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A B S T R A C T   

The demand for C3-C5 olefins is constantly growing, that is why it is important to improve the performance of 
catalysts for dehydrogenation of light alkanes. The study regards the influence of the supports porous system, the 
contribution of α-Cr2O3 particles to the state of the active phase and the catalytic performance of the chromia- 
alumina catalysts in the isobutane dehydrogenation reaction. The catalysts were synthesized by impregnating the 
support with chromic acid. The supports and the catalysts were studied by the following techniques: low- 
temperature nitrogen adsorption, temperature-programmed desorption and reduction; UV-Vis- and Raman- 
spectroscopy, X-ray phase and X-ray fluorescence analyses. It was found that crystals of α-Cr2O3 are formed 
on a support with 56 m2/g specific surface area and 7.1% (m/m) chromium content, that contributes to stabi-
lization of the particles of highly active phases of amorphous Cr2O3 and polychromates and catalytic perfor-
mance. Meanwhile, no α-Cr2O3 particles are formed on a support with a 103 m2/g specific surface area and 7.4% 
(m/m) chromium content. Therefore, in the course of 54 regeneration reactions cycles, the rates of isobutylene 
formation and isobutylene selectivity are significantly reduced due to agglomeration of amorphous Cr2O3 par-
ticles, formation of di-, tri- chromates, and migration of part of chromium into the support structure.   

1. Introduction 

Non-oxidizing dehydrogenation of lower paraffins in the presence of 
chromium alumina catalysts (ChAC) is traditionally carried out to obtain 
the corresponding olefins used in the production of synthetic rubbers, 
fibers, films, plastics, high-octane fuel additives [1-3]. Growing number 
of areas of application of polymeric materials leads to a continuous in-
crease in the consumption of olefin monomers. There are two types of 
processes for the dehydrogenation of lower paraffins on ChAC [2]. The 
FBD-4 process is designed to produce olefins under atmospheric pressure 
in a fluidized bed of microspherical catalyst with a granule size of 
20-150 μm [3]. The Catadien/Catofin process is carried out under vac-
uum in adiabatic attached bed catalyst reactors for the production of 
diene hydrocarbons [2]. 

In case of the FBD-4 process, there is continuous circulation of 
microspherical ChAC in the reactor-regenerator system. The heat 
required for endothermic dehydrogenation is supplied to the reaction 
zone by a hot regenerated catalyst [4]. The catalyst is exposed to 
alternating high-temperature redox cycles of dehydrogenation 

(550-580◦C) and regeneration (630-650◦C) with large temperature 
drops and local overheating. γ-Al2O3 with a high heat capacity is used as 
a support to accumulate a large amount of heat during regeneration and 
to ensure an endothermic dehydrogenation process. A modern method 
of obtaining microspherical ChAC is impregnation of alumina supports 
with solutions of an active component, a promoter, and modifiers [5], 
which makes it possible to obtain an active and durable catalyst. 

The properties of ChAC depend on the characteristics of the support, 
the active phase, and their interaction with each other. The activity in 
the reaction of paraffin dehydrogenation is determined by the distri-
bution and oxidation state of chromium oxide compounds (oxides of Cr 
(III) and Cr (VI), chromates of alkaline promoter and aluminum), 
chromates of alkaline promoter and aluminum) on the catalyst surface. 
The state of the active component is affected by the concentration of 
chromium, alkaline promoter, the nature and content of the modifier, 
and the specific surface area of the catalyst. The nature and number of 
hydroxyl groups on the surface of the support affect the attachment and 
uniformity of distribution of the active component, and its porous sys-
tem ensures transportation of reagent molecules to the active 
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component and the removal of reaction products. 
Microspherical ChAC belongs to bifunctional catalytic systems 

involved in oxidation-reduction (target reaction of paraffin dehydroge-
nation) and acid catalysis (side processes of cracking and coke forma-
tion). The chromium alumina catalyst in the oxidized state contains Cr 
(III) and Cr(VI) oxide compounds [6]. Their relative contents depend on 
the structure of the support, the total amount of chromium, and the 
conditions of the catalyst thermal treatment [7]. Cr(III) ions are the 
active sites in dehydrogenation of lower paraffins [8-18]. 

At present, several types of Cr(III) and Cr(VI) ions are identified on 
the surface of fresh ChAC obtained after impregnation of the supports 
with a chromium-containing solution and thermal activation. Among 
them there are two types of Cr(VI) ions with the amount of 2-3% (m/m). 
The first one is of a grafted type, insoluble in water, chemically-bound 
with the surface of the alumina support and enters into aluminum 
chromates of various compositions [6]. The second one is of soluble 
type, enters into chromates of alkaline promoter and free chromium(VI) 
oxide. In a reducing medium, they are transformed into Cr2O3. 

There are also several types of Cr(III) ions, including redox Cr(III) 
ions capable of oxidation to Cr(VI) or Cr(V) ions in a hydrocarbon me-
dium, non-oxidation-reduction Cr(III) ions in amorphous Cr2O3 particles 
(CrаМ

3+), α-Cr2O3 crystals (Crcryst
3+ ), (CrxAl1-x)2O3 solid solution, as well as 

in the form of so-called "isolated" particles [6, 19-22]. To ensure a high 
and stable activity, it is necessary to obtain a large number of 
coordination-unsaturated Cr(III) sites by forming highly dispersed Cr2O3 
particles in ChAC. This may be achieved by applying an active compo-
nent to a support with a developed specific surface area up to 100-150 
m2/g [23]. 

In the course of long-term operation, the ChAC activity and selec-
tivity gradually decrease due to irreversible deactivation associated with 
changes in the state of the active component, which subsequently re-
quires tightening the dehydrogenation conditions [5]. However, this 
does not allow a return to the catalytic performance of the fresh ChAC 
and, with a certain frequency, requires a complete replacement of the 
microspherical ChAC in a commercial reactor. To neutralize the effect of 
irreversible deactivation and to minimize the reduction in the produc-
tion of olefins in a commercial reactor, it is customary to systematically 
partially unload the equilibrium catalyst and then add a fresh portion. As 
a result, a mixture of fresh and equilibrium ChAC circulates in the re-
actors, which does not allow to reliably estimate the reason for the 
decrease in the ChAC activity and selectivity [5]. 

Using the example of ChAC operated in reactors with an attached bed 
and oxidizing regeneration in the presence of water vapor, it is shown 
that irreversible deactivation is caused by a combination of factors: 
agglomeration of particles of Cr2O3 and Cr(VI) oxide compounds, 
gradual introduction of Cr(III) ions into the support structure with for-
mation of chromium alumina spinel, and formation of α-Cr2O3 [19]. It is 
known that α-Cr2O3 is also formed at a chromium content of more than 
11% or at a catalyst activation temperature above 900◦C. In works [12, 
13, 24] it was shown that α-Cr2O3 is inactive in dehydrogenation of 
lower paraffins. Therefore, it is better to reduce the chromium content in 
modern ChAC. In work [19], on the contrary, a high activity of α-Cr2O3 
in the process of vacuum dehydrogenation of n-butane was established. 
The conflicting information requires the clarification of the effect of 
α-Cr2O3 particles and the value of the specific surface area of the support 
on the catalytic properties of ChAC of the fluidized bed, their contri-
bution to deactivation during prolonged operation and oxidizing 
regeneration without the effect of water vapor. 

As a result, the aim of the work is to study the effect of α-Cr2O3 and 
the parameters of the porous system of the aluminum oxide support on 
the catalytic performance of microspherical ChAC during long-term 
operation in the reaction of isobutane dehydrogenation with oxidative 
regeneration without water vapor. ChAC with similar chromium content 
was synthesized by impregnation with chromic acid of two industrial 
samples of supports with about 2 times difference in the specific surface 
area. The catalytic performance was compared for changes in the state of 

chromium oxide compounds in ChAC before and after reaction- 
regeneration cycles in a laboratory reactor at temperatures corre-
sponding to the large-scale FBD-4 process. 

2. Materials and methods 

The study subject is microspherical aluminochromium catalysts for 
the dehydrogenation of isobutane to isobutylene with a granule size of 
40-150 μm. For their synthesis, we used industrial alumina supports 
with the γ-Al2O3 structure, obtained through calcining at 550◦C the 
microspherical boehmite supports (PJSC Nizhnekamskneftekhim, 
Nizhnekamsk city, Russia). The catalyst supports were synthesized ac-
cording to the earlier developed technology of sequential thermal and 
hydrothermal treatment of aluminum trihydroxide in an autoclave at T 
= 180-190◦C for 60 min. [25, 26]. ChAC was prepared by impregnating 
the supports with an aqueous solution of CrO3 (analytical grade, GOST 
3776-78, Russia) and potassium carbonate (analytical grade, GOST 
4221-76, Russia), followed by vacuum drying. In an industrial vacuum 
mixer, an industrial ChAC (IC) was obtained, in a laboratory 
rotary-vacuum evaporator - a laboratory ChAC (LC) was obtained. A 
support was placed in a vacuum mixer and a rotary-vacuum evaporator, 
subjected to degassing. Then, at a residual pressure of 40 kPa, aqueous 
solutions of the precursors of the active component (chromic acid) and 
the promoter (potassium carbonate) were brought in in amounts cor-
responding to the moisture capacity of the support. After impregnation, 
the catalyst was dried in vacuum at a residual pressure of 10-20 kPa and 
then thermoactivated. Thermal activation of industrial ChAC was car-
ried out in an industrial drum furnace at 750◦C. Thermal activation of 
the laboratory catalyst was carried out in a muffle furnace at 750◦C for 4 
h (heating rate 4◦C/ min). 

Tests of ChAC in the reaction of isobutane dehydrogenation were 
carried out in two parallel working laboratory units with a fluidized bed, 
using tubular reactors (stainless steel AISI 304) with an inner diameter 
of 30 mm. In the lower part of the reactors, in order to uniformly 
distribute the gas along the diameter, a ceramic distribution grid with a 
hole diameter of 100-200 μm and a free section fraction of 30% was 
installed. The volume of ChAC loaded into the first reactor was 100 cm3, 
in the second - 150 cm3, the volumetric flow rate of isobutane was 400 
h− 1, and the reaction temperature was 570◦C. In the course of the re-
action, temperature drops in the ChAC layer did not exceed 2◦C. The 
dehydrogenation cycle consisted of dehydrogenation operations for 40 
min, nitrogen purge for 5 min, regeneration with air at 650◦C for 30 min, 
and nitrogen purge for 5 min. Then the cycle was repeated. During the 
dehydrogenation, samples of the contact gas were taken in 20 and 40 
min. ChAC testing was carried out continuously within 54 cycles. 
Catalyst samples were taken from both reactors every 9 cycles. A sample 
from the first reactor was sent for analysis of physicochemical proper-
ties. A sample from the second reactor of the same mass was placed in 
the first reactor instead of the sample taken. 

The flow rates of the isobutane fraction (99,97 wt.% i-C4H10, 0,03 
wt.% i-C4H8), argon (purity 99.99 %), and air were set using electronic 
gas flow controllers with the help of a computer. Before entering the gas 
flow regulator, the isobutane fraction, argon, hydrogen (purity 99.99 
%), nitrogen (purity 99.99 %), and air were dried using calcium chloride 
and NaX zeolite. The temperature in the catalyst bed was controlled 
using a chromel-alumel thermocouple, maintaining the set value with an 
RPN-4 thermostat (ITM, Russia), also controlled from a computer. The 
accuracy of maintaining the temperature is 1◦C. 

The composition of the isobutane fraction and the contact gas was 
analyzed by an on-line gas chromatography. The composition of hy-
drocarbons was monitored on a GKh-1000 chromatograph (Khromos, 
Russia) with a flame ionization detector. A VP-Alumina/KCl capillary 
column (VICI Valco, USA) was used. Components were identified by 
calibrating the chromatograph with reference substances. The relative 
error in determining the concentrations of the components was no more 
than 10%. The content of H2, CH4 was determined on a GKh-1000 
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chromatograph (Khromos, Russia) with a thermal conductivity detector 
using a column with NaX. The relative error in determining the con-
centrations of the components was no more than 10%. 

According to the results of chromatographic analysis, the conversion 
of isobutane (X) and the selectivity to isobutylene were calculated using 
the formula 

S =
Ccont.gas

i− C4H8
− Cfeedstock

i− C4H8

Cfeedstock
i− C4H10

− Ccont.gas
i− C4H10

× 100, %  

where Ccont.gas
i− C4H8 

is the isobutylene concentration in the contact gas,% (m/ 
m); Cfeedstock

i− C4H8 
is the isobutylene concentration in the feedstock, % (m/m); 

Cfeedstock
i− C4H10 

is the isobutane concentration in the feedsctock, % (m/m); 
Ccont.gas

i− C4H10 
is the isobutane concentration in the contact gas, % (m/m). 

The selectivity defined as the yield of isobutylene per decomposed 
isobutane. No adverse reactions associated with the thermal trans-
formation of isobutane or isobutylene in the gas phase were observed in 
our experiment. 

The specific rate of isobutylene formation was taken as the catalyst 
activity, which was calculated by the formula 

where ωi− C4H8 is isobutylene yield, mol iC4H8⋅h− 1 

CСr is concentration of chromium in the catalyst, mol 
The content of chromium and potassium was analyzed on a Clever 

C31 X-ray fluorescence spectrometer (Eleran, Russia). Samples for 
elemental analysis were prepared by grinding the samples in a planetary 
mill and pressing into tablets. X-ray fluorescence spectra were recorded 
in vacuum using a rhodium tube as a radiation source. The scanning area 
of the sample was 1 cm2. 

The carbon content in the catalysts was determined on a HORIBA 
EMIA-510 device (Japan) with an IR detector for CO2 according to the 
ASTM method [27] by burning a catalyst sample in an oxygen flow of ~ 
1 g at a temperature of 1450 ◦С for 60 s. 

To determine the Cr(VI) content, a solution of sulfuric acid and so-
dium pyrophosphate was added to the catalyst sample (0.4-0.6 g) under 
stirring. Then a solution of potassium iodide was added and allowed it to 
stand in the dark for 5 min. To determine the content of soluble Cr(VI), 
the aqueous extracts of ChAC samples were analyzed in a similar way. 
The concentration of bound Cr(VI) was determined as the difference 
between the total and soluble Cr(VI). 

X-ray phase analysis was performed on a MiniFlex 600 diffractom-
eter (Rigaku, Japan) with a D/teX Ultra detector using long-wave CuK 
radiation (40 kV, 15 mA) in the 2θ range from 5 to 100 ◦ with a step of 
0.02◦ and an exposure time at each point of 0.24 s. The phases were 
identified in accordance with the PDF Powder Standards Database 
(JCPDS). The sizes of coherent scattering regions (CSR) of α-Cr2O3 were 
calculated using the Selyakov-Scherer formula. The error in determining 
the size of CSR is about 10%. 

The specific surface area (Ssp) and pore volume (Vp) were measured 
by nitrogen adsorption-desorption on a universal analyzer Autosorb iQ 
MP 2400 (Quantachrome, USA). The specific surface area was calculated 
with basis on the surface area of the nitrogen molecule of 0.162 nm2 and 
the density of N2 in the normal liquid state of 0.808 g/cm. The Ssp 
measurement accuracy was 3%. Adsorption isotherms were obtained at 
–196 ◦С after degassing the sample at 500 ◦С to a residual pressure of 
0.013 Pa. Calculations of the porosimetric volume and the pore volume 
distribution by diameter were performed along the desorption branch of 
the isotherm using the standard Barrett – Joyner – Highland procedure. 
Measurement accuracy is 5%. 

UV-visible diffuse reflectance spectra were obtained on a V-650 
scanning two-beam spectrophotometer (Jasco, Japan) connected to an 
ISV-722 integrating sphere (Jasco, Japan) with a diameter of 60 mm, 
coated from the inside with BaSO4. A BaSO4 plate was used as a 

standard. To record the spectra, samples of ChAC and α-Cr2O3, 40-100 
μm in size, were placed in a holder with a quartz window. The spectra 
were recorded in the range of 200-800 nm (12500-50000 cm− 1) with a 
spectral resolution of 2 nm. The data on the diffuse reflection of samples 
in the UV-visible region are presented as the dependence of the Kubelka- 
Munk function on the wave number. The UV-visible spectra of the AChC 
and α-Cr2O3 samples were decomposed into Gaussian components to 
determine the position and intensity of the absorption band (a.b.) 
maxima . 

Raman scattering spectra were obtained on an inVia Qontor disper-
sive microspectrophotometer (Renishaw, Great Britain) with a diffrac-
tion grating of 1800 pcs/mm with a Leica DM2700 M microscope and an 
Nd:YAG laser (radiation wavelength is 532 nm). We calibrated the 
spectral lines and the position of the laser beam on a single-crystal sil-
icon standard. The diameter of the focused laser spot on the sample is ~ 
1 μm. The laser power on the sample did not exceed 10 mV. The spectra 
were recorded in the range of shifts of 100-1100 cm− 1 with a spectral 
resolution of 2 cm− 1. Each spectrum was obtained by averaging 10 ex-
posures of 30 seconds each. 

The surface acidity of the supports and ChAC was analyzed by 
temperature-programmed desorption of ammonia (NH3-TPD) on a flow- 
through instrument with a ChemBet Pulsar thermal conductivity de-
tector (Quantachrome, USA). The stage of adsorption was carried out in 
an ammonia flow for 30 min at a temperature of 100◦C. After adsorp-
tion, the physically adsorbed ammonia air stripping with helium at 
100◦C for 30 min was carried out. Then, the sample was cooled to room 
temperature in a helium flow. Temperature-programmed desorption 
was carried out from room temperature to 700◦C at a rate of 10◦C/min. 
Calculations of the NH3-TPD data on the distribution of acid sites (Na.s.) 
were carried out according to the method described in [28]. 

The study of ChAC by the method of temperature-programmed 
hydrogen reduction (H2-TPR) was carried out on a flow-through de-
vice with a ChemBet Pulsar thermal conductivity detector (Quantach-
rome, USA). Before reduction, the catalyst was kept in a flow of a gas 
mixture of 5% vol. oxygen in nitrogen at 650◦C for 60 min. Then, it was 
cooled to room temperature in a flow of helium. Temperature- 
programmed desorption was carried out from room temperature to 
700◦C at a rate of 10◦C/min. 

Chemisorption titration of chromium with oxygen was performed on 
an AutoChem 2950 HP instrument (Micromeritics). The samples were 
oxidized in a quartz reactor for 2 h at 500◦C in an oxygen flow. 
Reduction was carried out at 500◦C in a flow of hydrogen for 2 h. After 
cooling in a flow of helium to -78◦C, the sample was titrated with oxygen 
by the pulsed method (25 ml O2/min) until complete saturation. From 
the data obtained, the surface area of chromium and the average size of 
its particles were calculated. 

3. Results 

3.1. Catalytic tests 

Fig. 1 shows the main catalytic indicators of laboratory and indus-
trial ChAC obtained at 20 and 40 minutes of cycles. Based on the results 
of our preliminary tests, the development of catalysts is completed by 20 
minutes and their maximum activity is achieved. 40 minutes is the 
average residence time of an individual microspherical catalyst pellet in 
the reaction zone in a commercial reactor. During the first nine cycles, 
laboratory and industrial ChAC are characterized by equal (56.5-57.6 
%) isobutane conversion. At the same time, laboratory ChAC is more 
selective. Their selectivity for isobutylene is 88.8-89.4 % versus 85.8- 
87.4 % for industrial ChAC. In the contact gas obtained at the labora-
tory ChAC, fewer cracking products (С1-С3 hydrocarbons) are identified, 
and fewer carboceous deposits are formed on the surface of carbonized 
samples. The carbon content in the samples taken after 40 minutes of 
each cycle is 1.6-1.7 times lower than in the samples of the industrial 
ChAC (Fig. 2). For both ChACs, by 40 minutes compared to 20 minutes, a 
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slight increase in the conversion and rate of isobutylene formation with 
a decrease in the selectivity to isobutylene, due to an increase in the 
yield of С1-С3 hydrocarbons, is noted. This trend persisted throughout 
all 54 test cycles. Moreover, a decrease in the conversion of isobutane 
and the rate of isobutylene formation by 0.1-1.3% and 0.02-0.09 mol 
iC4H8⋅Моль Cr− 1⋅h− 1, respectively, with almost unchanged selectivity 
for isobutylene, is noted on the laboratory ChaC. Whereas on the in-
dustrial ChAC, the conversion of isobutane and the rate of isobutylene 
formation decrease by 1.2-2.3 % and 0.16-0.17 mol iC4H8⋅mol Cr− 1⋅h− 1, 
respectively, and the selectivity for isobutylene is changing by 0.3 
-1.0%. 

3.2. X-ray phase analysis 

On the diffraction pattern of fresh and used in 54 cycles of laboratory 
ChAC samples (Fig. 2, curves 1 and 2), the diffraction lines of the γ-Al2O3 
support and the α-Cr2O3 active component are identified. The α-Cr2O3 
concentration, determined through the external standard method, in 

Fig. 1. Catalytic performance at 20 minutes (a, c, i, g) and 40 minutes (b, d, f, h) of reaction: laboratory sample (LC), industrial sample (IS)  

Fig. 2. Carbon concentration in catalysts  
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fresh and used samples was 5%. The CSR sizes of α-Cr2O3 particles 
calculated for the plane (012) in fresh ChAC were 18 nm. After 54 cycles, 
the diffraction pattern of the catalyst remains almost unchanged. The 
intensity of the diffraction lines of α-Cr2O3 is somewhat reduced, which 
indicates the partial amorphization of its particles during numerous 
redox cycles. The CSR sizes of α-Cr2O3 particles increase to 22 nm. It can 
be assumed that the smallest α-Cr2O3 particles undergo amorphization. 

On the diffraction patterns of fresh and used in 54 cycles industrial 
ChAC samples (Fig. 2, curves 3 and 4), only the diffraction lines of the 
γ-Al2O3 support are identified. After 54 cycles, the diffraction pattern of 
the catalyst does not change. 

3.3. Elemental and chemical analysis 

In fresh laboratory and industrial ChAC, the total chromium content 

was 7.1 and 7.4 %, respectively, and potassium - 1.0 and 1.7 %, 
respectively. Such concentrations were selected on the basis of pre-
liminary optimization of the chemical composition of ChAC on these 
supports, which provided the best activity and selectivity performance 
of the samples. After 54 test cycles, the chromium content in both cat-
alysts was 7.5%. The potassium content did not change. 

The content of various forms of oxides of Cr (III) and chromates in 
fresh and obtained after 54 test cycles of ChAC (after oxidizing regen-
eration) are shown in Table 1. In the laboratory ChAC, the proportion of 
chromium in the composition of amorphous Сr2O3 is 39-40 % of the 
total amount. Moreover, the proportion of chromium, which is a part of 
chromates, in the process of testing increases due to their soluble form 
from 10 to 13% of the total amount of chromium. In industrial ChAC, the 
proportion of chromium, which is part of both forms of chromates, is 24 
% of the total amount of chromium and does not change over 54 cycles. 

3.4. Texture analysis 

The textural characteristics of the support samples, as well as labo-
ratory and industrial ChAC, are shown in Fig. 3 and in Table 2. The 
introduction of chromium reduces the specific surface area and pore 
volume of the catalysts by a factor of 1.2-1.4 compared to the initial 
supports. Surface chromium compounds are predominantly distributed 
in pores with a diameter of 5-20 nm, the volume of which decreases from 
0.13 to 0.08 cm3/g for laboratory ChAC and from 0.29 to 0.20 cm3/g for 
industrial ChAC. 

The specific surface area and pore volume of the laboratory ChAC are 
41 m2/g and 0.18 cm3/g, respectively. On the differential curve of the 
pore volume distribution according to pore diameters, two pronounced 
maxima are identified: an intense narrow one at Dp = 4 nm, and an 
intense one at Dp~15nm broadening to Dp=25 nm. In the course of the 
isobutane dehydrogenation, at each cycle, carbonaceous deposits 
accumulate in the catalyst mainly in the region of pore diameters less 
than 10 nm. Carbonaceous deposits are finely porous, as the surface area 
and pore volume increase simultaneously. After oxidizing regeneration, 
the surface area is reduced by 4 m2 g, which is due to the fixation of 

Table 1 
Content and surface concentrations of chromium oxide compounds in ChAC samples  

Types of chromium oxide compounds Chromium content (% wt) and its surface concentration (atCr / nm2) 
Laboratory ChAC Industrial ChAC 

Fresh After cycle 54 Fresh After cycle 54 
Cr2O3 and chromates 7,1 (20,1) 7,5 (21,6) 7,4 (9,9) 7,5 (11,6) 
α-Cr2O3 3,6 (10,2) 3,5 (10,1) - - 
Amorphous Cr2O3 2,8 (7,8) 3,0 (8,7) 5,6 (7,5) 5,7 (8,8) 
Chromates 0,7 (2,1) 1,0 (2,8) 1,8 (2,4) 1,8 (2,8) 
Grafted form 0,2 (0,6) 0,2 (0,7) 0,5 (0,6) 0,5 (0,8) 
Soluble form 0,5 (1,5) 0,7 (2,1) 1,3 (1,7) 1,3 (2,0)  

Fig. 3. Diffractograms: LC (1), LC-54 cycles (2), IC (3), IC – 54 cycles (4), (5) a - 
Cr2O3 ICDD (PDF-2 Release 2014 RDB) 01-078-5450, (6) γ - Al2O3 ICDD (PDF-2 
Release 2014 RDB) 00-010-0425 

Table 2 
Textural characteristics of supports, fresh and spent in the process of dehydrogenation of isobutane ChAC  

Sample Ssp, m2/g Vp, cm3/g Dp, nm Pore volume distribution (cm3/g) over pore diameters 
<5 nm 5-20 nm > 20 nm 

Laboratory ChAC 
Catalyst support γ-Al2O3 56 0,25 19 0,03 0,13 0,09 
Fresh catalyst 41 0,18 18 0,02 0,08 0,08 
Carbonized after cycle 9 41 0,18 18 0,02 0,07 0,09 
Carbonized after cycle 27 49 0,21 16 0,03 0,09 0,09 
Carbonized after cycle 54 59 0,21 14 0,05 0,09 0,07 
Oxidative regeneration after cycle 54 40 0,18 19 0,02 0,07 0,09 

Industrial ChAC 
Catalyst support γ-Al2O3 103 0,31 12 0,02 0,29 0,04 
Fresh catalyst 86 0,26 12 0,02 0,20 0,04 
Carbonized after cycle 9 80 0,27 13 0,02 0,21 0,04 
Carbonized after cycle 27 67 0,25 15 0,01 0,20 0,04 
Carbonized after cycle 54 64 0,23 14 0,02 0,17 0,04 
Oxidative regeneration after cycle 54 75 0,27 14 0,02 0,20 0,05  
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unburned carbon deposits in fine pores with a diameter of less than 5 nm 
and partially in pores with a diameter of 5-10 nm. The residual carbon 
content in the catalyst does not exceed 0.020 % (m/m), and the total 
pore volume corresponds with a fresh sample. 

The specific surface area and pore volume of industrial ChAC are 86 
m2/g and 0.26 cm3/g, respectively. The differential curve of the pore 
volume distribution according to diameters also contains two pro-
nounced maxima: a narrow one at Dp = 4 nm, and also more intense at 
Dp = 9 nm, broadening to Dp = 15 nm. From cycle to cycle, the porous 
catalyst system is transformed. The second maximum on the differential 
curve shifts to the region of large diameters up to 10 nm and broadens to 
Dp = 25 nm. In this case, the average pore diameter increases from 12 to 
14 nm. In the course of reaction, carbonaceous deposits are formed 
mainly in the area of pore diameters less than 15 nm. By the end of the 
tests, after oxidizing regeneration, carbon deposits remain only in fine 
pores with a diameter of less than 5 nm, and the rest of the pores are 
completely freed. The residual carbon content is 0.015 % (m/m). As a 
result, after 54 cycles, a significant (by 11 m2/g) reduction in the specific 
surface area is noted in the regenerated sample due to the disappearance 
of a part of the pores in the range of diameters of 5-10 nm. The total pore 
volume increases to 0.27 cm3 g. 

3.5. Temperature-programmed ammonia desorption analysis 

The properties of the support determine the nature and concentra-
tion of surface hydroxyl groups formed on its surface, the number of 
coordination-unsaturated aluminum atoms. They determines the acidic 
properties of the surface of alumina supports and ChAC, which were 
studied by the NH3-TPD (Table 3). The strength of the sites was esti-
mated from the ammonia desorption temperature corresponding to a 
certain desorption activation energy (Edes). Acid sites are taken as weak, 
the activation energy of which is less than 100 kJ/mol, the medium 
strength is 100-130 kJ/mol, and the strong ones are more than 130 kJ/ 
mol. 

The total concentration of surface acid sites of laboratory ChAC is 73 
μmol of NH3/g. The velocity profile of ammonia desorption versus 
temperature is observed in the range of 76-398 ◦С with a desorption 
peak at 156 ◦С and a low-intensity shoulder in the range of 243-398 ◦С. 
The share of the strongest acid sites is 11%. In contrast to the laboratory 
sample, the velocity profile of the ammonia desorption of industrial 
ChAC is observed in a wider temperature range from 94 to 502 ◦С with 
desorption peaks at 180 and 236 ◦С. The total concentration of acid sites 
is 209 μmol of NH3/g. At the same time, the concentration of strong sites 
is 10 times higher, of medium sites is 3 times higher, and of weak cen-
ters, on the contrary, is almost 2 times lower. 

Chromium oxide compounds and potassium oxide reduce the surface 
acidity of fresh laboratory and industrial ChAC by 3.8 and 3.1 times, 
respectively. In the first case, the velocity profile of the ammonia 
desorption narrows to 60-270 ◦С, and the desorption peak shifts to 140 
◦С. At the same time, the concentration of all types of acid sites de-
creases and the strongest ones disappear. After 54 cycles of operation, 
the total concentration of acid sites increases from 19 to 33 μmol of NH3/ 
g, mainly due to sites of medium strength. Corresponding changes are 
also noted for industrial ChAC - the velocity profile of the ammonia 
desorption is noted in the range of 100-360 ◦С with a desorption peak at 
155 ◦С. By the end of the tests, the surface concentration of strong and 
medium-strength sites grows, which increases the total acidity from 67 
to 89 μmol of NH3/g. 

3.6. Diffuse reflectance spectroscopy analysis 

Fig. 4 shows the UV-vis spectra of oxidized and reduced forms of 
fresh and used in 54 cycles ChAC. All spectra are typical for oxides of Cr 
(III) and chromates distributed over the surface of alumina. The ab-
sorption bands related to the octahedral Cr(III)oct ion of the non- 
oxidation-reduction type in Cr2O3 and the Cr(VI) ion in chromates are 
identified . In the visible region of the spectrum, there are absorption 
bands associated with the electronic d–d junction in the octahedral Cr 

Table 3 
Ammonia TPD data  

Sample ΣNa.s., μmol NH3/g Distribution of Na.s., μmol NH3/g 
Edes <100 kJ/mol 100< Edes <130 kJ/mol Edes >130 kJ/mol 

Laboratory ChAC 
Catalyst support 73 24 41 8 
Fresh catalyst 19 9 10 - 
After cycle 54 33 8 24 1 

Industrial ChAC 
Catalyst support 209 14 127 68 
Fresh catalyst 67 12 53 2 
After cycle 54 89 13 69 7  

Fig. 4. Differential curves of pore volume distribution over pore diameters: laboratory sample (a); industrial sample (b)  
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(III)oct. A weak shoulder at 14030 cm− 1 arises due to the 4A2g→4Еg 
magnetic dipole transition. According to [29] the spin ban is lifted as a 
result of vibronic interaction. These absorption bands can be identified 
in amorphous Сr2O3 [38]. The bands at 16700-17000 cm− 1 correspond 
to the electronic d-d junction 4A2g→4T2g in the octahedral Cr(III)oct ion, 
and at 21600-23000 cm− 1 they refer to the complex signal characteristic 
of the Cr(III) and Cr(VI) ions corresponding to the electronic d-d junction 
4A2g→4T1g in the octahedral Cr(III)oct ion, as well as to the О2-Cr(VI) 
charge transfer in chromates [30]. Both signals are characteristic of 
amorphous Сr2O3 and crystalline α-Cr2O3 particles. In the UV spectrum, 
there are also intense absorption bands associated with the charge 
transfer of О2-Cr (VI) in chromates. The signal at 21600 cm− 1 is related 
to the presence of chromates, at 26400-27200 cm− 1 – to monochromates 
and at 34600-35400 cm− 1 – to di-, tri- and polychromates. 

In the spectrum of the oxidized form of fresh laboratory ChAC, a shift 
of 200 cm − 1 towards the region of high frequencies of absorption bands 
at 16875 cm− 1 relative to that in the spectrum of α-Cr2O3 indicates the 
effect of γ-Al2O3 crystal field on the energy of the d-d junction in the Cr 
(III)oct ion as a result of the incorporation of some chromium ions into 
the crystal lattice of the alumina support. After 54 cycles of regeneration 
reactions in the visible spectrum of the oxidized sample, there are no 
significant changes, but in the UV region, a shift in the absorption band 
is noted at 26596 cm− 1 to 27159 cm− 1 with simultaneous broadening 
into the region of large wavenumbers of the a.b. at 35386 cm− 1, which 
indicates a decrease in the proportion of monochromates and their 
polymerization. In turn, the absorption bands in the spectra of the 
reduced samples slightly increase at 14033, 16875 and 22594 cm− 1, 
which may be a consequence of the appearance of additional redox Cr 
(III) in the composition of amorphous Cr2O3. 

The spectrum of the oxidized form of fresh industrial ChAC is close to 
the spectrum of the laboratory sample. A smaller shift (by 151 cm− 1) 
toward higher frequencies of a.b. at 16818 cm− 1 relative to that in the 
spectrum of α-Cr2O3 indicates a smaller amount of introduced Cr(III) 
ions into the crystal lattice of the alumina support. After 54 cycles of 
reactions-regenerations in the visible spectrum, the intensity of ab-
sorption bands noticeably decreases at 14025 cm− 1, which probably 
indicates a decrease in the fraction of amorphous Cr2O3 due to the 
incorporation of a part of Cr(III) into the structure of the alumina sup-
port, since the a.b. is shifted simultaneously at 16818 cm− 1 in the region 
of high frequencies up to 17018 cm− 1. In the UV- spectrum, in contrast 

to a decrease in the intensity of the a.b. at 26385 cm− 1 and its 
displacement up to 27159 cm− 1, the intensities of the absorption bands 
significantly increase at 21516 and 36179 cm− 1. The latter shifts to the 
region of lower energies up to 34602 cm− 1. Taken together, this in-
dicates a decrease in the proportion of monochromates in favor of di- 
and trichromates, which, after reduction to amorphous Cr2O3, may be 
found in the spectra of the reduced samples by an increase in the a.b. at 
22989 cm− 1. 

3.7. Raman spectroscopy analysis 

The nature of Cr(VI) compounds was studied in more detail by 
Raman spectroscopy. Fig. 5 shows the Raman spectra of oxidized forms 
of fresh and used in 54 cycles of catalysts in the region of vibrations of 
Cr-O bonds in chromates at Raman shifts from 700 to 1100 cm− 1. 

In fresh laboratory ChAC, the bulk of Cr(VI) compounds is stabilized 
in the form of mono- and polychromates. The Raman spectrum identifies 
signals at 854–890, 940 and 1040 cm− 1, corresponding to vibrations of 
Cr–O bonds in dehydrated polychromates, hydrated di-trichromates, 
and dehydrated monochromates, respectively [17, 31-35]. After 54 cy-
cles, the absorption bands intensify in the spectrum of the reoxidized 
sample at 850-885 and 940 cm− 1, the intensity of the a.b. decreases at 
1040 cm− 1, which indicates the transformation of some of the mono-
chromates into di-, tri- and polychromates. 

In fresh industrial ChAC, similar Cr(VI) compounds are formed, but 
in larger quantities. In the Raman spectrum of the intensity the a.b. at 
846-865, 900 and 1020 cm− 1 2-2.5 times higher than in the spectrum of 
a laboratory catalyst. After 54 cycles in the spectrum of the reoxidized 
sample, the intensity of a.b. significantly decreases at 849 cm− 1, the 
intensity of the band at 890 cm− 1 increases, the band at 1020 cm− 1 

disappears. A new intense band appears at 940 cm− 1, corresponding to 
vibrations of Cr-O bonds in hydrated di- and trichromates. 

3.8. Temperature-programmed hydrogen reduction 

H2 TPR profiles of the reduced forms of fresh and used in 54 cycles of 
regeneration reactions of ChAC samples are shown in Fig. 7. The H2 TPR 
profile of fresh laboratory ChAC contains a signal of hydrogen absorp-
tion in the range of 350-580 ◦С. Decomposition of the profile into 
Gaussian components gives two subcomponents. The first includes two 

Fig. 5. UV-Vis diffuse reflectance spectra: laboratory sample (a); industrial sample (b)  
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high-intensity maxima at 434 and 455 ◦С, the second includes low- 
intensity maxima at 501 and 529 ◦С. The former correspond to the 
easier reduction of polychromates mainly. The latter correspond to the 
hindered reduction of chromate anions stabilized by the support surface, 
with the formation of “isolated” mono-, di- and tri-chromates strongly 
bound to the Al(III) ion. The content of Cr(VI), stabilized on the surface, 
in terms of CrO3 for the fresh catalyst was 0.29 % (m/m). The calculation 
was carried out on the basis of the reaction equation 2CrO3 + 3H2 → 
Cr2O3 + H2O (based on the amount of the absorbed hydrogen). After 54 
cycles of regeneration reactions, the content of Cr(VI) in terms of CrO3 
decreased slightly to 0.27% (m/m). But, at the same time, there is a shift 
in the effect of reduction of surface Cr(VI) oxide compounds to lower 
temperatures. A new signal appears at 417◦C, and the signal at 434◦C 
almost halves the intensity due to a decrease in the proportion of 
monochromates and the formation of additional polychromates. A new 
peak identified in the high-temperature region at 568◦C indicates the 
formation of a small amount of a new, most difficult-to-reduce form of Cr 
(VI) oxide compounds, which is probably not involved in the Cr(III)↔Cr 
(VI) redox process. 

The H2 TPR profile of a fresh commercial ChAC contains only one 
signal of hydrogen absorption at 428 ◦С. The calculated content of Cr 
(VI) in terms of CrO3 was 0.64 % (m/m). After 54 cycles of regeneration 
reactions, the content of Cr(VI) 1.3 times decreased. In this case, the 
effect of Cr(VI) reduction on the TPR profile shifts to the high- 
temperature region up to 434 ◦С with the appearance of an additional 
high-temperature component, the decomposition of which into Gaussian 
components gives effects at 473 and 568 ◦С, which also indicates the 
formation of less active and difficult to restore CrO3 forms. 

3.9. Oxygen chemisorption analysis 

The results of chemisorption titration of chromium in the samples are 
presented in Table 4. The size of chromium particles in fresh laboratory 
ChAC is 582 nm and after 54 reaction-regeneration cycles decreases to 
570 nm, while the chromium surface area changes from 1.90 to 2.02 m2/ 
g. The sizes of chromium particles in industrial ChAC are approximately 
1.9 times less than in laboratory ones, and during operation they in-
crease, which is accompanied by a reduction in their surface from 3.8 to 
3.4 m2/g. 

4. Discussion 

Table 1 shows data on the distribution of chromium in the compo-
sition of its various oxides and chromates in fresh and used samples of 
ChAC. The catalysts differ significantly in the values of the surface 
chromium concentrations (atСr/nm2). In a laboratory sample synthe-
sized using a support with a 2.0 and 2.8 times lower specific surface area 
(Table 2) and the number of acid sites (Table 3), respectively, the surface 
concentration of chromium is 2 times higher. As it is known, with a small 
amount of terminal Al-OH groups, CrO3 deposited from a solution of 
chromic acid is distributed on the surface in a physically adsorbed state. 
After thermal activation is transformed into crystalline α-Cr2O3. In turn, 
the surface polychromates of aluminum and potassium (a soluble form 
of chromates) obtained by the interaction of Al-OH groups with CrO4

2− or 
Cr2O7

2− ions through the substitution of the OH− anion form predomi-
nantly amorphous Cr2O3 after thermal activation. Through the strong 
interaction with the surface of the alumina support, thermally stable 
mono-, di-, and trichromates of aluminum (grafted form) are also 
formed. Mono-, di-, tri- and polychromates according to UV-vis and 
Raman spectroscopy are formed in different ratios in laboratory and 
industrial ChAC (Fig. 5, 6). 

In the laboratory ChAC, the high surface concentration of chromium 
is provided precisely by α-Cr2O3, the contribution of which reaches 51%. 
Excluding chromium included in the composition of chromates, the 
contribution of amorphous Cr2O3 to the surface concentration of chro-
mium decreases to 39% in a fresh sample and 40% after 54 test cycles. In 
the industrial ChAC it is much higher and amounts to 76%. For both of 
ChAC at the beginning of the tests, the calculated total surface chro-
mium concentrations related to amorphous Cr2O3 and both forms of 

Table 4 
Results of chemisorption titration of chromium with oxygen  

Sample Average particle diameter of chromium, 
nm 

Chromium surface area, m2/ 
g 

LC 582 1,9 
LC - 54 570 2,0 
IC 304 3,8 
IC - 54 335 3,4  

Fig. 6. Raman spectrs: laboratory sample (a); industrial sample (b)  
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chromates are equal to 9.9 atCr/nm2 (Table 1). This explains the 
observed identical values of the initial conversion of isobutane in their 
presence - 56.5% by 20 minute and 57.6% by 40 minutes of the first 
cycle (Fig. 1). As it is known, the most active sites of ChAC in the pro-
cesses of dehydrogenation of lower paraffins are chromium ions, which 
enter into the composition of the initial particles of amorphous Cr2O3 
and formed in the course of the reduction of chromates. 

Despite the close values of the surface concentrations of chromium 
due to the amorphous Cr2O3 and chromates at equal values of the initial 
conversions of isobutane, fresh laboratory and industrial ChAC provide 
different yields of the target products and byproducts (С1-С3 hydrocar-
bons, carbonaceous deposits) of isobutane dehydration. This indicates 
differences (in oxidized and reduced chromium states in samples. At a 
3.5 times lower total concentration of acid sites (Table 3), laboratory 
ChAC provides not only a 0.39 mol iC4H8⋅Моль Cr− 1⋅h− 1 higher specific 
rate of isobutylene formation with a 2-3% higher selectivity. It is also, in 
contrast to industrial ChAC, more stable throughout the entire test 
period (Fig. 1). The specific rate of isobutylene formation in the course 
of 54 cycles decreases by 0.09 mol iC4H8⋅Моль Cr− 1⋅h− 1 with almost 
unchanged selectivity. On industrial ChAC, not only the specific rate of 
isobutylene formation decreases, but also the selectivity by 0.16- 0.17 
mol iC4H8⋅Моль Cr− 1⋅h− 1 и 0,3-1,0% and 0.3-1.0%, respectively. 

The high activity of laboratory ChAC is related to the formation of 
mainly resistant to unwanted agglomeration of small particles of 
amorphous Cr2O3 and polychromates stabilized by a limited space 

between large crystals of α-Cr2O3 on its surface. According to UV- 
spectroscopy, only during the synthesis of the catalyst, part of Cr 
(III)oct diffuses into the crystal lattice of the alumina support. This is 
possible during thermal activation of the support impregnated with 
chromic acid. A certain amount of Cr(III)oct is encapsulated in fine pores 
of the support with a diameter of less than 5 nm. The volume of the latter 
is reduced by 1.5 times in comparison with the same pore volume of the 
support without CrOx (Table 2). Since there are no reflections of the 
(CrxAl1-x)2O3 solid solution on the diffractogram of the sample (Fig. 2), it 
can be assumed that the content of such ions is insignificant. Therefore, 
it is not possible to quantify them. The bulk of chromium in the catalyst 
is distributed mainly in pores with a diameter of 5–20 nm, the volume of 
which is reduced by 0.05 cm3/g in comparison with the support not 
containing CrOx. In this case, the specific surface area decreases by 15 
m2/g. It is logical to assume that on a small (56 m2/g) surface of the 
support, amorphous Cr2O3 particles are forced to be located between 
α-Cr2O3 crystals and/or partially on their surface. The value of the Racah 
parameter calculated for the chromium ion Cr(III)oct is 561 cm− 1, which 
is higher than the interelectron repulsion energy of the chromium ion Cr 
(III)oct in α-Cr2O3, equal to 441 cm− 1. This suggests that the size of 
amorphous Cr2O3 particles is much smaller than the size of α-Cr2O 
particles. Therefore, 2.8% (m/m) of chromium participating in the for-
mation of amorphous Cr2O3, with the exception of the one introduced 
into the support (Table 1), is structured into particles smaller than in 
industrial ChAC. In the latter the proportion of similar chromium is 2 

Fig. 7. H2 TPR profiles of the reduced forms of the ChAC samples  
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times bigger, and the formation of large particles of amorphous Cr2O3 is 
not hindered by crystalline one. As it was shown in [20] for the example 
of ChAC vacuum dehydrogenation of n-butane, the activity of catalysts 
increases by more than 20% with a fourfold decrease in the size of 
amorphous Cr2O3 particles. 

In the course of 54 cycles with an almost unchanged porous system of 
laboratory ChAC, the amount of α-Cr2O3 decreases only slightly due to 
the amorphization of the smallest particles. This causes a decrease in the 
average size of chromium particles from 582 to 570 nm. Due to poly-
merization of some of the monochromates, the proportion of poly-
chromates gradually increases. The Raman spectra of reoxidized 
samples revealed corresponding changes in the intensities of the ab-
sorption bands caused by vibrations of Cr-O bonds in these compounds 
(Fig. 6). Moreover, newly formed polymerized chromates are easier to 
reduce than the precursors. On the TPR profiles, the effect of Cr(VI) 
reduction shifts to lower temperatures by 12 ◦С (Fig. 7). In the UV-vis 
spectrum of the reduced samples, polychromates are characterized by 
an increase in the intensities of absorption bands at 14033, 16875, and 
22594 cm− 1. This indicates the appearance of additional redox chro-
mium(III) in the composition of amorphous Cr2O3 (Figure 5). These 
chromium(III) ions may be additional sites of medium strength 
(Table 3). They enhance the surface acidity of the catalyst, but not 
responsible for cracking activity and coke formation. In this case, the 
yield of С1-С3 hydrocarbons does not change, while the carbon content 
in the catalysts, on the contrary, slightly decreases. 

As a result, although the surface concentration of chromium in-
creases to 9.8 atCr/nm2 related to amorphous Cr2O3 and soluble forms of 
chromates (Table 2), but not related to the agglomeration of their par-
ticles (Table 1). It suggests a high resistance to migration of particles of 
amorphous Cr2O3 and polychromates on the surface of laboratory ChAC. 
This effect can be explained by the earlier undescribed stabilizing effect 
of α- Cr2O3 crystals. They, as is known [20], are the most stable in the 
course of redox cycles among all types of surface chromium oxide 
compounds and have low mobility on the γ-Al2O3 surface. The revealed 
stabilization of amorphous Cr2O3 and polychromates particles is 
possible with the appearance of two-phase (α-Cr2O3-am-Cr2O3 and 
α-Cr2O3-polychromate) or three-phase (polychromate-α-Cr2O3-am- 
Cr2O3) particles through the formation of Crcryst

3+ -О-CrаМ
3+ and 

Crcryst
3+ -О-Cr6+ interphase bonds (Fig. 8). 
A small decrease in the conversion of isobutane (up to 56.3%) and 

the specific rate of isobutylene formation (up to 5.67-5.70 mol 
iC4H8⋅mol Cr− 1⋅h− 1) is related to residual after oxidizing regeneration 
carbonaceous deposits in pores with a diameter of 5-20 nm, screening 
some of the active sites. And the most difficultly reducible forms of Cr 

(VI) oxide compounds formed in insignificant amounts, showing on the 
H2 TPR profiles of spent catalysts an additional effect at 568◦C, do not 
have a noticeable effect on the course of side reactions. Therefore, the 
selectivity to isobutylene remains almost unchanged. These compounds 
include additional aluminum di-and tri- chromates, which are indicated 
by the amplification of the signal at 940 cm− 1 in the Raman spectra 
(Fig. 6). 

In samples of industrial ChAC, the residual carbon content is close to 
each other, despite the big amount of carbonaceous deposits accumu-
lated in the course of the reaction (up to 0.6-0.7% (m/m) of carbon 
versus 0.4% (m/m) in laboratory ChAC). This is due to the formation of 
strong acidic sites with an ammonia desorption energy of more than 130 
kJ/mol (Table 3). Therefore, by the 54th cycle, a decrease in the con-
version of isobutane (up to 54.2-56.4%) and the specific rate of isobu-
tylene formation (up to 5.16-5.21 mol iC4H8⋅mol Cr− 1⋅h− 1) is caused by 
the loss of a part of the highly active Cr(III) ions related to trans-
formations in the catalyst porous system. According to UV-vis spec-
troscopy, chromium, which is part of the structure of polychromates, 
partially diffuses into the structure of the support. Which is facilitated by 
the disappearance of some of the pores in the range of diameters of 5-10 
nm (Fig. 4), in which polychromates are likely to be encapsulated. In the 
Raman spectrum, the intensity of the absorption bands decreases 
significantly at the same time at 849 cm− 1 due to polychromates. In 
addition, in the course of 54 cycles of the regeneration reactions the 
particles of amorphous Cr2O3 grow larger in the absence of the stabi-
lizing effect of α-Cr2O3 crystals. The average particle diameter increases 
from 304 to 335 nm, which is also facilitated by a reduction in the 
specific surface area of the catalyst (Table 2). Monochromates partially 
transforming into di- and trichromates (due to them a new high- 
intensity absorption band appears in the Raman spectrum at 940 cm−

1), also form in the catalyst hardly reducible forms of chromium (VI) 
oxide compounds chemically bonded to the support surface. The effect 
of Cr(VI) reduction on the TPR profile shifts to higher temperatures by 
6◦C with the appearance of an additional high-temperature component, 
the decomposition of which into Gaussian subcomponents gives two 
effects at 473 and 568◦C. As a result, the concentration of acid sites of 
medium strength and the strongest sites in the reduced forms of ChAC 
increases more significantly than in laboratory ChAC by 1.3 and 3.5 
times, respectively (Table 3), which catalyze the side reactions of 
cracking and carbonization, reducing selectivity for isobutylene (Fig. 1). 

Therefore, it is advisable to use an aluminum oxide support with a 
specific surface area of 50-60 m2/g and a concentration of acid centers of 
70 µmol NH3/g for the synthesis of industrial microspherical ChAC. The 
ChAC with chromium content of ~ 7% wt. will increase the production 

Fig. 8. Stabilization of amorphous Cr2O3 and polychromates particles on the γ-Al2O3 surface  
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of isobutylene, reduce the yield of cracking products, and increase the 
catalyst life in the isobutane industrial dehydrogenation in the fluidized 
bed. 

Conclusions 

In this work, the stabilizing effect of α-Cr2O3 crystals on the highly 
active phases of amorphous Cr2O3 and polychromates was established, 
as well as catalytic performance of the microspherical ChAC in the 
process of isobutane dehydrogenation in isobutylene in a fluidized bed. 
It was found that with a chromium content of 7.1% (m/m) on an 
alumina support with a surface area of 56 m2/g in a limited space be-
tween large crystals of α-Cr2O3, small particles of amorphous Cr2O3 and 
polychromates are formed. Stabilization is carried out through the for-
mation of Crcryst

3+ -О-Crаm
3+ and Crcryst

3+ -О-Cr6+ interphase bonds in the 
resulting two-phase (α-Cr2O3-am-Cr2O3 and α-Cr2O3-polychromate) or 
three-phase (polychromate-α-Cr2O3-am-Cr2O3) particles, preventing 
from the agglomeration of amorphous Cr2O3 particles and poly-
chromates in the course of redox cycles, providing with almost un-
changed selectivity for isobutylene a minimum decrease in the rate of its 
formation. In the absence of the stabilizing effect of α-Cr2O3, the 
amorphous Cr2O3 particles grow larger with the migration of a part of 
chromium into the support and the formation of chromates with a low 
degree of polymerization, which more significantly reduces the rate of 
isobutylene formation and the catalyst selectivity. 
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