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Abstract: The article discusses in detail the kinetic laws and kinetics and mechanism of the
oxidation-acetylation reaction of ethylene in the vapor phase of the catalyst of order
0,4%Pd+4%Cu+7%CH3;COOK/HSZ. It was found that the total rate of the reaction was
proportional to the amount of unmodified and modified active sites of palladium (not clusters).
Excessive amounts of the modifier (both potassium acetate and copper) have been found to reduce
catalyst efficiency and block active sites. As a result of the study, the following optimal conditions
were selected for the reaction to occur: in the middle zone of the reactor at a temperature of 165 °C
volumetric speed - 2000 h™%, at a pressure of 4 atm, ethylene to acetic acid ratio 4: 1 and oxygen
content 7%. Under these optimal conditions, the formation energies of vinyl acetate (VA) and the
activation energies of ethylene oxidation reactions are as follows: E,va) = 8,17 kcal/(mol-K) and

E,co, = 19.61 kcal/(mol'K), respectively.

It was found that the oxidation state of ethylene at temperatures above 220 °Cis higher than the rate
of formation of VA. A reaction mechanism for the formation of VA from ethylene and acetic acid
in the presence of a palladium catalyst has been proposed. Based on the results obtained, the
following kinetic equation of the reaction to obtain VA in the oxidized acetylation of ethylene was
proposed:
_ KoK, K3 KK (P atia PoaPocericacia
" (1+ KlPC2H4 + (KZPOZ )OIS + KBPacetic acid )2
Wy a- catalyst activity, g/(l cat.*s); P- pressure, atm.

The aim of the work is to study the kinetics and mechanism of the oxidative acetylation reaction of
ethylene.

Keywords: ethylene, oxygen, acetic acid, vinyl acetate, kinetic equation, mechanism.

Introduction

Vinilacetate is a colorless, easily flammable liquid with a distinctive odor. Manufacturer of
polyvinyl acetate (PVA), polyvinyl alcohol and PVA resins. Vinilacetate is also polymerized by
forming commercial and acrylic fibers for vinyl chloride and ethylene as a secondary raw material.

Vinilacetate is the primary raw material for the production of PVA homopolymers and copolymers
for a wide range of industrial and consumer goods. In terms of application of VA is divided into
PVA - polyvinyl acetal, polyvinyl alcohol, ethylene, vinyl alcohol, ethylene-vinyl acetate and
others[1-3].

About 80% of the VA produced is used to produce PVA and polyvinyl alcohol. PVA is widely used
in the glue industry, exhibits good adhesive properties to various substrates such as wood, paper,
metals and plastic films. PVA directly derived from PVA plays an important role in the production
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of safe glass intermediate layer, washable primers, coatings and magnetic wire insulation. Industrial
production of VA is carried out in two ways:

1. On the basis of acetylene and acetic acid [4-7];
2. Based on ethylene, acetic acid and oxygen.

The first method is based on a vinyllation reaction consisting of the addition of acetic acid to
acetylene:

CH,COOH +C,H, — CH,OCOCH =CH,

AHy,, =-98kJ / mol

The process of obtaining VA from acetylene is carried out in the liquid phase as well as in the
vapor phase. Vinilacetate was first obtained as a by-product in the liquid phase synthesis reaction of
ethylidendiacetate. This method was later developed as the first industrial method of obtaining VA:
the reaction was carried out in acetic acid at 40-100 °C in the presence of strong acids such as
mercury salts (HgSO,,HgO) and H,SO,, oleum, BF,,CF,SO;H and others. By changing the

catalyst composition, temperature, mixing speed, it is possible to influence the process selectivity
and obtain 80% yield of VA or ethylidendiacetate in acetic acid. Production of VA in non-
heterogeneous catalysts began in Germany in the late 1930s, and this method is still relevant today:

the reaction is carried out (activated carbon) in a catalytic system of zinc acetate Zn(OA)2 in the
carrier at a temperature range of 160-240 °Cand a pressure close to atmospheric pressure [8-10].

To reduce the yield of ethylidendiacetate, the reaction is carried out in an excess of acetylene (ratio
of acetylene to acetic acid = 4-10: 1) [4-8]; the process is carried out either in tube reactors, or in
forged liquefied layered reactors of the catalyst. Volumetric loading is 100 - 500 ch-1, acetic acid
conversion is about 50%, and productivity in VA is 40-80 kg/m3 cat. h. zinc acetate loses its
activity over time due to the accumulation of polymers and resins in the catalyst, forcing the
temperature of the process to gradually rise from 160-180 °Cto 220-240 °C[11-12].

Synthesis of VA on the basis of ethylene is carried out by passing a vapor-gas mixture of primary
reagents through a layer of acetic acid and oxygen catalyst, at a temperature of 140-200 °C and a
pressure of 0.8 MPa. process chemistry is approached by mass reactions of formation of target by-
products [13-18]:

C,H,+ CH,COOH + 0,50,CH,COOCH =CH,+ H,O
CH,+ 30,2C0,+ 2H,0

The process is significantly linked to the supply of imported catalyst, which represents porous
aluminosilicate bubbles of 5-6 mm, in the porous course of which was carried out in the form of
fine dispersion of metallic palladium (3,3 g/l), copper (1,5 g/l) and potassium acetate (30 g/l). Over
time, the catalytic complex becomes obsolete and its activity decreases. To maintain the constant
activity of the catalyst, the process of VA synthesis is carried out by slowly raising the temperature
from 140 to 200 °C for 1 year. The service life of the imported catalyst is 1 year. A relatively small
number of publications have been devoted to modeling and controlling the synthesis of ethylene,
acetic acid, and oxygen-based VA [15 - 19]. A mathematical model for the synthesis of VA is used
in the catalyst of “Bayer” to control this process at the current production facility [20-21]. To avoid
costly import dependence, it is important to shift this production to a catalyst produced locally or in
CIS countries [22, 23].
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Experimental part

The VA synthesis process was carried out at a temperature of 145-200 °C (the temperature rises
slowly depending on the catalyst activity), the pressure was 0.4 MPa, and the volumetric rate of
delivery of the vapor-gas mixture (VGM) was 2000 h™. The molar ratio of ethylene and acetic acid
is 4:1; the volume concentration of oxygen in dry gas (without acetic acid) is 7.5%. VA synthesis is
accomplished by incomplete conversion of the starting materials. The unreacted ethylene, oxygen,
and acetic acid are purified and the vapor-gas mixture is returned to the preparation node.

The conversion rate is average in one conversion: for ethylene - 8%, for acetic acid - 18%, for
oxygen - 47%. VA synthesis takes place in an experimental device for the preparation of a complex
catalyst. The process consists of two stages. Catalyst for catalyst preparation was hydrothermally
treated at 200 °C for 6 hours, specific surface area of 150 m”g, pile density of 54 g/cm?, porosity of
0.78 cm®/ g and particle diameter of 4.5-5 mm high silicon zeolite used.

The catalysts were tested in a tube-reactor with a diameter of 20 mm and a height of 900 mm
(heated oil is sent to remove the heat of the exothermic reaction of VA and CO, formation) in a
demonstration device of VA synthesis.

Each of the catalyst samples was tested for 36-40 hours at a load of 100 cm® of catalyst in the
reactor, and the optimal process parameters found experimentally for this device were: 165 °C, 0.4
MPa, ethylene: acetic acid ratio 4:1, volumetric rate 6000 h™, the amount of oxygen in the dry gas
IS 7.0 vol.%. Under the specified conditions, the reaction of formation of VA and CO; proceeds
with a slight effect of diffusion in the kinetic field, which begins to manifest only with an increase
in the time of vapor-gas mixture in the reactor - at a volumetric rate of 3000 h™%.

Results and discussion.

The effect of pressure change. Pressure 1-9 atm. changed at intervals. Other initial parameters were
left constant: T = 165 °C, volumetric velocity - 2000 h™, the ratio of ethylene to acetic acid was 4: 1,
and the oxygen content was 7 vol.%. The data from these experiments are given in Figure 1.
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Figure 1. Influence of process pressure
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The relationship between VA output and CO, formation is linear. The rates of formation of reaction
products by processing them were calculated.

The effect of changes in the oxygen concentration in the reaction mixture. Oxygen concentration
change range: 1-7 vol.%. the upper limit is limited by the explosion-safe concentration limit of
ethylene mixed with oxygen.

The initial parameters of the series of experiments: T = 165 °C, volumetric velocity - 7500 h-1, the
ratio of ethylene to acetic acid 4: 1 and the amount of oxygen 7 vol.%. the data for this series of
experiments are given in Figure 2.
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Figure 2. Influence of oxygen concentration in VGM

A decrease in the amount of oxygen to 1.0% in the specified parameters does not lead to a
significant increase in the amount of carbon monoxide.

The kinetic curves of the dependence of VA output and CO; formation are nonlinear. From the
formed kinetic curves, the rates of formation of the reaction products described in Figure 2 and
Figure 3 were calculated.

As can be seen from the given data, the increase in the amount of oxygen leads to a linear increase
in the formation of VA and the oxidation rate of ethylene to CO; at a constant selectivity of the
formation of VA on ethylene. Since the relative amounts of ethylene and acetic acid in the VGM
are virtually unchanged, it can be calculated that the reactions that take place in parallel with the
formation of VA and CO; have the first orders of magnitude for oxygen. No reverse braking of the
reaction with oxygen is observed. The rate equations of the reactions are as follows:

» as the dependence of oxygen on the mole fraction in ethylene:
Wya = (6,54 £+ 0,5)-[O, percentage] mol/h

Weoz = (0,92+0,07)-[O, percentage] mol/h

» as the dependence of the partial pressure of oxygen:

Wya = (1,07 + 0,07)-[P(O2)] mol/h

W,,, = (0,156 + 0,01)-[P(O2)] mol/h

The calculated selectivity of vinylacetate formation on ethylene using the obtained equations well
describes the experimental values.
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Figure 3. Graphs of changes in the rates of formation of reaction products depending on the amount
of oxygen in ethylene: the mole fraction of O, in ethylene at a total pressure of 4 atm and the partial
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¢ of oxygen in VGM, P (O,) atm.

The primary components are the effect of the ethylene and acetic acid ratio. The mole ratio of
ethylene and acetic acid ranged from 2: 1 to 8: 1. The experiments were carried out under the
following conditions: the middle zone of the reactor T = 165 °C, P = 4 atm, volumetric speed - 7500
h. The amount of oxygen in the mixture with ethylene is 7%. The amount of catalyst is 100 cm®.
The experimental data are presented in Figure 4. The output of VA and the formation of CO; are
nonlinear. The rates of formation of reaction products by processing them were calculated.
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Figure 4. The starting components are the effect of the ratio of ethylene and acetic acid
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An increase in the ratio of ethylene to acetic acid leads to a nonlinear increase in the formation of
VA and the oxidation rates of ethylene to CO,. When the mutual ratio reaches =5, the increase in
reaction rate stops. In this series of experiments, the concentration of all reagents changes, which
makes it much more difficult to find functional dependences of the rates of formation of VA and
CO; on the [CaH4)/[Acetic acid] ratio and their partial pressures.

Influence of synthesis temperature. The temperature was varied from 140 to 200 °C. A series of
experiments were performed on the following parameters: P = 4 atm, VGM volume rate 7500 h™,
the ratio of ethylene to acetic acid 4: 1, and the oxygen content 7% vol. The experimental data are
presented in Figure 5.

The relationship between VA output and CO; formation is linear. From the formed kinetic curves,
the rates of formation of reaction products were calculated. Processing the experimental results in
Arrenius coordinates results in obtaining the linear relationships shown in Figure 5. Thus, under the
conditions of these experiments, the reaction rates are determined by the following equations:

Formation of VA:
W,,, = exp(8,63)-exp(—4086/T°K )mol | h
W, = exp(20,1)-exp(-9810/T°K) mol | h
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Figure 5. Influence of synthesis temperature
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and CO,

The calculated activation energies for VA formation and ethylene oxidation reactions are as
follows:
E, IR = 4086/°K and 9810K or
E, = 817 keal | (mol - K ) and

E, o, = 19,61 kcal [ (mol -K).

As can be seen from the figure, increasing the reaction temperature above 220 °C leads to the fact
that the oxidation rate of ethylene is higher than the rate of formation of VA. The mechanism of the
reaction of formation of VA from ethylene and acetic acid in the presence of a palladium catalyst
can be proposed as follows:

K1K

C,H,+2Pd < CH, =CH - Pd + PdH
K1

K1K

C,H,+2Pd < CH=CH -Pd + PdH
K1

K2K?2
0, +2Pd < 2Pd-0
|<2
KsK,
CH,COOH +Pd < 2Pd—CH,COOH,,
I<3
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Additional (lateral) reactions:

KK,
Pd—CH,COOH,,, + PdO < PdOCOCH, +PdOH
K4
KSKS
PdOCOCH,+ CH,= CH-Pd <> Pd—CH,= CHOCOCH,,, + Pd
I<5
KsKg
Pd —CH, = CHOCOCH,,,, <> Pd + CH, =CHOCOCH,
KG
K7K7 KBKS
PdOH + PdH < Pd—H,0,,,Pd—H,0,, < Pd + H,0
I(7 KB
KoK
CH,=CH —Pd + PdO < Pd—-CO,,, +Pd—H,0,,
K

9

KyoKio

Pd-CO,,, < Pd + CO,
K

10

K11 Kll

Pd—H,0

ads

& Pd+H,0O
I(11

The interaction between the dissociatively adsorbed ethylene and acetic acid is the limiting phase.
The kinetic equation for the formation of VA is written as follows:

_ K5K1K2.5K3K4PC2H4'PgEZ)Pacetic acid
VA
1+ K Py + (K, Py, )™ +K,P

)2
acetic acid

Wy a -catalyst activity, g/(l cat.*c); P- pressure, atm

Conclusion

Thus, the process of obtaining VA by catalytic oxidation of ethylene in the vapor phase was studied
in detail in a catalyst containing 0,4%Pd + 4%Cu + 7%CH3COOK/HSZ. It was found that the total
rate of the reaction was proportional to the amount of unmodified and modified active sites of
palladium (not clusters). Excessive amounts of the modifier (both potassium acetate and copper)
have been shown to block active sites, reducing catalyst efficiency. As a result of the study, the
following optimal conditions were selected for the reaction: at a temperature of 165 °C in the
middle zone of the reactor, volume rate - 2000 h™%, the ratio of ethylene to acetic acid at a pressure
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of 4 atm to 4: 1 and oxygen content 7%. Under these optimal conditions, the activation energies of
VA formation and ethylene oxidation reactions are as follows:

E, .y = 817kcal | (mol —K) andE, .,y = 19.61 keal | (mol = K).

a(VA)

A reaction mechanism for the formation of VA from ethylene and acetic acid in the presence of a
palladium catalyst has been proposed. Based on the results obtained, the kinetic equation of the
reaction to obtain VA by oxidation of ethylene acetylene was proposed.
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