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The comprehensive kinetic study for CuCly/y-Al,O3-based catalysts was performed to elucidate the co-promoter
effect in the ethylene oxychlorination, one of the most significant industrial processes to produce vinyl chloride
monomer. Kinetic analysis was performed separately by transient kinetic studies, taking account of the reduction
and oxidation steps in the catalytic cycle. The promoter effects on ethylene oxychlorination were ascribed to
their influence on the Cu®* reduction or Cu oxidation in the catalytic cycle. The reaction rate-diagram was
gained and used to predict the steady-state reaction rate and Cu oxidation state by an operando setup combing
MS and UV-vis-NIR spectroscopy. The results indicated that the K-doped catalyst could greatly increase the
reaction rate of the oxidation step, which gave rise to higher Cu>" concentration on the catalyst. Mg-doped
catalyst had a great effect on enhancing the reaction rate for the reduction step. K and Mg co-doped catalyst
had the dual effect, both the reaction rate and Cu oxidation state were located between K and Mg mono-doped
catalyst. The results of steady-state reactions indicated that the reaction rates were quite close with that pred-
icated by the rate-diagram. Byproduct analysis during the steady-state was also performed, the results demon-
strated that the co-promoted catalysts can also reduce the byproduct formation. The current study is expected to
provide one way for exploring the potential benefits of co-promotion on CuCly/y-Aly03-based industrial oxy-
chlorination catalysts to improve the catalytic performance and understand the reaction further.

1. Introduction

Polyvinyl chloride (PVC) is one of the most commonly used plastics
in the world. It is produced through the polymerization of its monomer
vinyl chloride (commonly called VCM in abbreviation) [1-3]. Because of
the increasing demand for PVC in the world, which is making VCM one
of the most important chemicals in the industry. There are several
different ways to produce VCM in the industry, based on the resource
materials used, mainly from ethane, ethylene, and acetylene [4-9].
Ethylene oxychlorination is one of the most important and commonly
used ways in European countries. Many efforts have been devoted to the
study of the ethylene oxychlorination process [10-15]. It is commonly
called as a balanced VCM process in the industry. In brief, ethylene
dichloride (EDC) was firstly produced through ethylene oxychlorination
or direct ethylene chlorination, followed by thermal cracking of EDC to

form VCM, with HCI recycled simultaneously, which is highly efficient
and environmentally friendly. CuCly/y-Al;O3 is commonly used as the
active catalyst in the industry, while copper loss and particle agglom-
eration causing the deactivation of the catalyst are still the main chal-
lenges for the commercial catalysts in the industry, which is related to
the Cu™ concentration of the catalyst [3,9,11,16]. So, promoters such as
alkali and alkali earth metals like K, Na, and Mg are used as the pro-
moters to improve the catalytic performance like preventing the copper
loss and agglomeration [11,12,16-19]. Many studies have been reported
about ethylene oxychlorination on the reaction mechanism studies. The
oxychlorination process follows the overall reaction as Eq. 1 [11,16,18,
20-23].

C,H, + 0.50, + 2HC1-C,H,Cl, + H,0 (@D)]
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It is commonly accepted that the total reaction can be divided into three
steps, following Egs. 2-4:
Reduction of CuCl, to CuCl by CoHy

2CuCl, + C,H;—C,H,4Cl, + 2CuCl (2)
Oxidation of CuCl to copper oxychloride by O,

2CuCl + 0.50,—Cu,0Cl, 3
Hydrochlorination of copper oxychloride to CuCly by HCl

Cu,OCl, + 2HCl-2CuCl, + H,O 4)

While the mechanism was still not fully understood even though the
long period of fundamental and industrial researches on it. However,
from the proceeding related researches, the oxidation process is the rate
determine step for the neat Cu catalyst [16]. What is more, because of
the volatile properties of Cu™ [20,24-26], more attention was paid to the
oxidation step, to enhance the oxidation rate of CuCl. As mentioned
above, promoters like K, Mg, and Na are used to decrease the loss of Cu™,
which would affect the performance of the catalyst, like reduction rate
or oxidation rate. Lamberti and co-authors systematically studied the
properties of the AlyOs supported CuCl, catalyst [20,24-28]. It is
commonly accepted that part of CuCl, is monolayer dispersed on the
surface of Al;Os3, the rest of Cu is bonded with Al,O3 [29-32]. While the
former is served as the active site, the latter is non-active for the reac-
tion. Adding K and Mg can increase the amount of reducible CuCl; on
the catalyst. Furthermore, researches have been devoted to the effects of
promoters in product selectivity and activity [33]. They have demon-
strated that promoters like K and La, could give rise to superior ethylene
activity and lower byproduct formation by increasing the active Cu
species while at the same time covering the Lewis and Brgnsted acid sites
on the supports [33]. They have demonstrated that adding KCl is able to
displace the rate-determining step from the CuCl oxidation to the CuCl,
reduction step, while not for Mg.

UV-vis-NIR spectroscopy is widely used in the research on transition
metal ions in heterogeneous catalysis. Two bands can be observed on the
spectroscopy, one measures d-d transitions, the other one for charge
transfer. The d-d transition bands yield information on the oxidation
state and the coordination environment [34]. The d-d transition bands
yield information on the oxidation state and the coordination environ-
ment. As Cu™ does not exhibit a d-d band in the d-d transition region, the
decreasing amount of Cu™ and increasing amount of Cu?* resulted in the
increasing Kubelka-Munk function (KMF). Thus, the change in KMF
units can be used to reflect the oxidation state changing of Cu between
Cu’ and Cu?*. A linear relationship between the catalyst total Cu®*
concentration and the normalized KMF (NKMF) units for the reduction
and oxidation steps was obtained, it can be used to quantify the Cu?*
concentration [22]. In our previous report, we combined the UV-vis-NIR
and mass spectra (MS) as the operando technique to study the reaction
mechanism and kinetics [16,22,23], which was proved to be a relatively
simple in situ method compared to XANES and EXAFS. By using this
technique, we can monitor the process of Cu?* to Cu™ transformation,
and Cu®" regeneration. A rate-diagram was proposed to predict and
analyze the reaction rate with Cu profiles during steady-state experi-
ments. We investigated the roles of promoters, such as Ce, K, La in the
process of oxychlorination. Especially the influence on the reaction rates
of the reduction and oxidation steps in the redox cycle. We found that
both transient and steady-state reactions were influenced by Cu®* con-
centration, the key factor for high activity, selectivity, and stability for
ethylene oxychlorination.

In the present work, K and (or) Mg dopants are added to the catalysts
as the promoter (s), which are the most important promoter of industrial
oxychlorination catalysts. The kinetic study is used to elucidate the co-
promote effect both in transient and steady-state experiments by using
our home-made operando setups combined MS and UV-vis-NIR spec-
troscopy. Both the transient and steady-state experiments are performed
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to gain a better understanding of the promoter effect on ethylene oxy-
chlorination. The reaction rate-diagram obtained from the reduction
and oxidation steps illustrates that both K and Mg promoters can in-
crease the reducible Cu?* on the catalysts. While K can significantly
increase the reaction rate of oxidation than reduction; Mg enhances the
reduction reaction rate more than the oxidation step. The co-doping of K
and Mg compromises the effect of K and Mg mono-promoted. The
steady-state experiment results show that the reaction rates are quite
close to those predicted by the reaction rate-diagram.

2. Experimental methods
2.1. Catalysts preparation

All catalysts were prepared by the incipient wetness impregnation
method, which was commonly reported on this type of catalyst [22-27].
The precursors (CuCl,, KCl, and MgCl,) were co-impregnated on Al;Os,
and then the samples were dried at room temperature for 10 h. After
that, the catalysts were put into the oven at 120 °C for 6 h with a
ramping rate of 2 °C /min. All the catalysts contain 5 wt% Cu, the
promoters were added with designed molar ratios to Cu, e.g. 0.4K5Cu
contains 5 wt% Cu and a K: Cu molar ratio of 0.4.

2.2. Experiment set up and steps

Simplified operando setups with an efficiently fixed bed reactor were
reported in our previous research. Experiments were performed in a
fixed bed reactor with a dimension of 16*10*5 mm with an optical grade
window, which is used for the collection of high quality of UV-vis-NIR
(Avantes, Netherlands) data. The composition of reactant and products
were analyzed online by an online MS (Omnistar GSD 3010: Pfeiffer
Vacuum, Germany).

2.2.1. Transient-State experiments

Both transient and steady-state experiments were performed at 230
°C and a total pressure of 1 bar, with a total gas flow rate of 180 ml/min.
Reactant gases were introduced into the reactor step-by-step with
different mass flow controllers. Before reaction, the catalyst was heated
to 230 °C in Ar with the ramping rate of 10 °C/min. During the reaction,
Ar was used as diluted gas, and He as a tracer. Before redox experiments,
the catalyst was activated by HCl for 4 min. The desired partial pressures
for reduction and oxidation are 0.1 bar. In the reduction process, diluted
ethylene was introduced to the reactor for 20 min. At the same time, the
products were analyzed by an online-MS for calculating the conversion
and reaction rates, and Cu>" concentration monitored by UV-vis-NIR.
After reduction, the reactor was flowed with Ar for at least 15 min to
purge out the left reactant gas. Then, the oxidation was proceeded for 20
min by introducing the diluted O,. The reactor was again purged by Ar
for 15 min. Followed by the closure of the catalytic cycle with HCI for 4
min to restore the original CuCl,. The second and third cycles were
performed with the same procedures as above.

2.2.2. Steady-State experiments

During the steady-state reaction, all the reactants ethylene, oxygen,
and hydrogen chloride diluted in Ar were introduced into the reactor
with He as the tracer. The effluent gases were analyzed by an online-MS.
The UV-vis-NIR data was recorded by keeping the probe at the top of the
catalyst bed. The steady-state experiments were performed with the
stoichiometric ratio, with the total flow rate of 180 ml/min, the partial
pressures of Pc,iy, =0.08 bar. The reactant gasses flow was switched to
GC during the steady-state twice for byproduct analysis.

2.3. Catalysts characterization

XRD profiles were recorded with a Bruker D8 Davinci X-ray
diffractometer, using Cu Kal (0.154 nm) wavelength. The BET surface
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area, BJH pore size, and pore volume were determined by nitrogen
sorption at 77 K on a Micromeritics TriStar 3000 instrument.

2.4. Ethylene temperature programmed reduction

Ethylene temperature-programmed reaction (CpH4-TPR) was per-
formed in the fixed bed reactor, with an online MS recording the signal.
Before the TPR test, the catalysts were treated with the same two cycles
with transient state experiments as described above. After the catalysts
were fully oxidized to Cu?™, the catalyst was then reduced by 30 % CyH,
with a flow rate of 120 ml/min. The product of EDC was recorded by an
online MS, while the temperature was increased to 230 °C at a ramp rate
of 2 °C/min.

3. Results and discussion
3.1. Catalysts properties

Fig. 1 shows the XRD patterns for the catalysts with or without a
promoter. From the figure, we can see that CuCly is still undetectable by
XRD because of the high dispersion of all the catalysts, which was re-
ported in the previous research on that CuCl, was monolayer dispersed
on the Al,O3 surface [19,22,23,29]. Also, as shown in Fig. 1b, no Cu can
be observed on the TEM image for the neat Cu catalyst. It is also reported
that adding promoters, like K, Mg can increase the CuCl, dispersion on
the alumina surface [7]. Therefore, CuCl, is also well dispersed on the
promoted catalysts. There are almost no obvious changes in the peaks
for the catalysts when the catalyst is doped with K and (or) Mg since only
Al,O3 peaks are observed. The texture properties like BET surface area,
pore volume, and pore size are listed in Table 1. The results show that
the texture properties are not significantly changed by doping of pro-
moters. Together with XRD results, it can be assumed that there are no
structural differences among the catalysts with adding promoters.

3.2. Transient kinetic experiments

3.2.1. Kinetic analysis of CuCly reduction

EDC is produced by ethylene reacting with CuCl; in the reduction
step, while Cl is attracted from CuCly on the catalyst [16,22,23].
Therefore, Cl vacancies are created as the reaction proceeding, the
catalyst is reduced from CuCly to CuCl. The amount of active Cu®*
participated in the reaction can be calculated from the number of CoH4
consumed in the reaction from mass balance. Theoretically, all the Cu?*
on the catalyst can be reduced to Cu™, hence the fraction of reducible
Cu?* and Cl available on the catalyst is 1 mol/molc,. However, as re-
ported by the literature, not all the Cu** can be reduced to Cu™, due to
the interaction of Cu with the support forming an inert Cu phase, and
this part of Cu?>* cannot be reduced to Cu®. The evolution of Cu®*
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Table 1
Physical properties and the promoter molar ratio to Cu in the catalysts
Catalyst Surface Pore Pore size K/Cu Mg/Cu
area volume &) molar molar
(m?%/g) (em®/g) ratio ratio
5Cu 137 0.39 91 - -
0.4K5Cu 128 0.37 91 0.4 -
0.4Mg5Cu 133 0.37 89 - 0.4
0.3K0.1Mg5Cu 141 0.40 88 0.3 0.1

concentration with time on stream for the (un)doped catalyst is shown in
Fig. 2a. Herein, the total Cu?" in the figure is the sum of the reducible
Cu* with activity, and inactive Cu?" fraction retains in the support per
mol of atomic Cu. From the results, we can see that the amount of active
Cu®" increased by adding the promoters. For the neat 5Cu catalyst the
removable Cu?*, which is also called active Cu®* is only 0.61 mol/-
molg,. When the catalyst is doped with Mg, the reducible Cu*" was
significantly increased to 0.79 mol/molc, compared to the neat 5Cu
catalyst. The initial turn over frequency (TOF, based on the start con-
version and the Cu loading) of the reduction step is displayed in Fig. 2b.
From the results, we can firstly see that the doped catalysts not only
increase the reducible Cu?" but also the TOF compared to the neat 5Cu
catalyst. While the Mg-doped catalyst increased the most than the other
two doped catalysts. The initial reduction rate for 0.4K5Cu was only
greatly decreased compared to the neat 5Cu catalyst, which we have
systematically studied the effect in the previous report [23].

To have a deeper understanding of the promoter effect on the
reduction step. Ethylene temperature-programmed reduction was per-
formed. Before running the CyH4-TPR, one catalytic redox cycle was
done firstly to make the catalyst was fully oxidized to Cu>". The TPR
profiles for all the catalysts are shown in Fig. 3. Herein, the temperature
was only increased to 230 °C, so the Cu?* can only be reduced to Cu™, no
Cu was formed according to the literature, reported that the temperature
needed to furtherly to reduce CuCl to Cu is above 400 °C [35,36]. We
should also mention that, based on the discussion above, the Cu was
monolayer dispersed on all the catalysts. Therefore, we can neglect the
influence of particle size on the TPR results. There are two reduction
peaks in all the TPR profiles, which indicated that the reduction is
composed of two steps, corresponding to the four and three coordinated
Cu species respectively. As the reduction proceeds, Cl is removed from
the catalyst by CoHy, Cu species changed from 4-coordinated to 3-coor-
dinate, finally to 2-coordinate [37]. The deconvoluted TPR is shown in
Fig. 3 and Table 2. The K-promoted catalyst shifted both the low and
high-temperature peaks to a slightly higher temperature, indicating the
K-promoted catalyst is more difficult to be reduced. The Mg promoter
shifted significantly the two peaks to lower temperatures, indicating that
the Mg promotes the CuCl, reduction. From the area contribution in
Table 2, we can see the two peaks ascribed to the two-step reduction are
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Fig. 3. TPR profiles for the (un)doped catalysts. Conditions: 0.3 g catalysts, Fior = 120 ml/min, W, = 0.2 g, ramp rate: 2 °C/min, Pg,g, = 0.3 bar.

Table 2

Summary of the TPR peaks position and area percentage.
Catalysts T1/C T2/C Al/% A2/%
5Cu 175.3 210.3 52.4 47.6
0.4K5Cu 187.7 216.4 51.1 48.9
0.4Mg5Cu 153.7 180.9 46.5 53.5
0.3K0.1Mg5Cu 175.0 188.1 50.4 49.6

230

quite close, indicating the Cu species changed from 4-coordinated to
3-coordinate, finally to 2-coordinate. We can also get the conclusion
checking the ending of the TPR since the temperature is only increased
to 230 °C, for the Mg-doped catalysts, the whole peaks can be obtained
at the temperature of 230 °C. However, for 5Cu and 0.4K5Cu, only a half
peak can be obtained at the temperature 230 °C, the TPR should be kept
for a longer time to end the TPR. The temperature corresponding to the
high-temperature peak follows the same order of the initial reduction
rates of the catalysts: 0.4K5Cu<5Cu<0.3K0.1Mg5Cu<0.4Mg5Cu.
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3.2.2. Kinetic analysis of CuCl oxidation

The kinetic performance of the oxidation step for the various cata-
lysts is shown in Fig. 4. In the oxidation step, Cu™ was oxidized to Cu?*,
in the form of a copper oxychloride (CuzOCly). The total Cu®* concen-
tration increases with time on stream, as shown in Fig. 4a. By comparing
with the reduction step of the neat 5Cu catalyst, we can find that the
time required to complete the oxidation reaction is longer than that in
reduction at the same partial pressure. It suggests that the oxidation
reaction rate is much lower than the reduction rate for the neat 5Cu
catalyst. The initial TOF of the oxidation for the various catalysts is also
presented in Fig. 4b. The K promoted catalyst significantly increase the
oxidation activity compared to the neat 5Cu catalyst, which was also
studied in our previous report [23]. While, the only Mg-doped catalyst
can also enhance the oxidation activity, although in a less magnitude
compared to the K-doped -catalyst. The co-doping catalyst,
0.3K0.1Mg5Cu behaves between 0.4Mg5Cu and 0.4K5Cu as we
expected.

3.2.3. Use rate-diagram as a tool to predict the reaction rate and Cu
oxidation state

The results in Fig. 2 and the literature studies [16,18,28,33] sug-
gested that Cu®" sites are the main active site, while the Cu™ sites are
inactive. Therefore, the catalyst Cu>" and Cu™ at the operational con-
dition is a key parameter for the catalytic performance including activity
and stability. Although the high activity of the catalyst is always desired,
the stability of the catalyst is more important than the activity to avoid
the Cu loss and migration thus the achieve a long lifetime. Therefore, the
Cu®" concentration is the most important parameter for catalyst design.
We proposed previously a new tool of the kinetic diagram to predict the
active Cu?" based on the kinetics evolution of the reduction and
oxidation steps in the transient experiments by studying the kinetics of
neat Cu catalyst, and K or Ce promoted catalyst [16,22,23]. Both the
reduction and oxidation rates can be correlated with the amount of
cu?*. Since the third step of chlorination is a fast process and not
kinetically relevant, thus it is not considered in the rate-diagram.
Herein, we will use the rate-diagram to study the alkaline earth pro-
moted and co-promoted catalysts. As shown in Fig. 5a-d, the reaction
rates of both reduction and oxidation steps on the four catalysts plotted
as a function of Cu?" concentration. When the reaction reaches the
steady-state, the reduction rate of reduction and oxidation should be
identical, which is represented as the intersection of the two curves. The
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rate-diagram shows that the oxidation of Cu' is low on the neat Cu
catalyst leading to a high concentration of Cu™ at the steady-state. The K
promoter reduced the reduction rates and increased the oxidation rate
leading to a high Cu®" concentration but a low steady-state reaction
rate, while the Mg promoter increased both reduction and oxidation
rates leading to a relatively high steady-state reaction rate but a rela-
tively low Cu?". The predicted steady-state rate and Cu?* concentration
at the intersection points of the reduction and oxidation rate curves in
the rate-diagram of the catalysts are shown in Fig. Se. The results suggest
that the Mg-doped catalyst can significantly increase the reduction rate,
while the Cu?' concentration remains the same with the neat 5Cu
catalyst.

On the other hand, the K promoted catalyst, 0.4K5Cu increased the
high Cu®" concentration at the steady-state, about 0.83 mol/mol¢,. But
the activity was not significantly influenced compared to the neat 5Cu
catalyst. Furthermore, by co-doping, the catalyst with Mg and K, which
isnamed 0.3K0.1Mg5Cu, compromised the effect of K and Mg promoters
and lead to both higher steady-state rate and Cu?' concentration
compared to Cu catalyst. However, it should be noted that the prediction
of Cu?* was carried out at a stochiometric feeding, but a relatively low
partial pressure. The reduction and oxidation rates change with reaction
conditions. It was reported that the first reaction order is with respect to
ethylene and oxygen [38]. The reduction and oxidation rates change
with reaction conditions. The apparent reaction order can be varied
from O to 1, which depends on the adsorption strength on different
materials. However, at the steady-state operation, both the reduction
rate and oxidation rate changes with an identical factor of Pyoa/(1+
ST K;Pi), where Pia1 is the total pressure, P; is the partial pressure of
specie i and K; is the equilibrium constant of the adsorption of specie i.
Therefore, the Cu?* predicted is also valid for the industrial conditions
at the same temperature, regardless of the pressure.

3.3. Kinetic analysis of the steady-state experiments

The co-feeding or steady-state experiments for all the catalysts were
performed at 230 °C and 1 bar, with the stoichiometric feed composition
in Eq. 1, to validate the predicted steady-state rate and Cu®* concen-
tration. The evolution of the ethylene reaction rate for all the catalysts is
shown in Fig. 6a. We can see the promoters have a positive effect on the
catalytic performance, which is consistent with our previous reports.
Herein, we can see the reaction rate in the experiment of the steady-state
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Fig. 4. () Cu?* concentration with time on stream for the catalysts with and without promoters; (b) initial turnover frequency (TOF) of the oxidation step for all the
catalysts. Reaction conditions: Weye = 0.3 g, T = 230 °C, Pyoa = 1 bar, Po, = 0.1 bar, Fior = 180 ml/min.
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is quite close to that predicted by the rate-diagram, which further
benchmarks the applicability of the rate-diagram. We have already
known that the stability of ethylene oxychlorination is closely related to
the Cu?* concentration on the catalysts. So, we will study the effect of
promoters on the Cu?* concentration in the following.

As we previously reported, Cu?* concentration profiles can be
monitored by the operando UV-vis spectroscopy [16]. The Cu?* con-
centration profiles at the top of the catalyst bed are shown in Fig. 6b. The
tendency of the Cu?" concentration is similar to the rate-diagram we
discussed above. Which is, the K-doped catalyst has the highest Cu?*
retained on the catalyst than the other three. Which can be used to
explain the most stable ethylene reaction rate in Fig. 6a. It is also
confirmed by the intersection in the rate-diagram in Fig. 5e. While for
the neat 5Cu catalyst, the Cu?" concentration is the most less compared
to the others. Based on our previous report and the above discussion, we
know that the oxidation step is much slower than the reduction step, so
the Cu cannot be regenerated to Cu®" quickly, the result is Cu™ is the
domain form on the catalyst. For the co-doping catalyst, 0.3K0.1Mg5Cu,
it behaves between the mono-doping catalyst. It indicated that by
co-doping the neat Cu catalyst with K and Mg, it could play a positive
role in enhancing the reaction rate and Cu?* concentration. For the
promoted catalyst, the values between the predicted ones and the
measured ones are quite close, indicating the rate diagram is a useful
tool. While, for the neat Cu catalyst (without promoters), there is a de-
viation, caused by the copper loss. As we have discussed above that
promoters are used to prevent the copper loss in the industry, also in our
previous report [22]. In addition, no obvious peak for CuCl, was
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observed in the XRD patterns of the spent catalysts. For the clarity
reason, the XRD patterns of the spent catalysts are not reported here. The
results suggest that the promoted CuCl; still dispersed well on the Al;03
surface after the reaction.

Fig. 6¢ shows the product selectivity of various promoted catalysts
for the ethylene oxychlorination at 230 °C and 1 bar. For the neat Cu
catalyst, the EDC selectivity is 92 %, about 8 % of the byproduct is ethyl
chloride. While adding promoters into the catalysts can significantly
prohibit the byproduct formation. K doped catalyst gave the highest EDC
selectivity, there was no byproduct formed, followed by K, Mg co-doped
catalyst 0.3K0.1Mg5Cu. However, the only Mg-doped catalyst gave a
lower EDC selectivity compared to the co-doping catalyst, about 1% of
CoHsCl Furthermore, the second analysis, which was roughly one hour
after the first analysis was also performed and as shown in Fig. 6¢c. We
can observe the byproduct formation increase along with time for the
neat Cu catalyst. While, for Mg promoted catalyst, the selectivity of
CoHsCl was slightly increased (from 1.1 % to 1.3 %). Furthermore, the K,
Mg co-doped catalyst also gave a slightly higher byproduct formation
(from 0.6 % to 0.8 %). But the only K promoted catalyst was very stable,
still, no byproduct was produced. The selectivity of the K and Mg co-
promoted catalyst is also between the K and Mg mono-promoted cata-
lysts. Comparing the neat Cu catalyst with the Mg-doped catalyst, the
selectivity decreased from 8 % to 1 %, while the Cu™ is similar. It seems
to indicate that the Cu' is not the active site for the formation of ethyl
chloride. It is most likely that the ethyl chloride is formed from the re-
action of ethylene and HCI on the acidic sites on AlyO3, and K and Mg
can titrate the acidic sites and suppress the reaction. The
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Fig. 6. Catalytic performance of the steady-state experiments for all the catalysts. (a) ethylene reaction rate with time on stream; (b) total Cu*" profiles at the top of
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°C, Piotat = 1 bar, For = 180 ml/min, Pg,u, = 0.08 bar, C;H4/02/HCl = 2:1:4.

electronegativity of K (0.82) is lower than the one of Mg (1.31), indicate
the higher basicity of K than the one of Mg. The stronger basic promoter
K poisoned more the acidic sites and thus suppressed ethyl chloride
formation more significantly compared to Mg. Also, no CO and CO, were
detected most likely due to the low conversions at differential condi-
tions, which are typically the product of the secondary reaction of EDC.

4. Conclusions

In summary, we have systematically studied the K and Mg co-
promotion effect on CuCly-based catalysts for ethylene oxychlorination
by applying a rate-diagram for the kinetic study. For the K doped cata-
lyst, it enhanced the oxidation reaction rate a lot, while prohibiting the
reduction step, and more Cu?* was retained on the catalyst, which gives
rise to high stability. While it is reverse for the Mg-doped catalyst, it
increased the reduction rate more than the oxidation, which gives rise to
less Cu?t concentration and less stability compared to the K-doped
catalyst. Furthermore, by co-doping K and Mg, both reduction and
oxidation rete are enhanced compared to the neat Cu catalyst, which
gives rise to both higher reaction rate and more Cu®" concentration
retained on the catalyst. Co-feeding or steady-state experiments were
also performed to verify the reliability of the rate-diagram, the results
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show that the reaction rate at a steady state is quite close to that pre-
dicted by the rate-diagram. It was proved that rate-diagram is a reliable
and easy method to study the kinetics of ethylene oxychlorination. The
simple operando method is expected to be exploited for catalyst rational
design and kinetic studies in the other redox catalytic reactions.
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