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HYDROCARBONS DEHYDROGENATION

CATALYST (VARIANTS)

CROSS-REFERENCE TO RELATED

APPLICATIONS

This application is a U.S. national stage application of an

international application PCT-RU2023-000005 filed on 11

Jan. 2023, published as WO/2023/149819, which interna-

tional application claims priority of a Russian Federation

patent application RU2022102978 filed on 7 Feb. 2022.

FIELD OF THE INVENTION

The present invention relates generally to the field of

catalysts. In particular, the invention relates to chromia-

alumina catalysts with a structure that allows to provide high

selectivity towards olefins and a high olefins yield in hydro-

carbons dehydrogenation processes.

TERMS

D50
av
- pore diameter,

at which pore volume fraction with diameter from 0 to

D50
av

is 50% from overall catalyst pore volume.

X (α-Cr2O3)—mass fraction of α-Cr2O3 relative to all

chromium oxides mass fraction, defined as

X ( -Cr2O3) =
m( -Cr2O3)

m(CrxOy)

Where m(α-Cr2O3)—overall mass fraction of α-Cr2O3 in

the catalyst (determined by X-ray phase analysis),

m(CrxOy)—mass fraction of all Chromium oxides in the

catalyst

MTBE—methyl tert-butyl ether

MTAE—methyl tert-amyl ether

BACKGROUND OF THE INVENTION

Olefins are an important raw material for the production of

a wide range of bulk chemical products, including rubbers,

polyolefins, and high-octane additives for motor fuels

(MTBE, MTAE). Catalytic dehydrogenation of hydrocar-

bons C3-C5 is one of the most significant method for olefins

production. In industry, catalytic dehydrogenation of hydro-

carbons is carried out using fixed bed, moving bed or

fluidized bed reactors. The economic indicators of the cata-

lytic dehydrogenation process are highly sensitive to the

properties of the catalysts used; therefore the search for

possible ways to optimize catalysts that could provide

maximum selectivity maximum yield of the target olefin and
simple preparation procedure is an important task.

Despite some environmental issues, chromia-alumina
dehydrogenation catalysts are of great importance and

widely used in a large-scale technologies such as CATOFIN

(R), CATADIENE (R) and SNAMPROGETTI-YARSIN-

TEZ process.

In particular, a method for preparing a catalyst for dehy-

drogenation of hydrocarbons is disclosed, which involves

impregnating the product of thermochemical activation of

hydroargillite with solutions of chromium and alkali metal

compounds, followed by drying and calcination (Russian

Fed. Pat. No. RU2539300). Impregnation and drying occur

under the action of microwave radiation with a frequency of

2.45 GHz and a power of 180-2000 W.

Another method of obtaining C3-C5 hydrocarbons dehy-

drogenation catalyst and alumina support is disclosed in

Russian Fed. Pat. No RU2350594. Catalyst has the follow-

ing composition: Cr2O3-10-20% mass, K2O-0,1-5% mass,

promoter-0,1-5% mass, alumina-balance. The method

includes autoclave treatment of product of thermal activa-
tion of hydrargillite in the presence of inert gas and/or
ammonia and/or carbon dioxide at temperatures from 100 to
300° C. and pressures up to 150 atm to produce suitable
catalyst support.

A catalyst for hydrocarbons dehydrogenation and a
method of its preparation is disclosed in Russian Fed. Pat.
No RU2256499. The support for this catalyst is prepared
from a powdered mixture comprising aluminum powder and
a bonding component—the product of thermal activation of
gibbsite. The mixture is placed in a pressing mold permeable
to steam and processed under hydrothermal conditions.
After hydrothermal treatment, the resulting granulated prod-
uct is extracted from the pressing mold, dried, and calcined.
The catalyst is prepared by impregnating the carrier granules
with an aqueous solution of CrO3, and simultaneously
adding soluble salts of modifying additives, sodium and
cerium, to the impregnation solution with chromic acid.
Catalyst has the following composition after calcination:
Cr2O3-12-25% mass, Na2O-0,2-1% mass, CeO2-0,1-2%
mass.

A catalyst for the hydrocarbons dehydrogenation and a
method of its preparation is disclosed in Russian Fed. Pat.
No. RU2287366 herein chosen as a prototype (the closest
related art). The catalyst contains alumina oxides, chromium
oxides and promoters. The catalyst is prepared by impreg-
nating aluminum compound of the formula Al2O3·n H2O,
where n=0.3-1.5, with an aqueous solution of boron and/or
silicon compounds, followed by drying impregnation of
alkali and/or alkaline earth metal compounds, chromium,
and a modifying component. The catalyst has overall pore
volume of 0,15-0.4 ml/g.

The common drawbacks of the described above methods
are low olefin yield and low selectivity in the dehydroge-
nation process and, in particular, the complex preparation
procedures. The object of the present invention is to develop
a catalyst with an optimized structure that allows to achieve
increased olefins yield and selectivity in hydrocarbons dehy-
drogenation processes.

SUMMARY OF THE INVENTION

The object of the present invention is achieved by opti-
mizing alumina-chromia catalyst porous structure (obtaining
optimal

D50
av
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value) and α-Cr2O3 mass fraction relative to all chromium

oxides mass fraction (X (α-Cr2O3)). It was found that the

optimal value of average pore diameter

D50
av

should be within the range of 12-25 nm for the catalysts

operating in fluidized bed conditions (first variant), and

within the range of 15-100 nm for the catalysts operating in

fixed bed conditions (second variant) to avoid mass transfer

limitations and ensure a high yield of olefins and selectivity.

The optimal value of X (α-Cr2O3) for fixed and fluidized

bed catalysts should be within the range of 0.3-6% mass.

DETAILED DESCRIPTION OF THE

INVENTION

The formation of the main reaction products (olefins,

dienes, cracking products, and coke) in the process of light

hydrocarbons dehydrogenation over chromia-alumina cata-

lysts mainly occurs through the following sequential stages:

Hydrocarbon→target olefin and/or diene→cracking prod-

ucts, coke.

The target dehydrogenation products (olefins and dienes)

undergo cracking at the catalyst surface and require rapid

removal from the catalyst’s porous space to ensure maxi-

mum process selectivity and product yield. The larger is

catalyst pores, the more effective is mass transfer in the

catalyst particles and the more is olefins selectivity. But very

large pores have low specific surface resulting to low

catalyst activity and, consequently low product yield. So, to

achieve maximum activity and maximum selectivity the

optimal catalyst pore size depending on the catalyst particle

size and process kinetics is required.

It was discovered in our investigations, that pores with a
diameter<10 nm in our chromia-alumina catalysts provide
the highest catalytic activity, both in dehydrogenation reac-
tions and in side reactions such as cracking and coke
formation. Meanwhile, pores with a diameter>25 nm facili-
tate the effective transport of hydrocarbons within the cata-
lyst grains, but their contribution to the conversion of
hydrocarbons is relatively low.

Therefore, increasing the fraction of pores<10 nm in the
catalysts and consequently reducing the value of

D50
av

below optimum leads to an increase of hydrocarbons con-
version and decrease of selectivity. Conversely, reducing the
fraction of small pores<10 nm by increasing the fraction of
larger-diameter pores, and consequently increasing the value
of

D50
av

above the optimal level, results in reduced catalytic activity
and a decline in hydrocarbons conversion and olefins yield.

It was discovered that to obtain the object of the present

invention the optimal value of

D50
av

should be within the range of 12-25 nm for the chromia-

alumina catalysts operating in fluidized bed conditions, and

within the range of 15-100 nm for chromia-alumina catalysts

operating in fixed bed conditions. Fluidized bed dehydro-

genation catalysts have relatively small average particle

diameters (20-200 µm) compared to fixed bed catalysts (1-6

mm) and therefore require a smaller value of

D50
av

to reduce mass transfer limitations.

The mass fraction of α-Cr2O3(X (α-Cr2O3)) relative to
the total chromium oxides mass fraction was found to be one
more significant parameter influencing catalytic perfor-
mance of chromia-alumina catalysts. It is known that in
chromia-alumina catalysts active sites are represented pri-
marily by Cr2O3 which could be finely dispersed (X-ray
amorphous Cr2O3) and/or crystallized as α-Cr2O3/which
can be well-defined using X-ray phase analysis (XPA).

It is known that finely dispersed X-ray amorphous Cr2O3

exhibits the highest activity and selectivity in the hydrocar-
bons dehydrogenation reaction, while α-Cr2O3 displays
lower activity and selectivity, but much higher catalytic
stability compared to amorphous Cr2O3. So, the presence of
α-Cr2O3 at the catalyst surface could compensate quick
losses of activity of amorphous Cr2O3 and optimum content
of α-Cr2O3 allows compensating for the loss of highly active
amorphous without losses of olefins selectivity and yield. It
was discovered that to achieve a high yield of olefins, high
selectivity, and stability of the chromia-alumina catalyst, the
optimal value of X (α-Cr2O3), at which the catalyst’s
activity and selectivity parameters do not deteriorate, falls
within the range of 0.3-6% by mass. This value was found
to be the same for both fixed bed and fluidized bed catalysts.

So, the object of the present invention was achieved by
the following ways:

1. By adjusting the value of average pore diameter

D50
av

within the range of 12-25 nm and the value of X (α-Cr2O3))
within the range of 0,3-6% mass. for a fluidized bed catalyst
for hydrocarbons dehydrogenation (first variant). At least
one alkali metal and at least two Group IV elements were
used as promoters.

2. By adjusting the value of average pore diameter

D50
av

within the range of 15-100 nm and the value of X
(α-Cr2O3)) within the range of 0,3-6% mass. for a fixed bed
catalyst for hydrocarbons dehydrogenation (second variant).
At least one alkali metal and at least two Group IV elements
were used as promoters.
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The specified value of the average pore diameter

D50
av

in the catalyst was achieved by selecting the method for

preparing the support and calcination conditions. The speci-

fied value of X (α-Cr2O3) in the catalyst was achieved by

selecting the chemical composition of the catalyst and its

final calcination conditions, which are determining factor in

the formation of the porous structure of the support and

catalyst. During calcination processes such as sintering,

recrystallization, and changes in pore size distribution take

place. These processes are accelerated with increasing tem-

perature. Calcination at relatively low temperatures results
in the formation of small pores while increasing the calci-
nation temperature leads to larger pore sizes.

Caclination temperature and conditions also influence on
Cr2O3 dispersion. Increased calcination temperature leads to
consolidation of fine Cr2O3 particles and formation of
α-Cr2O3.

The catalysts in the present invention were prepared as
follows.

1. Fluid Bed Catalyst (First Variant).

Powdered gibbsite was calcined at the temperature up to
850 C to provide alumina support with

D50
av

value close to given value. The obtained support was
impregnated with the aqueous solution of precursors of
active components and dried at a temperature of 150-200° C.
during 2 hours. The catalyst was obtained by calcination of
the impregnated and dried support at the temperatures that
ensure both the complete decomposition of precursor com-
pounds and the final formation of the optimal

D50
av

and (X (α-Cr2O3)). Catalyst had particle size of 20-200
mkm and was designed for operation in fluidized bed
conditions.

2. Fixed Bed Catalyst (Second Variant)

The support was prepared by mixing powdered alumina
with pseudoboehmite, followed by plasticization of the
resulting mixture with nitric acid solution and extrusion of
the plastic mass into granules. The extruded granules were
dried and calcined under conditions that provide a pore size
close to the specified

D50
av
.

The obtained support was impregnated with the aqueous
solution of precursors of active components and dried at a
temperature of 150-200° C. The catalyst was obtained by
calcination of the impregnated and dried support at the
temperatures that ensure both the complete decomposition

of precursor compounds and the final formation of the

optimal

D50
av

and (X (α-Cr2O3)). Catalyst had particle size of 1-8 mm and

was designed for operation in fixed bed conditions.

Prepared catalysts (first and second variants) contained

aluminum oxides, chromium oxides and promoters. Alkali

metals and Group IV elements were used as promoters to

optimize the acidity of active centers and to reduce by-

products formation.

The catalytic properties of the prepared catalyst samples
were studied in a laboratory setup using fixed and fluidized
bed reactors and sequence of reaction-regeneration stages.
The reaction temperature varied in the range of 540-580° C.,
the reaction pressure was 0,1-0.12 MPa, and the reaction
time ranged from 15 to 30 minutes. Gas analysis at the
reactor outlet was carried out at the 13th minute from the
moment of hydrocarbon feed. After reaction stage the cata-
lyst was regenerated with oxygen-containing gas (primarily
by air) during 25-50 min at a temperature of 600-720° C.,
regeneration pressure was 0.1 MPa.

The pore size distribution and

D50
av

were investigated:
1. For the fluidized bed catalysts by using the BJH method

based on the nitrogen adsorption isotherm on an ASAP-
2020MP instrument.

2. For the fixed bed catalysts by using Autopore IV 9510
mercury intrusion porosimeter.

The content of α-Cr2O3 in the catalysts was determined
by X-ray diffraction analysis using the SHIMADZU XRD-
7000 instrument with an absolute calibration method based
on the determined phase (α-Cr2O3).

The following examples illustrate and explain the present
invention, but are not to be taken as limiting the present
invention in any regard. Parts and percentages are indicated
by weight unless otherwise designated Examples show, that
hydrocarbons dehydrogenation catalysts (for operation at
fixed bed and fluidized bed conditions) having optimal value

D50
av

and optimal value X (α-Cr2O3)) provide highest olefins
yield and selectivity.

Example 1

Powdered gibbsite with particle sizes of 20-200 µm is
calcined at a temperature of 800-850° C. to obtain an
alumina catalyst support.

The support is impregnated by pore volume with a
solution containing water-soluble compounds of Na, K, Cr,
Sn, Ti, Zr in quantities necessary to obtain a catalyst with the
following composition:

Cr2O3—17.8%
K2O—2.5%.
Na2O—0.23%

US 12,576,390 B2

5 6

5

10

15

20

25

30

35

40

45

50

55

60

65



SnO2—1.2%.
TiO2—0.2%
ZrO2—1.4%
Al2O3—up to 100% balance.
The impregnated support is dried at 100° C. for 4 hours,

then calcined at 760-800° C. for 12 hours. The resulting
catalyst has an average pore diameter

(D50
av )

of 16 nm and X (α-Cr2O3)) of 1%.

Example 2

The catalyst is prepared as described in Example 1, with
the difference being that to obtain the catalyst support,
gibbsite powder is calcined at a temperature of 820-850° C.
in a steam flow. The resulting catalyst has an average pore
diameter

(D50
av )

of 30 nm and X (α-Cr2O3)) of 1%.

Example 3

The catalyst is prepared as described in Example 1, with
the difference being that to obtain the catalyst support,
gibbsite powder is calcined at 450-550° C. The resulting
catalyst has an average pore diameter

(D50
av )

of 30 nm and X (α-Cr2O3)) of 1%.

Example 4

The catalyst is prepared as described in Example 1, with
the difference being that the support is impregnated by pore
volume with a solution containing water-soluble compounds
of Na, K, Cr, Sn, Ti, Zr in quantities necessary to obtain a
catalyst with the following composition:

Cr2O3—22%
K2O—2.5%
Na2O—0.23%
SnO2—1.2%
TiO2—0.2%
ZrO2—1.4%
Al2O3—up to 100% balance.
The impregnated support is dried at 100° C. for 4 hours,

then calcined at 920° C. for 2-12 hours. The resulting
catalyst has an average pore diameter

(D50
av )

of 16 nm and X (α-Cr2O3)) of 10%.

Example 5

The catalyst is prepared as described in Example 1, with
the difference being that the support is impregnated by pore

volume with a solution containing water-soluble compounds
of Na, K, Cr, Sn, Ti in quantities necessary to obtain a
catalyst with the following composition:

Cr2O3—14.6%
K2O—2.5%
Na2O—0.23%
SnO2—1.2%
TiO2—0.4%
ZrO2—1.4%
Al2O3—up to 100% balance.
The impregnated support is dried at 100° C. for 4 hours,

then calcined at 680° C. for 12-18 hours. The resulting
catalyst has an average pore diameter

(D50
av )

of 16 nm and X (α-Cr2O3)) of 0,1%.

Example 6

Powdered gibbsite with particle sizes of 40-80 µm is
calcined at a temperature of 800-850° C. to obtain powdered
aluminum oxide. The obtained aluminum oxide is mixed
with pseudoboehmite (PB) powder and wood flour in a mass
ratio of Al2O3:PB:flour=1:1:0.05, and a nitric acid solution
is added and stirred for 2 hours to obtain a plastic mass. This
mass is then extruded to obtain cylindrical pellets with a
diameter of 4.5 mm. The resulting pellets are calcined at
820-850° C. in an air stream to obtain the catalyst support.
The obtained support is impregnated by pore volume with a
solution containing water-soluble compounds of Na, K, Cr,
Sn, Ti, Zr in quantities necessary to obtain a catalyst with the
following composition:

Cr2O3—17.8%
K2O—2.5%
Na2O—0.23%
SnO2—1.2%
TiO2—0.2%
ZrO2—1.4%
Al2O3—up to 100% balance.
The impregnated support is dried at 100° C. for 4 hours,

then calcined at 760-800° C. The resulting catalyst has an
average pore diameter

(D50
av )

of 35 nm and X (α-Cr2O3)) of 1%.

Example 7

Gibbsite powder with particle sizes of 40-80 µm is
calcined at a temperature of 800-850° C. to obtain powdered
aluminum oxide. The obtained aluminum oxide is mixed
with pseudoboehmite (PB) powder and wood flour in a mass
ratio of Al2O3:PB:flour=1:1:0.12, and a nitric acid solution
is added. The mixture is stirred for 2 hours to obtain a plastic
mass. The following catalyst preparation procedure is the
same as in example 6. The resulting catalyst has an average
pore diameter

(D50
av )

of 120 nm and X (α-Cr2O3)) of 1%.
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Example 8

Gibbsite powder with particle sizes of 20-40 µm is

calcined at a temperature of 800-850° C. to obtain powdered

aluminum oxide. The obtained aluminum oxide is mixed
with pseudoboehmite (PB) powder in a mass ratio of Al2O3:
PB=1:3, and a nitric acid solution is added. The mixture is
stirred for 2 hours to obtain a plastic mass. The following
catalyst preparation procedure is the same as in example 6.
The resulting catalyst has an average pore diameter

(D50
av )

of 10 nm and X (α-Cr2O3)) of 1%.
As it’s seen from the Table 1 below, fluidized bed catalyst

(example 1) having optimal values of

D50
av

and X (α-Cr2O3) shows the highest olefin yield and selec-
tivity compared to examples 2,3,4,5 with the

D50
av

and X (α-Cr2O3) being out of optimal range. The fixed bed
catalyst (example 6) having optimal values of

D50
av

shows superior olefin yield and selectivity prior to examples
7 and 8. X (α-Cr2O3) for all examples (6,7,8) was within
optimal value range.

TABLE 1

Physical and catalytic properties of the catalysts

Exam-

ple
D50
av , nm X (α-

Cr2O3).

Reactor

type Feed

Olefin

yield, %

Olefin

select-

ivity, %

1 16 1 Fluid bed isobutane 53 90

propane 42 92

2 30 1 Fluid bed isobutane 44 91

3 6 1 Fluid bed isobutane 50 85

TABLE 1-continued

Physical and catalytic properties of the catalysts

Exam-

ple
D50
av , nm X (α-

Cr2O3).

Reactor

type Feed

Olefin

yield, %

Olefin

select-

ivity, %

4 16 10 Fluid bed isobutane 49 86

5 16 0.1 Fluid bed isobutane 48 90

6 35 1 Fixed bed isobutane 63 96.5

7 120 1 Fixed bed isobutane 54 96

8 10 1 Fixed bed isobutane 57 85

Proto- Fluid bed isobutane 51.9 85.9

type Fixed bed isobutane 48 85.7

The invention claimed is:
1. A catalyst for dehydrogenation of hydrocarbons at

fluidized bed conditions, comprising aluminium oxides,
chromium oxides, and promoters, wherein the average cata-
lyst pore diameter

(D50
av )

is 12-25 nm, and the mass fraction of α-Cr2O3 in the catalyst
(X (α-Cr2O3)) is 0.3-6% of mass fraction of all chromium
oxides in the catalyst.

2. The catalyst according to claim 1 comprising at least
one alkali metal and at least two Group IV elements as
promoters.

3. A catalyst for dehydrogenation of hydrocarbons at fixed
bed conditions, comprising aluminium oxides, chromium
oxides, and promoters, wherein the average catalyst pore
diameter

(D50
av )

is 15-100 nm, and the mass fraction of α-Cr2O3 in the
catalyst X (α-Cr2O3) is 0.3-6% of mass fraction of all
chromium oxides in the catalyst.

4. The catalyst according to claim 3, comprising at least
one alkali metal and at least two Group IV elements as
promoters.

5. The catalyst according to claim 1, wherein said alu-
minium oxides are obtained by gibbsite calcination at 800-
850 C.

6. The catalyst according to claim 3, wherein at least part
of said aluminium oxides are obtained by gibbsite calcina-
tion at 800-850 C.

∗ ∗ ∗ ∗ ∗
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