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STUDY OF KINETIC REGULARITIES OF THE OXIDATIVE CONVERSION
OF PROPYLENE TO ACROLEIN ON A MODIFIED CLINOPTILOLITE

Abstract. The kinetic regularities of oxidative conversion of propylene to acrolein with 1 % Ni?*-clinoptilolite catalyst
at different temperatures (320-380 °C), volume rates of 700—1 400 h™' and partial pressures (PC3H6 =0.36—-0.46 atm.,
Py, = 0.55-0.64 atm.), have been studied. On the basis of the experimental data, a stepwise scheme of the reaction course
was proposed.

Keywords: kinetics, oxidative conversion, propylene, acrolein

For citation. Huseynova T. I, Ali-zadeh G. A., Aliyeva M. Q., Yariyev V. M. Study of kinetic regularities of the oxidative
conversion of propylene to acrolein on a modified clinoptilolite. Vestsi Natsyyanal'nai akademii navuk Belarusi. Seryya
khimichnykh navuk = Proceedings of the National Academy of Sciences of Belarus. Chemical series, 2025, vol. 61, no. 1,
pp- 24-29. https://doi.org/10.29235/1561-8331-2025-61-1-24-29

T. U. I'yceiinoBa, I'. A. Anu-3ane, M. I. Anuesa, |B. M. SIpbieB

Hncmumym kamanusa u neopeanuyeckoti xumuu umenu akaoemuxa M. Hacuesa
Munucmepcmesa Hayku u obpazosanus Pecnyonuxu Azepoaiiosrcan

UCCJEAOBAHUE KHHETUYECKHX 3AKOHOMEPHOCTEM
OKHUCJUTEJBHOI'O IPEBPAIIIEHU S ITPOIIUJIEHA B AKPOJIEMH
HA MOJUPUIIUNPOBAHHOM KJIMHOINITUJIOJIUTE

AHHOTanus. /3y4eHbl KHHETHYECKNE 3aKOHOMEPHOCTH PEaKI[N OKHCIUTEIBHOIO MPEBPAIeHUs POIHIICHA B aKpo-
neuH Ha karanuzatope 1 % Ni?'-KnuHONTHIONNUT, pu pasziauuHbix Temmneparypax (320-380 °C), 00beMHBIX CKOPOCTSIX
[700—1 400 4! 1 mAapUMATBHBIX JABJIECHUAX PEATEHTOB ( Pe,ug =0,36-0,46 atm., Py, =0,55-0,64 arm.). Ha ocrose skcriepu-
MEHTAJIBHBIX JaHHBIX IIPEIJIOKEHA CTaUITHAsI CXeMa [IPOTEKaHHs PeaKIIuu.

KuoueBble cJI0OBa: KHHETHKA, OKMCIUTEIBHOE PEBPAICHHE, IPOIHIICH, aKPOJICHH

Jast uuTupoBaHus. VccinenoBaHue KMHETHYCCKMX 3aKOHOMEPHOCTEH OKHCIMTENBHOTO MPEBPALICHHS MPONUJCHa
B aKpoJieMH Ha MomudunupoBanHoM kiauHonTwionute / T. U. Iyceitnosa, I. A. Anu-3ane, M. I. AnueBa, B. M. SIpwieB /
Becui Hanpissnanpaaii akagomii HaByk bemapyci. Cepeist XiMiuHbIX HaByK. — 2025. — T. 61, Ne 1. — C. 24-29. https://doi.
org/10.29235/1561-8331-2025-61-1-24-29

Introduction. Acyclic unsaturated hydrocarbons are essential chemical feedstocks for the synthesis
of various classes of polyfunctional substances. In particular, catalytic oxidation of propylene is one
of the main methods for obtaining monomers and intermediates in organic synthesis, and it is also one
of the main methods for obtaining acrolein. Acrolein is an intermediate in the organic synthesis of acrylic
acid, glycerol, glutaric aldehyde, allyl ether, methionine, glycidyl alcohol, nicotinic acid, etc. With
the increasing demand of the above compounds in the national economy, a lot of attention is being paid
to studies on the catalytic oxidation of propylene. The catalytic oxidation of propylene is also of interest
from a theoretical point of view.

Acrolein was first produced in industry by the catalytic condensation of acetaldehyde with formaldehyde.
This method consists of passing a 30 % aqueous solution of formaldehyde and acetaldehyde over silica
gel impregnated with Na,SiO, at 300-320 °C [1]. The main disadvantages of the process are the formation
of a large number of by-products and the short lifetime of the catalyst.

The partial vapour phase oxidation of propylene in the presence of heterogeneous catalysts
is the main industrial method of acrolein production [2, 3]. This process is the first stage of large-scale
industrial production of acrylic acid and its esters. CO,, CO, acetic aldehyde, acetaldehyde, maleic
anhydride are formed as by-products. Among oxides, copper (I) oxide is the most active and selective
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catalyst for steam-phase oxidation of propylene to acrolein [4]. Among the many complex oxide catalysts
for the oxidation of propylene, molybdenum-containing catalysts are the most widely used. These catalysts
achieve fairly high selectivity with short contact times and moderate temperatures. The reaction
produces propionic aldehyde along with acrolein. The purification of acrolein from near boiling propionic
aldehyde increases the cost of acrolein. A disadvantage of the process is that the reaction takes place
at high temperature and the yield of acrolein is very low. [5—7]

Molybdenum oxide has low activity in oxidation reaction of propylene to acrolein [8]. Addition
of bismuth increases selectivity of acrolein formation in presence of molybdenum catalysts Mo,,Bi Fe Tl
and Mo,,Bi Fe yleNi6Zn3 [9].

Previously we have conducted studies on the synthesis of modified zeolites with metal cations
by ionic exchange method and determination of catalytic activity in the reaction of oxidative conversion
of propylene to acrolein [10].

The aim of this work was the synthesis of modified zeolites with metal cations by ion exchange
method, determination of their catalytic activity in the reaction of oxidative conversion of propylene
to acrolein using a highly active metal zeolite catalyst based on zeolite H-clinoptilolite (SiO, / ALO, = 10)
modified with 1% Ni?* cation.

We found that, in contrast to wide-porous zeolites, on narrow porous zeolites the catalyst contains
a significant amount of appropriate unsaturated hydrocarbons, the proportion of which varies over
a wide range depending on the nature of cations. Studies have shown that the selectivity of reaction
for acrolein varies depending on the nature of zeolite, the content of cations in zeolite composition
and reaction conditions.

In our previous work [10] it was shown that Ni-clinoptylolite exhibits the highest activity and selectivity
in the reaction of oxidative conversion of propylene to acrolein.

Experimental. Kinetic experiments were carried out in the flowing apparatus at a temperature
range 320-380 °C, volume rates 700—1 400h~!, partial pressures of reagents PC3H 6= 0.36-0.46 atm.,

= (0.55-0.64 atm. By special experiments, the absence of internal and external diffusion inhibition
was established, which indicates that the reaction proceeds in the kinetic region.

In our previous works [10, 11], catalysts with particle size 0.25-0.63 mm and 99.2 % propylene;
99.3 % oxygen were used for catalytic activity studies. The obtained catalysts were activated by air
purging at temperatures of 300-350 °C and tested on a flow laboratory apparatus, the reaction unit
of which was directly connected to the chromatograph. The reaction products were separated under
conditions of linearly programmed thermostat temperature rise on an Agilent 7820 GC using a capillary
column, HP-5-MS (30 m length).

Catalysts were synthesized using ion-exchange method. In the work we used synthetic zeolites
NaY(SiO,/ALO, (A = 4.2), NaX(A = 2.9), NaA(A = 2.0) and natural zeolites clinoptilolite (A = 10)
and mordenite (A = 9.6) from the deposits of Azerbaijan modified by different cations of transition
and nontransition elements (Ni, Zn, Cu, Co, Cr, Mn, Fe, Mg, Mn, Bi, Pd and so on). Before ion-exchange
natural zeolites were processed with 0.5 N HCI. The amount of introduced cations in the zeolite
composition was determined by ion spectral analysis on an “ICP-MS Agilent 7700” instrument.

It follows from the data of Table 1 that the introduction of various cations of transition and non-
transition metals (Ni, Zn, Cu, Co, Cr, Mn, Fe, Mg, Mn, Bi, Pd etc.) into the clinoptilolite composition
leads to a change in the activity of this catalyst. Thus, it was found that the influence of these metal
cations is not the same, since in the reaction each of these cations manifests itself differently.

It was found that the highest yield of acrolein is observed on Ni-clinoptilolite catalyst containing
Ni?* 1 % (exp. Ne 6). Increasing the concentration of this cation in the catalyst leads to a decrease
in acrolein yield (exp. Ne 7, 8).

On the investigated catalyst, the main reaction product of oxidative transformation of propylene
is acrolein, and in small amounts — formaldehyde, formic acid carbon oxide (II). The yield of these
products depends on the reaction conditions — temperature, molar ratio of the reactants and volumetric
feed rate of the reaction mixture.

z
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Table 1. Oxidative conversion of propylene to acrolein on modified natural clinoptilolite
(T'=380°C, ¥,=700 hr', C;H,: 0,=1,8:1)

Number Composition Yo S0 Yield of reaction products, %
of experiment of zeolite, % mass. ’ ’ co, HCOH CH,0 HCOOH
1 Zn (0.2) 37.5 5.25 22.13 13.4 1.97 -
2 Cu (0.5) 58.27 - 38.65 19.6 - -
3 Co (0.5) 59.81 - 46.37 13.44 - -
4 Mg (1) 63.03 68.47 8.86 10.31 43.16 0.66
5 Pd (1) 60.37 - 53.37 7 - -
6 Ni (1) 94.72 85.44 5.44 5.75 80.93 2.6
7 Ni (3) 69.83 68.85 11.96 4.19 48.08 5.6
8 Ni (5) 74.36 48.95 25.74 8.02 36.04 4.2
9 CuFe (0.5 :0.25) 56.03 18.03 29.8 15.7 10.1 04
10 CuPd (0.5 :0.25) 50.53 - 50.03 - - -
11 CoBi (0.5:1) 53.83 26.56 24.09 15.07 14.3 0.37
12 ZnCoCr (0.2 : 0.5 : 0.25) 68.35 65 14.96 8.4 44.43 0.56
13 CuPdZn(2:1:2) 64.52 - 65.52 - - -
14 CuMnCo (1:0.5:0.5) 5141 16.69 33.25 9.34 8.58 0.24

Results and Discussion. The results of a study of the effect of the partial pressures of the reactants
on the reaction are shown in figure 1 below.

As can be seen from Figure I, a an increase Pg, = 0.55-0.64 atm. leads to a decrease in acrolein
yield. In the studied interval the conversion of propylene decreases with increasing partial oxygen pressure.

Figure 1, b shows that the acrolein yield dependence has an extreme character at temperature 380 °C,
volume rate 700 h'!, at P, , = 0.55 atm. and varying Pc,y, from 0.36-0.46 atm. The maximum yield
is reached at Pe,y, = 0.45 atm., its further increase leads to insignificant decrease of acrolein yield.
At a given oxygen partial pressure, relatively high partial pressures of propylene prevent coordination
of oxygen relative to the active centres of the metal zeolite catalyst.

Similar patterns of dependencies of the reaction product yields on the partial pressures of the reactants
are also observed when the reactions are carried out at other temperatures (table 2).

From the above results, it follows that the optimum partial pressures of the reagents, at which
the highest acrolein yield is achieved, are: Pc,y, = 0.45 atm. and Pp_ = 0.55 atm.

The effect of temperature and volume feed rate of the reaction mixture on the reaction was investigated
under optimum conditions PC3H 6 and POz‘ The results are shown in Fig. 2 and 3. [11]
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Fig. 1. Dependences of propylene conversion and yields of reaction products on partial pressures

b

of oxygen (a) and propylene (b) at molar ratio C,H,: O,= 1,8 : 1 and 0O -380°C
(I — carbon dioxide, 2 — formaldehyde, 3 — acrolein, 4 — formic acid, 5 — conversion)
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Table 2. Results of investigations of kinetic regularities of propylene oxidative conversion reaction
on Ni**-clinoptilolite catalyst at }"= 700 h!

Reaction product yield, %
e o E Aco, Ado Ao Aycoon e
320 0.36 0.64 0.4 18.8 13.4 0.3 329
330 0.36 0.64 0.9 19.4 18.3 0.4 39.0
340 0.36 0.64 1.6 20.0 21.2 0.5 433
350 0.36 0.64 2.1 22.4 394 0.6 64.5
360 0.36 0.64 32 23.7 49.8 0.7 774
370 0.36 0.64 49 24.7 51.8 0.8 82.2
380 0.36 0.64 6.2 26.2 53.5 1.9 87.8
320 0.4 0.6 0.2 10.2 274 0.5 38.3
330 0.4 0.6 0.3 12.3 34.1 0.6 473
340 0.4 0.6 1.0 13.2 41.3 0.7 56.2
350 0.4 0.6 3.0 14.5 55.6 0.9 74.0
360 0.4 0.6 4.7 15.0 59.4 0.9 80.0
370 0.4 0.6 5.1 16.4 60.4 1.3 83.2
380 0.4 0.6 6.4 17.5 63.2 1.6 88.7
320 0.45 0.55 0.5 3.2 351 0.8 39.6
330 0.45 0.55 0.6 3.8 41.7 0.9 47.0
340 0.45 0.55 1.6 4.0 55.0 1.2 61.8
350 0.45 0.55 3.5 4.4 73.5 14 82.8
360 0.45 0.55 4.9 5.0 76.7 1.9 88.5
370 0.45 0.55 5.0 54 78.5 2.0 90.9
380 0.45 0.55 54 5.8 80.9 2.6 94.7

Figure 2 shows that with increasing temperature from 320 to 380 °C the yield of acrolein increases
and at 380 °C it reaches 80.93 % and further increasing temperature practically does not change.
In the whole temperature range studied the yield of other substances also increases with increasing
temperature. The yields of formaldehyde, carbon dioxide and formic acid also increase with increa-
sing temperature. This is due to the deep oxidation of propylene at high temperatures.

With increasing the volumetric rate from 700-1400 h™' at molar ratio C;H, : O,= 1.8 : 1 and tempe-
rature 380 °C, the yield of acrolein, formaldehyde, carbon dioxide and formic acid decreases due to decrea-

sing contact time (Fig. 3).
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Fig. 2. Dependence of the yield A of the reaction products
acrolein (3), formaldehyde (2), carbon dioxide (/)
and formic acid (4) from reaction temperature
at molar ratio C;H, : O,= 1.8 : 1 and ¥, =700 h™!
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Fig. 3. Influence of the volume rate on the yield A
of acrolein (3), formaldehyde (2), carbon dioxide (/)
and formic acid (4) at a molar ratio

CH;:0,=1.8:1and T'=380°C
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Based on the experimental data obtained, the following scheme of propylene oxidation reaction
on metal-ceolyte catalyst Ni-clinoptilolite is assumed:

CH2=CH-CHO+H20

3HCOOH

3CH20

CH3—-CH=CHz

1
+4-0
772

3COx+3H0

The aim was achieved on the basis of zeolite H-clinoptilolite modified with 1% Ni** cation
on the catalyst surface in the temperature range 360—400 °C, molar ratio C;H,: O,= 1.8 : 1.

Table 3 shows the dependences of propylene conversion, acrolein yield and process selectivity
on volume rate and contact time at different temperatures. The highest selectivity of the process
is 92-93.1 %, which is observed in the temperature range 360-380 °C, at the volume rate of 1 500 h™!,
propylene conversion of 58.6—76.2 % and acrolein yield is 54.6-70.3 %.

Table 3. Results of experiments on the oxidative conversion of propylene to acrolein
on 1 % Ni?*-clinoptilolite

Catalyst r.ec welocity Vo1 e comeions % vl % seleotin, %
360 700 5.1 67.2 59.7 88.9
360 1125 3.2 63.6 57.4 90.2
360 1500 24 58.6 54.6 93.1
370 700 5.1 74.0 64.2 86.7
370 1125 3.2 69.6 61.8 88.7
1 % Ni2*- 370 1500 24 65.1 587 90.1
clinoptilolite 380 700 5.1 84.5 75.6 89.4
380 1125 3.2 82.7 745 90.1
380 1500 2.4 76.2 70.3 92.3
400 700 5.1 90.3 72.9 80.8
400 1125 3.2 86.4 70.7 81.8
400 1500 2.4 81.5 69.0 84.7

Conclusions. Thus, the set task was achieved on the basis of H-clinoptilolite zeolite modified with
1 % Ni** cation on the catalyst surface in the temperature range 360—400 °C, molar ratio C;H, : O, =
1.8 : 1, volume rate 700—1 500 h™! and at contact time 2.4-3.2 sec.
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