengths of H2-C2 and Cl2-C1 of 1.340 Å and 
2.656 Å, respectively. The relative energy of the transition state is 7.46 
kcal/mol. In the VCM adsorption on the [DBU][Cl] configuration, the 
bond lengths of H2-C2 and Cl2-C1 are further shortened to 1.087 Å and 
1.773 Å which are equal to the bond lengths of H-C (1.083 Å) and Cl-C 
(1.754 Å) in the free VCM molecule. Finally, the desorption of VCM from 
the [DBU][Cl] catalyst is quite facile with only 3.69 kcal/mol energy, 
inhibiting the progress of side reactions and reducing the formation of 
coke deposition. To verify the rationality of TS, the intrinsic reaction 
coordinate (IRC) was executed and the outcomes are exhibited in 
Fig. S8. The TS has only one imaginary frequency (− 612.32 cm− 1), 
corresponding to the stretching vibration of the H2 between C2 and Cl1 
and the bending vibration of the H4 and H3. The initial state calculated 
by IRC is the HCl and C2H2 coadsorption on the [DBU][Cl] configura
tion, and the final state calculated by IRC is the VCM adsorption on the 
[DBU][Cl] configuration. The above results prove that the transition 
state structure is reasonable. In the present of [DBU][Cl], the energy 
barrier is only 21.93 kcal/mol. In addition, Figs. 8 and S7 also show the 
acetylene hydrochlorination pathway without the catalyst, including the 
reactant (1*), C2H2-HCl adsorption state (2*), transition state (TS*) and 
product (3*). In defect of the catalyst, the energy barrier is up to 42.36 
kcal/mol in acetylene hydrochlorination. Comparing the energy barriers 
between the [DBU][Cl] catalyst and catalyst-free cases, we conclude 
that the addition of [DBU][Cl] can observably reduce the activation 
energy. In brief, the preferential adsorption and activation of HCl on 
[DBU][Cl] and the reduction of activation energy will facilitate satis
factory catalytic activity and stability [56]. The catalytic cycle of acet
ylene hydrochlorination over [DBU][Cl] active site is shown in Scheme 
1. 

4. Conclusions 

[DBU][Cl]/AC catalysts for acetylene hydrochlorination were sys
tematically investigated in this work. It was first found that nitrogen- 
containing diheterocyclic molecule, [DBU][Cl], exhibited excellent 
catalytic performances. The acetylene conversion and the selectivity to 
VCM are 86.8% and 99.5%, respectively, and the deactivation rate is 
only 0.033 %/h during the 200 h lifetime evaluation over the 20%[DBU] 
[Cl]/AC catalyst under the reaction conditions of T = 240 ◦C, GHSV 
(C2H2) = 30 h− 1 and V(HCl)/V(C2H2) = 1.2. To reveal the catalytic 
mechanism, a variety of characterizations and experiments were 
executed on the 20%[DBU][Cl]/AC catalyst and AC support, including 
SEM, BET, XRD, FT-IR, TGA, TPD and intermittent feeding experiments. 
The analysis of characterization results indicated that the good catalytic 
activity and stability could be ascribed the larger HCl and smaller VCM 
adsorption capacity as well as weaker C2H2 adsorption strength of the 
catalyst. Furthermore, DFT calculations demonstrated that [DBU][Cl] 
could transfer more electrons (-0.171 e) to HCl and had the lowest 
adsorption energy (-11.07 kcal/mol) compared to C2H2 and VCM. As a 
result, [DBU][Cl] could preferentially adsorb and activate HCl mole
cules in acetylene hydrochlorination. In addition, the apparent activa
tion energy is only 21.93 kcal/mol over [DBU][Cl] site, theoretically 
confirming the good activity of the [DBU][Cl]/AC catalyst in acetylene 
hydrochlorination. 
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