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Highlights 

 The CO2 adsorbed strongly on the chromium oxide sites that were active and selective for the 

dehydrogenation of propane  

 The CO2 on Cr/ZrO2 desorbs at simultaneous reduction of Cr(VI) species, at temperatures higher 

than 500 oC.  

 The activity that decreases with time on stream is associated to the accumulation of carbon, and 

oxidized only with O2. 

 

Abstract 

Investigation was made on the effect of chromium content, and method of hydrothermal preparation 

of Cr/ZrO2 catalysts on their catalytic properties for CO2 oxidative dehydrogenation of propane (ODP). 

The catalysts were characterized by nitrogen physisorption, X-ray diffraction, Raman spectroscopy, 

and temperature programmed reduction and desorption of CO2 (TPD-CO2). The Cr/ZrO2 catalysts 

containing various chromium contents between 2.5 and 15 wt.% of Cr were prepared by conventional 

and microwave-assisted hydrothermal methods. Tetragonal ZrO2 was formed, with higher Cr contents, 

and smaller crystallite sizes obtained using the microwave-assisted method. The relationship between 

selectivity to propene and propane conversion suggested that independent of the preparation method, 

the catalytic properties could be classified in two groups, with low and high chromium contents. The 

TPD-CO2 results showed that a fraction of the CO2 was desorbed at temperatures higher than 500 C, 

with simultaneous reduction of Cr(VI) species. The presence of CO2 in the reactants caused strong 

decreases of activity, selectivity, and yield towards propene. These results suggested that CO2 adsorbed 

strongly on the chromium oxide active sites for dehydrogenation of propane. The Cr/ZrO2 catalysts 

were active and selective for dehydrogenation of propane in the absence of CO2 (CDP), and became 

deactivated with time on stream. The activity was reestablished by thermal treatment with CO2 or O2 

after deactivation in CDP catalytic cycles, with the activity always being reestablished by treatment in 
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O2. The deactivation occurred by reduction of Cr(VI) species and by deposition of carbonaceous 

species produced in oligomerization reactions. 

 

Keywords: Chromium-Zirconium Oxides; Microwave; Oxidative Dehydrogenation of Propane; CO2; 

Basic Sites. 

 

1. Introduction 

Propene is a major raw material for the petrochemical industry, being mainly used in polymer and 

rubber manufacture, and growth in the demand for it requires new production methods, since the two 

main commercial processes (steam cracking of naphtha or liquid petroleum gas, and fluid catalytic 

cracking of heavier oil fractions) have already reached their optima for propene production. 

Consequently, there has been intensive investigation of alternative routes with less energy expenditure, 

such as the transformation of alkanes to the corresponding alkenes, as well as other new technologies 

[1-3]. Selective dehydrogenation of propane to propylene is one of the major challenges for producing  

precious feedstocks [4]. An alternative route that has received attention recently is the non-oxidative 

catalytic dehydrogenation of propane (CDP) [1, 5], which operates at high temperatures (above 800 

K) in order to overcome thermodynamic constraints, with consequent catalyst deactivation due to 

propane/propene cracking and coke deposition [1, 6], leading to decreased propene selectivity and 

yield. Commercial CDP catalysts contain supported CrOx species as active components. For example, 

the CATOFIN and Snamprogetti processes utilize chromia-alumina catalysts in fixed and fluidized 

bed reactors, respectively [6]. Chromium oxide in the form of the Philips catalyst (Cr/SiO2) presents 

moderate activity and olefin selectivity in the dehydrogenation of ethane and propane [7]. 

The oxidative dehydrogenation of propane (ODP) is attractive because the reaction is exothermic, and 

it can proceed at lower temperatures, suppressing coke formation [8,9]. It is accepted that the ODP 

reaction occurs according to the Mars-van Krevelen mechanism, which primarily consists of the 
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cleavage of C-H bonds of the hydrocarbon (with the abstraction of hydrogen from the adsorbed alkane 

being described as the limiting step of the reaction), where the catalyst is reduced by the reaction 

between oxygen of the oxide network, and hydrogen abstracted from the hydrocarbon, forming water 

[9-12]. An in situ study at Cr K-edge XAFS spectra and TPR profiles demonstrates that the redox cycle 

between Cr(III)O6 and Cr(VI)O4 has an important pathway reaction in the dehydrogenation of C3H8 

over both Cr/SiO2, and Cr/Al2O3 catalysts [13]. Subsequently, there is the release of the olefin, and re-

oxidation of the catalyst by the reactant mixture. This redox cycle should be able to maintain the 

stability of the catalyst over long periods of reaction [9-12]. Nevertheless, in the ODP reaction for 

industrially relevant alkane conversion, lower hydrocarbons and CO2 are formed during successive 

oxidation of propene to carbon oxides [14], and unanswered questions remain concerning the factors 

governing the selectivity to propene [8, 10, 15]. There have been many studies of supported and 

unsupported catalysts based on metal oxides for the ODP. Among them, vanadium-based catalysts, 

especially highly dispersed VOx species, have shown the best performances in terms of higher propane 

conversion, and propene selectivity [1, 5, 6, 8, 11, 17]. Nevertheless, other metal oxides such as 

chromia (CrOx) [18, 19] have also been reported to deliver high performance in ODP, which has been 

ascribed to their high thermal, and mechanical stability, as well as relatively high surface area. 

Moreover, chromium supported on alumina, silica, or titania is known to be able to catalyze a range 

of important industrial reactions involving oxidation, polymerization, and hydrogenation-

dehydrogenation. Chromium supported on zirconia has also been studied as a catalyst for the 

dehydrogenation of hydrocarbons and aromatization reactions [20-22], given the variability of its 

oxidation states [23-25]. However, these characteristics are strongly dependent on the amount of 

chromium, the treatment conditions, and the nature of the catalyst support [26-29].  

The challenge remaining for technological advances in the ODP is related to the fact that this reaction 

favors complete oxidation of alkanes and olefins, so the viability of the process depends on the 

selectivity of the catalyst. In addition, the hydrocarbon/oxygen reactant mixture can be explosive, 
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depending on the conditions used in the process. This drastically affects the olefins yield, due to the 

low concentrations of propane employed. In order to circumvent these problems and improve process 

selectivity and yield, carbon dioxide has been proposed as a mild oxidant to replace oxygen [2, 29]. 

Technological advances, with increased propene yield, can be achieved using higher propane 

concentrations in the process and/or coke gasification by CO2 [29, 30]. Furthermore, CO2 can shift the 

equilibrium to the product side and/or promote the dehydrogenation by means of reaction coupling 

between a simple dehydrogenation of propane and the reverse water-gas shift reaction [29, 31, 32].  

Among the heterogeneous catalysts that have so far been studied for the ODP-CO2 reaction, zeolites 

with MFI and CHA frameworks, including catalysts based on chromium [30, 32-34], vanadium [10, 

34, 35], and gallium [13, 35, 36], have been found to be the most effective materials, mainly due to 

their high activity and easy regeneration [37, 38]. Metal oxide catalysts supported on MCM-41 have 

shown on-stream performance in the following order: Cr >> Ga > Ni > V > Fe > Mn > Co [34]. The 

use of a chromium catalyst in the reaction achieved three times higher propane conversion (around 

17%) and propene yield (around 16%), compared to the performance of the second best metal catalyst 

[35]. Depending on the support, chromia-based catalysts employed in ODP using CO2 have shown 

important differences, such as a negative effect of the partial pressure of CO2 over chromium supported 

on alumina, since when CO2 is strongly adsorbed on alumina, some of the carbon formed on the surface 

does not undergo reduction and the activity decreases. On the other hand, a positive effect of CO2 has 

been found for samples of chromium supported on silica, attributed to the re-oxidation of 

Cr(III)/Cr(VI) species by CO2 [13]. Wu et al. [36] reported that coke accumulation on the surfaces of 

chromium catalysts supported on zirconia decreased when ODP employed carbon dioxide. The 

hydrothermal synthesis of Cr/Zr catalysts has been reported to promote catalytic activity, due to greater 

amounts of polymeric Cr(VI) species, which have been associated with high catalytic activity in 

catalysts obtained using thermal treatments [36]. Although the use of CO2 as an oxidizing agent in 

ODP reactions can potentially improve the process, the available literature data are not sufficient for 
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any firm conclusions to be drawn. Promising results have been reported for Cr/ZrO2 obtained by 

hydrothermal treatment, and here we propose catalyst preparation assisted by treatment in a microwave 

oven. This preparation method has recently been reported to be successful for the synthesis of oxides 

[37]. Due to the fast and homogeneous heating of the precursor solution, nucleation is faster, producing 

smaller crystallites and reducing the synthesis time [38]. The use of microwave heating was reported 

to lead to nanocatalysts with improved physical-chemical properties, compared to those fabricated by 

conventional methods, and a further attractive advantage lies in the possibility of performing 

nanocatalyst preparation using operationally simple one-pot methods based on “heating-up” 

techniques [38]. 

In the present work, evaluation was made of catalytic performance in the presence and absence of CO2, 

using Cr/ZrO2 catalysts obtained by conventional and microwave-assisted hydrothermal methods, 

addressing three main questions: (i) What is the effect of CO2 on the performance of the Cr/ZrO2 

catalyst in the dehydrogenation of propane? (ii) What are the effects of the structural properties of 

Cr/ZrO2 obtained by different methods and with different Cr contents on activity and selectivity? (iii) 

Is CO2 effective in reactivation of Cr/ZrO2 catalysts used in the ODP reaction? 

Clarification of these issues is essential for the development of new high-yield processes for the 

dehydrogenation of propane. 

 

2. Experimental  

2.1 Catalysts synthesis 

Cr/ZrO2 samples were prepared by hydrothermal synthesis according to two methods: conventional 

and microwave-assisted. Aqueous solutions were prepared containing 0.25 M zirconium (IV) 

oxynitrate hydrate (Aldrich, 99%), and an amount of chromium (III) nitrate nonahydrate (Aldrich, 

99%) resulting in samples containing 2.5, 5, 10, and 15 wt.% of Cr. Pure zirconia was prepared from 

an aqueous solution containing 0.25 M zirconium (IV) oxynitrate hydrate. The solutions were stirred 
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vigorously at room temperature and an ammonia solution (6 M) was added dropwise until pH 10. After 

1 h under stirring, the thermal treatments were applied. In the conventional method, autoclaves 

containing the solutions were heated at 180 oC in an oven, under a static atmosphere, for 24 h. In the 

microwave-assisted method, reactors containing the solutions were coupled to an adapted microwave 

oven and heated at 150 oC for 2.5 h (the maximum feasible temperature was lower than 180 oC in order 

to avoid increasing the internal pressure beyond safe limits). The precipitates from both thermal 

treatments were washed with distilled water, dried at 80 oC overnight, and calcined in air at 600 oC, 

increasing the temperature at 2 oC/min and maintaining the final temperature for 4 h. These catalysts 

were denoted x-yCZ, where x is the hydrothermal treatment used (c: conventional; m: microwave-

assisted) and y is the chromium loading in the catalysts (2.5 to 15 wt. %). Commercial zirconia (Saint-

Gobain) with tetragonal, and monoclinic phases were used as references. 

 

2.2 Catalysts characterization  

The digestion of samples was done using 10 mg of samples in an acid solution of HNO3 (Aldrich, 

70%), and HF (Aldrich,  48%), (2:1) heated at 90ºC during 30 min in a digest block. After that, the 

samples were diluted to 50 mL and Cr concentration was determined by inductively coupled plasma 

optical emission spectrometry (ICP-OES), using an Arcos spectrometer (Spectro).  

Powder X-ray diffraction analyses (XRD) were performed using a Rigaku DMAX 2500 PC 

diffractometer operated at 40 kV and 150 mA, with Cu Kα radiation (λ = 1.5406 Å), Ni filter, 2θ from 

10 to 70o, step size of 0.02o, and counting time of 2 s. The apparent crystallite sizes (DXRD) of the ZrO2 

tetragonal phase (2 = 30.3o) were determined using Scherrer’s equation [39, 40]. 

Raman spectra of the materials were recorded using a Renishaw in spectrophotometer equipped with 

a solid state laser (633 nm wavelength, 17 mW capacity) as the excitation source and a 5x objective 

lens. Spectra were collected at room temperature in the frequency range 200-1400 cm-1. 
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Temperature-programmed reduction (TPR-H2) profiles were recorded using an AutoChem II 2920 

instrument (Micromeritics). Prior to the reduction, 45 mg of sample were pretreated at 150 oC for 1 h, 

under a flow of N2 (White Martins 4.5 FID), followed by cooling to room temperature. TPR-H2 was 

carried out by heating the sample from room temperature to 550 oC [41], at 10 oC min-1, in 30 mL min-

1 of 5% H2 in He (White Martins 5.0 Analytical). H2 consumption was measured using a thermal 

conductivity detector. The reduced samples were treated with CO2 (White Martins, 99.9%) at 550 oC 

during 1 h, and a new TPR-H2 experiment was performed to evaluate the CO2 re-oxidation ability. The 

quantification of H2 in TPR experiments was calculated by using a calibration curve obtained from 

CuO (Aldrich, 99.9%) as standard.  

Temperature-programmed desorption of CO2 (TPD-CO2) profiles were obtained using the  

Micromeritics instrument (described above) coupled to a mass spectrometer (VaccumQuadstar 32, 

Pfeiffer). The as-prepared samples were pretreated for 1 h at 550 oC, under a flow of He (White Martins 

5.0 Analytical). After cooling, the samples were saturated with CO2 (White Martins, 99.9%) at room 

temperature, followed by heating from 50 to 1000 oC under a flow of He. TPD-CO2 analysis of the 

previously reduced c-10CZ catalyst was also performed in order to determine the basic properties of 

the Cr sites. 

Thermogravimetric analyses were performed using a thermobalance (Model SDT Q600, TA 

Instruments). After 300 min on stream, the used samples were heated to 1000 °C, at a rate of 10 oC 

min-1, under a 30 mL min-1 flow of synthetic air (White Martins 5.0 FID). The carbon accumulation 

rate (rc) was calculated using Equation 1 reported in Supplementary Material. 

 

2.3 Catalytic performance tests 

 

Activity measurements were carried out at atmospheric pressure, using a tubular fixed-bed quartz 

reactor (10 mm i.d.). The calcined catalyst (0.200 g) was deposited on quartz wool and heated from 
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room temperature to 550 oC, under flow of 20 mL min-1 of He (White Martins 5.0 Analytical), for 1 h. 

The temperature was monitored using a thermocouple placed coaxially in the catalyst bed. The 

catalytic tests were performed using on-stream temperature-programmed reactions (TPSR) during a 

total time of 300 min. The reactant feed gas for the oxidative dehydrogenation of propane (ODP) was 

supplied at 20 mL min-1 and contained 2.5% (v/v) propane (Linde, 99.0%), 6.5% (v/v) CO2 (White 

Martins 4.0), and the balance of He (White Martins 5.0 Analytical). For the catalytic dehydrogenation 

of propane (CDP), the reactant feed (supplied at 20 mL min-1) consisted of 2.5% (v/v) propane and the 

balance of He. After 300 min on stream in the CDP reaction, the used catalysts were submitted to 

regeneration tests. For the used c-5CZ catalyst, 20 mL min-1 of synthetic air (White Martins 5.0 FID) 

was supplied for 5 min, or pure CO2 (White Martins 5.0 Analytical) for 30 min, at 600 oC. For each 

catalytic cycle of 42 min on stream under the CDP reaction conditions, a regeneration procedure was 

applied, followed by a new catalytic cycle. The effluents were analyzed using a gas chromatograph 

(Model 7890A, Agilent Technologies) equipped with a TCD detector and an HP-PLOT/Q capillary 

column. In all the tests, GHSV was kept at 0.5 min and the W/F ratio was 10 g.min L-1. 

The values of propane conversion, CO2 conversion, and selectivity to propene were calculated, 

respectively, according to Equations 2, 3, and 4 reported in Supplementary Material. 

The error of the conversions, and selectivity values are estimated by replications, and it is about 

10% of each absolute value. The carbon balance was between 97 and 102 %, calculated for each point 

of each test. Nevertheless, there is carbon accumulation at a low rate relative to reaction, and carbon 

is determined in used catalysts. The values of the CO/CO2 mass balance and the hydrocarbons mass 

balance were calculated, respectively, according to Equations 5 and 6 reported in Supplementary 

Material. 

 

 

3. Results and Discussion 

3.1 Inductively coupled plasma optical emission spectrometry (ICP-OES) 
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Table 1 presents the Cr contents of the x-yCZ samples, determined using ICP-OES analysis. The 

samples synthesized by the conventional (c-) and microwave-assisted (m-) hydrothermal methods 

showed Cr contents higher than nominal, indicating lower yields of zirconia, relative to chromia, 

during the hydrothermal treatments.  

3.2 X-ray diffraction (XRD) 

Figure 1 shows the XRD patterns of the commercial ZrO2 phases (m: monoclinic; t: tetragonal) and 

the x-yCZ samples synthesized by the conventional and microwave-assisted hydrothermal methods 

and calcined at 600 oC. Table 1 summarizes the phases formed and the crystallite sizes of the x-yCZ 

samples. The diffraction peaks at 2θ of 30.3, 35.4, 50.0, and 60.0o were characteristic of the tetragonal 

ZrO2 phase (JCPDS 50-1089), while peaks at 2θ of 24.2, 28.2, 31.4, 34.3, 41.5, 50.0, 53.0, 55.5, and 

60.0o were characteristic of the monoclinic ZrO2 phase (JCPDS 37-1484), as can be seen from the 

diffractograms for the commercial m-ZrO2 and t-ZrO2 samples. The diffractograms of the two ZrO2 

samples prepared in the absence of chromium (c-Z and m-Z) revealed that a mixture of tetragonal and 

monoclinic phases was formed in the sample synthesized by the conventional method (c-Z), while only 

the t-ZrO2 phase was formed in the sample synthesized using the microwave method (m-Z).  

The Cr-containing samples synthesized by the conventional method (Figure 1A) showed a mixture of 

tetragonal and monoclinic ZrO2 phases. Although the t-ZrO2 phase predominated, both t-ZrO2 and m-

ZrO2 were suppressed with increasing Cr content. For the Cr-containing samples synthesized by the 

microwave method (Figure 1B), the main crystalline phase was t-ZrO2. The samples with low Cr 

contents obtained by the microwave method showed lower degrees of crystallization, compared to the 

catalysts obtained by the conventional method. Table 1 presents the apparent ZrO2 crystallite sizes for 

the as-prepared x-yCZ samples with various Cr contents, showing the smaller ZrO2 crystallite sizes 

for the samples obtained using the microwave method. Considering that acceleration of the 

nucleation/crystallization process was expected in the microwave-assisted method, the smaller ZrO2 

crystallites obtained using this method could have been due rate of the nucleation is favored relative 
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to rate of the crystallization due lower temperature of the treatment. Previous studies have shown that 

the presence and concentration of ions other than Zr ions can affect the crystallization of zirconia [19]. 

Hence, the degree of crystallization, which depends on the Cr content, indicates the dispersion of Cr 

in the precipitate formed. The samples obtained using the conventional method and with Cr contents 

of 2.5 and 5 wt.% showed higher degrees of crystallization, relative to pure ZrO2.  For the samples 

obtained using the microwave method and with low Cr contents, the crystallization of t-ZrO2 was not 

linearly proportional to the Cr content, and the degree of crystallization of t-ZrO2 was higher for 5 

wt.% of Cr than for the sample containing 2.5 wt.% of Cr  (Figure 1B). The amorphous ZrO2 phase 

was observed in samples containing over 10 wt.% of Cr (considering the Cr contents determined in 

the ICP analyses), obtained by both methods, indicating that the presence of greater amounts of 

chromium ions critically affected the structural organization of the zirconia.  The characteristic peaks 

of α-Cr2O3 (at 2θ of 24.8, 32.8, 38.0, and 54.6; JCPDS 01-0622) or metallic Cr (at 2θ of 24.2, 28.2, 

31.4, 34.3, 41.5, 50.0, 53.0, 55.5, and 60.0; JCPDS 37-1484) were not detected, suggesting that the 

chromia was highly dispersed on the ZrO2. 

 

3.3 Raman spectroscopy analyses 

The Raman spectroscopy results for the calcined samples synthesized using the different hydrothermal 

methods revealed bands at around 860, 1012, and 1034 cm-1 (Figure 2). The band at 1034 cm-1 could 

be attributed to vibration of terminal Cr=O of monochromate, while the bands at 1012 and 860 cm-1 

were assigned to the terminal Cr=O and Cr-O-Cr bridge vibrations of polychromate, respectively [27, 

42]. The Raman spectra indicated the presence of both monomeric and polymeric surface Cr(VI) 

species in both the c-yCZ and the m-yCZ catalyst series. Table 1 presents the I1012/I1034 band ratios for 

the as-prepared c-yCZ and m-yCZ samples. With the exception of the m-10CZ samples, the 

microwave-assisted method resulted in catalysts with higher I1012/I1034 ratios, compared to the 
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corresponding conventional catalysts, indicative of higher concentrations of surface Cr(VI) 

polychromate species, relative to monochromate species [43]. Wu et al. [36] associated higher 

I1012/I1034 ratios with a greater predominance of polymeric Cr(VI) species, which are more easily 

reduced and re-oxidized, compared to monomeric Cr(VI) species [35].  

For the m-yCZ sample series, the I1012/I1034 ratio increased with decreasing Cr content. The same trend 

was not easily observed for the c-yCZ sample series, where the higher degree of crystallization was 

likely to have affected the type of chromium species formed. Although the formation of polychromate 

species was expected to be favored with increasing Cr contents, the experimental results showed the 

opposite. Considering that different ZrO2 phases were formed for both x-yCZ catalyst series, 

depending on the Cr content, it is reasonable to infer that interaction of the chromium species depended 

on the ZrO2 phase and the thermal treatment conditions. For example, the band at about 1034 cm-1 

associated with monochromate species shifted slightly to a lower wavenumber for the samples 

containing highly amorphous  ZrO2 (m-2.5CZ, m-10CZ, and m-15CZ), obtained by the microwave-

assisted method. On the other hand, the band at about 860 cm-1, associated with polychromate species, 

shifted to higher wavenumbers for the samples containing highly crystalline ZrO2 (c-2.5CZ, c-5CZ, 

and m-5CZ). Notable differences were observed in the Raman band intensities at 860 cm-1 (assigned 

to the Cr-O-Cr bridge vibrations of polychromate) of the x-yCZ samples, depending on the preparation 

method. Higher intensities of this band were found for the samples obtained using the microwave-

assisted method, compared to the conventional method. For example, considering samples with similar 

Cr contents, the intensity this band was about 6 times higher for m-2.5CZ than for the c-2.5CZ sample. 

The presence of the broad band around 633 nm-excited spectra is due to photoluminescence (PL), and 

not Raman scattering of the samples, since Raman shifts appear at the same position, regardless the 

excitation wavelength [44]. Furthermore, the broadening of Raman band is also due to phonon 

contribution [45,46]. It is expected that nanostructured materials (the broad XRD patterns shown in 
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Figure 1 indicate the presence of nanomaterials) influence on the phonon Raman spectra, and the 

asymmetric broaden peak appear in the spectrum [47,48].  

 

3.4 Temperature-programmed reduction analyses (TPR-H2)  

Figure 3 shows the TPR-H2 profiles of the x-yCZ samples. In all cases, a single reduction peak was 

observed, with a maximum in the temperature range 305-327 oC, which could be attributed to the 

reduction of Cr(VI) chromium oxide species to Cr(III) [24, 27]. The reduction of Cr6+ ions to Cr3+ ions 

could occur according to a reaction of the following type: Cr6+ + 3/2H2 + 3HO-  Cr3+ + 3H2O [7]. 

The intensity and width of the peaks increased with increasing Cr content, indicating changes of Cr(VI) 

species with Cr content. There was a slight displacement of the temperature for maximum H2 uptake 

to lower reduction temperatures, as the chromium content increased. The highest reduction 

temperature was observed for the c-2.5CZ sample, reflecting higher interaction of the chromium oxides 

with ZrO2. This sample showed the presence of m-ZrO2 and t-ZrO2 in well crystallized phases (Figure 

1A), together with a notable shift in the Raman spectrum (Figure 2A). In comparison with the materials 

obtained using the conventional hydrothermal treatment, the results for the samples obtained using the 

microwave-assisted method (especially the m-CZ series containing chromium at up to 5 wt.%, as 

shown in Table 2) indicated that the polymeric Cr(VI) species present at higher concentrations in these 

samples were more easily reduced than monomeric Cr(VI) [25], as indicated by the Raman 

spectroscopy data (Table 1). 

Table 2 presents the quantitative H2 uptake data obtained from the TPR-H2 profiles of the x-yCZ 

catalysts before and after re-oxidation by CO2. The calcined samples were submitted to TPR-H2 

analysis and the amounts of Cr(VI) species present were calculated from the H2 uptake. The reduced 

samples were then treated with CO2 and a new TPR-H2 analysis was performed in order to determine 

the quantity of chromium species that had been re-oxidized by CO2. The percentages of Cr(VI) relative 
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to total Cr in the calcined samples showed that the prevalence of the chromium (VI) oxidation state in 

the samples was dependent on the total Cr content. With the exception of sample m-2.5CZ, the amount 

of Cr(VI) increased with the total Cr content, with the maximum amount obtained for the samples 

containing about 10 wt.% of chromium (for both series of CZ samples). On the other hand, the data 

for the conventional CZ samples suggested the preferential formation of chromium (III) species, with 

the percentages of Cr(VI) relative to the total amount of Cr being lower than 50% (except for the c-

10CZ sample). In addition, 15 wt.% of chromium in the samples seemed to be a critical Cr content that 

led to lower formation of Cr(VI) species, relative to other Cr species, regardless of the sample 

preparation method. As discussed before, the presence of a higher amount of chromium ions critically 

affected the structural organization of the zirconia. The c- and m-15CZ samples (which also contained 

amorphous structures, as shown in Figure 1) did not contain similar small zirconia crystallites as the 

10 wt.%  samples, resulting in lower Cr(VI) formation. The Cr(VI) species formed in the c- and m-

15CZ samples were preferentially monomeric, as shown by the Raman spectra (Figure 2, Table 1), 

indicating that higher Cr contents led to particular characteristics of the materials. 

Table 2 also presents the H2 uptake results for the samples reduced in H2 and re-oxidized with CO2, 

showing that only a fraction of the Cr(VI) species present in the as-calcined samples was available in 

the second reduction cycle. These results suggested that CO2 did not provide efficient re-oxidation of 

chromia, as reported by Wu et al. [36].  

 

3.5 Temperature-programmed CO2 desorption analyses (TPD-CO2) 

Figure 4 presents the TPD-CO2 results for the zirconias (y-Z) and the x-yCZ catalysts, obtained using 

mass spectrometry monitoring of CO2 at m/z 44. The pure zirconia obtained by both the conventional 

(c-Z) and microwave (m-Z) methods presented the main CO2 desorption peaks at low temperatures in 

the range 100-300 oC, characteristic of weak basic sites [49], while the c-Z zirconia exhibited a small 

fraction of CO2 desorbing at about 380 oC, characteristic of strong basic sites. Both pure zirconias 
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showed t-ZrO2 as the main crystalline phase (Figure 1, Table 1), while the x-yCZ samples exhibited a 

mixture of m-ZrO2 and t-ZrO2 phases. Higher basicity is expected for the m-ZrO2 phase, relative to the 

t-ZrO2 phase, due to the lability and mobility of oxygen in the monoclinic structure [50]. The Cr-

containing samples showed CO2 desorption peaks at low temperatures in the range 100-200 C, as well 

as at high temperatures in the range 500-700 oC. The first peak decreased with the Cr content. The 

temperature and intensity of the second peak were dependent on the Cr content and the catalyst 

preparation method, but were not directly correlated with the ZrO2 phase. Considering that high 

basicity is not expected in amorphous and tetragonal ZrO2 [50], the strong basic sites observed could 

have been formed by the interaction of different species of chromium oxide with ZrO2. High intensity 

peaks were present at around 580 oC for the m-10CZ and c-15CZ samples and at a higher temperature 

of around 730 oC for the c-10CZ sample. The catalysts with chromium contents lower than 10 wt.% 

showed low intensity desorption peaks at around 630 oC. This population of sites desorbing CO2 at 

high temperatures was not observed for the m-15CZ sample. Therefore, in order to investigate the 

basic properties of the sites according to the presence of Cr(III) or Cr(VI), TPD-CO2 was performed 

with the c-10CZ sample, as-prepared and after reduction in H2. The results are presented in Figure 5. 

When the c-10CZ sample was reduced, the fraction of stronger basic sites from the as-prepared c-

10CZ were replaced by a greater quantity of weaker basic sites, exhibiting a profile similar to that 

observed for the as-prepared zirconia without Cr (c-Z), with desorption of CO2 at low temperatures. 

These results suggested that the Cr(VI) species in the x-yCZ samples interacted with weak basic sites 

of Zr-O-Zr, resulting in strong basic sites of the type Cr(VI)-O-Zr, while Cr(III)-O-Zr resulted in weak 

basic sites.  

Figure 6 presents the results of TPD-CO2 with monitoring of O2 at m/z 32. Comparison of the profiles 

for CO2 (Figure 4) and O2 (Figure 6) showed that CO2 and O2 were formed and desorbed in similar 

temperature regions. Carbonate species could be formed by reaction of CO2 with strong basic sites, 
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which blocked these basic sites, while at high temperatures (550-950 oC) there was thermal reduction 

of Cr2O6 to Cr2O3 and desorption of O2 [51]. 

 

3.6 Catalytic tests 

Figure 7 and Table 3 present the CDP and ODP-CO2 catalytic results for the conventional and 

microwave-assisted CZ catalyst series, plotted in Figures 7A and 7B, respectively. Propane conversion 

in the CPD reaction decreased strongly with time on stream, and this decrease during 300 min on 

stream is presented as the deactivation rate (ΔX0 CDP) in Table 3. The fastest deactivations were 

observed for the samples with low chromium contents (Figure 7), reflecting the reduction of Cr(VI) 

species in the samples with lower Cr(VI) contents (Table 2). Previous studies have demonstrated that 

Cr(VI) species promote the activity for CDP reactions, where propane is adsorbed in the first step [35, 

36, 52]. The Cr(VI) species are not stable under dehydrogenation conditions, becoming reduced to 

Cr(III) with time on stream. The Cr(III) then becomes the active species, with lower activity for the 

dehydrogenation of light alkanes [12, 29, 35, 36, 53]. 

The initial propane conversion under CDP was higher than under ODP-CO2 reaction conditions, for 

both the conventional and the microwave-assisted CZ catalyst series with different chromium contents 

(X0 C3H8 CDP and X0 C3H8 ODP; Table 3).  The difference between the initial propane conversions 

in the two reactions was around 30% for some samples (especially the c- and m-10CZ catalysts).  The 

initial CO2 conversion under ODP-CO2 reaction conditions (X0 CO2; Table 3) reaches around 50-60% 

of respective initial propane conversions for practically all samples, indicating that pathway reaction 

occur via CO2 oxidation of Cr sites, but it is not an exclusive pathway. Besides, CO2 conversions are 

always higher for microwave-assisted CZ catalyst series than conventional ones. The samples obtained 

by the microwave-assisted method provided higher initial propane conversions in the presence of CO2, 

compared to the corresponding conventional samples, with these differences decreasing for the initial 

propane conversions under CDP (in the absence of CO2). It is probable that CO2 was absorbed on the 
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x-yCZ catalyst surfaces and/or on the Cr active sites, forming carbonate species at low temperatures 

and blocking the sites for propane adsorption in the first step. The TPD-CO2 profiles confirmed the 

adsorption of CO2 on weaker and stronger basic sites of the x-yCZ catalysts, with desorption of CO2 

as a function of temperature (Figure 4). Although nanoparticles of oxides, with basic properties could 

be active for dehydrogenation of hydrocarbon at low temperatures, the strong adsorption of olefin on 

active site make the reaction impracticable at low temperature [54]. For ODP-CO2 the strong 

adsorption of H2O formed during oxidation could adsorb on active site [13]. Thus, reactants and 

products in ODP-CO2 contribute to blocks the basic active site at low temperatures. Both effects caused 

decreases in the initial conversions in the presence of CO2, independent of the zirconia structure, the 

preparation method, and the Cr content. The decrease of propane conversion during 300 min on stream 

is also presented in Table 3 as the deactivation rate (ΔX0). All the catalysts became deactivated with 

time on stream at 550 oC. In both CPD and ODP-CO2 reactions, propane conversion decreased strongly 

with time on stream, with the deactivation rates being higher in CDP than in ODP-CO2. Consequently, 

for almost all the x-yCZ catalysts, the propane conversion curves intersected each other during the 

time on stream (Figure 7), suggesting greater stability under ODP-CO2 conditions. A redox process 

based on the Mars-van Krevelen mechanism [9, 10] was expected to occur with these catalysts, 

improving their stability and propene selectivity [36]. This possibility was evaluated by TPR-H2 

analyses of the x-yCZ catalysts after their reduction and treatment with CO2. The results (Table 2) 

revealed inefficiency of the x-yCZ catalysts in terms of re-oxidation of the Cr sites. However, the 

results demonstrated that all the Cr/ZrO2 samples were partially re-oxidized by CO2, even in low 

degrees, suggesting that the CO2 adsorbed at strong basic sites participated in the catalytic cycle at 

high temperatures, with re-oxidation of chromium species. The reactivation of Cr(III) by CO2 has been 

reported previously for Cr/SiO2 catalysts [13]. 

The specific activities of the x-yCZ catalysts at the start of the CDP and ODP-CO2 reactions decreased 

progressively with increasing Cr content of the samples (see r(CDP)0 and r(ODP)0 in Table 3), independent 
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of the preparation method. The most active x-yCZ catalysts had the lowest Cr contents (x  5 wt.%) 

and also presented the highest deactivation rates (ΔX0). These results indicated that neither the zirconia 

phase nor the crystallite sizes could be individually responsible for formation of the active Cr species 

and/or their stability on stream. On the other hand, the Raman spectra (Figure 2, Table 1) were 

indicative of correlation between the catalytic activity and a predominance of polymeric Cr(VI) 

species, relative to monomeric species, in the yCZ samples with lowest Cr contents. As mentioned 

before, the samples with lower Cr(VI) contents showed fast deactivation during time on stream, due 

to the reduction of Cr(VI) species (Table 2). 

Both catalysts containing 5 wt.% of chromium (c- and m-5CZ) presented clear deactivation in the CDP 

reaction during the first 2 h on stream, with high slopes of the conversion curves. Consequently, the 

curves for propane conversion in the CPD and ODP-CO2 reactions intersected each other much faster 

than for the other catalysts, with reversal of the activities during the time on stream (Figures 7A and 

7B). Interestingly, the c- and m-5CZ catalysts presented the pure tetragonal zirconia phase, with around 

50% of Cr(VI) species, relative to the total Cr content (Table 2), and a predominance of polymeric 

Cr(VI) species, relative to the monomeric form (Table 1). The c- and m-5CZ catalysts also presented 

highly discreet populations of strong basic sites at the reaction temperature (Figure 4). As discussed 

before for the TPD-CO2 results (Figures 4-6), the Cr(VI) species in the x-yCZ samples interacted with 

the weak basic Zr-O-Zr sites, resulting in strong basic sites of the type Cr(VI)-O-Zr, while Cr(III)-O-

Zr resulted in weak basic sites, since high basicity is not expected in amorphous and tetragonal ZrO2 

[50]. Comparison of the profiles for CO2 (Figure 4) and O2 (Figure 6) showed that the CO2 and O2 

were formed and desorbed in a similar temperature region (above 550 oC) corresponding to the reaction 

temperature for the c- and m-5CZ catalysts. Desorption of O2 above 550 oC resulted from the 

decomposition of carbonate species and thermal reduction of Cr2O6 to Cr2O3, with the latter becoming 

the active species with lower activity for the dehydrogenation of light alkanes [12, 29, 35, 36, 53] and 

being responsible for the catalytic behavior in the CDP reaction. This analysis seems reasonable, 
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because the m-2.5CZ catalyst presented practically the same structural and basic properties as the c- 

and m-5CZ catalysts, but showed a lower deactivation rate during the first 2 h in the CDP reaction. 

The m-2.5CZ catalyst only showed O2 desorption at temperatures higher than 600 oC, avoiding the fast 

deactivation of the active Cr species observed for the c- and m-5CZ catalysts. The catalysts with Cr 

contents higher than 5 wt.% showed much greater O2 desorption above 550 oC, but lower slopes of the 

conversion lines for the first 2 h in the CDP reaction. It could be concluded that the strongly basic 

Cr(VI)-O-Zr sites in the ZrO2 crystalline structures were more active and less stable due to the higher 

lability and mobility of oxygen in the crystalline structure than in the amorphous ZrO2 structure, which 

improve the basicity. Therefore, the large amounts of O2 desorbed at 550 oC for the catalysts with Cr 

contents higher than 5 wt.% could have been derived from the decomposition of large quantities of 

carbonate species formed on a greater number of Cr sites. 

Notably, the intersection between the curves of propane conversion in CDP and ODP-CO2, followed 

by the inversion of the activities during the time on stream, occurred more rapidly for the microwave-

assisted CZ catalysts than for the corresponding conventional catalysts (Figures 7A and 7B), for all Cr 

contents. This indicated that the microwave-assisted hydrothermal method was able to form more 

active sites of chromium species, as could also be seen from the initial specific activities of the 

microwave-yCZ catalysts (Table 3). As shown in Figure 8, the average rates of carbon accumulation 

on the m-yCZ catalysts during the time under ODP conditions were higher than on the c-yCZ catalysts 

with lower chromium contents (y  5 wt.%). This was supported by the Raman spectra (Figure 2), 

since the Raman band intensities at 860 cm-1 (assigned to Cr-O-Cr bridge vibrations of polychromate) 

of the x-yCZ samples were much higher for the samples obtained using the microwave-assisted 

hydrothermal method than for those obtained by the conventional hydrothermal method. The higher 

specific activities of the microwave-yCZ catalysts resulted in faster deactivation by the thermal 

reduction of Cr2O6 to Cr2O3, because the active Cr(VI) species were not stable under the reactions 

conditions and the mechanism of Cr(III) re-oxidation by CO2 was inefficient (Table 2). 
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Figures 9A and 9B show the selectivities to propene for the propane conversions in the CDP and ODP-

CO2 reactions, for the conventional and microwave-assisted CZ catalyst series, respectively. All the 

catalysts became deactivated and showed altered selectivity to propene with time on stream at 550 oC. 

In the CDP reactions, the decreased propane conversions were followed by increased selectivity to 

propene. In the low propane conversion region, the selectivity to propene was 100%. There was a 

maximum conversion value at which the selectivity to propene was 100%, after which the selectivity 

decreased as the conversion increased. This conversion maximum increased with the chromium 

content. For example, in the CDP reactions, 100% selectivity was achieved at propane conversions of 

35 and 17% for the catalysts with 15% (c-15CZ) and 2.5% (c-2.5CZ) of chromium, respectively. 

Hence, the selectivity increased as the chromium content increased. The same behavior was observed 

in the ODP reactions, with the average rate of carbon accumulation on the x-yCZ catalysts during the 

time under ODP conditions decreasing with increase of the chromium content (Figure 8). 

In the CDP reaction, the initial propane conversion values at 550 oC exceeded 59% (Table 3), while 

the thermodynamic conversion for dehydrogenation of propane under these conditions is about 30% 

[55]. However, hydrogen was not detected among the products (Table 4), while the TPR results (Figure 

3) demonstrated that the x-yCZ samples were reduced by H2 at a temperature of around 350 oC, which 

was lower than the reaction temperature. These results were indicative of a decrease of chromium 

oxides with time on stream, with higher propane conversion occurring by coupling of the propane 

dehydrogenation reaction (C3H8(g) 
←
→ C3H6(g) + H2(g)) and the oxidation of H2 by the chromium oxides, 

hence shifting the equilibrium. The similar initial propane conversion values for the catalysts with 

different chromium contents suggested that the initial reactions (X0 CPD) were in quasi-equilibrium. 

However, the initial selectivities (Table 4) showed the formation of CH4, C2H4, C2H6 and C3H4, which 

could be produced by oligomerization at acid sites [1], in addition to C3H6 formation. The presence of 

acid sites on the zirconia surface is known [45, 56]. C2H4 and C2H6 are precursors of coke formation 

and contribute to deactivation [1, 6, 35]. During the reactions, the average carbon accumulation rate 
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was lower and the selectivity to propene was higher for the catalysts with higher chromium contents 

(Figure 8), while the activity decreased and the selectivity to propene increased with time on stream 

(Figures 7 and 9). These results indicated that both a higher chromium oxides content and/or carbon 

accumulation contributed to coverage of the ZrO2 surface and a reduction of the number of acid sites 

active in catalyzing the secondary reactions and decreasing the selectivity to propene. 

In the ODP reaction, similarly to the behavior observed in the CDP reaction, the decrease of propane 

conversion was followed by increased selectivity to propene (Figures 9A and 9B). Nevertheless, 

comparison of the data for propane conversion on stream in the CDP and ODP-CO2 reactions (Table 

3) showed that the initial propane conversion in the ODP-CO2 reaction was strongly inhibited for some 

catalysts, such as conventional-yCZ (y  10 wt.%) and m-10CZ, reaching a difference of about 30% 

between the initial conversions. This was not observed for other catalysts such as m-15CZ and m-5CZ. 

Nevertheless, for the same conversion values, the selectivity to propene was always lower in the 

presence of CO2 than in its absence (Figure 9). Considering the catalysts for which propane conversion 

was less affected by the presence of CO2, such as m-15CZ (Figure 7, Table 3), the activity decreased 

strongly with time on stream, similarly to the CDP reaction, and the selectivity was lower in the 

presence of CO2. Considering that CO2 is a slightly acidic molecule, and that it could be adsorbed onto 

the basic sites of catalysts, and H2 adsorb on the acidic sites. These results indicated that the presence 

of CO2 or H2 modified the balance of acidity and basicity involved in reactions. The adsorption of CO2 

blocks the basic site involved in dehydrogenation, and favors acidity of sites that catalyzed lateral 

reactions, while H2 could contribute to decrease acidity site on the ZrO2 surface. 

For CZ catalysts where the initial activity and selectivity decrease strongly with the presence of CO2, 

it is reasonable to expect that CO2 interacts with selective oxidation sites, as well as with the support 

surface. The negative effect of CO2 on the activity of Cr/Al2O3 catalysts has been attributed to CO2 

strongly adsorbed on Al2O3 inhibiting the adsorption of propane [13]. Considering the catalytic results 

in light of the TPD-CO2 analyses (Figure 4), the samples that presented strong basic sites and 
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desorption of CO2 at high temperatures (>500 oC), such as c-10CZ and m-10CZ, showed stronger 

inhibition of propane conversion due to the presence of CO2. In order to understand these interactions 

of CO2 with the ZrO2 surface and with chromium species with different oxidation states, TPD-CO2 

experiments were performed with the reduced and as-prepared c-10CZ catalyst, comparing the results 

with those for the as-prepared c-Z sample (Figure 5). Interestingly, the results revealed the presence 

of similar weak basic sites on the zirconia (c-Z) and the reduced c-10CZ catalysts, indicating that 

similar basic sites were present on the catalysts containing Cr(III) and on the zirconia surface. 

Nevertheless, strong basic sites of the type Cr(VI)-O-Zr were present on the as-prepared c-10CZ 

catalyst (Figure 4), which adsorbed CO2 and decomposed at high temperature. The profiles of the MS 

signals of O2 (m/z 32) obtained during the CO2 adsorptions are shown in Figure 6. The results indicated 

that the Cr(VI) species adsorbing CO2 could be thermally reduced at high temperature (>500 oC). The 

c-10CZ and m-10CZ catalysts were those that showed the most intense CO2 desorption but less intense 

O2 formation at high temperature, while the m-15CZ catalyst showed high intensity of O2 formation 

but lower intensity of CO2 desorption at high temperature. These results indicated that CO2 was 

adsorbed on basic sites such as Cr(VI)-O-Zr, and that the high lability of oxygen at the interface 

resulted in strong basic sites. The formation of these sites was apparently favored at a chromium 

content of around 10 wt.%, associated with a decrease of ZrO2 crystallites.  

The influence of strong basic sites on the performance of the catalysts in the ODP reactions seemed to 

be dependent on the stability of species formed by the adsorption of CO2. For example, for the c-10CZ 

and m-10CZ catalysts with strong adsorption of CO2 on chromium active sites, for which the TPD-

CO2 results indicated CO2 desorption at temperatures of about 520 and 670 oC, respectively, the 

presence of CO2 caused a strong decrease in the initial propane conversion (Figure 7, Table 3). 

Interestingly, the rates of deactivation of these catalysts with time on stream (ΔX0 ODP), shown in 

Table 3, were lower when compared with samples that presented low adsorption of CO2 on strong 

basic sites, with desorption at high temperatures (x-yCZ catalysts with x  5 wt.% of Cr). The low 
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deactivation of the c-10CZ and m-10CZ catalysts suggested that CO2 adsorbed on strong basic sites 

participated in the catalytic cycle at high temperatures, with re-oxidation of chromium species. The 

reactivation of Cr(III) by CO2 was previously reported for Cr/SiO2 catalysts [13]. On the other hand, 

for the samples that showed low decreases of the initial propane conversion due to the presence of 

CO2, such as the m-15CZ catalyst (Figure 7), with desorption of CO2 only occurring at low 

temperatures (Figure 4), the intense deactivation profiles were similar to those for the CPD reaction, 

indicating that CO2 did not effectively contribute to re-oxidation of the chromium species. Nonetheless, 

the TPR-H2 profiles obtained after reduction and treatment with CO2 (Table 2) demonstrated that all 

the Cr/ZrO2 samples were partially re-oxidized by CO2, even if inefficiently. This apparent 

disagreement with the catalytic results for samples such as m-15CZ could indicate that the reduction 

of Cr(VI) occurred according to the Mars-van Krevelen mechanism, with faster reduction of Cr(VI) 

by propane than re-oxidation of Cr(III) by CO2. 

The effectiveness of CO2 in re-oxidation of the active sites is demonstrated in Figures 10A and 10B, 

which present the propene yields of the as-prepared conventional c-5CZ catalyst in the CDP reaction, 

applying regeneration procedures after every 45 min on  stream. In these experiments, the treatments 

were performed at 600 oC, using synthetic air for 5 min or pure CO2 for 30 min. The regeneration using 

air resulted in the active sites being recovered over many reaction cycles. However, the effectiveness 

of CO2 in catalyst regeneration decreased after two CPD reaction cycles.  During the regeneration 

process, oxidation of carbonaceous compounds could occur via Boudouard’s reaction with CO2 or O2 

(C + CO2(g) 
←
→  2CO(g)), promoting coke removal and the re-oxidation of Cr(III) to Cr(VI) species. The 

decreasing effectiveness of catalyst regeneration by CO2 during the cycles suggested that the oxidation 

of carbonaceous compounds by CO2 became ineffective after the first two CPD reaction cycles.   

Although tuning the chromium content could promote the formation of strong basic sites such as Cr-

O-Zr and result in the catalysts becoming highly stable in the presence of CO2, the adsorption of CO2 

on the catalyst surface could lead to the catalysis of lateral reactions and strong decreases in the 
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propene yield, as shown in Figure 11. Further studies employing a broader set of systems are desirable 

in order to improve understanding of the activity and selectivity of the active sites, and their 

regeneration with CO2. 

 

4. Conclusions 

Investigation was made of the effect of chromium content and the hydrothermal method used to 

prepare Cr/ZrO2 catalysts on their catalytic properties in the dehydrogenation of propane in the 

presence of CO2. 

The tetragonal ZrO2 formed showed decreasing crystallite size with increasing Cr content. The 

amorphous phase was obtained for samples containing Cr at 10 wt.%. Smaller t-ZrO2 crystallite sizes 

were obtained by the microwave-assisted method.  

Catalytic measurements in the presence of CO2 indicated the existence of a relation between selectivity 

to propene and propane conversion, independent of the preparation method, enabling classification of 

the catalysts into two groups, with low (≤5%) and high (≥10%) chromium contents. The high Cr 

content catalysts showed higher selectivity at a given propane conversion value, indicative of similar 

active sites and minimization of the effects of the support on lateral reactions. The low Cr content 

catalysts showed higher activity, but also faster deactivation and an average rate of carbon 

accumulation in the presence of CO2, especially in the case of the samples with low Cr contents 

obtained by the microwave-assisted method. 

On the basis of the MS-assisted TPD-CO2 results and the initial reaction rates in the presence and 

absence of CO2, a fraction of the CO2 was desorbed at temperatures higher than 500 oC, with 

simultaneous reduction of Cr(VI) species. The presence of CO2 in the reactant mixture caused strong 

suppression of catalyst activity, selectivity, and yield towards propene. The CO2 adsorbed strongly on 
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the chromium oxide sites that were active and selective for the dehydrogenation of propane, enhancing 

the effects of the support on secondary (lateral) reactions.    

In the absence of CO2, the Cr/ZrO2 catalysts selective for propane dehydrogenation showed 

deactivation rates that decreased with the chromium content, as well as increased propene yields. The 

results of reactivation of used catalysts with CO2 indicated that the mechanism could not be made self-

sustaining by modulating the propane and CO2 in the feed, with the activity decreasing during 

sequential reaction cycles due to the deposition of carbonaceous species that could only be oxidized in 

the presence of O2. 
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Tables captions  

 

Table 1 – Chemical analysis, structural characteristics obtained from XRD 

patterns, and ratio of Raman band intensities  

Catalyst Nominal  

Cr/Zr wt.% 

ICP analysis  

Cr/Zr wt.% 

ZrO2 phase 

 

DXRD (nm)  I1012/I1034 

c-Z - - Tetragonal and monoclinic 8.2 - 

m-Z - - Tetragonal 5.4 - 

c-2.5CZ 2.5 3.6 Tetragonal and monoclinic 15.0 0.9 

m-2.5CZ 2.5 3.5 Tetragonal 5.0 1.6 

c-5CZ 5.0 7.5 Tetragonal 14.0 1.2 

m-5CZ 5.0 7.5 Tetragonal 7.0 1.3 

c-10CZ 10.0 13.5 Amorphous n.d. 1.3 

m-10CZ 10.0 12.0 Amorphous n.d. 1.0 

c-15CZ 15.0 18.2 Amorphous n.d. 0.7 

m-15CZ 15.0 19.6 Amorphous n.d. 0.8 

  n.d.: not detected. 
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Table 2 – Quantification of Cr(VI) species from TPR-H2 profiles before and after treatment of the x-

yCZ samples with CO2 (x = hydrothermal synthesis method: conventional (c-) or microwave (m-); y 

= Cr wt.%). 

Catalyst Tmax (oC) Cr(VI) (mmols/gcat) in the as-

prepared samples, and fraction 

of Cr(VI) ( )a 

Cr(VI) (mmols/gcat) in the 

samples re-oxidized by CO2, 

and fraction of Cr(VI) ( )b 

c-2.5CZ 327 0.31 (0.45) 0.10  (0.34) 

m-2.5CZ 307 0.48 (0.71) 0.08   (0.14) 

c-5CZ 314 0.67 (0.46) 0.13  (0.19) 

m-5CZ 309 0.72 (0.50) 0.15  (0.21) 

c-10CZ 307 1.72 (0.66) 0.29 (0.17) 

m-10CZ 310 1.71 (0.74) 0.26 (0.15) 

c-15CZ 310 1.23 (0.35) 0.07 (0.06 ) 

m-15CZ 305 1.07 (0.28) 0.22 (0.21) 

a Fraction of Cr(VI) relative to the amount of Cr in the as-calcined samples, based 

on ICP analysis;  
b Fraction of re-oxidized Cr(VI) relative to the previous amount of Cr(VI) in the 

freshly calcined samples. 
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Table 3 – Initial C3H8 conversions (X0), Initial CO2 conversions (X0 CO2), initial specific activities (r(CDP)0 and r(ODP)0), initial propene yields (Y0), 

and deactivation rates (ΔX0) during the CDP and ODP-CO2  reactions for the catalysts synthesized by conventional (c-) or microwave-assisted 

(m)methods.  

As-prepared 
catalyst 

X0 C3H8 
CDP (%) 

r (CDP)0  
(% / mgCr) a 

X0 C3H8 

ODP (%) 
r (ODP)0  

(% / mgCr)a 
X0 CO2 

ODP (%) 
ΔX0 (% / gCr.min)c 

CDP       ODP  
Propene yield (Y0, %) 

CDP             ODP  
     

c-2.5CZ 59 16.4 26 7.2 13 (8)b 0.21 0.10 47 18 

m-2.5CZ 62 17.7 42 12.0 23 (11)b 0.19 0.09 50 25 

c-5CZ 69 9.2 41 5.5 24 (13)b 0.13 0.06 51 26 

m-5CZ 69 9.2 58 7.7 42 (14)b 0.15 0.10 45 30 

c-10CZ 69 5.1 38 2.8 17 (12)b 0.06 0.02 54 26 

m-10CZ 66 5.5 36 3.0 21 (10)b 0.06 0.01 50 25 

c-15CZ 74 4.1 59 3.2 33 (17)b 0.05 0.03 57 34 

m-15CZ 69 3.5 58 3.0 35 (15)b 0.04 0.03 45 34 

Initial catalytic data (conversions, specific activities, and yields) refer to reaction times of 5 min in the CDP and ODP reactions.  
a Specific activities calculated as the initial propane conversion/mg Cr, considering the Cr content from ICP analysis. 
b CO2 conversions after 300 min on stream. 

c Deactivation rates calculated from the difference between the initial and final propane conversions in the CDP and ODP reactions, 

considering the Cr content from ICP analysis and 300 min on stream. 
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Table 4 – Initial selectivities (S0) towards the identified products during the CDP and ODP-CO2 

reactions for the catalysts synthesized by conventional (c-) or microwave (m) methods. 

As-

prepared  

catalyst 

Reaction  

condition 

 S0 (%)b 

XC3H8 

(%)a 

CH4 C2H4 C2H6 C3H6 C3H4 CO 

c-5CZ 
CDP 

69 12 

(n.d.) 

2 

(n.d.) 

3 

(n.d.) 

74 

(100) 

1 (n.d.) 8 (n.d.) 

ODP-

CO2 

41 38 (23) n.d. n.d. 62 (77) n.d. 

(n.d.) 

n.d. 

(n.d.) 

m-5CZ 
CDP 

69 16 

(n.d.) 

2 

(n.d.) 

4 

(n.d.) 

67 

(100) 

2 (n.d.) 9 (n.d.) 

ODP-

CO2 

58 48 (24) n.d. n.d. 52 (76) n. d. 

(n.d.) 

n. d. 

(n.d.) 

c-15CZ 
CDP 

74 13 

(n.d.) 

1 

(n.d.) 

2 

(n.d.) 

76 

(100) 

1 (n.d.) 7 (n.d.) 

ODP-

CO2 

59 45 (26) n.d. n.d. 55 (74) n. d. 

(n.d.) 

n. d. 

(n.d.) 

m-15CZ 
CDP 

69 15 

(n.d.) 

1 

(n.d.) 

2 

(n.d.) 

65 

(100) 

3 (n.d.) 14 (n.d.) 

ODP-

CO2 

58 43 (22) n.d. n.d. 57 (78) n. d. 

(n.d.) 

n. d. 

(n.d.) 

a The initial conversion data consider a reaction time of 5 min in the CDP and ODP reactions. 
b The initial selectivity data consider a reaction time of 5 min in the CDP and ODP reactions.  

GHSV was kept equal to 0.5 min and the W/F ratio was 10 g.min/L for all tests performed at 550 
oC. 

The error of the data values is estimated at around 10% of each absolute value. 

The values within parentheses consider the selectivities after 210 min of 

reaction.  

Hydrogen was not detected among the products. 

n.d: not detected. 
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Figures captions 

 

Figure 1 – XRD patterns of the calcined commercial m-ZrO2 and t-ZrO2, and of the calcined x-yCZ 

samples (x = hydrothermal synthesis method: conventional (c-) or microwave-assisted (m-); y = Cr 

wt.%). 
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Figure 2 – Raman spectra of the calcined x-yCZ samples (x = hydrothermal synthesis method: 

conventional (c-) or microwave-assisted (m-); y = Cr wt.%). 
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Figure 3 – TPR-H2 of the calcined x-yCZ samples (x = hydrothermal synthesis method: conventional 

(c-) or microwave-assisted (m-); y = Cr wt.%). 
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Figure 4 – MS signal for CO2 during TPD-CO2 of the as-prepared x-yCZ samples (x = hydrothermal 

synthesis method: conventional (c-) or microwave-assisted (m-); y = Cr wt.%). Factors within 

parentheses indicate the values by which the curve signal was multiplied in order to improve 

visualization. 
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Figure 5 – MS signal for CO2 during TPD-CO2 of the c-10CZ catalyst, as-prepared and previously 

reduced in H2.  
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Figure 6 – MS signal for O2 during TPD-CO2 of the as-prepared x-yCZ samples (x = hydrothermal 

synthesis method: conventional (c-) or microwave-assisted (m-); y = Cr wt.%). Factors within 

parentheses indicate the values by which the curve signal was multiplied in order to improve 

visualization. 
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Figure 7 – Propane conversion as a function of reaction time under CDP and ODP-CO2 reaction 

conditions at 550 oC for the as-prepared x-yCZ samples (x = hydrothermal synthesis method: 

conventional (c-) or microwave-assisted (m-); y = Cr wt.%). GHSV was kept equal to 0.5 min and the 

W/F ratio was 10 g.min/L for all tests. The error of the conversion values is estimated at about10% of 

each absolute value. 
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Figure 8 – Average carbon accumulation rates for the x-yCZ samples (x = hydrothermal synthesis 

method: conventional (c-) or microwave-assisted (m-); y = Cr wt.%), after 210 min on stream in the 

ODP-CO2 reaction at 550 oC. 
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Figure 9 – Selectivity to propene as a function of propane conversion under CDP (open symbols), and 

ODP-CO2 (full symbols) reaction conditions for the as-prepared x-yCZ samples (x = hydrothermal 

synthesis method: conventional (c-), or microwave-assisted (m-); y = Cr wt.%). GHSV was kept equal 

to 0.5 min, and the W/F ratio was 10 g.min/L for all tests. The error of the conversion and selectivity 

values is estimated at about 10% of each absolute value. 
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Figure 10 – Propene yields as a function of time on stream for the as-prepared c-5CZ catalyst. A: 

under CDP (●) and ODP-CO2 (○) reaction conditions; B: after 300 min on stream under CDP reaction 

conditions with various reactivation cycles at 600 oC using O2 for 5 min (●) and CO2 for 30 min (○). 
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Figure 11 – Propene yields as a function of time under CDP (open symbols), and ODP-CO2 (full 

symbols) reaction conditions for the as-prepared x-yCZ samples: x = hydrothermal synthesis method; 

A = conventional hydrothermal synthesis (c-); B = microwave-assisted hydrothermal synthesis (m-); 

y = Cr wt.%. GHSV was kept equal to 0.5 min and the W/F ratio was 10 g.min/L for all tests. 
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