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China has the world’s largest polyvinyl chloride (PVC) production capacity, comprising 

over 20 Mt·a-1 and occupying 41% of the world production capacity. However, the 

production of PVC monomer, vinyl chloride monomer (VCM), faces unsustainable 

development due to mercury problems. Over 70% of VCM in mainland China is synthesized 

through hydrochlorination of C2H2 catalyzed by HgCl2. Mercury and its compounds 

escaping from the reactors have high chronic toxicity, which is harmful to the environment 

and to people’s health. Therefore, developing a novel mercury-free catalyst is crucial to 

maintaining a green production of PVC in China. This paper shows a novel low content Au-

based catalyst by complexing Au with thiocyanate (–SCN). This chemical complex 

significantly decreases the electrode potential of Au3+ from 0.926 V to 0.662 V, and hence 

reduces the probability of its reduction by C2H2. The catalyst preserves a high turnover 

frequency of 5.9 s-1 based on Au, and over 3000 hrs test of 4 t·a-1 pilot-trial shows its 

promising reactivity (>95%) and selectivity (>99%). Comparing with the conventional 

HgCl2 catalyst, this novel Au catalyst has better reactivity, stability, environmental 

friendliness and lower toxicity, making it promising for the sustainable development of 

China’s PVC industry. 

 

 

Introduction 

Polyvinyl chloride (PVC) is the second-most widely used 

general resin because of its advanced features. The production 

capacity of PVC increases 5.8% per year globally,1 while in 

China the capacity has been increasing over 10% annually since 

2003 (Fig. S1(a)). Two methods are currently employed 

industrially to produce PVC’s monomer, vinyl chloride 

monomer (VCM). One is pyrolysis of dichloroethane which is 

synthesized through additional reaction between C2H4 and Cl2 

(Fig. S2). The other is called calcium carbide method through 

hydrochlorination of C2H2 catalyzed by HgCl2: 

C2H2 + HCl → CH2=CHCl   ∆H=−124.8 kJ·mol-1 

Fig. S3 showed that the global net PVC production capacity is 

50.9 Mt·a-1 in 2012, of which China holds a 41% share. As the 

world’s largest PVC producing country, China has over 13 

Mt·a-1 PVC synthesized from calcium carbide method,2 and this 

route dominates more than 70% yield (Fig. S1(b)). Due to low 

heat transfer efficiency in fixed bed reactors, hot spots over 200 

ºC are easily formed, hence accelerating high volatile mercuric 

chloride run-off. It is estimated that to produce 1.0 t of PVC 

consumes 1.02-1.41 kg HgCl2 catalyst (HgCl2 content: 10-12 

wt%), while over 25% HgCl2 fails to be reused during the 

recycling, causing chronic poisoning. Facing the harmful 

pollution of HgCl2, the development of novel Hg-free catalysts 

is extremely urgent for establishing a sustainable PVC industry 

in China. Recently, green Hg-free catalysts, which are mainly  

heterogeneous catalysts (e.g. Au/C,3-14 Cu-Bi/SiO2,
15 Au-

Cu/C,16 Au-Co/C,10 CNx,
17-20 Au-Cu-SCN/C,21), have become 

widely studied for the hydrochlorination of C2H2 process. 

Over the past centuries, gold has been valued as a symbol of 

wealth for its rareness and seeming inertness. Thus, the 

discovery that gold is an active promoter of many fundamental 

reactions has excited numerous researchers. Gold, in a cationic 

form (Au3+/Au+) is electrophilic and active for nucleophilic 

attack. Gold cations coordinate preferentially to alkenes or 

alkynes, making it possible to catalyze all related kinds of 

reactions ranging from partial oxidation of hydrocarbons to the 

hydrogenation of unsaturated carbonyl compounds under 

appropriate conditions,8, 22-24 such as the oxidation of CH4 and 

CO, water gas shift, methanol esterification, olefin 

hydrogenation and hydrochlorination et al. 5, 7, 11, 25-31  Therefore 

Au has great potential for energy-efficient green chemistry 

applications,32-34 like hydrochlorination of C2H2 to produce 

VCM. After comparing the catalytic activity of certain kinds of 

metal chlorides catalysts,11, 13, 14, 35-38 Hutchings’ group has 

already found that AuCl3 possesses the best reactivity. 

Thereafter, highly efficient catalysts in the form of Au/C3-7 

were reported and the feasibility was proved to substitute toxic 

HgCl2 catalysts.  
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However, the present noble-metal catalysts still faced great 

challenges for industrial applications, mainly because of their 

high cost (e.g. 1.0 wt% Au content,10, 39 shown in Fig. S4) and 

fast deactivation.40 To overcome these shortages, several ideas 

were developed, such as adding Cu into the Au catalyst to 

reduce the Au loading down to 0.5 wt%,16 or co-feeding 

oxidizing gas like NO with the reactants to eliminate the 

deactivation. Although significant improvement has been 

achieved, the balance between Au loading and reactivity 

remains unreached. 

Meanwhile, Hg-free non-precious metal catalysts have been 

investigated for decades in the academic field. Mono-metal 

catalyst SnCl2/C or bimetallic catalyst BiCl3-CuCl2/SiO2 and 

ternary metal catalyst SnCl2-BiCl3-CuCl/C have acceptable 

conversion and selectivity;41-43 Unfortunately, the higher 

volatility and more severe coke than HgCl2 terminate their 

industrial applications.  

In addition, N-doped carbon materials have been proved to be 

efficient catalysts for this process recently;19 however, the 

industrial scale-up needs further research. In summary, it is 

expected to create a novel and more efficient nanostructured 

catalyst, which embodies a balance of economy, activity, 

selectivity and stability for challenging industrialized 

applications of green catalysis. Au, as a biocompatible non-

toxic metal with outstanding properties, can be molded upon 

novel hydrochlorination process so long as loading is further 

lower than present level of 0.5 wt%.  

Here we reported a novel Au-complexing catalyst with 

thiocyanate (–SCN) for hydrochlorination of C2H2 with 0.25 

wt% Au loading. The cost of Au-complexing catalyst was only 

approximately 25% of Hutching’s catalyst, made it comparable 

with the cost of HgCl2/C and cheap enough for industrial use. 

The reason for introducing –SCN as a complexing ligand is that 

the electric potential of Au(SCN)4
- (0.662 V) is significantly 

lower than the similar AuCl4
- (0.926 V) or AuBr4

- (0.802 V) as 

shown in Table 1; therefore the reduction rate of Au3+ to Au0 

by C2H2 can be significantly slowed down. It should be noted 

that although the Au(CN)2
- has the lowest electric potential, its 

fatal toxicity forbids its use in this system. Compared with –

CN, –SCN and its related compounds have lower toxicity and 

better environmental friendliness, which can be applied in large 

quantities. 

Experimental results and density functional theory (DFT) study 

indicates that the reduction of Au3+ is the main factor of 

deactivation, and the combination of –SCN and Au protects 

Au3+ from reduction by C2H2. Pilot-trial on a scale of 4 t·a-1 has 

operated over 3000 hrs and shows satisfactorily high reactivity 

(>95%) and selectivity (>99%) of VCM under gas hourly space 

velocity (GHSV, C2H2 based) of 30 h-1, a big step for future 

industrial applications. 

 
Table 1. Related half-reactions and corresponding electric potential of 
Au-complexing ions. 

Half-reaction 
Electric potential 

(V) 

Au3+ + 3e- = Au 1.520 

AuCl4
- + 2e- = AuCl2

- + 2Cl- 0.926 

AuBr4
- + 2e- = AuBr2

- + 2Br- 0.802 

Au(SCN)4
- + 2e- = Au(SCN)2

- + 2SCN- 0.623 

Au(SCN)4
- + 3e- = Au + 4SCN- 0.662 

AuBr2
- + e- = Au + 2Br- 0.960 

AuI2
- + e- = Au + 2I- 0.576 

Au(CN)2
- + e- = Au + 2CN- -0.596 

Au(SCN)2
- + e- = Au + 2SCN- 0.69 

 

Results and discussion 

Lab-scale analysis 

All tested catalysts’ name, chemical composition, deactivation 

rate, selectivity and test time were collected in Table 2. The 

catalyst loading 0.50 wt% Au with HAuCl4 as active precursor 

was named as Catal. A. The catalyst loading 0.50 wt% Au and 

0.50 wt% KSCN with HAuCl4 and KSCN as precursors was 

abbreviated as Catal. AS. The catalyst with HAuCl4, KSCN and 

CuCl2 as precursors was noted as Catal. ACS, and Au loading 

was according to prefix description. The catalyst with HAuCl4, 

KCl and CuCl2 as precursors was called Catal. ACK 

(n(Au):n(Cu):n(K)=1:5:20, Au loading was 0.25 wt%). The 

catalyst with HAuCl4 and CuCl2 as precursors was named as 

Catal. AC (n(Au):n(Cu)=1:5, Au loading was 0.25 wt%). All 

the catalysts were prepared by incipient-wetness impregnation 

method.  

 
Table 2.  Characterizations of composition and reactivity performance 

in all catalysts (T=180 ºC). 

Catalyst 

name 

Chemical 

Composition 

Deactivation 

rate (%·min-1)ǂ 

Selectivity 

(%) 

GHSV 

(h-1) 

Catal.A 0.50 wt% Au 0.047 >99 1200 

Catal.AS 
0.50 wt% Au 

0.50 wt% 

KSCN 

- >99 1200 

Catal.ACS† 

0.25 wt% Au 
1.62 wt% Cu 

2.46 wt% 

KSCN 

0.014 

0.008 
>99 

1200 

360 

Catal.ACK 

0.25 wt% Au 

1.62 wt% Cu 

1.89 wt% 
KCl 

0.015 >99 360 

Catal.AC 
0.25 wt% Au 

1.62 wt% Cu 
0.017 >99 360 

† We only give composition of the optimized Catal. ACS here due to 

too many compositions in optimization. 
ǂ Deactivation rate is defined to be the value of the loss of conversion 

per minute during deactivation stage, which is ‘r=-∆Conversion (%)/∆t 

(min)’. 
 

Fig. 1(a) showed that Catal. A had good initial reactivity (40%) 

but too high deactivation rate (0.047 %·min-1). After 

coordination of –SCN, Catal. AS performed poorer initial 

reactivity (36%) but more promising stability than Catal. A, 

indicating actual promotion of –SCN in catalytic reactivity. To 

promote catalytic performance of Au catalyst, Cu was 

introduced into this system.44, 45 The optimized ratio of Cu:Au 

was determined by reactivity analysis as shown in Fig. 1(b). 

When ratio of n(Cu):n(Au) increased from 0:1 to 5:1, the 

reactivity was the best at n(Cu):n(Au)= 5:1; However, with a 

ratio higher than 5:1, no apparent reactivity increase was 

observed. Because catalyst with n(Cu):n(Au)=5:1 had relatively 

lower deactivation rate, 5:1 was selected as the optimized ratio 

in the following evaluation. The optimization of –SCN content 

was also implemented by increasing the ratio of n(SCN):n(Au) 

from 0:1 to 40:1. As shown in Fig. 1(c), when the ratio 
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increased from 0:1 to 20:1, –SCN had significant effect in 

preserving reactivity; however, no notable promotion was 

found when the ratio continued increasing (Fig. S5), and a ratio 

of 20:1 was selected to be the best value. Au loading was also 

investigated. The conversion of C2H2 decreased accompanied 

with the decreasing Au content but the 0.25 wt% Catal. ACS 

(0.014 %·min-1) had similar deactivation rate with 0.50 wt% 
Catal. ACS (0.013 %·min-1) and higher conversion than 0.10 

wt% Catal. ACS.  Comprehensively, 0.25 wt% Catal. ACS was 

selected as the optimized catalyst for our reaction system, 

abbreviated as Catal. ACS (0.25 wt% Au, 

n(Au):n(Cu):n(SCN)=1:5:20) in the next narration. 

 
Figure 1. (a) The reactivity evaluation of Catal. A and Catal. AS (0.50 

wt% Au content); (b) The reactivity evaluation of Au-Cu series 
catalysts (0.50 wt%) with various mole ratio of n(Cu):n(Au)=1:1, 5:1, 

10:1 and 20:1; (c) The reactivity evaluation of Catal. ACS (0.50 wt% 

Au, n(Cu):n(Au)=5:1) with various mole ratio of SCN:Au=0:1, 8:1 and 
20:1; (d) The reactivity evaluation of Catal. ACS with different Au 

content: 0.50 wt%, 0.25 wt% and 0.10 wt%. All evaluations were 

operated at 180 ºC and GHSV of 1200 h-1. 

 

Transmission electron microscopy (TEM) characterization (Fig. 

S6(a)) showed that the detected particles in Catal. ACS were 

almost smaller than 10 nm, and X-ray diffraction (XRD) 

patterns (Fig. S10(c)) of fresh catalyst had no visible diffraction 

peaks of crystals, supposing good dispersion of active 

components. Scanning electron microscopy (SEM) image in 

Fig. S6(b) was in good agreement with TEM and XRD 

detection. It has been confirmed that the introduction of Cu 

facilitates the dispersion of Au previously.44-46 The above 

characterizations well demonstrated that the employment of 

thiocyanate (–SCN) had no negative influence on ions 

dispersion. 

Three catalysts, which were Catal. ACS, Catal. ACK and Catal. 
AC, were evaluated to test their catalytic reactivity. 10 hrs’ test 

in Fig. 2(a) showed that Catal. ACS had the lowest deactivation 

rate. The K had no apparent effect in inhibiting deactivation, 

but –SCN had a significant role in reactivity preservation. To 

find the state changes of Au in the catalyst, X-ray photoelectron 

spectroscopy (XPS, ESCALAB 250Xi, Al Kα source) was 

systematically employed. The XPS data of Au was well fitted 

by decomposing the spectrum into Au 4f5/2 and Au 4f 7/2 peaks. 

The binding energies at 89.8 ± 0.1 eV and 86.4 ± 0.1 eV were 

attributed to the Au3+ oxidation states, and those at 87.6±0.1 eV 

and 83.9±0.1 eV were attributed to the Au0 metal states.47-49 

The amount of Au+ species was neglected because no observed 

peaks belonged to Au+ species. The most important feature of 

the XPS spectra was possibly that, in the preparation, small 

metallic gold clusters (hereafter labelled Au0-s) were also 

formed, the binding energy of which was ca. 1 eV higher than 

the Au 4f binding energy of the majority of the Au0 species.48, 50 

However, we considered the Au0-s species to be nothing more 

than a spectator species, since the reduced catalysts also 

contained these Au0-s nano-clusters and were inactive. Fig. 

2(b) showed that the fresh Catal. ACS possessed more Au3+, 

and as the catalyst became inactive, Au3+ generally transformed 

into Au0 or Au0-s by reduction. Quantification of the Au 

species on 3 catalysts’ surface was given by integrating the 

corresponding peaks area of Au 4f 7/2 (Fig. 2(c) and Table S1). 

Former study indicated that the reduction of Au3+ led to catalyst 

deactivation,7, 35 and the positive correlation of Au3+ proportion 

with C2H2 conversion in Catal. ACS here coincided with that. 

In comparison, Catal. ACS (from ca. 68% to ca. 20%) had 

better preservation of Au3+ than Catal. AC (from ca. 61% to ca. 
12%) and Catal. ACK (from ca. 73% to ca. 15%).  

BET analysis showed that three catalysts’ surface area all 

decreased after evaluation. The loss of micro surface dominated, 

which indicated that coke accumulated mainly in micro pores. 

Similarly, Catal. ACS (Smicro from 663.8 m2·g-1 to 600.3 m2·g-1) 

had a better anti-coke ability than Catal. AC (Smicro from 768.9 

m2·g-1 to 596.4 m2·g-1) and Catal. ACK (Smicro from 626.3 m2·g-

1 to 489.6 m2·g-1). The coke rate test further confirmed this 

conclusion by recording the change of catalysts’ weight during 

the reaction. 

 
Figure 2. (a) The reactivity evaluation of Catal. ACK, Catal.ACS and 

Catal. AC (0.25 wt% Au content); (b) The XPS spectrum of Au in fresh 
and spent Catal. ACS; (c) Textural properties of fresh and spent 

catalysts (Catal. AC, Catal. ACK and Catal. ACS); (d) The coke weight 

ratio in Catal. AC, Catal. ACK and Catal. ACS. (T=180 ºC, GHSV=360 
h-1) 
 

Conventionally, Hg-based catalysts are too volatile to be 

stabilized in the catalysts over 200 ºC. As a result, thermal 

stability is considered a very important factor for Hg-free 

catalysts. Au and Cu in Catal. ACS was decided by both 

inductively coupled plasma optical emission spectrometer (ICP-

OES) and XPS analysis. Two metals’ content had no apparent 

changes, proving good thermal stability. The minor difference 

of metals content between XPS and ICP was attributed to their 

different distribution tendencies on the surface or in body of 

substrate (Table 3). Au content derived from XPS was 

relatively lower than that from ICP, which meant that Au 

preferred to anchor in abundant micro pores rather than on the 

surface. Cu had similar content in two analysis, showing its 

uniform loading in catalyst.  
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Table 3. Atomic composition of Catal. ACS derived from XPS and ICP 

data, respectively. 

Measure method Catalyst type Au (%) Cu (%) K (%) 

XPS 
Fresh Catalyst 0.16 0.41 1.11 

Spent Catalyst 0.15 0.41 1.05 

ICP 
Fresh Catalyst 0.23 0.41 1.08 

Spent Catalyst 0.21 0.40 0.97 

 

Experiment results showed good catalytic promotion of –SCN; 

however, its mechanism needed further studying. XPS 

measurement was conducted to check the S species. As shown 

in Fig. S7, the binding energy of –R-S in Catal. ACS (163.0 

eV) was 0.5 eV higher than that in KSCN (162.5 eV), 51-53 

which might be attributed to the electron transfer from S to Au. 

To exclude the possible effect of S2-, catalyst in the name of 

Catal. ACS’ (0.25 wt% Au, 

n(HAuCl4):n(CuCl2):n(Na2S)=1:5:20) was employed for 

comparison. As shown in Fig. S8, Catal. ACS’ had poorer 

reactivity and stability than Catal. ACS, which confirmed the 

conclusion that the interaction of –SCN and Au improved the 

reactivity performance. 

Detailed DFT study was also conducted here to discuss the role 

of –SCN in reactivity preservation. Jinli Zhang et al40 studied 

the reaction and deactivation mechanism of Au2Cl6 and 

speculated that reduction of Au3+ from C2H2 might be the key 

factor of deactivation. Therefore, we compared the reduction 

possibility of Au2Cl6 and Au2Cl5-SCN, where the latter one was 

thought to be the primary structure of complexing. Two 

reaction paths for C2H2 hydrochlorination were shown in Fig. 

3. Au2Cl6/Au2Cl5-SCN and C2H2 without any interaction were 

chosen as the initial state. As C2H2 moved closely towards 

Au2Cl6/Au2Cl5-SCN, C atom in C2H2 began to interact with Cl 

in Au2Cl6/Au2Cl5-SCN. The stable adsorption structures of 

C2H2–Au2Cl6/Au2Cl5-SCN were defined to be reactants ‘R’. It 

should be noted that C2H2 preferred to interact with Cl atom at 

top position in the Au2Cl5-SCN (Fig. S9(a)) and with Cl at side 

in the Au2Cl6 (Fig. S9(b)). The energy also showed a slight 

difference between each other: C2H2–Au2Cl5-SCN (8.01 

kcal·mol-1) was 1.49 kcal·mol-1 higher than C2H2–Au2Cl6 (6.52 

kcal·mol-1). As C in the C2H2 went on interacting with Au 

catalyst, it derived Cl atom and formed bonds with it, which 

was called products ‘P’. The ‘Final State’ was referred to the 

desorbed hydrocarbon derivatives and deactivated catalyst 

without any interaction. The transition state ‘TS’ showed that 

the energy of C2H2–Au2Cl5-SCN (Fig. S9(c), 37.22 kcal·mol-1) 

was 4.19 kcal·mol-1 higher than C2H2–Au2Cl6 (Fig. S9(d), 

33.03 kcal·mol-1), which could not be ignored. Besides, the 

energy barrier (energy between ‘TS’ and ‘R’) in C2H2–Au2Cl5-

SCN was 2.7 kcal·mol-1 higher than that in C2H2–Au2Cl6, 

proving less possibility of SCN-complexing catalyst to 

deactivate. Having significant steric effects and similar 

chemical properties as halogen might be the reason why –SCN 

had better stability promotion than –Cl. We could imagine that 

when Au complexed with more –SCN, it would possess more 

anti-reduction ability. The detailed energy change in this DFT 

study was listed in Table S3 and Table S4. DFT study showed 

promising effect in anti-reduction by C2H2, however other 

promotion of SCN-complexing in anti-deactivation should be 

further studied.

 
Figure 3. DFT calculated energy surface for C2H2 reduction with Au2Cl6 and Au2Cl5-SCN. 

 

 
Figure 4. (a) The statistics of the particles’ diameter in Catal. ACS; (b) 

Correlation between initial C2H2 conversions versus the standard 

electrode potential of Catal. ACS and other various metals.38 Potentials 
are obtained from the reduction potentials of the following chloride 

salts (RhCl6)
3−, PdCl2, (IrCl6)

3− and (AuCl4)
− to the corresponding 

metals. 

The reactivity of Catal. ACS was measured by the value of 

turnover frequency (TOF). The Au nanoparticles had a mean 

diameter of 6.3 nm by counting hundreds of particles according 

to the TEM analysis (See in Fig. 4(a)). Following the 

calculation procedure of Hutchings group’ method,7 the TOF 

was 5.9 s-1, which was different from the linear relationship as 

Fig. 4(b) shown. Although the effect of Cu in activity shouldn’t 

be ignored, its contribution was relatively poor;3-7 the main role 

of Cu in promoting catalyst’s activity is to promote the 

dispersion, therefore the calculation excluded the influence Cu. 

Scaling up trial 

The industrial performance of Catal. ACS was evaluated under 

96 kg·a-1 and 4 t·a-1 scale trials (VCM weight based). In 96 

kg·a-1 scale fixed bed reactor, 60 g catalyst was synthesized 

following the same preparation procedures in lab. During 200 

hrs’ test, the conversion and selectivity were above 95% and 

99%, respectively. Three types of spent catalysts in different 
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locations of reactor, which were upper layer, middle layer and 

bottom layer (Fig. S10(a)), were collected to understand 

deactivation rule. XRD patterns in Fig. S10(c) showed that the 

peaks indicating Au particles became sharper and higher from 

bottom to upper layer. Combined with the reactivity evaluation 

in Fig. S10(d), we could conclude that increasing size of Au 

particles caused less utilization ratio of Au, which was thought 

of as a sign of deactivation. 

Although the catalyst showed advanced ability in inhibiting 

coke accumulation, coke might still affect the catalyst 

performance during the evaluation. The spent catalysts had 

visible decrease in surface area (Fig. S11), while the values 

from different layers had slight differences, which might be 

attributed to the limited evaluation time. Hutchings et al54 tried 

to verify by-products through collecting reaction products in a 

chloroform trap at the outlet of the reactor and found 

haloalkane. However, the coke was not further studied before. 

To check the coke species, gas chromatography–mass 

spectrometry (GC-MS) was employed. Cyclohexane was 

applied as the solvent to soak the crushed catalysts for hours at 

room temperature. The supernatant was used to quantify the 

ratio of coke species. As shown in Fig. S12, coke in three 

layers was mainly aromatic hydrocarbon or derivatives of 

aromatic hydrocarbons. The hydrocarbons containing benzene 

rings were not so volatile, and it might be accumulated and 

covered on the surface. In addition, derivatives of aromatic 

hydrocarbons containing O and N were also found. The oxygen 

might come from the catalyst or reaction gases. When the 

feeding gases went through the catalyst layers, the contained O 

was consumed gradually. The presence of N-contained 

compounds was thought to be from decomposition of –SCN, a 

sign of deactivation of the catalyst.  

Neither Au-particles growth nor loss of N was direct indication 

of deactivation. Therefore, to find out a more essential factor of 

reactivity, a pilot-trial with 4 t·a-1 scale was further evaluated. 

This trial has been running for over 3000 hrs.  

The flow chart of the process was shown in Fig. S13. 4.6 L 

catalyst was filled in the single tube fixed bed reactor. Three 

pipelines deliver N2, HCl and reactant gases (C2H2 and HCl, 

Q(C2H2):Q(HCl)=1.0:1.1 L·h-1: L·h-1) respectively, and their 

flow rates are controlled by mass flowmeters. Gases need 

warming up by going through preheaters before enter into the 

reactor. The catalyst’ temperature is recorded by 13 

thermocouples (named as T101-T113) distributed in the reactor 

with 30 cm distance vertically between each other.  

The pre-treatment was operated following drying and activation 

procedures. N2 and HCl, which played the roles of drying and 

activation respectively, were fed into the reactor in order under 

the GHSV of 60 h-1 for 4 hrs separately at 130 ºC. After that, 

reaction began and mixed reactant gases were input throughout 

the catalyst layers under GHSV of 60 h-1. During the reaction, 

the space velocity increased generally from 20 h-1 to 30 h-1 by 

increasing the flow rate (Fig. 5(a)). After 3000 hrs’ evaluation, 

the conversion was still above 95% and the selectivity tested by 

flame ionization detector (FID) was always above 99% (Fig. 

5(b) and Table S5), which showed that complexing –SCN 

enabled the catalyst with long-lifespan and good catalytic 

performance. 

 
Figure 5. (a) GHSV during the evaluation of pilot-trial analysis; (b) 

Conversion and selectivity in this 3000 hrs’ evaluation. 

 

During the evaluation, temperatures were recorded in five 

selected layers, which were T102, T104, T106, T108 and T112 

(Fig. 6(a) and (b)). In the beginning, temperature in layer 1 

(labelled as T102) had the highest temperature, and it dropped 

linearly from 200 ºC. As the reaction continued over 500 hrs, 

T104 in layer 2 generally went higher than T102 and became 

the highest. It was found that after 2500 hrs’ test, the hot spot 

shifted to T106, which was in the middle position of the 

reactor. The catalyst in layer 5 (T112) had the lowest 

temperature at all times, suggesting less intense reaction in this 

position. The spent catalysts in five different layers were 

selected to verify the deactivation rule for hydrochlorination of 

C2H2. As shown in Fig. 6(c), the XRD patterns of the spent 

catalysts were similar to that of the test in fixed bed reactor, 

which obeyed the conclusion that Au particles grew larger from 

bottom layer to upper layer. Besides, five spent catalysts had 

significant difference in reactivity as shown in Fig. 6(d). Under 

the evaluation conditions of 180 ºC and 360 h-1, catalyst in 

layer 5 had around 40% conversion while the one in layer 1 had 

only 4% conversion. That was to say catalysts’ deactivation 

went more severe from the bottom to the upper. 

 
Figure 6. (a) The schematic diagram of the positions in reactor for 

temperature record and catalyst selection; (b) Temperature change in 
reactor during the evaluation; (c) XRD patterns of the spent catalysts 

selected from different layers of the reactor (♦: C; ●: KCl; ♥:Au); (d) 

The reactivity evaluation of the spent catalysts selected from different 

layers of the reactors. (T=180 ºC and GHSV=360 h-1). 

 

BET test showed that the surface area of five spent catalysts 

(distance of layer 1-5 from the reactor top is 30, 90, 150, 210 

and 330 cm, respectively) decreased from layer 5 to layer 1 as 

shown in Fig. S14, but the differences of the values were not 

significant, showing that the loss of surface area wasn’t likely 

the key factor of deactivation. 
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Au species of five spent catalysts were quantified by XPS 

spectrums of Au 4f7/2, and three species including Au0, Au3+ 

and Au0-s were identified (Table 4). The value of 

Au3+/(Au3++Au0+Au0-s) was defined as Au3+ proportion, which 

increased from catalyst in layer 1 (0.86%) to that in layer 5 

(13.0%). ICP analysis, which had good precision, was applied 

to detect Au content. Repeated analysis showed lower than 5% 

error with each other, and the Au content was listed in Table 

S6. Using these Au content, the correlation of Au3+ content and 

conversion of C2H2 were also calculated and listed in Table S7. 

According to the converted C2H2 and Au content, it was clear 

that the value of n(C2H2)converted/n(Au3+) was almost a constant 

of 3.3 s-1, while the value of n(C2H2)converted/n(Au) had no such 

consistency. The unusual data in layer 1 and 2 might be from 

the low conversion of C2H2 or un-estimated factors of grain 

size. It should be noted that the value of n(C2H2)converted/n(Au3+) 

was different from the TOF value due to no consideration of 

particles distribution in its calculation.  

 
Table 4. Quantification and identification from XPS of Au species over 

Catal. ACS subject to spent ones in pilot-trials. 

Layer Species Position(eV) Area 
Au3+/ 

(Au3++Au0+Au0-s) 

 
Au0 4f7/2 84.15 118.36 

 

1 Au3+4f7/2 86.52 1.2 0.86% 

 
Au0-s 84.93 20.22 

 

 
Au0 4f7/2 84.22 183.64 

 

2 Au3+4f7/2 86.37 2.81 1.1% 

 
Au0-s 84.9 74.42 

 

 
Au3+4f7/2 86.42 25.63 

 

3 Au0 4f7/2 84.25 226.81 8.6% 

 
Au0-s 84.95 38.80 

 

 
Au0 4f7/2 84.27 127.55 

 

4 Au3+4f7/2 86.5 15.43 9.3% 

 
Au0-s 84.95 22.40 

 

 
Au0 4f7/2 84.24 310.47 

 

5 Au3+4f7/2 86.51 57.70 13.0% 

 
Au0-s 84.79 89.35 

 
 

Apart from that, Au3+ proportion (the Au3+ content was nearly 

the same) was correlated with catalyst positions and conversion 

of C2H2. Fig. 7 showed that both two sets of data had very good 

linearity, which indicated that Au3+ was verisimilarly the most 

essential factor of reactivity in converting C2H2 into VCM. 

However, the conversion of fresh catalyst did not obey the rule 

(Fig. 7(b)); that might be attributed to over-rich Au3+ cations. 

The critical point could be derived from the intersection of 

extension cord of data points and the line of 100% conversion, 

which was 36%. That is to say, to totally convert the C2H2, 36% 

Au3+ is enough in 0.25 wt% Catal. ACS. However, it should be 

noted here that this conclusion was only derived from Catal. 
ACS and may not be suitable to other catalysts as catalysts’ 

accessory ingredients or complexing ligand would together 

affect their performance. Therefore, possessing high Au3+ 

proportion (68%) in fresh one, the catalyst could continue to 

reduce the usage of Au to a further low value, which was a very 

good sign for its applications in chlor-alkali industry. 

 
Figure 7. (a) Correlation of Au3+ proportion and catalyst positions; (b) 

Correlation of Au3+ proportion and conversion of C2H2 (The colored 

square icons were spent catalysts’ data; the green circle icon was fresh 
catalyst’s data with 100% conversion of C2H2; The scarlet circle icon 

was the intersection of extension cord of data points and the line of 

100% conversion). 

Conclusions 

Overall, we have outlined how the outstanding properties of the 

thiocyanate-complexed Au catalyst, a biocompatible non-toxic 

metal, can be molded upon new processes based on the 

hydrochlorination. The optimized catalyst loading of only 0.25 

wt% Au has good reactivity and low deactivation rate (0.014 

%·min-1 at GHSV=1200h-1) with a TOF value as high as 5.9 s-1. 

As a complexing ligand, –SCN can interact with Au cations and 

reduce the electric potential of Au cations significantly from 

0.926 V to 0.662 V. DFT study shows that the complexing 

increases the energy barrier of reaction with C2H2 and prevent 

Au catalyst to quick deactivation. As a result, the catalytic 

reactivity and stability is promoted effectively. The scaling up 

trial proves that the deactivation is a linear process, the loss of 

Au3+ rather than coke to be the main factor. Over 3000 hrs 4 t·a-

1 industrial test shows the catalyst’ promising performance with 

>95% conversion and >99% selectivity, which well meets 

applications in the cholor-alkali industry. The green and 

efficient catalytic process provides an applicable core-catalyst 

for sustainable development of PVC in China. 

  

Experimental 

Catalyst preparation 

The catalyst was prepared by impregnation method. 

HAuCl4·H2O (M=357.80 g·mol-1) and CuCl2·2H2O (M=170.48 

g·mol-1, Sinopharm Chemical Reagent Co., Ltd, Beijing) were 

employed as the precursors of active components. Columnar 

coconut shell charcoal, one type of carbon, was selected as the 

catalyst substrate because its abundant surface functional 

groups can facilitate the dispersion of metal cations. The 

substrate features in 3 mm in mean diameter, 15 mm in mean 

length and ca. 0.44 g·mL-1 in packing density. The complexing 

ligand (–SCN) supplier in the form of KSCN (M=97.18 g·mol-

1, Beijing Chemical Works) was introduced to coordinate Au 

cations. 
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The typical preparation of the catalyst proceeded as follows. 

First, carbon substrate was impregnated in aqua regia for 10 

hrs, washed with deionized water 3 times and then dried at 120 

ºC for 10 hrs as pretreatment for further use. HAuCl4·H2O and 

CuCl2·2H2O were weighed ca. 0.045 g and 0.268 g respectively 

and then dissolved in 17.5 mL deionized water to form an 

aqueous solution. 10 g pretreated carbon substrate was mixed 

with the aqua solution and 5 mL 0.5 M KSCN solution was 

added into the mixture dropsies under continuous stirring. The 

paste formed was ground at 60 ºC for 2 hrs and dried at 120 ºC 

for 9 hrs in static air. The catalyst was preserved in dry 

surroundings at room temperature after preparation. To 

facilitate the evaluation in differential reactors, the catalyst was 

milled and sieved into 30-60 mesh, with average particle size of 

380 µm and packing density of 0.48 g·mL-1. 

Catalytic Evaluation 

The catalytic behavior was tested in fixed bed reactors in 

different scales according to the usage of catalyst. As shown in 

Fig. 8, the U-shaped silica tube with a 6mm inner diameter 

loading 0.15 g catalyst was applied in lab-scale test, the fixed 

bed reactors with 30 mm and 80 mm inner diameters were 

applied to load 60 g and 2.5 kg catalyst respectively for 

progressively scaling-up tests. 

 
Figure 8. The fixed bed reactors in different scales: the U-shaped silica 

tube with a 6 mm inner diameter loaded 0.15 g catalyst, the fixed bed 

reactor with a 30 mm inner diameter loaded 60 g catalyst and the single 
tube fixed bed reactor with an 80 mm inner diameter loaded 2.5 kg 

catalyst. 
 

Typically, the evaluation operations are conducted with the 

following procedures. 0.15 g catalyst was weighed and filled in 

the silica tube. By continuously feeding N2, the catalyst was 

heated at 120 ºC and dried for 15 min. Activation was started 

by feeding HCl at 180 ºC for 15 min. Both GHSV of N2 and 

HCl were selected as 120 h-1 (volume based). The reaction was 

carried out after activation at 1atm and 180 ºC. The reactants 

were fed with a mixed flow comprising 

HCl:C2H2:H2=1.1:1.0:0.083 with 1200 h-1 GHSV of C2H2. It 

should be noted that the feeding time of N2 and HCl in plant 

trial and GHSV of C2H2 were determined according to the 

evaluation scale. 

Analysis and Characterization 

The catalytic activity and selectivity of catalyst were evaluated 

by conversion of C2H2 collected at the outlet of the reactor, and 

the product was sampled per 15 min, which was analysed via 

gas chromatography (GC, Tianmei, GC-7890T). The column 

was selected from Beijing Analysis Instrument Co., limited 

with the type of GDX-301. The selectivity of VCM was 

monitored by the FID through a capillary column (Agilent, DB-

1) each hour. SEM (JEOL JSM-7401, at 3.0 kV) and TEM 

(JEOL JEM-2010, at 120.0 kV) were utilized to examine the 

micromorphology and detailed structures of catalyst before and 

after the reaction. The Brunauer–Emmett–Teller (BET) 

specified surface area of the samples were measured by N2 

adsorption/desorption at liquid-N2 temperature using Autosorb-

IQ2-MP-C system. Before measurements, the sample was 

degassed at 300 oC until a manifold pressure of 2 mmHg was 

reached. The elemental composition and chemical state of 

elements was analyzed by XPS (ESCALAB 250Xi, Al Kα 

source). XRD (D8 ADVANCE Diffractometer) was applied to 

reveal information about the crystal structure, chemical 

composition, and physical properties of the compositions. To 

further understand the element composition in the catalyst, ICP-

OES (IRIS Intrepid II XSP) was employed.  

DFT study methods 

All calculations were carried out by the Gaussian 03 program 

package.40, 55 The geometrical optimizations of the reactants, 

products, intermediates and transition states were performed by 

Beeke’s three-parameter exchange functional,56  the nonlocal 

correlation functional of Lee, Yang, and Parr57 (B3LYP) with 

6-31G(d) basis set for all atoms except for Au, which was 

described by Lanl2dz pseudo-potential basis set. Harmonic 

vibrational frequency calculations were performed at the same 

level in order to confirm various stationary points as either a 

minimum or a transition structure (TS). Intrinsic reaction 

coordinate (IRC)58, 59 calculations were carried out to confirm 

the connection of each TS to its corresponding reactants and 

products. All charge analyses reported were calculated by 

natural bond orbital (NBO) analysis.60 The discussed energies 

are relative Gibbs free energies (∆G453.15K) under reaction 

conditions. The relative enthalpies (∆H453.15K) and ZPE 

corrected electronic energies (∆E0K) are also provided for 

reference.  
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