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Abstract: Two series of chromium–zirconium mixed oxide catalysts with different Cr/Zr molar
ratio are prepared by co-precipitation method. Porous structure of the catalysts is studied by low-
temperature N2 adsorption–desorption. Phase composition and chromium states in the catalysts are
characterized by X-ray diffraction (XRD), UV-visible spectroscopy, and temperature-programmed
reduction with hydrogen (TPR-H2). The mixed catalysts are tested in non-oxidative dehydrogenation
of propane at 550 ◦C. The catalysts synthesized without ageing of precipitate show higher activity
in propane dehydrogenation due to the higher content of reducible Cr+5/+6 species due to its
stabilization on the ZrO2 surface.

Keywords: chromia catalysts; mixed oxides; zirconia; dehydrogenation of propane

1. Introduction

Catalytic technologies for dehydrogenation of hydrocarbons, especially propane and
butanes, are among those environmentally benign approaches yielding important in-
demand chemicals [1,2]. Among these chemicals is propylene, one of the most impor-
tant raw materials for the petrochemical industry, used to manufacture polymers (e.g.,
polypropylene, polyacrylonitrile) and various commodity and value-added chemicals (e.g.,
acrolein, propylene oxide, acrylic acid) [3]. Presently, the catalytic dehydrogenation of
paraffinic hydrocarbons is a promising way to produce olefins and is carried out through
industrial approaches, including adiabatic fixed-bed (Catofin and Star), moving-bed (Ole-
flex), and fluidized-bed (FBD) processes [4], with the Catofin and Oleflex technologies
being most frequently used. Additionally, two main approaches are currently used for
propane dehydrogenation, namely, direct non-oxidative (PDH) and oxidative (ODH) pro-
cesses [5–8], with the latter group also utilizing a number of soft oxidants, e.g., CO2, N2O,
halogens, and S-containing compounds [9–13].

The catalysts for dehydrogenation of paraffins mostly contain CrOx [14–19] or Pt–
Sn [20–23] as active components, while many other catalyst formulations, including but
not limited to V [24,25], Ga [26], Co [27], Rh [28], Rh-Sn [29], zirconia-supported Rh, Ru,
Pt or Ir [30], Pt-Ga [31], Pt-In [32], Pt-Ge [33], Pt-Pd [34], and TiO2-supported catalysts
with ZnO and ZrO2 [35] have already shown their potential. Such composites are usually
supported on various alumina or silica. While the latter feature more developed porous
structure and show almost negligible activity in PDH reaction, they do not allow stabilizing
Cr in highly oxidized states, resulting in the formation of α-Cr2O3 phase particles that are
inactive in dehydrogenation [36]. Thus, the reduction of Cr content in the catalysts [37]
and introduction of other supports that can act synergistically with the CrOx species and
other catalyst components [38] has been in focus, and the development of such catalysts
has become a topical challenge.

Recently, ZrO2 has become a promising candidate as a support for CrOx-containing
PDH catalysts [39–41]. This is connected with its capability to stabilize CrOx species on
the surface [42] and also with its own activity in dehydrogenation of hydrocarbons [43],
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with monoclinic ZrO2 showing a higher rate of propene formation and higher propene
selectivity as compared to tetragonal zirconia. For bare zirconia, both catalyst activity
and selectivity were higher as the crystallite sizes decreased, and for both monoclinic and
tetragonal phases, the release of lattice oxygen during the reductive treatment resulted in
the formation of coordinatively unsaturated Zr sites. Such Zr sites can also be formed under
the influence of reaction conditions with the participation of active CrOx species in Cr–Zr
oxide catalysts [38] (or other dopants, e.g., Mg, Sm, and La [44]) and their silica-supported
counterparts [42], resulting in efficient C–H bond activation [45]. The strength of interaction
between CrOx, ZrO2, and support as well as the sizes of zirconia crystallites in CrZrOx were
found crucial for PDH performance. The crystallite sizes also controlled the concentration
of oxygen vacancies. Weak CrOx–SiO2 interaction was found preferable, while the active
species also increased the coke formation. For SiO2-supported CrZrOx-based composites,
the zirconia crystallinity was shown to play an important role in propylene formation [46],
with the increased crystallinity being beneficial for activity without selectivity loss.

The CrZrOx systems can be obtained by various methods, including impregnation
of ZrO2 with precursor of active ingredient (chromium (III) nitrate, ammonium dichro-
mate) [47,48]. In this case, the catalyst surface is represented by highly dispersed species
of the active component stabilized on the support, but the catalyst is characterized by a
low specific surface area (10–30 m2/g). Another promising approach is the preparation
of mixed chromium and zirconium oxides using isolation from salt solutions, making it
possible to obtain samples with a developed structure and high specific surface area [49].
Nevertheless, the peculiarities of the structure formation in Cr–Zr oxide catalysts depend-
ing on the changing of synthesis conditions, the effect of the Cr/Zr ratios on the phase
composition, and the catalytic activity of such systems in the paraffin dehydrogenation
have been poorly studied.

The present work is focused on the effect of synthesis conditions and the Cr/Zr
molar ratio in mixed Cr–Zr oxides on the physical-chemical and catalytic properties of the
resulting composites. The states of chromium on the surface and in the bulk of zirconium
oxide are studied, and the catalysts are tested with nonoxidative propane dehydrogenation.

2. Materials and Methods
2.1. Catalysts Preparation

Two series of chromia–zirconia catalysts with different Cr/Zr molar ratio were pre-
pared by co-precipitation method [26,50]. The required amounts of ZrO(NO3)2·2H2O
(chemically pure) and/or Cr(NO3)3·9H2O (chemically pure) were dissolved in water. After
that, an aqueous ammonia solution was added dropwise until pH = 9. The as-prepared
or overnight-aged precipitates were filtered and washed by distilled water. Then, the pre-
pared catalysts were dried at 100 ◦C overnight and calcined at 600 ◦C for 4 h. The reference
sample Cr2O3 was synthesized by the thermal decomposition of Cr(NO3)3·9H2O at 600 ◦C
for 4 h. The catalysts were denoted as Cr1Zr99Ox, Cr3Zr97Ox, Cr10Zr90Ox, and Cr20Zr80Ox,
with the numbers standing for molar fraction of each metal and depending on the synthesis
conditions with ageing, i.e., CryZr1−yOx (aged), and without ageing, (CryZr1−yOx).

2.2. Characterization

The porous structure was studied by the low-temperature adsorption–desorption of
nitrogen at −196 ◦C using the TriStar 3020 analyzer (Micromeritics, Norcross, GA, USA).
The specific surface area was determined using the multipoint Brunauer–Emmett–Teller
(BET) method to rectify the adsorption isotherms in the P/P0 range from 0.05 to 0.30. Pore
size distributions were plotted using the Barrett–Joyner–Halenda method (BJH) with the
analysis of adsorption branch of the isotherms. Prior to the measurements, the samples
with mass of ~200 mg were degassed under vacuum at 200 ◦C for 2 h.

The phase composition was studied by X-ray diffraction (XRD) on the Rigaku Miniflex
600 (Rigaku Corporation, Tokyo, Japan) using a CuKα-radiation source (λ = 1.5418 Å)
with monochromator. Conditions were as follows: rate was 2 degree/min, spacing was
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0.2 degree/min, and angular range was 2θ = 10–90◦. The analysis of the phase composition
was carried out using the database PCPDFWIN and full profile analysis program POWDER
CELL 2.4. The size of the crystallites was calculated using the POWDER CELL 2.4 software
according to the Scherrer equation:

DXRD = K·λ/β·cosθ

where:
DXRD is the size of the ordered (crystalline) domains;
K is a dimensionless shape factor, with a value close to unity;
λ is the X-ray wavelength;
β is the line broadening at half maximum intensity (FWHM).
Diffuse reflectance spectroscopy (DRS) analyses were performed on the Thermo

Scientific Evolution 600 (Thermo Fisher Scientific, Waltham, MA, USA).
Reduction ability of the chromium oxides in the catalysts was studied by the

temperature-programmed reduction in hydrogen (TPR-H2). The TPR-H2 was conducted
using the AutoChem HP 2950 (Micromeritics, Norcross, GA, USA) with a thermal conduc-
tivity detector (TCD) ramping rate of 10 degree/min under a flow of argon–hydrogen (10%
H2/Ar) at a flow rate of 20 mL/min. To capture water produced during the reduction, a
freezing trap was installed in front of the detector.

2.3. Catalytic Tests

Catalytic properties were studied in non-oxidative dehydrogenation of propane (PDH)
to propylene. The samples were loaded into a flow-type tubular reactor with a quartz wool.
The catalyst volume was 0.25 cm3, and the fraction was 0.25–0.5 mm. The catalysts were
heated under a flow of N2 (50 mL/min), then regenerated with air at 600 ◦C (50 mL/min) for
15 min and reduced under a flow of 15% H2/N2 for 5 min. After that, the dehydrogenation
reaction occurred, and the sampling was carried out at 6 min. The catalyst was exposed
to 15% C3H8/N2 with a flow rate of 6 l/h (8000 h−1) at 550 ◦C. The compositions of the
obtained products were analyzed online by the Chromatek-Crystal gas chromatograph
(CHROMATEC, Yoshkar-Ola, Mari El, Russia) with the Porapak Q capillary column,
thermal conductivity detector (TCD), and flame ionization detector (FID). The components
of the gas mixture were quantitatively determined using the Chromatek-Analyst software
and the method of absolute calibration with a test gas mixture.

The activity of the catalysts was calculated as a space time yield (STY, kg/h·m3) taking
into account the amount of converted propane (kg/h) per catalyst volume (m3). The
turnover frequency (TOF) value was calculated as the rate of catalytic reaction per amount
of chromium atoms.

TOF = V(C3H8) · C(C3H8) · P ·M(Cr)/R · T ·m(cat) ·$(Cr)

where:
V(C3H8)—volume rate of C3H8/N2 gas mixture (m3/h);
C(C3H8)—the C3H8 concentration in C3H8/N2 gas mixture (0.15);
P—pressure (Pa);
M(Cr)—molar weight of chromium (52 g/mol);
R—universal gas constant (8.314 m3 Pa/K ·mol);
T—reaction temperature (K);
m(cat)—catalyst weight (g);
$(Cr)—Cr weight content in catalysts (g/g).

3. Results

According to the results of investigations by the method of low-temperature adsorp-
tion/desorption of nitrogen, all synthesized catalysts feature a mesoporous structure.
Figure 1a,b shows the isotherms for catalysts synthesized by co-precipitation method with
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and without ageing. For two series of catalysts, the presence of a hysteresis loop in the
relative pressure range of 0.45–1.0 is characteristic and indicates the presence of small-
and medium-sized mesopores. Figure 1a represents a pore size distribution (BJH). For the
catalysts obtained without ageing, the pore size distribution is observed in the range from
2 to 21 nm, and with an increase in the chromium content, the distribution maximum is
shifted from 2–30 nm to up to 2–9 nm.

Figure 1. Nitrogen adsorption–desorption isotherms (a,c) and pore size distributions (b,d) for prepared catalysts: (a,b)
without ageing, (c,d) with ageing of precipitate.

The differences in the pore size distribution for the mixed oxides within this series
may be due to the different equilibrium sizes at time of deposition at different chromium
content. Figure 1b shows the series with ageing characterized by a more uniform pore size
distribution that is also shifted with an increasing chromium content, although in a more
narrow range: from 2–8 nm to up to 2–4.5 nm.

Table 1 shows the textural characteristics for two series of mixed oxides prepared
with and without ageing. The series without ageing is characterized by specific surface
area growth with increasing chromium content. The specific surface area values for these
systems vary from 24 m2/g (ZrO2 (a)) to 107 m2/g (Cr10Zr90Ox (a)). Further increase in
the Cr content to up to 20 mol.% leads to a decrease in the specific surface area (77 m2/g
for Cr20Zr80Ox (a)). The values of the specific surface for the samples with ageing vary in
the range 38 to 62 m2/g, and the one for ZrO2 is 5 m2/g.
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Table 1. Textural characteristics for two series of mixed oxides.

Sample SBET, m2/g Vp, cm3/g Sample SBET, m2/g Vp, cm3/g ω(Cr), wt.%

ZrO2 23 0.14 ZrO2(aged) 5 0.04 -

Cr1Zr99Ox 24 0.09 Cr1Zr99Ox(aged) 54 0.11 0.4

Cr3Zr97Ox 76 0.20 Cr3Zr97Ox(aged) 59 0.09 1.3

Cr10Zr90Ox 107 0.18 Cr10Zr90Ox(aged) 62 0.10 4.4

Cr20Zr80Ox 77 0.11 Cr20Zr80Ox(aged) 42 0.05 9.2

Figure 2 shows the XRD patterns for the obtained samples. According to the XRD
results (Figure 2 and Table 2), a mixture of monoclinic and tetragonal phase of ZrO2 is
observed for the ZrO2 supports. The increase in the chromium content in the catalyst leads
to ZrO2 stabilization, mainly in the tetragonal modification. The tetragonal ZrO2 phase in
the mixed oxides obtained with ageing prevails even at low chromium contents, while the
Cr1Zr99Ox-Cr3Zr90Ox samples without ageing mainly contain the monoclinic ZrO2 phase.

Figure 2. XRD patterns for Cr–Zr mixed oxide samples prepared (a) without and (b) with ageing of precipitate: m—
monoclinic ZrO2 phase, t—tetragonal ZrO2 phase, a—α-Cr2O3.

The absence of reflections of the Cr-containing phases indicates the stabilization of
chromia in a highly dispersed state. The reflections of α-Cr2O3 were found only in the
Cr20Zr80Ox catalyst (without ageing). This is attributed to the high Cr loading. The aging
of the Cr20Zr80Ox catalyst leads to the disappearance of reflections of α-Cr2O3 phase
(insertion in Figure 2b), which indicates chromia redistribution during the precipitate
adding. The precipitate ageing leads to both increase in the size of ZrO2 crystallites and
changing of the cell parameter of ZrO2 phases (Table 2). The shift in the t-ZrO2 phase
reflections towards large angles with high chromium contents in the catalysts may be
due to the incorporation of chromium ions into zirconia lattice, with the corresponding
decreasing of the cell parameter from 3.603–3.600 Å to 3.567–3.570 Å for Cr20Zr80Ox sample
(parameter a in Table 2).
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Table 2. The XRD results.

Sample Phases $, wt.% DXRD, nm a, Å Sample Phases $, wt.% DXRD, nm a, Å

ZrO2
m-ZrO2 92.32 20.2 - ZrO2

(aged)
m-ZrO2 90.67 17.3 5.147

t-ZrO2 7.68 18.1 - t-ZrO2 9.33 15.4 3.600

Cr1Zr99Ox
m-ZrO2 91.50 13.5 5.147 Cr1Zr99Ox

(aged)
m-ZrO2 79.45 8.95 5.157

t-ZrO2 8.50 12.8 3.603 t-ZrO2 20.55 19.9 3.597

Cr3Zr97Ox
m-ZrO2 90.26 9.3 5.151 Cr3Zr97Ox

(aged)
m-ZrO2 48.75 3.33 5.152

t-ZrO2 9.74 7.9 3.603 t-ZrO2 51.25 17.3 3.599

Cr10Zr90Ox
m-ZrO2 0 - - Cr10Zr90Ox

(aged)
m-ZrO2 0 - -

t-ZrO2 100 11.4 3.588 t-ZrO2 100 17.1 3.587

Cr20Zr80Ox
a-Cr2O3 7.22 - - Cr20Zr80Ox

(aged)
m-ZrO2 0 - -

t-ZrO2 92.78 9.6 3.570 t-ZrO2 100 14.7 3.567

Thus, according to the XRD results, the Cr/Zr ratio in the mixed Cr–Zr oxide catalysts
significantly affects the phase composition. Increasing the Cr content leads to stabilization
of tetragonal ZrO2 phase, which is attributed to the Cr incorporation into this phase. The
size of the t-ZrO2 crystallites is smaller with the increasing Cr loading. The aging of the
precipitate influences both the phase composition of catalysts and the size of crystallites.
The precipitate aging leads to the increasing of the crystallites’ size and the increased
amount of tetragonal ZrO2 phase that is associated with the chromia redistribution and
t-ZrO2 stabilization due to the incorporation of Cr atoms into zirconia lattice. The changing
of the phase composition and increased size of the crystallites lead to the decreasing of
SBET and pore volume (Table 1).

The chemical state of chromium on the surface of ZrO2 was studied by the DRS
method, and Figure 3 shows the diffuse reflectance spectra for the mixed oxides. The
onset of the linear increase in the diffuse reflectance spectrum is taken as a measure of the
forbidden gap that occurs at around 230 nm. This is a characteristic of the end of the bulk
tetragonal zirconia phase. All samples are characterized by the intensive absorption bands
at 280 and 370 nm, attributed to the ligand-to-metal charge transfer for the Cr+6 cations in
the tetrahedral oxygen symmetry.

Figure 3. DRS spectra for CrZrOx catalysts synthesized with and without ageing of precipitate.
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The absorption bands with maxima at 470 and 580 nm in the spectrum for the
Cr20Zr80Ox (a) catalyst can be attributed to A2g→T1g and A2g→T2g Cr(III) transitions
in octahedral symmetry [20,29], which is consistent with the XRD results. For the samples
with Cr content from 1.3 to 4.4/9.2 wt.%, the DRS spectra contain non-intensive absorption
bands at 550 and 730 nm. According to the literature, these absorption bands may be due to
the appearance of the resonant d–d transition of the Cr3+ cations [51] or due to the presence
of the small content of Cr5+ ions in the octahedral oxygen coordination [52].

The TPR-H2 profiles (Figure 4) for all catalysts contain two broad peaks of hydrogen
consumption, with the temperature maxima at 351–383 and 488–535 ◦C. These peaks can
be attributed to the Cr+5/+6 reduction into Cr+3, since the intensity of these peaks increases
as the Cr content rises [30].

Figure 4. TPR-H2 profiles for ZrO2 and CrZrOx catalysts: catalysts (a) without ageing, (b) with ageing of precipitate.

However, the second consumption peak can also be attributed to the ZrO2 reduction,
and an increase in its intensity corresponds to an increase in the number of defects in ZrO2
structure with enrichment in the chromium content. The TPR-H2 for ZrO2 samples are
characterized by the presence of the H2 consumption peak at ~500 ◦C, but its intensity is
relatively low. It is noteworthy that for the series obtained without aging, the intensity of
this high-temperature peak after the catalytic experiment is significantly reduced.

Table 3 represents the quantification of the hydrogen consumed in the TPR experi-
ments as well as the amount of maximal theoretical H2 consumption corresponding to the
reduction of all Cr6+ chromium into Cr3+. The values of H2 consumption for Cr1Zr99Ox
and Cr3Zr97Ox catalysts are close to the theoretical consumption, which indicates the
chromium stabilization on the surface of catalysts predominantly as Cr6+ species. The
highest reduction ability (722 µmol/g) is observed for Cr10Zr90Ox catalyst. The decreased
hydrogen consumption for Cr20Zr80Ox samples can be attributed to both the formation of
a-Cr2O3 phase and a significant incorporation of Cr3+ species into the zirconia lattice.
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Table 3. H2 consumption for obtained catalysts.

Sample
before PDH after PDH

Sample
before PDH after PDH H2, µmol/g

(Cr6+→ Cr3+)n(H2), µmol/g n(H2), µmol/g

ZrO2 - - ZrO2(aged) - - -

Cr1Zr99Ox 132 98 Cr1Zr99Ox(aged) 108 72 122

Cr3Zr97Ox 345 218 Cr3Zr97Ox(aged) 318 207 369

Cr10Zr90Ox 722 442 Cr10Zr90Ox(aged) 581 514 1266

Cr20Zr80Ox 670 466 Cr20Zr80Ox(aged) 601 537 2637

Table 3 also shows that the amount of consumed H2 for the catalysts after propane
dehydrogenation (PHD) is lower than for the as-prepared catalysts. This indicates the
decreased amount of reversibly oxidized/reduced Cr6+/3+ species in the catalytic process
that may also be attributed to the Cr3+ incorporation into the zirconia lattice.

The catalytic properties of the synthesized catalysts were tested with the reaction of
non-oxidative propane dehydrogenation. Figure 5 shows the obtained conversion and
selectivity values in three cycles of PDH with sampling at 6 min. The activity of the catalysts
obtained without ageing gradually increases as the chromium content rises: Cr1Zr99Ox
< Cr3Zr97Ox < Cr10Zr90Ox. Table 4 summarizes the space time yield (STY) and turnover
frequencies (TOF). The conversion and selectivity values for the Cr20Zr80Ox catalyst are
similar to those for Cr10Zr90Ox. However, the stability of the sample during three cycles
is higher.

Figure 5. Catalytic results for obtained samples in PDH.

For the catalysts obtained with ageing, the conversion and productivity are observed
to increase with an increase in the active component content. The sample Cr10Zr90Ox
shows the highest conversion and selectivity. The activity decreased with an increase in the
Cr content in the series with ageing to up to Cr20Zr80Ox (aged). The Cr10Zr90Ox samples
obtained without and with ageing feature the highest rate of propene formation in the
reaction of propane dehydrogenation, which is consistent with the TPR results.
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Table 4. STY and TOF for obtained sample during three cycles.

STY, kg/h·m3 TOF, h−1

Sample Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3

ZrO2 8 8 5 - - -

Cr1Zr99Ox 857 238 155 259 78 57

Cr3Zr97Ox 1955 1274 922 196 127 94

Cr10Zr90Ox 2409 1572 1117 78 51 36

Cr20Zr80Ox 2344 1889 1520 33 27 22

ZrO2(aged) 15 16 9 - - -

Cr1Zr99Ox(aged) 639 78 42 198 37 28

Cr3Zr97Ox(aged) 1700 694 360 172 74 38

Cr10Zr90Ox(aged) 2209 1628 1464 41 30 27

Cr20Zr80Ox(aged) 1565 1193 1050 10 8 7

4. Discussion

Two series of aged and non-aged Cr–Zr oxidative catalysts were prepared, and the
catalyst series differed from each other in their structural and phase characteristics. The
low-temperature nitrogen adsorption method determines more advanced porous structure
of the non-aged catalysts. The obtained XRD results describe the phase composition
function of the Cr/Zr ratio. Increasing of the chromium content leads to stabilization of
the tetragonal zirconium oxide (IV). The α-Cr2O3 phase is detected only for Cr20Zr80Oy
catalyst with high Cr content. According to the UV-vis spectroscopy data, Cr is stabilized
as Cr(VI) in the highly dispersed state. The TPR results confirm the presence of Cr(VI)
and its reduction in the reductive atmosphere into Cr(III). The amount of redox Cr(VI/III)
species is higher for the catalysts prepared without precipitate ageing.

Furthermore, the above-mentioned catalyst series is more reactive in propane dehy-
drogenation, which can be explained by higher surface area and higher amount of highly
dispersed redox CrOx species. The highest activity is observed for Cr10Zr90Ox catalysts that
also feature the highest amount of H2 consumed in TPR. Thus, the activity correlates with
the amount of redox Cr6+ species in the catalyst. The TOF value is highest for Cr1Zr99Ox
and Cr3Zr97Ox catalysts, which may be attributed to high dispersion of these Cr6+ (and
probably Cr5+) species and minimal amount of Cr species incorporated into the zirconia
structure. Probably, the activity of the catalysts is attributable to both chromia and zirconia
active species in the CrZrOx catalysts, but the pristine ZrO2 sample is characterized by
rather low activity.

5. Conclusions

Thus, the influence of the Cr/Zr ratio and he precipitate ageing was shown for the
CrZrOx catalysts for non-oxidative propane dehydrogenation. The precipitate ageing had
a negative influence on the activity of CrZrOx catalysts with low Cr loading. In the case of
Cr10Zr90Oy and Cr20Zr80Oy catalysts, the stability of the catalysts with precipitate ageing
was higher. The highest activity was found for the Cr10Zr90Oy catalyst.
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