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Highlights 
• Kinetics of reduction- and oxidation steps was modeled separately. 
• Kinetics of catalytic cycle of redox reaction was obtained by steady-state approach.  
• Kinetic responses of gas phase composition and catalyst oxidation state were described.  
• Kinetics was applied for rational catalysts design to achieve better catalysts. 

1. Introduction 
Vinyl chloride monomer (VCM) is the raw material for production of polyvinyl chloride (PVC), most 
massively produced in the worldwide, since it's extensively use in the thermoplastics industry. A commercial 
way of producing VCM is to crack 1, 2 dichloroethane (EDC)[1]. A gaseous mixture of ethylene, HCl and 
air on a CuCl2 based catalyst via oxychlorination (Eq.1), in turn, produces EDC. The ethylene 
oxychlorination reaction occurs in the catalytic cycle with three sequential reactions steps such as CuCl2 
reduction by ethylene to CuCl (Eq.2), CuCl oxidation to CuOCl (Eq.3) and chlorination of CuOCl (Eq.4)[2]: 
             Total catalytic cycle           C2H4 + 2HCl + 0.5O2→C2H4Cl2 + H2O      (1) 
 Reduction step                     2CuCl2 + C2H4 → 2CuCl + C2H4Cl2           (2) 
 Oxidation step                     2CuCl  + 0.5O2 →Cu2OCl2             (3) 
 Hydro-chlorination step      Cu2OCl2 + 2HCl → 2CuCl2 + H2O            (4) 
Cu2+ is recognized as the active sites and Cu1+ is not active but volatile[1]. The catalytic system suffers from 
volatilization of cuprous copper and catalyst particle agglomeration, abated by alkali, alkali earth and/or La 
promotion[3]. The active site is highly dynamic inside the catalytic cycle. The distribution of Cu2+ and Cu1+ 
at the steady-state conditions depends on the kinetic balance of above three reaction steps (Eq.2-4)[4]. 
Catalyst properties and operation conditions can influence the rate of each step in the catalytic cycle, thus the 
Cu2+ and Cu1+ distribution. The prediction and strategy to control the Cu2+ and Cu1+ distribution is thus 
highly desired[3-5].  The Langmuir-Hinshelwood and Mars van Krevelen kinetic approach have been widely 
applied in kinetic modeling. The key assumption for these approaches is the constant number of active sites 
and often a rate-determining step existing. Owning to the dynamic nature of the active site, a new kinetic 
approach is highly desired to describe the kinetics of total catalytic cycle (Eq.1) including the metal 
oxidation state changes.   
 
For the first time, the present work deals with a new approach of kinetic modelling by modeling of individual 
reaction steps following a steady-state approach gain a kinetic model of the catalytic cycle at the steady-state 
conditions.  The kinetic model are applied for rational catalysts design to achieve the high content of Cu2+, as 
well as reactor simulation to predict not only the concentration and temperature profile but also Cu2+and Cu1+ 
profile. The results from our group confirms that that the methodology developed here paves the way for a 
general method for catalyst design of heterogeneous catalysts where the catalyst undergoes oxidation state 
changes, in particular in redox reactions (catalytic combustion of methane). 

2. Methods 
The operando setup is described in detail elsewhere[3]. Catalysts were impregnated via the incipient wetness 
method. The catalyst contained 5wt% Cu with a 45-100 µm particle size. The kinetic model developed in 
this study was fitted to experimental data by minimizing the objective function for the sum of the squared 
residuals for each temperature.  



 

3. Results and discussion 
Supported by Rout et al. [3], the reduction step (Eq. 2) and the oxidation step (Eq. 3) were assumed to be rate 
determining. The reduction reaction rate (Fig. 1a) curve is split into two parts, r1,I and r1,II by deconvolution 
using Gaussian multiple peak, such that r1 = r1,I + r1,II . In the beginning of the reaction, at high 
concentrations of removable Cl, the first active site (denoted by part I) is dominating. In the last part of the 
reaction, at low removable Cl concentrations, the second active site (denoted by part II) is dominating. For 
Cl concentrations lower than CCl**, the rate representing the first active site, r1,I , is zero. For Cl 
concentrations higher than CCl**, the rate representing the second active site, r1,II is zero. Since the catalytic 
activity change is difficult to account for through elementary steps, the power law was used as a baseline for 
the derivation of r1,I and r1,II .The reduction rate is given by; r1=r1,I+r1,II; r1,I = k1,I pC2H4 (CCl – CCl*)2; r1,II = k1,II 

pC2H4 (CCl** − CCl)CCl. Similarly, the oxidation rate (Fig. 1b) derived from the power law is given by; r2 =r2,I 
+r2,II; ( )2
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A steady-state kinetic model incorporating the dynamics of the catalyst has been developed based on the 
kinetic models obtained  for the transient reduction and oxidation process. The oxygen adsorption term was 
included for the roxidation and the final steady-state reaction rate expression becomes: 
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There is an excellent match between the predicted (Eq.6) and experimental steady-state reaction rate. Figure 
1c) shows the Cu2+ concentration during TOS for total catalytic cycle (Eq.1) by the model (Eq.5) and 
experiment. Spent catalyst after 40 
min of total catalytic cycle is 
analyzed by XPS and it shows that 
Cu1+ is dominating, which further   
validates the developed kinetic 
model (Eq.5). The above reaction 
rate (Eq.5 and 6) is used to 
simulate industrial reactor in order 
to find out not only gas phase 
composition and temperature 
profile but also the distribution of 
Cu2+ in the reactor.  
 
4. Conclusions 
The kinetic model developed here 
predicts product distribution and catalyst composition, can be applied for rational catalysts design, as well as 
reactor simulation to predict the concentration and temperature profile, and Cu2+ distribution. 
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Fig. 1. Dependence of reduction a) and oxidation b) reaction rate on the 
removable chlorine concentration. Experimental reaction rate (●) fitted reaction 
rate, r1,I and r2,I (− − −); fitted reaction rate, r1,II and r2,II (− ∙ −). c) Cu2+ with time 
on stream (TOS), experimental (─), kinetic model (■), C2H4:O2:HCl = 1:1:2  

CuCl** 
CuCl* 
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