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Abstract 

Oxychlorination of ethene was conducted in a microreactor (150 – 375°C) over a thin layer 

of CeO2 prepared in the current work with the specific surface area of 80 m2/g and compared 

with the same reaction in millireactors (250 – 500 °C).  

The kinetic analysis revealed influence of the ethene concentration on the apparent 

activation energy which was different in micro- and millireactors. The previously developed 

reaction network was completed by including two parallel reactions for formation of 

ethylchloride and vinylchloride and two consecutive reactions accounting for formation of 

dichloroethane and vinylchloride via ethyl chloride. The reaction orders with respect to HCl 

and O2 in the microreactor were comparable with the literature data for millireactors. Kinetic 

modeling was successfully carried for all reactants by using a steady state model of a packed 

bed reactor.  
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1 Introduction  

Polyvinyl chloride (PVC) is the third-most produced synthetic plastic, after polyethylene and 

polypropylene. It represents globally 53 billion USD market in 2015 [1], being a very versatile 

product available in two main forms, a rigid one and a flexible one. PVC is widely used in 

construction for siding, windows, wiring and water pipes, as well as in packaging because of 

durability, lightness and flexibility [2]. PVC blood collection bags play a critical role and served 

as the foundation for modern blood banks [3].  

The monomer of PVC, vinyl chloride (VC), was first produced on a commercial scale in the 

1920s through a one-step route comprising acetylene hydrochlorination over mercury chloride 

catalysts. Around 1950, an increasing demand and rising prices of acetylene prompted a shift 

in the feedstock to a more economical ethene in the USA and Europe. Since then, VC is 

predominantly produced via a two-step process involving oxychlorination of ethene to 1,2-

dichloroethane (DCE) in fixed or fluidized-bed reactors and thermal cracking of DCE to VC at 

temperatures above 500°C in a separate cracking reactor, according to the following reactions 

[4-6]: 

1) Oxychlorination of ethene to DCE: 

𝐶𝐶2𝐻𝐻4 +  2 𝐻𝐻𝐶𝐶𝐻𝐻 + 1
2� 𝑂𝑂2  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶2�⎯⎯�  𝐶𝐶2𝐻𝐻4𝐶𝐶𝐻𝐻2 +  𝐻𝐻2𝑂𝑂                             ∆𝐻𝐻𝑅𝑅,298𝐾𝐾
0 =  −295 kJ. mol−1 

2) Thermal cracking (pyrolysis) of DCE to VC: 

𝐶𝐶2𝐻𝐻4𝐶𝐶𝐻𝐻2
∆
→  𝐶𝐶2𝐻𝐻3𝐶𝐶𝐻𝐻 + 𝐻𝐻𝐶𝐶𝐻𝐻                                                                           ∆𝐻𝐻𝑅𝑅,298𝐾𝐾

0 =  71 kJ. mol−1 

 

Oxychlorination in industrial scale is usually catalyzed by CuCl2/γ-Al2O3 with almost full 

selectivity to DCE and ethene conversion of ca. 91% [7]. Although currently operated at an 

industrial scale, this process suffers from severe drawbacks, such as copper chloride 

volatilization, particle agglomeration and high energy costs due to the cracking step [6]. On top 
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of that, oxychlorination as an exothermic reaction generates irregular temperature profiles in 

the reactor leading to catalyst deactivation. Thus, there is still a need and desire to identify and 

develop catalytic systems with improved selectivity and yields for VC synthesis which could 

reduce the high capital and operating costs of the PVC manufacturing process [6]. Significant 

efforts have been made during the last decades to improve the stability and efficiency of the 

copper chloride catalyst through introducing various promoters, such as LiCl, KCl, MgCl2, 

CaCl2, LaCl3, CeCl3 [5, 6]. Recently, an intense screening of oxide catalysts identified CeO2 as 

a possible alternative to improve the efficiency of the presently applied process [5, 8]. CeO2 

was shown to be a stable catalyst for ethene oxychlorination with 25% VC yield in a single pass 

at 400 °C, i.e. 100 – 150 °C lower than the temperature of the industrial thermal DCE cracking 

process. This bifunctional behavior was attributed to the interaction of redox and acid properties 

where the intermediate DCE is formed on the redox sites and subsequently dehydrochlorinated 

to VC on the acid sites [6]. 

It would be in particular interesting to perform oxychlorination in a microreactor, taking 

advantage of a high internal surface-to-reaction volume ratio, a very precise control of operation 

conditions, a controlled flow of the reaction mixture, a low consumption of chemicals, rapid 

catalyst testing and safe operation even under explosive conditions [9, 10]. Vajglova et al. [11] 

compared the oxychlorination of ethene over CuCl2/γ-Al2O3 in a millireactor and a microreactor 

and highlighted that the application of reactors with different surface-to-volume ratios led to 

notable differences in the catalytic performance in terms of both activity and selectivity under 

similar reaction conditions. A 4.5 fold higher reaction rate was obtained in a microreactor 

compared to a millireactor, while the selectivity to the desired product, DCE, was just half of 

that obtained in a millireactor. These results in terms of the DCE selectivity are not favorable 

for the CuCl2/γ-Al2O3 catalyst in a microreactor, however, [5, 8] oxychlorination of ethene over 
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CeO2 giving VC in a microreactor with a high surface-to-volume ratio can be different from 

oxychlorination to DCE.  

The current work on oxychlorination of ethene in  microchannel reactor represents a further 

effort to elucidate the factors influencing the catalytic behavior of ceria. The catalyst was devoid 

of any promoters, making the elucidation of the effect of the pristine ceria on activity, stability, 

and selectivity more apparent. 

2 Experimental 

2.1 Catalyst synthesis 

Ceria catalyst was prepared by a conventional deposition-precipitation method without any 

promotors (e.g. K, Na, La). The method was based on a previously published procedure [12-

14]. First, a 0.05M solution of cerium trinitrate (Ce(NO3)3∙6H2O) was prepared and pH was 

adjusted to 11 adding dropwise a 32% ammonia solution. After that, the solution was stirred at 

150 rpm and covered for 5 days. Every day, the pH was adjusted to 11 adding dropwise the 

same solution. Upon reaction completion, the catalyst was filtered under vacuum and washed 

twice with 500 mL of distilled water. Ceria was then dried overnight at 100°C and finally 

calcined at 450°C for three hours. The method for microreactor platelets coating from 

suspensions was based on a previously published procedure [11, 15].  

Prior to coating, the platelets were cleaned with soap, distilled water, thereafter with acetone, 

and finally flushed with distilled water. The stainless steel platelets (Cr 16.5 – 18.5%, Ni 10.5 

– 13.5%, C < 0.08%, Mo 2 – 2.5%, Ti 0.4 – 0.7%) were calcined in a muffle oven to create a 

surface oxide layer, which provides corrosion protection and enhances the adhesion of the 

coating. The calcination procedure started at the initial temperature of 350°C, holding it for 85 

min and then increasing at 4°C/min to 750°C with the holding time at the final temperature of 

2 h. The pretreated platelets were coated with the catalyst using the slurry deposition method. 
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The slurry was prepared by adding water to CeO2 exhibiting the particle size lower than 32 µm. 

The solid content in the slurry was 14 wt.%. The pH of the slurry was set to 8.8 by adding an 

ammonium hydroxide solution (25% for analysis, Merck KGaA). The slurry was stirred for 5 

h at 40°C and then for 24 h at room temperature. Only fresh slurries were used for coating. 

Because CeO2 is insoluble in water, the slurry was constantly stirred in order to keep the 

solution uniform. 

10 µL of the slurry was deposited into nine channels on each platelet with a Finnpipette. The 

catalyst on the platelet surface outside the channels was removed using a plastic spoon. The 

coated platelets were dried in the fridge to ensure slow drying and coating uniformity. Finally, 

the coated platelets were calcined in air at 250°C for 40 min and 450°C for 3 h, applying a 

heating rate of 3°C/min. This calcination temperature is sufficient to remove ammonium 

hydroxide (used to control pH of the slurry) as ammonia from the catalyst. 

The mass of the catalyst was determined by weighing 10 platelets before and after the coating 

procedure. The amount of the catalyst placed on one platelet was found to be 1.07 ± 0.05 mg. 

The stability of the coating was tested by using the plates in an ultrasonic bath for 4 h. 

2.2 Catalyst characterization 

The specific surface area and the pore volume of the catalyst were determined by nitrogen 

physisorption with Sorptometer 1900 (Carlo Erba Instruments). The catalysts were 

characterized using X-ray powder diffraction for phase purity and phase composition. 

Morphological studies were conducted by scanning electron microscopy. A scanning electron 

microscope (SEM) (Zeiss Leo Gemini 1530) was used for determination of the crystal 

morphology. The particle size and pore diameter were studied by transmission electron 

microscopy (TEM) (JEOL JEM-1400Plus) using imaging and electron diffraction functions. 
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2.3 Catalytic tests of ethene oxychlorination 

2.3.1 Experimental setup 

The microreactor was a stainless steel device for gas-phase reactions (GPMR-mix) 

purchased from Institut für Mikrotechnik Mainz (IMM, Figure 1a). The microreactor consisted 

of mixing zone and catalytic zone, each equipped with 10 stainless steel microstructured 

platelets. The channels of the reactor were 90 – 100 μm deep, 460 μm in diameter, and 9.5 mm 

long. The platelets were coated with the catalyst prior to use (the details are given in Section 

2.1). More details of the experimental setup are available elsewhere [11]. 

 

 

Figure 1. a) Gas-phase microchannel reactor; b) the experimental setup. 

 
Table 1 shows the most important parameters of the microreactor and the reference 

millireactor [5]. The criteria determining a negligible influence of backmixing [16] and 

negligible wall effects [17] are LR/Dcat > 30 and DR/Dcat > 10, respectively. These criteria were 

met for the microreactor. 

 

 

1 cm

Catalytic zone Mixing zone

a) b) 
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Table 1. Comparison of micro- and millireactors.  

Parameter Unit Microreactor Millireactor [5] 
Reactor type - multi platelets channel tubular packed-bed 
Reactor material - stainless steel quartz 
Catalyst type - coating particles 
Catalyst fraction µm < 32 400 – 600 
Catalyst weight mg 10.7 ± 0.5 500 
Length of catalyst bed cm 0.95 0.35 
Number of channels - 90  1 
SR/VR cm-1 144 554 9.7 
LR/DR - 21 0.35 
LR/Dcat - 297 6 – 9  
DR/Dcat - > 14.4 17 – 25 

LR is the length of the catalyst bed, DR is the reactor diameter, Dcat is the catalyst particle size, SR is the internal 
reactor surface, and VR is the internal reactor volume. 

2.3.2 Reaction conditions 

The steady-state oxychlorination of ethene was investigated at ambient pressure in the 

continuous-flow channelled microreactor (Figure 1). The catalyst was loaded in the reactor and 

pretreated with N2 at 250 °C for 2 h. The reaction was conducted at the bed temperatures of 157 

– 375 °C under atmospheric pressure, with a weight space velocity (WHSV) of 4.9 – 35.8 

gC2H4/gcat/h, a residence time of 0.04 – 0.32 s and a feed composition of C2H4:O2:HCl = 30.4:1.1-

8.2:4.2-12. Relatively low feed concentrations were selected to prevent corrosion, enable safe 

handling, and minimize the formation of hot spots in the catalyst bed due to the high reaction 

exothermicity. The standard volume ratio of C2H4:O2:HCl = 30.4:2.7:9.5 feed was chosen on 

the basis of the literature [11, 18]. For every experiment point, the average of more than ten 

measurements was calculated.  

Catalytic results from microreactor were compared with the results obtained from a reference 

millireactor (1 cm in diameter) [5]. In a continuous‐flow fixed‐bed quartz millireactor 

oxychlorination of ethylene was studied at atmospheric pressure and temperatures of 200 – 500 

°C using a catalyst mass of 0.5 – 10 g (particle size of 400 – 600 μm) and a total gas flow of 

100 ml/min containing 3 vol. % C2H4, 1 – 6 vol. % HCl, and 0.5 – 6 vol. % O2 balanced with 

He.  



8/33 
 

2.3.3 Analytical methods 

The gaseous products were analysed on-line applying Agilent GC 6890N equipped with FI 

and TC detectors and HP-Plot/U Column (30 m × 530 µm × 20 µm), Molsieve/Column (60 m 

× 50 µm × 20 µm). The injection was performed by a six-way valve. The transfer line 

temperature was held at 150 °C and the temperature program started at 50 °C for 10 min 

followed by a temperature gradient to 185 °C at a ramp 6 °C/min, holding 18.6 min and then 

increasing to 190 °C at a ramp 10 °C/min with subsequent holding for 7 min. The mobile phase 

was helium. The temperatures of the FID and TCD detectors were 300 °C and 250 °C, 

respectively. Continuous on-line GC analysis was applied with a sampling frequency of 65 min. 

3 Results and discussion 

3.1 Catalyst characterization results 

Table 2 summarizes the characterization data for CeO2 catalyst. Ceria catalyst prepared in 

the current work had large specific surface area of 80 m2/g (Acat) [5, 19, 20]. CeO2 exhibited 

cubic particles with a local agglomeration of the phases into larger clusters. The particle size 

was unchanged after the reaction (Figure 2). 

The differences between the particle sizes of the catalysts obtained by SEM and TEM (32 

and 7 nm, respectively) were expected as they are related to resolution of these methods. TEM 

method is much more reliable to detect small particles in the nm scale.  

Table 2. Catalyst characterization data.  

CeO2 catalyst 
Acat Vpore BAS LAS TAS TBS dS_SEM dS_TEM dp_TEM dp_N2sorp_max dp_N2sorp 
m2/g cm3/g µmol/g µmol/g µmol/g mmol/g nm nm nm nm nm 

Fresh, powder 80 0.13 84* 17* 101* 8*  32 7 0.45 0.4 – 0.6 0.4 – 511.2 
Acat – specific surface area, Vpore – specific pore volume, BAS – Brønsted acid sites, LAS – Lewis acid sites, TAS – 

total acid sites, TBS – total basic sites,  dS – the particle size, dp – pore diameter, SEM – determined by SEM, TEM 

– determined by TEM, N2sorp – determined from N2 adsorption-desorption isotherm, dp_N2sorp_max – pore 

diameter at the highest value of relative vol.% (8.62%) from the pore size distribution, * literature data [12], the 

catalyst underwent calcination at 600°C for 3 h in air. 
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Figure 2. a) SEM image of fresh CeO2 catalyst; b) TEM image of fresh CeO2 catalyst; c) TEM image of used CeO2 

catalyst. 

 

The coating of the microchannel platelets was rather homogenous (Figure 3a,b). After the 

coating stability test, no defects of the coatings were observed and the weight of the tested 

coated platelets was the same as for the fresh coated ones. It is worth mentioning that the loaded 

amount of CeO2 into the microreactor was ca. 30% lower than for CuCl2/Al2O3 catalyst used in 

the previous work [11], even if the amount of the catalyst suspension was the same for both 

catalysts.  

The SEM analysis of the used coated CeO2 (Figure 3c) revealed significant morphological 

changes. Results of elemental analysis (Table 3) using energy dispersive X-ray microanalysis 

showed the identical composition of the fresh powder and the coated catalyst. The used coated 

catalysts contained also Fe2O3, NiO, Cr2O3, TiO2. The presence of these metals is attributed to 

the material of pristine microplatelets due to partial catalyst losses from the plate channels 

during the reaction. High concentrations of Fe2O3 can be also attributed to corrosive processes. 

 

20 nm500 nma) b) 20 nmc) 

a) b) c) 
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Figure 3. CeO2 coated microchannel plates by the suspension method after a stability test: a) photo of fresh coated 

catalyst; b) SEM image of fresh coated catalyst; c) SEM image of used coated catalyst. 

 

Table 3. Elemental analysis of powder catalyst and coated catalyst in the channels of microreactor.  

CeO2 catalyst 
CeO2 Al2O3 SiO2 Cl Fe2O3 NiO Cr2O3 TiO2 

% % % % % % % % 
Fresh, powder 97.9 1.1 1 - - - - - 
Fresh, coated 97.9 1.1 1 - - - - - 
Used, coated (TOS = 420 h)  65.4 0.7 1.2 27.2 5.5 - - - 
Used*, coated (TOS = 460 h) 22.4 0.3 0.3 13.6 54.0 2.4 6.8 0.1 

*after the experiment of ethene chlorination and ethene oxidation. 

The measured diffractogram of fresh CeO2 (Figure 4) consisted of narrow, high intensity 

peaks originating from only CeO2 (cubic). Both analyzed used coated CeO2 (Figure 4) were on 

top of a stainless steel substrate. Narrow diffraction peaks at 2θ = 43.6°, 50.8° and 74.7° originate 

from the stainless steel substrate. Low intensity peaks at 2θ = 28.6°, 33.4°, 47.5° and 56.4° originate 

from CeO2 (cubic). Other peaks, such as narrow peaks at 2θ = 11.1° and 16.1°, remained 

unidentified. Some unidentified peaks which were observed with used coated CeO2 (TOS 420 h), 

were not observed in the used coated CeO2 (TOS 460 h, after the experiment of ethene chlorination 

and ethene oxidation). The low intensity CeO2 (cubic) for the used catalysts could be probably 

attributed to the loss of catalyst from the microplates (Figure 15) during the reaction and in their 

handling prior to analysis. The reaction of ceria with the metal platelets can be excluded. At the 

same time it should be mentioned the catalyst losses if happened were very low not allowing to 

quantify them. The weight of coated platelets before and after the reaction was the same. 

 

Figure 4. XRD patterns of fresh and used CeO2. Legend: CeO2, fresh (red); coated CeO2, spent (blue); coated 

CeO2, spent (green, after the experiment of ethene chlorination and ethene oxidation). 

10 20 30 40 50 60 70 80

Position [°2 ]
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3.2 Kinetic aspects of ethene oxychlorination 

Oxychlorination of ethene was conducted in the microreactor over CeO2 catalyst under a 

broad range of experimental conditions (the details are given in Section 2.3.2).  

3.2.1 Blank experiments and comparison of reactors 

A blank experiment without any catalyst was carried out over stainless steel platelets at 365 

°C with 2.2 Nml/min of the total flow rate and inlet C2H4:O2:HCl ratio of 30.4:2.7:9.5 (Figure 

6a). A 4% level of ethene conversion was observed giving the selectivity of 50% to 

1,2-dichloroethane (DCE), 37% to ethyl chloride (EC) and 10% to vinyl chloride (VC). This 

result can be related to the presence of active metal sites on the microreactor platelets and to a 

higher reaction temperature. The results of elemental analysis (Table 4) using energy dispersive 

X-ray microanalysis showed the presence of several metals, which can be catalytically active. 

The catalytic effect of the pristine microplatelets (Ni-based [21] Cr-based [22,23]) was 

clearly confirmed by observed morphological changes of the microplates surface before and 

after the reaction (Figure 5). On the contrary, Cr2O3-based materials underwent bulk 

chlorination, eventually leading to rapid deactivation [23]. Penetration of iron into the catalyst 

leads to an increase in the yield of the total oxidation products and a decrease in the 

oxychlorination rate [24]. 

 

Table 4. Presence of metals in microreactor platelets (wt.%). 

Pristine microplates (750 °C, 2h) Fe2O3 Cr2O3 NiO MnO MoO3 SiO2 TiO2 Al2O3 
Fresh 63.9 22.5 6.9 2.6 2.0 1.5 0.4 0.2 
Used 56.1 20.1 18.0 3.1 - 1.1 - 1.7 
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Figure 5. SEM images of pristine microplatelets: a) fresh; b) used. 

For the value of comparison, oxychlorination of ethene over CeO2 was conducted under the 

same conditions as the experiment without a catalyst (Figure 6b). The results revealed that the 

role of CeO2 as a catalyst is more prominent than the role of the microplatelets. A 2.5 fold 

higher ethene conversion and significantly different selectivity (77.5% of DCE, 13.5% of VC, 

7% of EC, 1.3% of cis-1,2-dichloroethene (c-DCEE), 0.7% of CO2) were obtained over CeO2 

compared to the blank experiment. It can be assumed that the deposition of the catalyst layer 

onto the surface channels inhibited the influence of elements present in stainless steel. 

 

 

Figure 6. a) Results of a blank experiment; b) Oxychlorination over CeO2 catalyst, WHSV = 0.47 gC2H4/gcat/h. 

Conditions for both experiments: C2H4:O2:HCl = 30.4:2.7:9.5, T = 370 °C, Qv = 2.2 Nml/min. Legend – 

a) b) 

a) b) 
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conversion: C2H4 (black), HCl (green), O2 (red). Legend – selectivity: DCE (blue), EC (red), VC (green), c-DCEE 

(orange), CO2 (brown). 

3.2.2 Long-term experiments: stabilization of the catalyst activity 

Long-term experiments in ethene oxychlorination over the fresh CeO2 catalyst were 

conducted. The experiments were conducted for more than 5 days under constant inlet 

conditions: atmospheric pressure, and C2H4:O2:HCl volume-ratio of 30.4:2.7:9.5. The 

maximum operation temperature, the total flow rate and the WHSV were 370 °C, 2.2 Nml/min 

and 0.5 gC2H4/gcat/h, respectively. A very stable steady state behaviour with a relative error of ± 

0.5% was observed (Figure 7b) already after 6 h of continuous operation. In the whole operation 

range, no CO2 was observed. Worth mentioning is also a high repeatability of the catalytic 

results with a relative error of 0.5%, which was achieved for two different batches of CeO2.  

 

 

Figure 7. Long-term experiments: stabilization of the catalyst activity: a) in reference millireactor [5], 

C2H4:O2:HCl = 3:3:4.8, T = 400 °C, Qv = 100 Nml/min, catalyst weight = 500 mg, catalyst particle size = 400-

600 μm; b) in microreactor, C2H4:O2:HCl = 30.4:2.7:9.5, T = 370 °C, Qv = 2.2 Nml/min, catalyst weight = 10.2 

or 11.2 mg, catalyst particle size = <32 μm.  

On the contrary, data obtained in the literature [5] (Figure 7a) showed a rapid decline in the 

activity of commercial ceria (calcined at 500 °C) within 8 h. It was explained by sintering and 

a drop in the specific surface area.  
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When using larger catalyst particle sizes, as was the case with the millireactor (400 - 600 

µm), in general the effect of internal mass transfer on the kinetics cannot be ruled out. In the 

current case, such influence can be excluded based on a comparison of the apparent activation 

energy and the reaction orders towards different components discussed below. Namely, the 

reaction orders were the same and the apparent activation energy was even higher in the case 

of the millireactor. 

Difference in the results should be thus ascribed to different experimental conditions, as in 

the current work the experiments were performed with ca. 10-fold higher weight space hour 

velocity and ca. 10-fold higher ethene concentration in the feed (Table 5). The value of the 

reaction rate in the microreactor for oxychlorination is similar to the data reported previously 

[11] for the same reaction using copper chloride supported on alumina at 250oC. Because the 

active phase loading in [11] was just 5.6 wt%, the values of TOF for both cases are different, 

being 0.77 10-3 s-1 for ceria based catalyst at 370oC and 4.8 10-3 s-1 in the case of oxychlorination 

at 250oC in a microreactor coated with copper chloride on alumina at WHSV of 3.5 h-1 . In the 

latter case the value of TOF is 7.8 10-3 s-1 for a higher WHSV of 29.7 h-1. For oxychlorination 

over copper chloride in the millireactor very similar values of TOF can be calculated being 3.3 

10-3 s-1 and 5.3 10-3 s-1 for WHSV of 0.9 and 5.0 h-1 respectively. Note that the values of TOFs 

reported in [11] were recalculated and the present values supersede the previous ones.  

 

Table 5. Results of long-term experiments in milli- and microreactors.  

Reactor Ref. X rate τ T WHSV C2H4/HCl/O2 Catalyst 
  % molC2H4/gcat/s s °C gC2H4/gcat/h vol.% g °C** 

Micro CW 10.0 4.5·10-6 0.32 370 4.93 30.4/9.5/2.7 0.01 450 
Milli [5] 22.2 – 37.4 0.9·10-6 – 1.7·10-6 0.03 400 0.45 3.0/4.8/3.0 0.50 500 
Milli [5]* 12.8 0.6·10-6 0.03 350 0.45 3.0/4.8/3.0 0.50 - 

CW – current work, *literature data (only one point), **calcination temperature, X – ethene conversion, τ – 
residence time, T –reaction temperature, WHSV - weight hourly space velocity. 
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3.2.3 Effect of temperature, estimation of activation energy 

Experiments at different reaction temperatures (157 – 375 °C) were conducted to evaluate 

the apparent activation energy (Ea). The inlet composition of the reaction mixture was 30.4 

vol.% of ethene, 2.7 vol.% of oxygen and 9.5 vol.% of hydrogen chloride. The results are 

presented in Figure 8 in the form of Arrhenius plots. The kinetic constant (k) was evaluated 

using the plug flow reactor model. The values of kinetic constant were calculated at the steady 

state. The apparent activation energy for the overall rate based on the first-order reaction was 

determined to be 27.1 kJ/mol (at 263 – 375 °C).  

 

Figure 8. Effect of temperature: a) in reference millireactor [5], C2H4:O2:HCl = 3:3:4.8, T = 250-500 °C, Qv = 

100 Nml/min, catalyst weight= 500 mg, catalyst particle size = 400-600 μm; b) in microreactor, C2H4:O2:HCl = 

30.4:2.7:9.5, T = 157-375 °C, Qv = 2.2 Nml/min, catalyst weight = 11.2 mg, catalyst particle size = <32 μm. 

The present values of the activation energy are somewhat lower than the one reported in a 

previously published study using commercial ceria (Table 6, Figure 8), which can be related to 

ca. 10-fold larger amount of ethene in the feed in the current work compared to [5]. In the 

kinetic analysis below the influence of the reactant concentration on the apparent activation 

energy will be elaborated in more detail.  

Table 6. Effect of temperature in milli- and microreactors.  

Reactor Ref. Ea X rate τ T WHSV C2H4/HCl/O2 
  kJ/mol % molC2H4/gcat/s s °C gC2H4/gcat/h vol.% 

Micro  CW 27.1 2.8 – 10.0 4.5·10-6 – 1.3·10-6 0.31 – 0.48 157 – 375* 4.49 30.4/9.5/2.7 
Milli    [5] 52.5 1.5 – 38.6 6.8·10-8 – 2.2·10-6 0.02 – 0.03 250 – 500 0.45 3.0/4.8/3.0 

a) b) 
1.2 1.4 1.6 1.8 2
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ln
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]
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1.2 1.4 1.6 1.8 2 2.2 2.4

1/T [1/K] 10
-3

-10.5

-10

-9.5

-9

-8.5
ln
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 [1

/s
]

Ea = 27.1 kJ/mol
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CW – current work, *setpoint was 500 °C, X – ethene conversion, τ – residence time, T – reaction temperature, 
WHSV - weight hourly space velocity. 

3.2.4 Effect of HCl and O2 concentration  

Experiments changing the concentration of reagents, in particular hydrogen chloride and 

oxygen were carried out to determine the reaction orders towards different components (Figures 

7 and 8). The volumetric concentrations varied within the range 6.5 – 12.0% for HCl or 2.7 – 

8.2% for O2 while keeping concentration of ethene as 30.4% and balancing with N2.  

 

 

Figure 9. Effect of HCl: a) in reference millireactor [5], C2H4:O2:HCl = 3:3:0.98-6.02, T = 400 °C, Qv = 100 

Nml/min, catalyst weight= 500 mg, catalyst particle size = 400-600 μm; b) in microreactor, C2H4:O2:HCl = 

30.4:2.7:6.5-12, T = 370 °C, Qv = 2.2 Nml/min, catalyst weight = 10.2 mg, catalyst particle size = <32 μm. 

 

 

Figure 10. Effect of O2: a) in reference millireactor [5], C2H4:O2:HCl = 3:0.47-6.03:4.8, T = 400 °C, Qv = 100 

Nml/min, catalyst weight= 500 mg, catalyst particle size = 400-600 μm; b) in microreactor, C2H4:O2:HCl = 

30.4:2.7-8.2:9.5, T = 370 °C, Qv = 2.2 Nml/min, catalyst weight = 10.2 mg, catalyst particle size = <32 μm. 
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For the commonly used in oxychlorination catalyst CuCl2/Al2O3 it was found that only 

oxygen has a significant influence on the reaction rate while the influence of HCl is negligible 

[7, 25]. On the contrary, in this case not only oxygen, but also the hydrogen chloride 

concentration had a significant effect on the reaction rate of ethene oxychlorination over CeO2. 

The calculated reaction orders with respect to HCl and O2 (nHCl, nO2) in the microreactor were 

comparable with those found in the literature [5] (Table 7, Figure 9, Figure 10).  

 

Table 7. Overview of experiments with changes in the concentration of reagents. 

 n Reactor T WHSV τ X C2H4 HCl O2 
 - - °C gC2H4/gcat/h s % % % % 
HCl 0.51 

Micro 370 4.93 0.32 
8.1 – 11.1 30.4 6.5 – 12.0 2.7 

O2 0.35 8.0 – 12.1 30.4 9.5 2.7 – 8.2 
HCl 0.55 

[5] 370 0.45 0.03 
12.4 – 33.5 3 2.0 - 6 3.0 

O2 0.39 13.9 – 25.4 3 4.8 0.5 – 6.0 

3.2.5 Reaction mechanism  

The effect of reaction parameters on the C2H4 conversion and vinyl chloride selectivity was 

studied. In line with work [5] upon raising the bed temperature and the residence time, both the 

C2H4 conversion and the VC selectivity were increased, while the variation of O2 and HCl feed 

contents separately had no significant influence on the vinyl chloride selectivity. 

Figure 11 shows the influence of the ethene conversion on the product distribution in the 

oxychlorination of ethene over the ceria in the microreactor and the millireactor [5, 8]. A 

comparison of the results revealed that at a low conversion (up to 12%) in the microreactor, the 

selectivity to EC decreased while the selectivity to DCE increased with the increasing ethene 

conversion. Up to 5% of the ethene conversion, the selectivity of VC increased concomitant 

with the decreasing selectivity to EC, after which the selectivity of VC remained almost 

constant. 
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At higher conversions of ethene [5, 8] (above 12%), EC was not present in the reaction 

mixture and the selectivity to DCE decreased with increasing ethene conversion. At the same 

time, the selectivity to VC increased more significantly while at low conversions, the selectivity 

to VC was rather constant. The data obtained in ref. [5] and in the current work in the 

microreactor show a very similar product distribution at 12% conversion of ethene (Figure 11).  

Detailed studies focusing on the one-step production of vinyl chloride from ethene over 

CeO2 catalyst, are lacking in the open literature. As a comparison with alternative materials, 

such as those based on rare-earth elements (e.g. EuOCl) it can be mentioned that high selectivity 

of 86.6% towards VCM was achieved at ethene conversion of 12.9% [26].  

Pérez-Ramírez and co-workers [8] based on comprehensive computational, steady state and 

transient kinetic analysis suggested a reaction network including vinyl chloride formation by a 

cascade reaction. First, 1,2-dichloroethane is generated and then HCl is released in a subsequent 

step leading to VC. Other paths leading to minor products such as cis-1,2-dichloroethene were 

found possible starting from VCM or DCE. CO is formed by oxidation of chlorinated species, 

whereas CO2 can stem either from a further oxidation of CO or directly from ethene. This 

reaction network of ethene oxychlorination over CeO2 can be extended considering the results 

obtained in the microreactor in the current work (Figure 12) at low ethene conversion (less than 

12%). 
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Figure 11. Selectivity versus conversion of ethene over ceria: filled symbols – microreactor, 370 °C, 2.2 mL/min, 
30.4/9.5/2.7 of C2H4/HCl/O2; open symbols – literature data [5, 8], 250 – 400 °C, 100 mL/min, 3.0/4.8/3.0 of 
C2H4/HCl/O2. Legend: DCE (blue), EC (red), VC (green), c-DCEE + t-DCEE (orange), CO + CO2 (brown). 

 

The novel part of the suggested reaction network, based on the results in the microreactor, 

includes two parallel reactions for formation of EC and VC and two consecutive reactions for 

formation of DCE and VC via ethyl chloride. Additional experiments (Figure 16d) confirmed 

that CO2 is formed by ethene oxidation. In the current work, no formation of CO was observed. 

 

 

Figure 12 Overall reaction network of ethene oxychlorination over ceria. 
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3.2.6 Kinetic analysis 

Based on the previous extensive theoretical and experimental work [5], a stepwise reaction 

mechanism for oxychlorination of ethene on ceria can be proposed. For the reaction route giving 

dichloroethane it can be written in the following form  

1. HCl+2*  Ξ H*+Cl* 
2. O2+2*  Ξ 2O* 
3. C2H4+*  Ξ C2H4*      (1) 
4. O*+ C2H4*↔ C2H4O*+* 
5. Cl*+ C2H4O *→ C2H4ClO*+* 

     5’. C2H4ClO *+ Cl*+ 2H*→ C2H4Cl2+3*+H2O (fast) 
 

where * are vacancies. In eq. (1), dissociative adsorption of HCl and oxygen is presumed 

(steps 1 and 2 respectively), while ethene is adsorbed molecularly (step 3). Kinetically 

significant steps are the addition of an oxygen atom to adsorbed ethene (step 4) and Cl to 

adsorbed C2H4O species. In the reaction mechanism (1), the adsorption steps are considered to 

be quasi-equilibria, denoted with the symbol  Ξ , step (4) reversible and step 5 irreversible.  

Expressions for the surface coverage of oxygen oθ and ethene Eθ  are easily obtained, 

22o O VK Cθ θ= , 3E E VK Cθ θ=          (2) 

where Vθ is the fraction of vacant sites, iK is the equilibrium constant of the respective step, 

EC is the concentration of ethene in the feed (mol/dm3), etc. The quasi-equilibrium constant of 

step 1 in the mechanism is 

1 2
H Cl

V HCl

K
C

θ θ
θ

=           (3) 

Because step 5’ in eq. (1) was suggested to be rapid, the coverage 
2 4ClC H Oθ is negligible. 

Therefore eq. (3) and the conservation equation 

2 4H Cl ClC H Oθ θ θ= +           (4) 
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give 

1Cl HCl VK Cθ θ=           (5) 

The steady-state approximation for steps 4 and 5 in mechanism (1) results in  

2 2 4 2 4

2
4 2 3 4 5 1O E V C H O V HCl V C H Ok K C K C k k K Cθ θ θ θ θ−− =      (6) 

and subsequently 

2

2 4

4 2 3

4 5 1

O E
C H O V

HCl

k K C K C

k k K C
θ θ

−

=
+

        (7) 

The total mass balance for all the adsorbed species results in 

2

2 4 2

4 2 3
2 3 1

4 5 1

(1 ) 1O E
V o E Cl C H O V O E HCl

HCl

k K C K C
K C K C K C

k k K C
θ θ θ θ θ θ

−

+ + + + = + + + + =
+

 (8) 

The overall rate for the formation of dichloroethane is equal to the rate of step 5 

2

2 4 2

2

2

2

4 2 3 2
5 1

4 5 1

4 2 3
5 1

4 5 1

4 2 3 2
2 3 1

4 5 1

(1 )

O E
C H Cl HCl V

HCl

O E
HCl

HCl

O E
O E HCl

HCl

k K C K C
r k K C

k k K C

k K C K C
k K C

k k K C
k K C K C

K C K C K C
k k K C

θ
−

−

−

= =
+

+

+ + + +
+

     (9) 

According to experimental data, the reaction order with respect to HCl is equal to 0.5, while 

the reaction order in oxygen is somewhat below it. Subsequently it can be assumed that 

4 5 1 HClk k K C− >> and the term 1 HClK C in denominator of eq. (9) can be neglected giving 

2

2 4 2

2 2

5 1 4 2 3

2
2 3 4 2 3(1 )

HCl O E
C H Cl

O E O E

k K C K K C K C
r

K C K C K K C K C
=

+ + +
     (10) 

Equation (10) illustrates that the apparent activation energy on the ethene concentration 

explaining the difference between the experimental results obtained in milli- and microreactors. 

This can be illustrated by considering a case of low surface coverage when partial pressures of 
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reactants including ethene are low enough to neglect all terms in the denominator except unity. 

The apparent activation energy is thus 

, 5 1 4 2 3/ 2 / 2act appE E H H H H= + ∆ + ∆ + ∆ + ∆      (11) 

This expression can correspond to experimental data obtained in a millireactor.  

When the concentration of ethene is much higher, as in the case of microreactor, just 

considering the third term in the denominator, the following expression for the activation energy 

holds 

, 5 1 4 2 3/ 2 / 2act appE E H H H H= + ∆ + ∆ + ∆ − ∆      (12) 

In this case the difference between apparent activation energy in the micro- and millireactors 

corresponds to the heat of adsorption of ethene with a scaling factor 2 giving a value of ca. 12.7 

kJ/mol.  

Similar type of analysis can be done to explain changes in the apparent activation energy 

with temperature as can be seen from Figure 8a as systematic deviations from the linear 

dependence.  Eq. (10) can be simplified to  

2

2 4 2 4

/
1

/ 2
3(1 )

p T

C H Cl p T
p er

p e

−

=
+

       (13) 

With 2 5 1 4 2 3/ 2 / 2p E H H H H= + ∆ + ∆ + ∆ + ∆  and 4 2 3 4 2  /p H H H= −∆ − ∆ − ∆ . The 

values of 2H∆  and 3H∆ are negative due to exothermicity of oxygen and ethene adsorption, 

thus a positive value of p4 can be expected. At the same time as can be seen from the data fitting 

of experimental data of [5] (Figure 13) this parameter has a negative value implying that within 

the proposed reaction mechanism, step 4 is endothermic. This might look superficially 

counterintuitive as when temperature is increasing the values of adsorption constants should in 

principle decrease as in the case of ethene and oxygen. It should be, however, considered that 
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step 4 in mechanism (1) is not a conventional adsorption step from the fluid phase and turned 

out to be endothermic.  

 

 

Figure 13. Comparison between experimental data of [5] and calculations according to eq. (13). Conditions: 

C2H4:O2:HCl = 3:3:4.8, T = 250-500 °C, Qv = 100 Nml/min. 

 

Kinetic analysis of oxychlorination can be easily extended to include the formation of other 

products besides dichloroethane, namely vinyl chloride and ethyl chloride. The rate of 

dichloroethane formation (mol/min/gcat) was expressed by a simplified version of eq. (10), 
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a C C
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+

        (14) 

with  

1 5 1 4 2 3 2 2 4 2 3; Ea k K K K K a K K K K C= = +       (15) 

The reaction route for the formation of ethyl chloride was assumed to comprise the 

adsorption of ethene and the heterolytic adsorption of HCl and subsequent stepwise addition of 
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Cl and H with the first of these latter two being the rate determining one. The reaction rate 

expression becomes thus  

2 4 2 5

2 4 2 5

2 2

1 3 3 1
2 2

2 4 2 3 2(1 ( )) (1 )
C H C H Cl HCl E HCl

C H C H Cl
O E O

k K C K C a C
r

C K K K K C a C
→

→ = =
+ + +

     (16)   

with  

2 4 2 53 1 3C H C H Cl Ea k K K C→=      (17) 

Preliminary calculations indicated that kinetically more significant than the direct 

oxychlorination is the route of ethyl chloride transformation to vinyl chloride, which was 

considered to follow the rate equation 

2 5 2 3 2 5 2 5 2 2 5 2

2 5 2 3

2 2

4
2 2

2 4 2 3 2

( ) ( )
(1 ( )) (1 )

C H Cl C H Cl C H Cl C H Cl O C H Cl O
C H Cl C H Cl

O E O

k K C f C a C f C
r

C K K K K C a C
→

→ = =
+ + +

    (18)   

with  

2 5 2 3 2 5 2 54 C H Cl C H Cl C H Cl C H Cla k K C→=      (19) 

Several options were tested for the ethyl chloride transformation to vinyl chloride, which can 

be viewed as a dehydrogenation process with involvement of lattice oxygen (
2

( )Of C =1), or 

oxidative dehydrogenation displaying different dependence on oxygen pressure (

2 2
( )O Of C C  or 

2 2
( )O Of C C ). An adequate description was obtained for the former case 

when adsorption of ethyl chloride is assumed to take place on the lattice oxygen and the C−H 

cleavage occurs via hydrogen-abstraction using a neighboring lattice oxygen.  The desorption 

of vinyl chloride then proceeds by hydride elimination forming OH groups, which recombine 

giving water and a reduced centre. The latter one is oxidized by dissociative chemisorption of 

O2. Such a mechanism results in eq. (18) with 
2

( )Of C =1 in the case of low coverage of various 

organic species of alkoxide type as well as of hydroxyl.   



25/33 
 

The kinetic modeling comprised all the reaction rates using a steady state model of a packed 

bed reactor operating within the regime of kinetic control.  For the estimation of the parameters, 

a set of differential equations, describing the changes in the concentrations profiles of the 

reagents and products (ethyl chloride, vinyl chloride and dichloroethane)  

'

i
i cat

d n rm
dx

=           (20) 

was used, where catm is the mass of catalyst in the microreactor (g), r is the generation rates for 

components (mol/dm3), x is the dimensionless reactor length (-) and 
'

in  is the molar flow 

(mol/min).  

This set of equations was solved with the parameter optimization software ModEst software 

[27] using the Levenberg-Marquardt or simplex methods and the objective function, which was 

defined as the incompliance between the experimental and calculated values of concentrations. 

The sum of the residual squares between the model predictions and the experimental data was 

minimized using the following objective function; 

 ( )2

exp, ,i est i
i

Q c c
τ

= −∑∑        (21) 

where cexp is the experimental value of concentrations and cest denotes the predictions given by 

the model, i is the component index. The quality of the fit and the accuracy of the model 

description was defined by the degree of explanation R2, which reflects comparison between 

the residuals given by the model to the residuals of the simplest model possible, i.e. the average 

value of all the experimental values exp

−

y . The R2 value is given by the expression 

2
expmod

2
expmod2

)(

)(
100 −

−

−
=

yy

yy
R           (21) 
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The results of the parameters estimation are presented in Figure 14, while the kinetic 

parameters are collected in Table 8. In the kinetic modelling, the direct oxychlorination was 

excluded and the only route to vinyl chloride was assumed to be the oxidative dehydrogenation 

of ethyl chloride. These simplifications were introduced to avoid an over-parameterization of 

the model. 

 

 

Figure 14. Comparison between experimental and calculated concentrations (mol/dm3). Conditions: C2H4:O2:HCl 
= 30.4:(2.7-8.2):(6.5-12), T = 370 °C, Qv = 2.2 Nml/min, catalyst weight = 10.2 mg, catalyst particle size = <32 
μm. 

 

Table 8. Values of parameters. Degree of explanation:  99.87% 

Parameter units Calculated value Standard error, % 
a1 dm3/min/g 0.14 23 
a2 (dm3/mol)-0.5 1.96 >100% 
a3 (dm3 mol)0.5/min/g 0.0028 20 
a4 dm3/min/g 0.87 25 

 

The proposed kinetic model gives a rather good description of the experimental data (Figure 

14) with acceptable values of errors of the kinetic parameters apart from a2.  
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3.2.7 Catalyst stability  

After experiments with an increasing total flow rate up to 16 Nml/min in the microreactor 

(Table 9), a decrease in the catalytic performance in terms of both activity (by 44%) and 

selectivity (by 20% in terms of DCE) was revealed. This decrease of the activity is partially 

attributed to mechanical removal of the catalyst from the microreactor channels (Figure 15). 

This is consistent with detection of the stainless steel substrate in the used coated catalyst by 

XRD (Figure 4) and the low ethene conversion observed in the blank experiment over pristine 

microplatelets (Figure 6a).  

 

Figure 15. Image of CeO2 coated microchannel platelets after the reaction under a high total 
flowrate of 16 Nml/min. Red circles show selected areas without the catalyst for illustration 
purposes. 
 

Another possible explanation is related to the formation of over-chlorinated and over-

oxidized by-products, large amounts of chlorine species adsorbed on the catalyst surface or 

formation of CeOCl or CeCl3, which were suggested to be responsible for catalyst deactivation 

[8, 28]. To elucidate further the reasons for the catalyst deactivation, additional experiments 

were carried out (Figure 16).  

 

Table 9. Effect of the residence time on the conversion of ethene in the microreactor, T = 370 °C, C2H4:O2:HCl = 
30.4:2.7:9.5, Qv = 2.2 - 16 Nml/min, WHSV = 0.47 – 3.44 gC2H4/gcat/h. 

Conversion τ = 0.04 s τ = 0.10 s τ = 0.20 s τ = 0.32 s 
C2H4 2.1 2.3 3.3 8.0 
HCl 10.3 10.3 16.0 38.5 
O2 10.1 15.2 19.0 49.9 

 



28/33 
 

Ethene chlorination in the absence of a catalyst in the microreactor exhibited a low 

conversion of ethene (less than 0.4%) with ethyl chloride being the only detected product 

(Figure 16a). This is in line with the results obtained in the millireactor over fresh glass beads 

and with an assumption of direct ethene hydrochlorination in the gas phase [11]. On the 

contrary, during ethene chlorination over ceria, less than 3% of ethene conversion giving a 

selectivity of 84% to EC, 12% to DCE and 4% to vinyl chloride was observed (Figure 16c, open 

symbols). The results clearly indicate the importance of the vinyl chloride formation over CeO2 

in the microreactor. When this reaction becomes less prominent, being influenced by the 

formation of ethyl chloride, the competing pathway of ethene oxychlorination starts to 

dominate. When the same experiments were repeated after oxidation of ethene, the results 

showed a significantly lower ethene conversion (less than 0.2%) giving selectivity 100% to 

vinyl chloride (Figure 16c, full lines). This is in line the assumption that formation of over-

chlorinated and over-oxidized catalyst surface leads to catalyst poisoning and permanent 

modification of the catalytic material. 

No oxidation of ethene in the absence of a catalyst was detected in both reactors (Figure 

16b). For the oxidation of ethene over ceria in the microreactor, a very low conversion of ethene 

(0.15%) giving a selectivity of 60% to CO2 and 40% to vinyl chloride was observed (Figure 

16d). The presence of VC in the product mixture can be related to the reaction with the leftovers 

of the surface-bound HCl and chlorine- containing species on the used ceria catalyst, indicating 

that flushing of the catalyst by nitrogen at 370 °C for 24 h before this experiment was not 

sufficient to remove these species. 

At the end of this series of experiments, a standard experiment (Figure 16e) was conducted 

under the similar conditions as in the beginning of the measurements (Figure 6c). In this case, 

a low ethene conversion (below 1%) was observed with a very high selectivity 88% to the 
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desired VC giving also trichloromethane (selectivity 12%), which was not detected in any other 

experiments.  

 

 

Figure 16. Results of chlorination, oxidation and oxychlorination of ethene in the microreactor, T = 370 °C, Qv = 
2.2 Nml/min: a) chlorination of ethene without catalyst; b) oxidation of ethene without catalyst; c) chlorination of 
ethene over ceria catalyst; d) oxidation of ethene over ceria catalyst; e) oxychlorination of ethene over ceria 
catalyst. Legend: DCE (blue), EC (red), VC (green), CHCl3 (purple), CO2 (brown); repeated experiments after 
oxidation of ethene (full filed symbols in fig. 16c) 
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4 Conclusions 
 
Oxychlorination of ethene was conducted in the microreactor (channel size 460 µm) over 

CeO2 catalyst, prepared by conventional deposition-precipitation of neat ceria. The specific 

surface area of the ceria based catalyst prepared in the current work was 80 m2/g. CeO2 

exhibited cubic particles with a local agglomeration of the phases into larger clusters, which 

did not change in size after the reaction. The presence of metals of the pristine microplatelets 

appearing in the used coated catalyst on the platelets was attributed to partial catalyst losses 

from the plate channels during the reaction. After more than 420 h of operation, the generation 

of an over-chlorinated and over-oxidized catalyst surface leads to catalyst poisoning. 

Excellent repeatability of the catalytic results with a relative error of 0.5% was achieved for 

two different batches of CeO2. A very stable steady state behaviour with a relative error of ± 

0.5% was observed  already after 6 h of continuous operation. The kinetic analysis revealed the 

influence of the reactant concentration on the apparent activation energy. In particular, the 

apparent activation energy in the microreactor was much lower than reported for a millireactor 

in the literature, which was clearly related with a lower ethene concentration in the latter case. 

The reaction orders with respect to HCl and O2 in the microreactor were, however, comparable 

with those reported over ceria in a millireactor. It was confirmed that not only the oxygen, but 

also the hydrogen chloride concentration has a significant effect on the reaction rate of ethene 

oxychlorination over CeO2.   

Based on the microreactor data kinetic analysis of oxychlorination was extended to include, 

besides formation of dichloroethane, also generation of other products, namely vinyl chloride 

and ethyl chloride. The reaction route for ethyl chloride formation was assumed to comprise 

adsorption of ethene, heterolytic adsorption HCl and the subsequent stepwise addition of Cl and 

H. Preliminary calculations indicated that kinetically more significant than the direct 

oxychlorination is the route of ethyl chloride transformation to vinyl chloride. 
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Kinetic modeling was carried out for all reaction rates using a steady state model of a packed 

bed reactor.  For the calculation of the kinetic parameters, a set of differential equations, 

accounting for the changes in the concentrations profiles of the reagents and products was 

solved by means of a parameter optimization software giving an adequate overall description 

of the experimental data. 
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