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Abstract—The eff ect that introduction of cerium oxide into oxide systems based on chromium and silicon exerts 
on the catalytic properties of these systems in nonoxidative propane dehydrogenation in a fl ow-through system 
with a fi xed catalyst bed was studied. The characteristics of the catalysts CrOx–SiO2 and CrOx–CeO2–SiO2, both 
containing 9 wt % CrOx assuming the Cr2O3 stoichiometry, were compared. The СеО2 content of the ternary system 
was 52 wt %. The catalysts were characterized by X-ray diff raction analysis, scanning electron microscopy, Raman 
spectroscopy, electron paramagnetic resonance, X-ray photoelectron spectroscopy, temperature-programmed 
reduction with hydrogen, and thermal analysis. In the initial period of the reaction, the catalyst containing CeO2 
demonstrated higher propane conversion at 500 and 550°С and higher deactivation rate compared to CrOx–SiO2. 
Both catalysts can be regenerated by treatment in an air stream at 550°С for 30 min. Cerium dioxide favors the 
reduction of chromium in high oxidation states to form active reaction sites, Cr3+ ions, ensures higher dispersity 
of the chromium oxides, and favors partial oxidation of coke deposits in the initial period of the catalyst operation.
Keywords: nonoxidative propane dehydrogenation, propylene, oxide catalysts, chromium oxide, cerium oxide, 
silicon oxide, regeneration
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Propylene is a precursor for preparing a wide range 
of polymer materials. The major fraction of propylene 
used in the industry is formed as a by-product in cracking 
of petroleum fractions, but this process is low-selective 
with respect to propylene and does not meet the steadily 
growing demand. 

The development of commercial technologies for di-
rectional synthesis of propylene from propane becomes 
more and more topical, because the feed for this pro-
cess is natural gas. Propane can be readily converted to 
propylene in the course of catalytic oxidative or non-
oxidative dehydrogenation. In oxidative dehydrogena-
tion, the addition of an oxidant favors the removal of 
hydrogen from the reaction mixture, which leads to the 
shift of the equilibrium and to an increase in the propyl-
ene yield. In addition, the oxidizing additive favors the 

coke burnout from the surface and enhances the catalyst 
stability. The drawback of this procedure is irreversible 
loss of the feed in side oxidation reactions. Nonoxida-
tive propane dehydrogenation is free of this drawback, 
but the optimum thermodynamic yield in this process 
at a pressure of 1 bar is reached in a narrow tempera-
ture interval, 500–600°С. The lower temperature limit 
is determined by considerable endothermicity of the 
dehydrogenation reaction (ΔrH°298 124.3 kJ mol–1). The 
upper limit is associated with side processes of the break 
of C–C bonds, actively occurring at higher temperatures 
[1, 2] and leading to the formation of large amounts of 
gaseous by-products. A decrease in the propane partial 
pressure by decreasing the total pressure and/or propane 
fraction in the feed [2] leads to an increase in the pro-
pane conversion.
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Catalytic systems containing chromium oxide 
[CATOFIN® process (CATOFIN® technology is a 
process for producing olefi ns such as propylene (from 
propane) and isobutylene (from isobutane) using 
catalysts based on CrOx/Al2O3. Lummus Technology has 
exclusive license rights for this technology throughout 
the world [2])] or platinum particles supported on 
aluminum oxide [С3 OLEFLEX® process (Catalysts 
of the composition K(Na)–Pt–Sn/Al2O3 are used in the 
C3 OLEFLEX® technology of the Honeywell UOP 
company for producing propylene from propane [2])] are 
widely used in commercial processes for nonoxidative 
dehydrogenation of hydrocarbons. The propane-to-
propylene conversion in the presence of these catalysts 
reaches acceptable values, but the systems in hand are 
prone to deactivation due to intense coking and require 
regeneration [2, 3]. The use of platinum catalysts is 
restricted by high cost of platinum and by the need to 
redisperse the catalysts sintered in the course of the 
reaction using chlorine-containing agents, which makes 
the process environmentally harmful. 

Commercial catalysts of the CATOFIN® process 
have high chromium content. Because of the possible 
presence of toxic Cr(VI) compounds, these catalysts 
are potentially hazardous for the health of the personnel 
of catalytic dehydrogenation facilities and of plants for 
production of these catalysts. Therefore, the development 
of alternative platinum-free catalytic systems with low 
chromium content is an extremely important problem.

Systems based on chromium oxide have complex 
structure and chemical composition because of 
variability of the chromium oxidation state in the 
operating catalyst. Cr6+, Cr5+, Cr3+, and Cr2+ compounds 
can be present in the course of the reaction on the surface 
of the catalytic system [2, 4]. The Cr3+ and Cr2+ ions 
exhibit the catalytic activity, and the particles containing 
chromium in oxidation states 6+ and 5+ show no catalytic 
properties in the nonoxidative propane dehydrogenation. 
The catalytic properties also depend on the dispersity 
of chromium oxides. Amorphous or fi nely crystalline 
Cr2O3 particles exhibit high activity, whereas coarse 
particles of crystalline α-Cr2O3 are virtually inactive 
in the process [5]. In addition, local overheating under 
reducing reaction conditions can lead to the chemical 
reaction of chromium oxides with aluminum oxide to 
form the inactive spinel phase [6]. Increased coking on 
acid sites of aluminum oxide also leads to a signifi cant 

decrease in the propane conversion and in the propylene 
formation selectivity. Thus, the possible way to enhance 
the performance of chromium-containing catalysts is 
the use of systems that do not contain aluminum oxide 
and have low chromium content with the chromium 
stabilized in the Cr3+ state and high dispersity of Cr2O3. 
These goals can be accomplished by using stable 
supports based on silicon oxide, allowing the uniform 
and highly dispersed state of the active component to be 
maintained.

Previously our research team suggested a procedure 
for preparing catalysts for nonoxidative propane 
dehydrogenation of the composition CrOx–ZrO2–SiO2 
[7]. SiO2 inactive in this process served as an eff ective 
textural stabilizer: It ensured high specifi c surface area 
of the catalyst and high dispersity of active component 
particles. ZrO2 contains coordination-unsaturated 
zirconium cations exhibiting intrinsic activity in 
nonoxidative propane dehydrogenation. In the initial 
steps of the reaction, these systems at considerably 
lower chromium content (6 wt %) ensured high rates 
of propylene formation, well competing with the 
commercial analog in this respect, but underwent 
deactivation considerably faster. 

CeO2 is an active component of oxidation catalysts; 
it is often used as an additive to enhance the stability 
[8]. Redox reactions readily occur on the CeO2 surface. 
Therefore, it can be assumed that this catalyst can 
also participate in the oxidation of coke deposits on 
the surface of chromium-containing catalysts and that 
cerium ions can contribute to redox processes involving 
the active component. Hence, the addition of cerium 
oxide can enhance the stability and activity of catalysts 
for nonoxidative propane dehydrogenation.

This study was aimed at revealing the eff ect of adding 
CeO2 on the catalytic properties of the CrOx–SiO2 oxide 
system in propane dehydrogenation and at elucidating 
the nature of the eff ects observed.

EXPERIMENTAL

We used the following chemicals and precursors 
for preparing the catalysts: Cr(NO3)3·9H2O (99.2%, 
Lenreaktiv, Russia), cetyltrimethylammonium bromide 
(99%, BioChemica), Ce(NO3)3·6H2O (chemically pure 
grade, REAKhIM, Russia), tetramethylammonium 
hydroxide (25% aqueous solution, Acros Organics), 
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and tetraethoxysilane (analytically pure grade, Sigma–
Aldrich, catalog no. 78-10-4). 

The catalysts were prepared by one-step precipitation 
of the components using the procedure described in [7]. 
The dried samples were calcined in air at 600°С for 5 h. 
The Cr2O3–SiO2 sample is hereinafter designated as 
CrSi, and the CrOx–CeO2–SiO2 sample, as CrCeSi. 

The nominal chromium content of all the samples 
was 12.7 mol %, or 9 wt % in terms of Cr2O3. The 
CTAB/Cr (for CrSi) or CTAB/(Cr + Ce) (for CrCeSi) 
molar ratio was 1 : 2 (molar ratio Ce/Si = 1 : 2, mole 
fraction of Ce 30%, weight fraction in terms of CeO2 
52 wt %). The chromium content of the catalysts was 
confi rmed by atomic absorption spectrometry with a 
Scientifi c iCE 3000 device (Thermo Fisher). 

The N2 adsorption–desorption isotherms were 
recorded with an Autosorb 1 device (Quantachrome). 
Prior to measurements, the samples were degassed in 
the device cell for 3 h at 300°С. The specifi c surface 
area was calculated by the Brunauer–Emmett–Teller 
(BET) method. To take into account the contribution of 
micro- and mesopores correctly, the volume and mean 
size of the pores were calculated from the adsorption 
isotherm using the density functional theory. The data 
treatment and calculations were performed using the 
program package supplied with the device.

The electron micrographs of the catalysts were taken 
with a JCM-6000 Neoscope (JEOL) scanning electron 
microscope (SEM) equipped with an attachment for 
local energy-dispersive X-ray (EDX) analysis and 
with a JEM 2100F/UHR (JEOL) transmission electron 
microscope (TEM). 

The Raman spectra were taken with a LabRAM HR 
800 UV device (Horiba JobinYvon) using an argon laser 
with a wavelength of 514 nm. The X-ray photoelectron 
(XPS) spectra were recorded with an Axis Ultra DLD 
spectrometer (Kratos Analytical).

The diff raction patterns of the samples were recorded 
with an Ultima IV powder diff ractometer (Rigaku) (CuKα 
radiation, 1.5418 Å). The 2θ angle range was 20°–70° 
with an increment of 0.02°. The phase composition was 
analyzed using the data from the JCPDS PDF2 library 
(ICDD database). 

Thermal analysis was performed with a STA 449C 
Jupiter simultaneous thermal analyzer (Netzsch). A 

weighed portion of a sample was heated from 40 to 
900°C at a rate of 10 deg min–1 in a gas fl ow obtained by 
mixing air (80 mL min–1) and argon (40 mL min–1, grade 
A, PGS-servis, Russia). In the course of the analysis, we 
recorded the weight change, thermal eff ects, and mass 
spectra of the gas fl ow at the outlet.

The temperature-programmed reduction with 
hydrogen (TPR-Н2) was performed with a USGA-101 
chemisorption analyzer (UNISIT, Russia). A ~50-mg 
portion of the catalyst was loaded into a quartz reactor 
and heated at 150°С for 30 min in an argon fl ow (grade A, 
PGS-servis). After that, the reactor was cooled to 30°С 
and the argon fl ow was replaced by a fl ow of the 5% H2/
Ar mixture (technical gas mixture, PGS-servis) fed at 
a rate of 30 mL min–1. The reactor was linearly heated 
from 30 to 900°С at a rate of 5, 10, or 15 deg min–1. 
Changes in the composition of the gas mixture at the 
reactor outlet were recorded with a thermal conductivity 
detector. The detector signal was calibrated using the 
NiO reduction as a reference process. The eff ective 
activation energy of the reduction was determined by 
the Kissinger method using the equation

A
2

Am
ln ln ,E AR

R ET

                                   
(1)

where Tm is the temperature corresponding to the 
maximal reduction rate; β, heating rate; EA, eff ective 
activation energy; A, pre-exponential factor in the 
Arrhenius equation; and R, universal gas constant. 

The electron paramagnetic resonance (EPR) spectra 
were recorded at room temperature in the Х-range 
(frequency 9.5 GHz) with a Bruker EMX 6/1 radio 
spectrometer (Bruker) at low microwave radiation 
power (0.63 mW) when the saturation eff ect was not 
manifested. The modulation amplitude was 5 G, and the 
modulation frequency was 100 kHz. 

The nonoxidative dehydrogenation of propane was 
performed using a fi xed-bed tubular quartz reactor with 
a ULKat-1 fl ow-through catalytic installation (UNISIT, 
Russia) equipped with a three-zone tubular furnace, 
a thermocouple, and temperature and gas fl ow rate 
regulators. A 100-mg portion of the catalyst was charged 
into the reactor between quartz wool beds. The reaction 
was performed at 500, 550, or 600°C and a total pressure 
of 1 bar. The catalyst was preliminarily heated to the 
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reaction temperature in a nitrogen fl ow (20 mL min–

1), after which the reaction mixture (40 vol % C3H8, 
60 vol % N2) was fed at a rate F0 = 30 mL min–1 (the 
catalyst–propane contact time was 8.3 g min L–1). 
Samples for the analysis were taken at the reactor outlet 
using a six-way valve switching the gas fl ow between 
the gas chromatograph column and chromatographic 
loop (volume 10 μL). 

To characterize coke deposits, 200-mg portions of 
each catalyst were treated with the reaction mixture 
at 550°C for 250 min at the same fl ow rate as in the 
catalytic experiments, and thermal analysis was 
performed (thermogravimetric analysis–diff erential 
scanning calorimetry, TG–DSC). 

The products were analyzed with a Crystal-5000.2 
gas chromatograph (Chromatec, Russia) equipped with 
an HP-PLOT Al2O3 S capillary column (length 30 m, 
0.53 mm i.d., Agilent) and a fl ame ionization detector. 
The retention times and calibration coeffi  cients were 
preliminarily determined for propane and reaction 
products by analysis of standard mixtures of known 
composition (the high-purity gas mixtures were supplied 
by PGS-servis). The calibration coeffi  cients take into 
account the sensitivity of the fl ame ionization detector 
and the number of carbon atoms in molecules of the 
starting compound or reaction product. 

The propane conversion and product formation 
selectivity were calculated by Eqs. (2) and (3), 
respectively. 

     

         
products  

C H3 8
3 8 3 8products
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C H C H
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where A(i) and f(i) are the chromatographic peak area 
and calibration coeffi  cient for ith compound (propylene, 
methane, ethylene, etc.), respectively. 

The initial rate of the propylene formation was 
estimated using the model of a diff erential fl ow-through 
reactor with a thin fi xed catalyst bed:

C H C H3 8 3 6
C H C H C H C Hcat 3 8 3 6 3 8 3 6

C H C H C H03 8 3 6 3 6

d
,

X X Xm
F r r


  

   
(4)

where FC3H8 is the molar rate of the propane fl ow in the 
reaction mixture (mol min–1), mcat is the weight of the 
catalyst portion (g), and XC3H8→C3H6 is the propane-to-
propylene conversion.

The diff erential character of the reactor was ensured 
by choosing the reaction conditions so that the propane-
to-propylene conversion did not exceed 10%. 

Formula (4) can be transformed:

0 C H C H 0 C H3 6 3 8 3 6
C H3 6

m cat m cat

ö
,

F x F Y
r

V m V m
 

              
(5)

where F0 is the total volumetric fl ow rate (mL min–1); 
xC3H6, mole fraction of propylene in the gas mixture at 
the reactor outlet; φC3H8, volume fraction of propane in 
the feed; Vm, molar volume of gases at the temperature 
of measuring the fl ow with a gas fl ow rate regulator; 
and YC3H6 = (XC3H8SC3H6), propylene yield equal to the 
product of the total propane conversion and selectivity 
with respect to propylene.

Stability tests were performed with 200-mg 
portions of the catalyst at 550°С. With the increased 
catalyst portion, the contact time was 16.6 g min L–1. 
Approximately 200 min after the start of the reaction, the 
catalyst was regenerated in the same reactor at 550°С. 
To this end, the feed supply was stopped, and the catalyst 
was treated fi rst in an N2 fl ow (20 mL min–1, 5 min), 
then in an air fl ow (20 mL min–1, 30 min), and fi nally 
again in an N2 fl ow (5 min). After the regeneration, the 
feed supply was resumed, and the second cycle of the 
catalytic experiment was performed. 

RESULTS AND DISCUSSION

In our study, we compared СrSi and CrCeSi catalysts 
containing 9 wt % chromium oxide. At 500°С, the 
selectivity of both catalysts with respect to propylene 
appeared to be high and virtually equal (about 90%), but 
the propane conversion did not exceed 4% (Fig. 1a). In 
the presence of CrCeSi, the XC3H8 values appeared to be 
somewhat higher than with the cerium-free СrSi system 
and did not decrease with time. This is confi rmed by 
the observed propylene formation rates calculated from 
the initial propane conversion, selectivity with respect 
to propylene, and catalyst weight. Thus, in the presence 
of the CrCeSi system, the initial rate was 0.18, and with 
the CrSi system, 0.10 mmol min–1 g–1.

φC3H8
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Increasing the reaction temperature to 550°C leads 
in both catalytic systems to a jumpwise increase in 
the propane conversion, but with time the conversion 
drastically decreases because of the coke formation: from 
4.9 to 2.2% with CrSi and from 8.5 to 2.7% with CrCeSi 
(Fig. 1b). In the presence of CrCeSi, the conversion 
decreases more rapidly. In the presence of CrCeSi, 
the initial propylene formation rate is approximately 
2 times higher than in the presence of CrSi: 0.40 and 
0.22 mmol min–1 g–1, respectively. 

Increasing the temperature to 600°C also leads to 
a jumpwise increase in the propane conversion in the 
presence of both samples (Fig. 1c), but at this temperature 
the propane conversion in the presence of CrSi is higher 
than in the presence of the CeO2-containing catalyst. In 
addition, the selectivity of both systems with respect to 
propylene appreciably decreases, probably because of 
the occurrence of side hydrogenolysis reactions. The 
initial rates of the propylene formation in the presence 
of CrCeSi and CrSi appeared to be close: 0.23 and 
0.27 mmol min–1 g–1, respectively.

The catalyst operation stability was checked at 
550°C. In this case, the contact time of the feed with 
the catalyst was longer than in the other experiments. 
The reaction was performed for 300 min, after which 
the catalyst was treated for a short time in an air fl ow 
to remove coke deposits, and the catalytic trials were 
resumed (Fig. 1d). In the presence of the cerium-
containing sample, we recorded increased propane 
conversion compared to CeSi in the fi rst 150 min of the 
reaction both before and after the regeneration. In the 
curves of the conversion vs. time, there are portions in 
which the activity of the CrCeSi catalyst changes: The 
propane conversion fi rst increases and then decreases. In 
the process, the propylene formation selectivity remains 
relatively high (80% and higher). Such behavior of the 
system was not observed when performing trials with 
a shorter contact time of the catalyst with the feed 
(Figs. 1a–1c). After the 200-min catalytic runs, the 
propane conversion decreases to approximately 2–3%. 
After the regeneration, the activity of both catalysts is 
partially restored. In the initial time period, the propane 

Fig. 1. (1, 2) Propane conversion and (3, 4) selectivity with respect to propylene in nonoxidative propane dehydrogenation in the presence 
of (2, 4) CrSi and (1, 3) CrCeSi catalysts as functions of time. Isothermal process at (a) 500, (b) 550, and (c) 600°C; (d) operation 
stability trials at 550°С before and after regeneration by treatment in air for 30 min.

(a) (b) (c)

(d)

Pr
op

an
e 

co
nv

er
si

on
, %

    

Pr
op

an
e 

co
nv

er
si

on
, %

    

Pr
op

an
e 

co
nv

er
si

on
, %

    

Se
le

ct
iv

ity
 w

ith
 re

sp
ec

t t
o 

pr
op

yl
en

e,
 %

   
   

Se
le

ct
iv

ity
 w

ith
 re

sp
ec

t t
o 

pr
op

yl
en

e,
 %

   
   

Pr
op

an
e 

co
nv

er
si

on
, %

    
Se

le
ct

iv
ity

 w
ith

 re
sp

ec
t t

o 
pr

op
yl

en
e,

 %
   

   

Time, min   Time, min   Time, min   

Se
le

ct
iv

ity
 w

ith
 re

sp
ec

t t
o 

pr
op

yl
en

e,
 %

   
   

Time, min   Time, min   

R
e
g
e
n
e
r
a
t
i
o
n

6 6 6



RUSSIAN  JOURNAL  OF  APPLIED  CHEMISTRY  Vol.  96  No.  12  2023

1030 KAPLIN  et  al.

conversion on CrCeSi again slightly increases, as in 
the beginning of the experiment, and then it starts to 
decrease. The selectivity with respect to propylene after 
the regeneration remains approximately the same as in 
the beginning of the trials.

The causes of diff erences in the catalytic properties 
were revealed using a set of physicochemical 
investigation methods. SEM examination (Fig. 2) 
revealed no signifi cant diff erences in the morphology 
of the CrSi and CrCeSi catalysts. Both samples contain 
agglomerates of particles of various sizes and irregular 
shape with pronounced spongy porous structure caused 
by the template synthesis method. According to the 

SEM–EDX data (Table 1), the Ce : Cr molar ratio is 
higher than the target ratio (2.65) taken for the synthesis 
of the CrCeSi system, which can be attributed to 
heterogeneous distribution of chromium and cerium 
oxides throughout the sample volume. Such distribution 
was formed in the course of the solvent removal from 
the suspensions in the last step of preparing the oxide 
systems. Regions of chromium localization are seen in 
the image of the CrSi sample, whereas in the case of 
CrCeSi the distribution of the elements in the maps is 
uniform. In addition, in the CrCeSi sample the Cr : Si 
ratios calculated from the SEM–EDX and XPS data are 
appreciably higher than in the CrSi sample (Table 1). 

Table 1. Physicochemical characteristics of catalysts

Sample Cr2O3,a
wt %

BET specifi c 
surface area, 

m2 g–1

Pore 
volume 
(DFT),
mL g–1

Molar ratio of elements Н2 uptake at 150–
600°С, according to 

TPR-H2 data,
μmol g–1

SEM–EDXb XPSc

Ce : Cr Cr : Si Ce : Cr Cr : Si

CrSi 8.5 160 ± 20 0.14 – 0.02 – 0.05 670
CrCeSi 8.9 250 ± 30 0.32 7 0.10 3 0.18 1085

Dash indicates that the element is absent in the sample.
a Chromium content according to data of atomic absorption spectrometry, calculated assuming the Cr2O3 stoichiometry.
b Determined by scanning electron microscopy with energy-dispersive X-ray analysis of the chemical composition.
c Determined by X-ray photoelectron spectroscopy.

Fig. 2. (a, c) SEM images and EDX distribution maps of (b, d) chromium and (e) cerium on the catalyst surface. Catalysts: (a, b) CrSi 
(а, b) and (c–e) CrCeSi. Yellow circles show the areas of local chromium concentration on the surface.
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Probably, in the presence of cerium, chromium is 
distributed in the surface and subsurface layers more 
uniformly, which can positively infl uence the catalytic 
activity.

According to the data of low-temperature nitrogen 
adsorption–desorption, the textural characteristics 
of the two catalysts diff er signifi cantly: The specifi c 
surface area and pore volume of the cerium-modifi ed 
sample, determined by BET and DFT, respectively, 
are appreciably higher than those of the CrSi sample 
(Table 1). The causes of this diff erence become more 
understandable when considering the results of the 
adsorption experiments in detail.

The nitrogen adsorption–desorption isotherms 
(Fig. 3) of the catalysts can be classed with type IV 
according to IUPAC classifi cation [9]. In both curves, 
there is a hysteresis loop associated with the eff ect of 
the capillary condensation in the mesopores. For the 
CrSi sample, the hysteresis loop diff ers in the shape 
from that characteristic of CrCeSi and has larger size, 
which is probably caused by higher contribution of 
mesopores to the structure. At equal relative pressures, 
the specifi c volume of nitrogen adsorbed onto CrCeSi 
is considerably higher compared to the adsorption onto 
CrSi. Apparently, the CrCeSi sample contains a larger 
amount of micropores. 

Fig. 3. (a) Isotherms of nitrogen adsorption at 77 K onto CrSi and CrCeSi samples and (b) pore size distribution (DFT method).

Fig. 4. Powder X-ray diff raction patterns of CrSi and CrCeSi. The refl ections of crystalline phases of СеО2 in CrCeSi and of α-Cr2O3 in CrSi 
are indicated.
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This assumption is confi rmed by the pore size 
distribution pattern in the catalysts (Fig. 3b). The 
distribution was constructed by DFT treatment of 
the adsorption data. The DFT method allows taking 
into account the contribution of micropores and fi ne 
mesopores to the textural characteristics of the catalysts. 
The CrSi sample is characterized by the bimodal pore 
distribution with the prevalent contribution of mesopores 
and small contribution of micropores. In the pore size 
distribution of the CrCeSi sample, the contribution of 
micropores is apparently higher, which accounts for the 
higher total pore volume and higher specifi c surface area 
of this sample. Thus, the adsorption data demonstrate the 
prevalence of micropores and the fi ner pore size in the 
СrCeSi sample compared to the CrSi sample containing 
predominantly mesopores. 

The crystalline structure of the samples is also 
diff erent. In the X-ray diff raction pattern of the CrSi 
sample (Fig. 4) at small angles (5°–30°), there are no 
refl ections of crystalline phases of silicon oxides, but 
there is a halo with a maximum at approximately 22°, 
caused by the amorphous state of SiO2 [10]. In addition, 
in the diff raction pattern there are weak refl ections at 
2θ = 33.6°, 36.2°, 55.1°, corresponding to the crystalline 
α-Cr2O3 phase (space group R3c, PDF no. 038-1479). 
The presence of refl ections from the crystalline phase 
indicates that chromium oxide in this catalyst is more 
coarsely dispersed. Coarser particles of chromium oxide 
can plug the entrance to micropores and fi ne mesopores 
on the SiO2 surface, which, in combination with larger 

pore size, accounts for lower SBET and specifi c pore 
volume of CrSi.

The diff raction pattern of the CrCeSi catalyst has 
no pronounced halo, probably because of lower SiO2 
content. On the other hand, the diff raction pattern 
contains well-defi ned refl ections characteristic of the 
cubic CeO2 phase (fl uorite crystal type, space group 
Fm3–m, PDF no. 00-001-0800). However, there are no 
refl ections from crystalline chromium oxides, which 
suggests their high dispersity in the volume and on the 
surface of the catalyst. Thus, the dispersity of chromium-
containing phases is higher in the CrCeSi sample.

The Raman spectrum (Fig. 5) of the CrSi sample 
contains two lines: a strong line at 700 cm–1 and a weak 
line at 559 cm–1. The line at approximately 560 cm–1 
appears in systems containing SiO2 and is due to 
vibrations of Si–O–Si bonds [11]. The line at 700 cm–1 
corresponds to the A1g mode of the Cr–O vibrations in 
the [CrO6]9− octahedron [7]. This line is also present in 
the spectrum of the modifi ed sample, CrCeSi. However, 
it is somewhat shifted toward lower Raman shifts, 
which may be due to the interaction between particles of 
chromium and cerium oxides, and has lower intensity, 
probably because of higher dispersity of chromium 
oxides. 

In the Raman spectrum of the CrSi sample, there is a 
weak line near 830 cm–1, which, according to published 
data [12], appears in the spectra of systems containing 
dehydrated Cr2O3 particles. This mode corresponds to 

Fig. 5. Raman spectra of CrSi and CrCeSi samples.
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Cr–O–Cr vibrations in polymerized chromates on the 
surface of chromium oxide [4]. The absence of this 
signal in the spectrum of CrCeSi can be accounted for 
by higher chromium dispersity, preventing the formation 
of coarse Cr2O3 particles with high content of polymeric 
chromates, and by possible interaction between cerium 
and chromium. In addition, the spectrum of the CrCeSi 
sample contains a line at 460 cm–1, corresponding to 
the F2g mode of the Ce–O vibrations in the [CeO8]12− 
polyhedron of the cubic CeO2 lattice [13]. Thus, the 
Raman data fully agree with the X-ray diff raction 
(XRD) data. 

Specifi c features of the catalyst surface organization 
were studied by XPS. In the survey XPS spectra (see 
Supplementary Materials, Fig. S-1), there are lines 
of silicon, carbon, oxygen, chromium, and cerium 
(for CrCeSi). According to the XPS data, the Ce : Cr 
molar ratio was 3, being close to the value of 2.65 set 
by the synthesis procedure. This fact indicates that the 
components on the surface and in deeper subsurface 
layers of the sample are distributed homogeneously.

To ensure the possibility of qualitative comparison, 
the spectra of the samples were recorded at equal 
exposure time. In this case, possible diff erences between 

Fig. 6. High-resolution X-ray photoelectron spectra of CrSi and CrCeSi samples: (a) O1s and (b) Cr2p.

Table 2. Results of processing high-resolution X-ray photoelectron spectra of O1s and Cr2p3/2 electrons (CrSi and CrCeSi 
samples)

Spectrum
CrSi CrCeSi

binding energy, eV contribution of component in 
XPS spectrum, % binding energy, eV contribution of component in 

XPS spectrum, %

O1s 529.6 1 529.4 20

530.2 2 530.2 10

532.7 97 532.4 70

Cr2p3/2 576.5 73 577.0 60

579.2 18 579.1 35

581.0 9 581.0 5
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the spectra can be reliably interpreted via structural 
features of the catalysts.

Three components can be distinguished in the XPS 
spectra of O1s electrons (Fig. 6a). The high-energy 
peak with the maximum at approximately 532.5 eV 
(α-component, contribution 97 and 70% in the CrSi and 
CrCeSi systems, respectively; Table 2) is a superposition 
of the lines with the binding energies of 532 and 533 eV, 
corresponding to oxygen atoms of Si–O–Si bridges and 
of surface hydroxyl groups of amorphous SiO2 [14]. 
The line at approximately 530.2 eV (β-component) 
can correspond to oxygen in the structural fragments 
Si–O− and Cr–O–H, and the γ-component at 529.5 eV, 
to the presence of surface oxygen atoms incorporated 
in the crystal lattices of chromium oxides and CeO2 
and, possibly, in adsorbed oxygen molecules [14–16]. 
The contribution of this component to the CrCeSi XPS 
spectrum is considerably higher owing to the presence 
of the separate CeO2 phase.

In the XPS spectra of Cr2p electrons (Fig. 6b), 
there is a broad peak in the interval 574–583 eV. 
Its deconvolution reveals three components. The 
symmetrical line at approximately 579 eV can be 
assigned to oxygen-containing Cr(VI) compounds, 
chromates, and the line at 581 eV, to polychromates 
and the oxide CrO3 [17, 18]. The component at 579 eV 
also contains a contribution from Cr3+ in the form of 
hydroxide fragments [19]. The contributions of these 
lines in the spectrum of Cr2p electrons of CrSi are 

comparable, whereas in the spectrum of CrCeSi the 
peak with a maximum at 579 eV is considerably stronger 
than the second peak, which suggests higher content of 
highly dispersed chromates and chromium(III) oxide 
particles on the surface. Thus, the composition of oxides 
of chromium in high oxidation states is diff erent for the 
two catalysts, which confi rms the conclusions made 
from the Raman spectra.

The broad asymmetrical line at approximately 
577 eV is diffi  cult to interpret. However, the spectra 
of the two catalysts diff er most signifi cantly just for 
this component: 18 and 35% for CrSi and CrCeSi, 
respectively. As noted by Biesinger et al. [19], owing 
to the presence of unpaired valence electrons in Cr3+ 
compounds, the Cr3+ signal in the Cr2p XPS spectrum 
undergoes multiplet (so-called exchange) splitting into 
fi ve components with the maxima in the interval from 
575.7 to 578.9 eV, with the contribution from the lowest-
energy line being the highest (36%). The same authors 
note strong broadening of the line with the maximum at 
577.3 eV, often assigned to chromium(III) hydroxide. 
According to their data, the full width at half-maximum 
of this peak is almost 2.5 eV on the average, which leads 
to signifi cant overlap with the high-energy Cr6+ lines 
and with Cr3+ lines at lower binding energies. The line 
at 577 eV was also assigned to Cr2O3 and to surface Cr3+ 
ions in Cr(OH)3 and CrOOH [20]. 

Chromium(VI) present on the surface can also be 
reduced under the conditions of high vacuum in the 

Fig. 7. Profi les of temperature-programmed reduction with hydrogen of CrSi and CrCeSi samples at a heating rate of 10 deg min–1.
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course of XPS analysis [21, 22]. In the Ce3d XPS 
spectrum of the CrCeSi sample, the major contribution 
is from tetravalent cerium (Ce4+/Ce3+ = 31.5). However, 
the reduction of cerium oxide is also possible under the 
conditions of nonoxidative propane dehydrogenation, 
which have pronounced reducing character. Depending 
on the specifi c conditions of the medium and on the 
catalyst composition, the redox reactions occurring in 
the process can be shifted toward formation of both 
more and less oxidized chromium species. For example, 
in sites of contact of chromium and cerium oxide 
phases, Cr6+ can be reduced to form catalytically active 
Cr3+ sites:

3 6 4 33Ce Cr 3Ce Cr .                          (I)

The TPR-Н2 profi les of the two catalysts diff er 
signifi cantly (Fig. 7). In the TPR-Н2 profi le of the 
CrSi sample, there is a strong signal in the region of 
350–530°С with the maximum at 435°С, which can 
be assigned to the reduction of Cr6+ dispersed on the 
SiO2 surface [23]. The lower total hydrogen uptake 
in the interval 150–600°C, compared to the TPR-Н2 
profi le of the modifi ed system (Table 1), suggests the 
possible presence of crystalline Cr2O3, which should 
be reduced at temperatures higher than 800°С [24]. 
This is confi rmed by the SEM–EDX and XRD data, 

which reveal in the CrSi sample local accumulations of 
chromium and crystallites of the Cr2O3 phase. SiO2 is 
not reduced under these conditions [25].

In the TPR-Н2 profi le of the CrCeSi catalyst, the 
major peak is located at lower temperatures (maximum at 
354°С). The shift of the peak toward lower temperatures 
and a sharp increase in the hydrogen uptake in this 
region relative to the signal in the TPR-Н2 profi le of 
the CrSi sample suggests an increase in the amount of 
readily reducible Cr6+ sites in the presence of CeO2. The 
profi le has a weak shoulder with the maximum at 461°С. 
It is associated with the reduction of highly dispersed 
Cr2O3 particles, which react with hydrogen at a lower 
temperature compared to the bulk phase [24, 26], and of 
Ce4+ ions on the surface and in CeO2 near-surface layers 
[27]. In addition, the profi le contains a high-temperature 
peak at 780°С, indicative of the reduction of the bulk 
CeO2 phase [28]. 

The Kissinger (The Kissinger method is used for 
treatment of the results of nonisothermal methods 
(diff erential thermal analysis, temperature-programmed 
reduction, etc.) to determine the eff ective activation 
energy of chemical processes involving solids.) analysis 
of the TPR-Н2 profi les recorded at diff erent heating 
rates allowed us to determine the activation energy of 
the reduction of chromium in higher oxidation states 
with hydrogen: 87 ± 3 and 49 ± 4 kJ mol–1 for CrSi and 
CrCeSi, respectively (the linear plots in the Kissinger 
coordinates are given in Supplementary Materials, 
Fig. S-2).

The considerable decrease in the activation energy of 
the Cr6+ reduction in the presence of cerium agrees with 
the previous conclusions that chromium can be reduced 
via electronic interaction between Ce3+ and Cr6+ and 
that the CrCeSi sample contains readily reducible highly 
dispersed Cr2O3 forms, in agreement with the XPS data.

Thus, the presence of cerium under the reaction 
conditions can favor the chromium transition into active 
Cr3+ forms under the reducing conditions of the propane 
dehydrogenation and can make these forms more 
dispersed. This, in turn, should enhance the catalytic 
activity, especially in the initial period of the reaction, 
before deactivation of active sites due to coking.

The EPR spectra of the two samples diff er 
signifi cantly (Fig. 8). The spectrum of the CrSi catalyst 

Fig. 8. EPR spectra of CrSi and CrСеSi catalysts. (g) Parameter 
depending on the kind of a paramagnetic particle (Landé 
factor, or g-factor).
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contains a composite signal identical to that recorded for 
the sample of similar composition by Morra et al. [29]. 
The authors believe that the pseudoaxial signal in the 
interval g = 1.895–1.979 is due to residual Cr5+ ions, 
which are always present in this system. The signal may 
also be due to the presence of Cr(VI)–O–Cr(III)–O–
Cr(VI) sites in the system. On introducing cerium, the 
EPR signal becomes broader and sharply decreases in 
intensity. This is caused by changes in the dispersity 
and oxidation state of chromium oxide particles in 
the modifi ed sample. As shown in [30], in CrOx/CeO2 
chromium is mainly present in the Cr3+ state. Probably, 
a part of chromium atoms occupy the Ce4+ sites in 
the cubic lattice and form Cr–O–Ce bonds, which 
inhibits further oxidation of Cr. Indeed, in the CrCeSi 
spectrum, the contribution of the broader anisotropic 
signal associated with low-spin sites of magnetically 
isolated Cr3+ ions (d3, S = 1/2) increases. The signal 
with mean g = 1.96 remains the most pronounced, but its 
intensity is considerably lower than that in the spectrum 
of the CrSi system, which is due to the presence of a 
large amount of highly oxidized chromium forms 
(chromates, polychromates) and of paramagnetic Ce3+ 
ions in the sample. The presence of such sites and the 
electronic transitions between them favor the formation 
of active highly dispersed Cr3+ ions under the propane 
dehydrogenation conditions, which is in agreement with 
the conclusions made previously from the XPS and 
TPR-H2 data.

The thermograms (Fig. 9a) demonstrate the 
pronounced weight loss caused by the desorption of 
adsorbed water and burnout of carbon deposits; the 
weight loss is more pronounced for the CrSi sample. 
This fact suggests higher coke content of this catalyst. 
An endothermic process associated with the water 
desorption occurs up to 200°C (Fig. 9b). At higher 
temperatures, exothermic carbon burnout starts. For the 
CrCeSi sample, the exothermic peak has a maximum 
at 300°С, whereas for the cerium-free system the 
maximum is shifted toward higher temperatures (about 
380°C). This can be attributed to the formation of 
more readily oxidizable amorphous carbon forms in 
the CrCeSi sample in the course of catalytic trials. In 
addition, coke should be removed from the surface of 
the CrCeSi catalyst in the course of oxidative treatment 
more readily because of the ability of CeO2 to donate a 
certain amount of oxygen from the crystal lattice for the 
oxidation. This process favors the coke removal even 
in the course of nonoxidative propane dehydrogenation. 
As a result, CrCeSi after the catalytic trials contains 
a smaller amount of coke compared to CrSi, which 
follows from the thermal analysis data.

The results obtained convincingly explain the 
diff erences in the behavior of the catalysts under the 
conditions of the propane dehydrogenation. Let us 
consider data obtained in successive runs at diff erent 
reaction temperatures when the contact time of the feed 
with the catalyst was 8.3 g min L–1. At 500°С, the initial 

Fig. 9. (a) Thermogravimetric and (b) diff erential scanning calorimetry curves of the catalysts after the nonoxidative propane 
dehydrogenation (250 min, 550°С).
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propane conversion in the presence of CrСeSi is higher 
than on CrSi and gradually increases in the course of the 
reaction, whereas for the unmodifi ed system the propane 
conversion gradually decreases. The distribution of 
chromium oxides on the surface of the CrCeSi ternary 
system is uniform, which is confi rmed by higher BET 
specifi c surface area and by the absence of local zones of 
chromium and cerium accumulation according to SEM–
EDX data. Apparently, chromium in high oxidation 
states is partially reduced with Ce3+ to form the active 
highly dispersed Cr2O3 phase. This is confi rmed by an 
appreciable low-temperature shift of the signal from 
the Cr6+ reduction in the TPR-H2 profi le of this sample. 
The coke, which is formed on this catalyst in somewhat 
smaller amounts, can undergo partial oxidation with the 
participation of active surface oxygen incorporated in 
CeO2. This is indicated by a sharp decrease in the catalyst 
weight after the catalytic runs in the course of TG–DSC 
with the heat release at Т < 400°С. Therefore, coke can 
be removed even at the lowest reaction temperature used 
(500°С). It is important that the processes occurring at 
this temperature, including coking, are slow; therefore, 
the propane conversion in the presence of the CrCeSi 
catalyst does not decrease but reaches a steady-state 
level after the 50-min catalytic run. 

At 550°C, the propane conversion on both catalysts 
in the initial reaction period is appreciably higher than 
that observed at 500°С, but it strongly decreases in the 
course of the reaction because of coking. The propane 
conversion in the presence of CrСeSi is higher compared 
to CrSi owing to the formation of additional Cr3+ sites 
in redox transformations 3Ce3+ + Cr6+ = 3Ce4+ + Cr3+ at 
interfaces of the chromium oxide and CeO2 phases. This 
is indirectly confi rmed by the Raman, XPS, and EPR 
data. The absence of the process stabilization step with 
CrСeSi is associated with the relatively short contact 
time due to small amount of the catalyst. Under these 
conditions, the catalyst surface layer is very rapidly 
reduced, and the rate of the oxygen diff usion from deeper 
oxide layers is insuffi  cient to ensure effi  cient oxidation 
of the soot particles formed. This leads to rapid coking 
of Cr3+ sites, including those formed in the course of 
catalysis at the interfaces with CeO2. 

At 600°С in the fi rst 50 min, the CrSi sample ensured 
higher propane conversion compared to the level reached 
at 550°С. On the contrary, the propane conversion in 
the presence of CrСeSi was lower than that at 550°С. 

Increased content of highly dispersed Cr2O3 sites in this 
sample at high reaction temperature favors acceleration 
of side hydrogenolysis processes leading to coking 
and degradation of the propane carbon skeleton. In 
addition, at 600°С in the oxygen-free reaction medium, 
chromium and cerium oxides can interact with the 
formation of mixed oxide phases, e.g., perovskites 
СeCrO3 [31], which increase the oxygen capacity of the 
system but probably remain stable under the conditions 
of nonoxidative propane dehydrogenation and do not 
participate in the reaction redox cycle.

Prolonged runs were performed at longer contact 
time of the feed with the catalyst (16.6 g min L–1). Under 
these conditions, the curve of the propane conversion 
vs. reaction time in the presence of CrCeSi passes 
through a maximum in the initial period. Probably, 
with increased amount of active sites contacting with 
the reaction mixture when taking a larger portion of the 
catalyst, it becomes possible to detect in more detail 
the processes occurring on the catalyst surface in the 
initial reaction period. The increase in the conversion is 
particularly noticeable when reusing the catalyst after the 
regeneration. The propane conversion increases in the 
fi rst 50 min of the reaction and then starts to decrease. The 
propane conversion immediately after the regeneration 
is appreciably lower than in the fi rst cycle of the catalyst 
use. Hence, in the course of short (30 min) regeneration 
in an air fl ow, the carbon deposits formed are removed 
incompletely. Probably, an increase in the propane 
conversion in the initial period of the second cycle of 
using the catalyst is caused by additional oxidation of the 
remaining carbon deposits with oxygen from the crystal 
lattice of cerium oxide, which diff uses from the bulk 
of the oxide to the surface where the carbon deposits 
are located. However, the process is accompanied by 
partial reduction of the surface and near-surface layers 
of the catalyst and is accompanied by the appearance of 
coordination-unsaturated Ce3+ ions, as indicated by the 
XPS and EPR data. These ions are formed by reduction 
of the surface under the reaction conditions and have 
no time to undergo oxidation via diff usion of oxygen 
from the bulk of the CeO2 cubic lattice. After the surface 
reduction, the catalyst is deactivated owing to rapid 
coking on Cr3+ sites and partial sintering of chromium 
oxide phases into coarser crystalline Cr2O3 particles, and 
after a certain period the propane conversion decreases 
to the level characteristic of the CrSi catalyst. It can 
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also be assumed that, in the initial period, the residual 
carbon deposits transform into methane owing to active 
hydrogen evolution. Indeed, in the initial period of the 
reaction, both before and after regeneration, methane 
evolution is observed on CrCeSi. The selectivity with 
respect to methane is about 2% at this moment, and 
then the selectivity with respect to methane drastically 
decreases. However, the CeO2-free sample exhibits the 
same behavior. Therefore, the latter assumption cannot 
account for the evolution of the CrCeSi catalyst in the 
initial period of the operation.

The results of this study show that introduction of ce-
rium signifi cantly infl uences the catalytic properties of 
Cr2O3–SiO2. This infl uence is primarily determined by 
the reaction of cerium and chromium ions on the sites of 
contact, by an increase in the active component disper-
sity, and by the fact that the carbon deposits formed in 
the course of nonoxidative propane dehydrogenation on 
the catalyst can be oxidized with active oxygen from the 
surface CeO2 layers. In the future, more detailed study 
of such systems will allow fi nding the ways for more ef-
fi cient CeO2 dispersion and the optimum conditions for 
the regeneration of propane dehydrogenation catalysts. 
Hence, the results obtained open prospects for the com-
mercial use of Cr2O3–CeO2–SiO2 catalysts.

CONCLUSIONS

The CrSi and CrCeSi catalytic systems are active in 
nonoxidative propane dehydrogenation. In the initial 
reaction period, the cerium-containing catalyst 
ensured higher propane conversion at 500 and 
550°С, but underwent deactivation more rapidly. 
Both samples could be regenerated by short (30 min) 
treatment in an air fl ow at 550°С. The presence of 
cerium oxide in the catalyst can favor higher dispersity 
of chromium oxides, reduction of chromium in higher 
oxidation states to form Cr3+ ions active in propane 
dehydrogenation, and partial soot oxidation present 
in the form of amorphous carbon deposits under the 
reaction conditions in the initial period of the catalyst 
operation.
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