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Abstract 

Propene is an important building block in the petrochemical industry and its demand is rapidly 

increasing. However, the production through conventional processes is limited, and there is a 

dire need to develop a suitable catalyst for the direct dehydrogenation of propane. Multiple set 

of catalysts are synthesized via incipient wetness impregnation method and characterized by 

various techniques. These catalysts are also tested for the direct dehydrogenation reaction, to 

examine the effect of active metal oxide species, support material, metal oxide loading and 

potassium (K) loading. Subsequently, the reaction temperature and contact time are optimized 

for the reaction. A near-monolayer loading chromium oxide supported on ZrO2 is the most 

active. At this loading incipient amounts of Cr2O3 crystallites are detected, which became larger 

at higher coverages. The monolayer coverage appears to be between 5.2 to 6.6 𝑎𝑡𝑜𝑚𝐶𝑟/𝑛𝑚2. 

Furthermore, at this coverage the amount of reducible Cr+6 species was maximum. The activity 

of this near-monolayer catalyst is further improved by co-impregnating K. A Cr to K molar 

ratio of 1:0.05 is found to increase the amount of reducible Cr+6 and the catalyst activity and 

selectivity. Increasing the K amount further leads to a decrease in activity. Activity is increased 

by increasing the reaction temperature till 550 ℃; however, above 550 ℃ the catalyst 

deactivates due to coke formation. Further improvement in activity is achieved by increasing 
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the contact time and a conversion of ~30% and yield of ~27% is achieved for the K-promoted 

supported chromia catalyst at 550oC and a contact time of 37.33 𝑔𝑐𝑎𝑡. ℎ/𝑚𝑜𝑙. 
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1. Introduction  

Propene (C3H6) continues to hold a significant role being one of the foundational precursors 

in the petrochemical industry, boasting a multitude of applications. These applications include 

the production of polypropylene, cumene, acrylonitrile, isopropyl alcohol, and several others 

[1-3].  In the last two decades, the demand for C3H6 has increased substantially. It is projected 

to experience further growth over the following decades. In 2019, the yearly production of 

C3H6 was approximately 130 million metric tonnes (MMT), and projections indicate that the 

production will rise to 191 MMT by the year 2030 [4]. 

Recent trends indicate that production through traditional methods, particularly steam 

reforming and fluid catalytic cracking, is not increasing at the same rate as the growing demand 

[5]. This disparity in rates can be attributed to the fact that C3H6 is not the primary product of 

these conventional processes. Attempts have also been made to produce large-scale C3H6 via 

extraction of propane from shale gas  [6,7]. However, this method also involves cracking as 

part of the overall process which leads to challenges related to the energy-intensive nature of 

the process and catalyst deactivation [8]. Consequently, there is a need to develop alternate 

processes to reduce the “supply-demand gap”. 

Propane Dehydrogenation (PDH) is among the processes which produces C3H6 and has been 

implemented at an industrial scale [9]. Commercial PDH processes rely exclusively on 

catalysts derived from either Pt or Cr as the main component [5,10]. Furthermore, these 
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catalysts are primarily supported on an Al2O3 support and use different types of promoters 

[9,11]. However, the PDH reaction does pose certain hurdles, which need to be overcome. The 

PDH is an endothermic reaction, requiring elevated temperatures to obtain reasonable 

conversions [5]. Unfortunately, it appears that with an increase in operating temperature, the 

formation of coke also rises, and catalyst deactivation occurs [5]. Thus, to overcome the 

disadvantages of the PDH process mentioned above, a suitable catalyst is required.  

For the PDH reaction, an exhaustive list of catalysts has been tested, as mentioned in recent 

reviews [5,9,12–14]. These include several supported metal-based and metal oxide-based 

catalysts. In supported metal oxide catalysts, which is the focus of the current study, there exists 

an active metal oxide phase, supported on a high surface area oxide  [15–17]. Furthermore, the 

commonly used surface metal oxide phase for the PDH reaction is based on chromium oxide 

(chromia). Since the pioneering efforts by Frey and Huppke [18], chromia catalysts have been 

extensively investigated. Alumina-supported chromia, with an alkali promoter, is used as an 

industrial catalyst for the CATOFIN process [19]. Several other supported metal oxides have 

also been tried for the PDH reaction. These include the oxides of vanadium, gallium, zinc, iron, 

copper, indium, and molybdenum [20–27]. 

The support also plays a significant contribution in supported metal oxide catalysts for the PDH 

reaction. There have been several metal oxides and mixtures of metal oxides used as supports. 

Some of them are: CeO2, Al2O3, SiO2, TiO2, ZrO2, CeO2-ZrO2, Nb2O5, TiO2-Al2O3 and CeO2-

Al2O3 [21,28–42]. Though the industrial catalyst is based on an Al2O3 support, a few studies 

show that the ZrO2 supported chromia catalyst provides a higher turnover frequency [43–45]. 

This opens several opportunities to enhance the existing activity of the supported chromia 

catalyst. 

In addition to the choice of the active metal oxide and the support material, the activity of the 

catalyst for the PDH reaction can be enhanced by using a suitable promoter. The promoters 
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used are often alkali metals, namely Li, Na, K and Cs [46–51]. Out of these K is the commonly 

used promoter, that is also used in the commercial catalyst. 

In addition to the three factors mentioned above in the context of supported metal-oxide 

catalysts, namely, active metal-oxide phase, specific oxide support, and promoters, other 

factors do play an important role. Proper synthesis of the supported metal oxide catalyst is 

critical since the active phase must be present on the surface of the oxide support. There are 

several methods to prepare catalyst samples [52], but incipient wetness impregnation (IWI) is 

one of the most commonly used methods to synthesize supported metal oxide catalysts due to 

its simplicity for lab-scale synthesis. Furthermore, the amounts of active metal oxide phase and 

promoter are important so that the conversion of propane during the PDH process is maximized 

[43,49,53].  

During the development of a suitable supported metal-oxide catalyst, various characterization 

methods have been employed to ensure the proper synthesis of the catalyst and to facilitate the 

understanding of the effect of different factors [35,50,54]. One of the main aims of the 

characterization techniques for supported metal oxide catalysts is to confirm the presence of 

the surface metal oxide phase and establish monolayer loadings. Establishing the monolayer 

coverage provides the limit for the development of surface bound metal-oxide species since 

above monolayer coverage crystallite or bulk surface metal oxide species exist [55,56]. Several 

previous assessments have demonstrated that the surface metal-oxide phase at or below the 

monolayer is more active than the crystalline or bulk metal oxide species [57–59]. The 

monolayer loadings of a few surface metal oxide phases on different oxide supports have been 

tabulated previously [17,60,61]. Furthermore, characterization of the spent catalyst provides 

important information about the possible changes that the catalysts might have undergone. 

Due to the interplay amongst the various factors, it is challenging to formulate a suitable 

catalyst. In this study, we proceed systematically toward optimizing four factors for the PDH 
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reaction. These factors are: (i) the active metal oxide phase, (ii) the oxide support used to 

support the most active metal oxide phase, (iii) the loading of most active metal-oxide phase, 

and (iv) the use of different loadings of a promoter to try to enhance the catalytic activity 

further. de Rossi et al. also followed a similar strategy for developing a catalyst for the PDH 

reaction; however, the first factor was not considered [49]. Furthermore, in their study they did 

not observe promotion with potassium addition, which we found surprising. We intend to 

examine this absence of promotion in more detail. While formulating a suitable catalyst we 

limit our study to using the incipient wetness impregnation method for catalyst synthesis and 

carrying out the PDH reaction at 550℃ and a lower partial pressure of propane. The choice of 

a reaction temperature of 550℃ is common to several studies available on the PDH reaction 

[5,23,59,62–64]. Low partial pressures of propane and appropriate contact times are chosen to 

distinguish the catalysts based on the kinetics of the reaction as done previously [59,63,65,66]. 

The catalysts are analysed for their surface area, and by UV-vis spectroscopy, Raman 

spectroscopy, and temperature programmed reduction using H2 (H2-TPR). A few catalysts 

(fresh and spent) are also characterized by X-ray photoelectron spectroscopy (XPS). We restrict 

our choice of surface metal oxide phase to transitional metal oxides of chromium, vanadium, 

and iron, and the metal oxide support to Al2O3, CeO2, Nb2O5, TiO2 and ZrO2. Furthermore, the 

surface metal oxide amounts range from less than monolayer loadings to above monolayer 

loadings, and the potassium to chromium molar ratio ranges from 0.05 to 0.20. By proceeding 

in a stepwise manner, we expect to develop the best performing catalyst, and for this catalyst 

we studied the effect of reaction temperature and contact time to obtain the highest achievable 

conversions of propane. Thus, we expect to develop the most suitable supported metal oxide 

catalyst, from the limited scope of transitional metal oxides and oxide supports, for the PDH 

reaction. 

2. Experimental Procedures 
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2.1 Catalyst synthesis 

Four sets of catalysts were prepared using the incipient-wetness-impregnation method to 

investigate the effects of the four chosen variables that affect the performance of the catalyst. 

Additional details about the incipient-wetness-impregnation method are given in the 

supplementary information file. The four sets of catalysts are: 

1. The first set of catalysts was prepared to examine the effect of the oxides of chromium, 

vanadium and iron. The precursors used to synthesize these supported transitional metal oxides 

were: (i) chromium nitrate (Cr(NO3)3.9H2O, Fluka) for chromium oxide, (ii) ammonium 

metavandate (NH4VO3, LOBA Chemie) and oxalic acid ((COOH)2.2H2O, Fisher Scientific) 

for vanadium oxide, and (iii) iron nitrate (Fe(NO3)3.9H2O, SDFCL) for iron oxide. The support 

selected for this set of catalysts was ZrO2 (Saint Gobain). Equal metal loading (2wt. %) was 

chosen. This metal loading was chosen so that they were less than monolayer amounts [67–

69]. 

2. Based on the best supported transition metal oxide determined above second set of catalysts 

was used to study the effect of the oxide support. The supports shortlisted were: Al2O3, CeO2, 

Nb2O5, TiO2 and ZrO2. Here again the transition metal loading (2 wt.%) was less than 

monolayer amounts [17,37]. Certain details of the supports are mentioned in Table S1 of the 

supporting information file. 

3. After choosing the active metal-oxide and the oxide support, the third set of catalysts were 

used to analyse the effect of active metal-oxide loading. To analyse this effect, the metal-oxide 

loading was varied to achieve sub-monolayer to above monolayer coverages. 

4. To enhance the catalytic activity of the best performing supported metal-oxide catalyst 

determined above, the fourth and last set of catalysts were employed to investigate the effect 

of a promoter and promoter amount. Potassium (K) was chosen as a promoter, and the 

corresponding precursor was potassium nitrate (KNO3, Sigma).  
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The details of all the prepared catalysts, such as its nomenclature, amount of metal and 

promoter in the catalysts are given in Table S2 of the supporting information file. The 

nomenclature was based on the loading of metal-oxide, type of the metal-oxide, loading of 

potassium (promoter) and support used. For example, a nomenclature of xMS referred to x% 

of transition metal M in the catalyst containing a support S, where M = Cr, V or Fe and S = Al 

(for Al2O3), Ce (for CeO2), Nb (for Nb2O5), Ti (for TiO2) and Zr (for ZrO2). For potassium 

containing catalysts, the nomenclature was 2.5CryK, where the chromium loading was 2.5% 

and the molar ratio of K to Cr was ‘y’, and the support used was ZrO2, which is not mentioned 

in the nomenclature of these potassium containing supported chromia catalysts. 

2.2 Catalyst characterization  

2.2.1 Elemental composition and surface area measurement 

The elemental composition of the prepared samples was measured to confirm its closeness to 

the nominal values by EDX scans conducted using a Supra 40VP scanning electron microscope 

(Zeiss, Germany) operated at an accelerating voltage of 10 kV. To prevent surface charging 

during imaging, the samples were coated with a thin layer of gold. 

The specific surface area of the synthesized catalysts and supports were measured using multi-

point BET equation. To determine the surface area, N2 adsorption data at -196oC was obtained 

using an Autosorb iQ TPX equipment (Quantachrome, USA). Nearly 200 mg sample was 

degassed at 150°C for 6 h before N2 adsorption. 

2.2.2 H2-TPR studies 

The H2-TPR studies were performed for all the synthesized catalysts and supports by loading 

an amount of 60 mg sample in the sample-cell of an AMI 200 (Altamira, USA) set-up. It used 

a thermal conductivity detector (TCD) for determining the effluent composition, which 

measured the H2-uptake (𝑚𝑜𝑙/𝑔𝑐𝑎𝑡). The detailed procedure about running the TPR and 

obtaining the H2-uptake, Tmax from H2-TPR profile has been described previously [70]. 
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2.2.3 UV-vis spectroscopy 

The UV-vis spectra of all the catalysts and supports were collected using a UV-vis-NIR 5000 

(Varian, USA) spectrometer. All samples were scanned in the range of 200-800 nm under 

atmospheric conditions. BaSO4 (barium sulphate, Sigma Aldrich) was used as reference, unless 

mentioned otherwise. 

2.2.4 Raman spectroscopy 

All the prepared supports, catalysts and some of the spent catalyst samples were scanned using 

an Acton Spectra Pro 2500i (Princeton Instrument, USA) instrument to obtain the Raman 

spectra. The instrument utilized a 532 nm diode-pumped solid-state laser for all the scans, it 

was running at 50% strength with a maximum power of 40mW. The magnification was 

achieved using 20X and 50X objective lenses. The spectra were recorded under ambient 

temperature and pressure acquiring 20 successive scans, each with an acquisition time of 2 s. 

2.2.5 X-ray photoelectron spectroscopy  

The XPS spectra of representative fresh catalysts were collected using a NEXSA 

(Theroscientific, USA) instrument. The X-ray source employed was Al Kα monochromatic 

laser. The spectra were recorded under ultra-high vacuum conditions, maintaining a base 

pressure of 3*10−9 mbar. The acquired spectra were calibrated using the adventitious carbon 

peak at 284.8 eV as the reference to avoid charging error [70–72]. 

2.3 Reactivity studies 

The reactivity parameters of the PDH reaction were determined for the catalysts using a down-

flow quartz–tube packed bed reactor operating under ambient pressure. A thermocouple was 

positioned above the catalyst bed to monitor the bed temperature. Pre-reaction, each catalyst 

sample was activated by in-situ calcination in an O2 atmosphere (1.80 L.h-1 flow) at 550°C for 

1 h. Post-calcination, all traces of O2 was removed from the reactor by purging with N2, flowing 

at 1.80 L.h-1 for 0.5 h. The PDH reaction was performed at 550oC using a C3H8-N2 mixture 
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flowing through the reactor at 1.80 L.h-1, with a partial pressure of C3H8 = 0.075 atm. The O2-

ODH reactions were performed at the same temperature and atmospheric pressure. The reactant 

mixture of C3H8 and O2 was fed in stoichiometric ratio (2:1). The partial pressure of propane 

was kept at 0.075 atm and N2 was used as an inert. Each reaction was repeated at least three 

times, and the average value was reported. The standard deviation of the repeat experiments 

was considered as the error, which was also reported. At the exit of the reactor, the effluent gas 

was mixed with a 0.12 L.h-1 CH4 stream. The CH4 stream acted as an external standard and 

was used for calculation purposes. All volumetric flowrates were maintained using separate 

mass flow controllers (Bronkhorst), which were usually in the range of 0-50 mL/min and a 

standard error of 1% of full scale. Afterwards, the gas mixture was directed through the 

condenser to eliminate moisture remnants. At different time-on-stream (TOS) the condenser 

effluent was collected, and molar composition was analysed with a Nucon 5765 gas 

chromatograph (GC) (Nucon, India)). The GC was equipped with a TCD and flame ionization 

detector (FID). A Carbosphere column was attached to the TCD and a HySepQ column was 

attached to the FID. The peak area of each component was recorded, and it was used to compute 

the conversions and yields. The response factors of the gaseous components were calculated 

by either using pure gas mixtures or a standard gas mixture (Chemtron Science Laboratories 

Pvt. Ltd.) containing known mol fractions of relevant gases. The conversion of C3H8 (𝑋𝐶3𝐻8
) 

and yield of C3H6 (𝑌𝐶3𝐻6 
) was calculated by equation (1) and (2), respectively. The 

corresponding turnover frequencies (TOF) were also calculated by equation (3) and (4). 

𝑋𝐶3𝐻8
(%) = (1 −

𝐹𝐶3𝐻8 𝑂𝑈𝑇
𝐹𝐶𝐻4 𝑂𝑈𝑇
𝐹𝐶3𝐻8 𝐼𝑁
𝐹𝐶𝐻4 𝐼𝑁

) ∗ 100  
(1) 
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𝑌𝐶3𝐻6
(%) = (

𝐹𝐶3𝐻6 𝑂𝑈𝑇
𝐹𝐶𝐻4 𝑂𝑈𝑇
𝐹𝐶3𝐻8 𝐼𝑁
𝐹𝐶𝐻4 𝐼𝑁

) ∗ 100  (2) 

𝑇𝑂𝐹𝐶3𝐻6
= (

𝐹𝐶3𝐻6,𝑜𝑢𝑡

𝑊∗𝐻2−𝑢𝑝𝑡𝑎𝑘𝑒
) (𝑠−1)  (3) 

𝑇𝑂𝐹𝐶3𝐻8
= (

𝐹𝐶3𝐻8,𝑖𝑛−𝐹𝐶3𝐻8,𝑜𝑢𝑡

𝑊∗𝐻2−𝑢𝑝𝑡𝑎𝑘𝑒
) (𝑠−1)  (4) 

In equations (1) to (4), 𝐹𝑖 is the molar flow rate of the species 𝑖, 𝑊 is the mass of the catalyst, 

and 𝐻2 − 𝑢𝑝𝑡𝑎𝑘𝑒 is the mol of H2 per gram of the catalyst. The carbon balance, 
𝑚𝑜𝑙 𝐶𝑜𝑢𝑡

𝑚𝑜𝑙 𝐶𝑖𝑛
∗ 100, 

was determined for each run and was found to be better than 98%. 

3. Result and Discussion 

Four sets of catalysts were prepared and tested by various characterisation techniques. 

Subsequently, the catalysts were evaluated for the PDH reaction. The results based on these 

studies are presented and discussed below. 

3.1. Elemental composition and surface area studies  

The actual amount of metal and promoter amount was determined from EDX analysis, is shown 

in Table S3 of the supplementary information file. The EDX count data for all the samples are 

shown in Figure S1 of the supplementary information file. The EDX data shows close similarity 

between nominal and actual amount of metal/promoter. 

The surface areas of most samples were determined and listed along with the surface areas of 

the pre-treated supports in Table S1 and Tables S4 to S7. Relevant information from H2-TPR 

studies is also included in these tables and are discussed later. A slight change in surface area 

was observed as the metal loading increased on a specific support. For example, the surface 

area of ZrO2 support is 48 m2/g. and all the supported catalysts using ZrO2 as the support are 

Jo
ur

na
l P

re
-p

ro
of



between 42 and 45 m2/g with no specific trend. Such small changes in surface area have also 

been shown by others [37,67,72,73]. 

 

3.2. UV-vis spectroscopy studies 

The UV-vis spectra of each set of the prepared samples were recorded under standard 

conditions in the 200 nm to 800 nm region. The UV-Vis spectra of the supports (Al2O3, CeO2, 

Nb2O5, TiO2, and ZrO2) are shown in Figure S2 of the supporting information file and discussed 

there. The UV spectra of 2MZr, where M = Cr, V or Fe, are presented in Figure S3 of the 

supplementary information file. In these spectra the support was used as the reference so that 

the electronic transitions due to the oxides of Cr, V and Fe are clearly seen. For 2CrZr, we see 

two major bands at 278 nm and 359 nm, which correspond to the Cr+6 oxidation state [37,74] 

and for 2VZr we see a broad peak at ~350 nm, which corresponds to the V+5 oxidation state 

[75]. For 2FeZr, a band at ~350 nm reveals the presence of Fe+3 [76,77] and a band at ~540 nm 

is characteristic band of ά-Fe2O3 [72,77–80].  

The UV-vis spectra of the 2CrS catalysts, where S = Al2O3, CeO2, Nb2O5, TiO2 and ZrO2, were 

obtained and only the spectra for 2CrZr and 2CrAl are shown in Figure S4 of the supplementary 

information file. In these spectra ZrO2 and Al2O3 were used as the reference. The spectra of the 

remaining 2CrS samples were dominated by the support features and are not shown for brevity. 

For 2CrZr and 2CrAl two major bands corresponding to Cr+6 species are evident [37,74,75,81-

83]. 

The UV spectra of the third set of catalysts, where the effect of metal loading of Cr over ZrO2 

is analysed, is shown in Figure 1. These spectra were also obtained using the ZrO2 support as 

the reference. Two peaks at ~278 nm and ~370 nm, due to Cr+6, are clearly seen [49,84]. The 

peak at ~370 nm shifts at lower wavenumber as the metal loading increases. A small band at 
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~600 nm is also present in 2.5CrZr and is clearly visible in the 3CrZr sample. Such a band is 

associated with the presence of Cr+3 oxide [49].  

The UV-vis spectra of the last set of catalysts, which was prepared to test the effect of promoter, 

are shown in Figure S5 of the supplementary information file. There is no significant change 

in the spectra due to the presence of distinct amounts of potassium in the 2.5CryK catalysts, 

suggesting the continued presence of Cr+6 species.  

 

 

Figure 1: UV-vis spectra of xCrZr catalysts showing the effect of chromium loading, x = 

0.5, 1.0, 1.5, 2.0, 2.5 and 3.0. 

3.3. Raman spectroscopy studies 
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The four sets of supported metal oxide samples and the supports were characterised using 

Raman spectroscopy. The Raman spectra of the support materials (Al2O3, CeO2, Nb2O5, TiO2, 

and ZrO2) are shown in Figure S6 of the supporting information file and discussed there. The 

spectra of the 2MZr samples (M = Cr, Fe or V) are shown in Figure S7 of the supplementary 

information file. All the spectra in Figure S7 show sharp bands due to ZrO2 at 476, 615 and 

635 cm-1 [85,86]. Furthermore, two broad peaks at 870 and 1035 cm-1 for the 2CrZr sample are 

seen, which corresponds to molecularly dispersed chromia species [87]. The Raman spectra of 

2VZr, shows a broad band between 870-1000 cm-1, due to the molecularly dispersed vanadia 

species [69], and the spectrum of 2FeZr only shows the Raman vibration of ZrO2 and the bands 

due to iron oxide are not evident. 

The Raman spectra of 2CrS, where S = Al2O3, CeO2, Nb2O5, TiO2 and ZrO2, are shown in 

Figure S8 of the supplementary information file. In none of the spectra is a band at ~550 cm-1 

observed, which indicates crystalline Cr2O3 is absent. It appears that the chromia loading for 

all the 2CrS samples are below monolayer coverages, which is consistent to those expected 

based on the surface area of the supports. As discussed above the 2CrZr sample shows the 

presence of molecularly dispersed surface chromia species in addition to the bands of the ZrO2 

support. For the 2CrAl, 2CrCe and 2CrTi samples, small Raman features due to molecularly 

dispersed chromia species are seen once the support vibrations are subtracted. For 2CrNb, the 

spectrum is dominated by the band of Nb2O5 and the presence of molecularly dispersed 

chromia is not evident. 

The Raman spectra of xCrZr, where x = 0, 0.5, 1, 1.5, 2, 2.5 and 3 are shown in Figure 2 in the 

400 to 1200 cm-1 region. The major peaks due to the surface chromia species are detected at 

~860 cm-1
 and ~1035 cm-1. These bands correspond to the molecularly dispersed chromia 

species in the Cr+6 oxidation state [88]. As the amount of chromium increases above 2%, a 

band appear at 551 cm-1 due to the presence of Cr2O3 crystals [37,67,89], indicating that 

Jo
ur

na
l P

re
-p

ro
of



monolayer coverage has been surpassed for 2.5% metal loading. Thus, the monolayer 

concentration of chromium species on this ZrO2 support falls in the range of 5.2 to 6.6 

𝑎𝑡𝑜𝑚𝐶𝑟/𝑛𝑚2, which is consistent with monolayer coverage value of ~5.4 𝑎𝑡𝑜𝑚𝐶𝑟/𝑛𝑚2 

determined by previous studies [37,67,70].  

  

Figure 2: Raman spectra of xCrZr catalysts showing the effect of chromia loading, x = 

0.5, 1.0, 1.5, 2.0, 2.5 and 3.0.  

The Raman spectra of the last set of catalysts showing the effect of potassium loading are 

shown in Figure S9 of the supplementary information file. When the K/Cr ratio was 0.05, as in 

the 2.5Cr0.05K catalyst, the band at 551 cm-1 appears to have decreased in intensity. 

Furthermore, the band at ~860 cm-1 increased in intensity and a new band is seen at about 972 

cm-1. As the amount of potassium increased, two distinct bands at ~860 cm-1 and ~1010 cm-1 
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were evident and a small band at ~540 cm-1 appeared to grow. It appears that this band is due 

to Cr2O3 [90,91]. A previous study on the XRD, UV-vis and Raman spectra of K-containing 

chromia/alumina samples suggested that K2Cr2O7 is initially formed which upon heating 

decomposes to K2CrO4 and α-Cr2O3 [88,91]. 

3.4. H2 TPR studies 

All the support and synthesized catalysts were characterised by H2 TPR. From the H2-TPR 

profiles obtained the reducibility of the catalysts were analysed and the 𝐻2 − 𝑢𝑝𝑡𝑎𝑘𝑒 was 

determined. The temperature at which the TCD signal is maximum, 𝑇𝑚𝑎𝑥, of all the catalysts 

are shown on the TPR profile of the samples. The H2 TPR profile of the support material are 

shown in Figure S10 of the supplementary information file. None of the supports show 

reduction between 200 and 600°C, except for CeO2. The CeO2 support shows a broad reduction 

peak between 300 to 550°C, with a 𝑇𝑚𝑎𝑥
 at 515°C.  

The H2-TPR profiles of the first set of catalyst are shown in Figure S11 and the relevant data 

is provided in Table S4 of the supplementary information file. The 2CrZr and 2VZr samples 

shows a single 𝑇𝑚𝑎𝑥 which corresponds to a single reduction step [37,92]. In case of 2FeZr, 

two broad reduction peaks, between 200 to 600°C, were detected. These two reduction peaks 

are due to multiple reduction steps [93]. Furthermore, the 𝐻2 − 𝑢𝑝𝑡𝑎𝑘𝑒 for each sample was 

determined and then the H/M ratio (M = Cr, V or Fe) was calculated and given in Table S4. 

Clearly, the H/Cr ratio is less than 3, which would have been expected for a change in oxidation 

state from Cr+6 to Cr+3. Such is not the case for H/V, since a value of 2.1 closely corresponds 

to the reduction of V+5 to V+3. For 2FeZr, the H/Fe ratio of 2.4 reflects the mixture of Fe+2 and 

Fe+3 species present in the calcined sample. A mixture of Fe+2 and Fe+3 have also been seen 

before in calcined ZrO2 supported Fe-oxide catalysts [93]. 

The H2-TPR profiles of the second set of catalysts, 2CrS, are shown in Figure S12. All the 

catalysts show a single 𝑇𝑚𝑎𝑥, which corresponds to a single step reduction process, except for 
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2CrCe, which shows a distinct shoulder due to the reduction of the CeO2 support. The 2CrZr 

sample has the lowest 𝑇𝑚𝑎𝑥 (298 °C) and 2CrAl the highest (360 ℃). Previous studies also 

reveal that the specific support has an effect on 𝑇𝑚𝑎𝑥 for supported metal oxides [37,92]. The 

trend in 𝑇𝑚𝑎𝑥 for the 2Cr/S samples was: 

2𝐶𝑟𝐴𝑙 > 2𝐶𝑟𝐶𝑒 > 2𝐶𝑟𝑁𝑏 > 2𝐶𝑟𝑇𝑖 > 2𝐶𝑟𝑍𝑟. 

The 𝐻2 − 𝑢𝑝𝑡𝑎𝑘𝑒 and H/Cr molar ratio also depend on the specific support used to make the 

supported metal catalyst, as shown in Table S5. The 𝐻2 − 𝑢𝑝𝑡𝑎𝑘𝑒 and H/Cr molar ratio reveal 

the following trend: 

2𝐶𝑟𝑍𝑟 > 2𝐶𝑟𝐴𝑙 > 2𝐶𝑟𝐶𝑒 > 2𝐶𝑟𝑁𝑏 > 2𝐶𝑟𝑇𝑖 

The next set of catalysts was used to examine the effect of loading of the CrZr samples by H2-

TPR. Figure 3 reveals that as the metal loading increases, 𝑇𝑚𝑎𝑥 gradually decreases, as shown 

by the dotted line joining the peak maxima. Such a decrease in 𝑇𝑚𝑎𝑥 suggests that oxygen is 

less strongly bound to the supported metal oxide sample. However, the 𝐻2 − 𝑢𝑝𝑡𝑎𝑘𝑒 increases 

with an increase in metal loading, as shown in Table S6. An increase in H2-uptake is due to the 

additional availability of reducible surface chromia species [70]. However, the H/Cr molar ratio 

decreases with an increase in metal loading. A decrease in H/Cr molar ratio with loading 

suggest that a larger fraction of the chromia species is not reducible as the loading is increased. 

Such a decrease in H/Cr ratio with loading has been observed previously for chromia supported 

Al2O3, SiO2 and TiO2 catalysts [37,94]. 
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Figure 3: H2 TPR profile of xCrZr catalyst showing the effect of metal oxide loading, x = 

0.5, 1.0, 1.5, 2.0 2.5 and 3.0. The dotted line is used as a guide to show the decrease in 𝑻𝒎𝒂𝒙 

with loading. 

The last set of catalyst were prepared to check the effect of potassium loading on the 2.5CrZr 

sample, and the H2-TPR profiles are shown in Figure 4. Similar to a previous study, with an 

increase in the amount of potassium, the 𝑇𝑚𝑎𝑥 of the sample gradually increases [49]. 

Specifically, the 𝑇𝑚𝑎𝑥 increases from 294 ℃ for 2.5CrZr to 306 ℃ for 2.5Cr0.20K. However, 

the 𝐻2 − 𝑢𝑝𝑡𝑎𝑘𝑒 initially increases when the potassium loading is increased from 2.5CrZr to 

2.5Cr0.05K and then it starts decreasing with additional potassium loading. Since the amount 

of chromia is the same in these samples, the H/Cr molar ratio also follows the same trend, and 

the values are given in Table S7. 
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Figure 4: H2 TPR profile of 2.5CrZr and 2.5CryK catalyst showing the effect of potassium 

addition, y = 0.05, 0.10, 0.15 and 0.20. The dotted line is used as a guide to show the 

increase in 𝑻𝒎𝒂𝒙 with potassium amount. 

3.5. XPS data 

The XPS spectra of the freshly calcined 2MZr catalysts, M = Cr, Fe and V are shown in Figure 

5. The spectra of the 2CrZr shows the presence of Cr+6 (579.08 and 588.68 eV) and Cr+3 (576.61 

and 585.78eV) in the 2p3/2 and 2p1/2 regions [95]. The presence of this Cr+3 species in the 

calcined sample was not readily detected by UV-vis and Raman spectroscopy. It is only when 

the Cr+3 species was present as Cr2O3 was it seen in the UV-vis and Raman spectra. In contrast, 
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the H2-TPR studies does give some indication of the presence of C+3 species, since the H/Cr 

ratio is less than 3. It appears that this Cr3+ species is strongly interacting with the support. 

Furthermore, since the H/Cr ratio decreases with chromia loading, it appears that the fraction 

of chromia present as irreducible chromia species in the calcined increases with chromia 

loading. 

 

Figure 5: XPS spectra of freshly calcined samples of 2CrZr, 2FeZr and 2VZr.  

The XPS spectra of the 2FeZr sample shows Fe+3 (712.78 and 725.88eV) and Fe+2 (710.37 and 

723.54 eV) in the 2p3/2 and 2p1/2 regions [72]. The presence of Fe+2 species is evident and the 

H/Fe ratio of 2.4 determined from H2-TPR confirms its presence. The XPS spectra of the 

calcined 2VZr sample reveals the presence of two peaks of V+5 species at 516.85 and 524.28 

eV in the 2p3/2 and 2p1/2 regions, respectively [70].  

3.6. Direct dehydrogenation of Propane 

3.6.1. Effect of active metal 
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The C3H8 conversion and C3H6 yield of the PDH reaction at 550oC over 2CrZr, 2VZr and 2FeZr 

are shown in Figure 6 as a function of TOS. Furthermore, the conversion and yield values were 

below equilibrium values (conversion = 75.9% and yield = 75.9%) at these operating 

conditions. The change in conversion and yields are noticeable and reproducible. Despite these 

variations it is evident that the trend in activity for the supported metal oxide is: 

2CrZr > 2FeZr > 2VZr 

Since the supported metal oxide species are molecularly dispersed, as shown by UV-vis and 

Raman spectroscopy, and the atomic weights are similar, it would be tempting to suggest that 

the TOFC3H8 and TOFC3H6 at 0.5 h during PDH follows the same trend. However, the H2-TPR 

studies above reveal that the number of reducible sites is less than the total amount of chromia 

in the 2CrZr sample. A detailed study by de Rossi et al showed that the catalytically active 

species is formed from chromia present in the high oxidation state of Cr+6 and Cr+5 [44]. 

Hongfang et al also showed that catalytically active, lower oxidation state species (Cr+3), are 

formed from higher oxidation state species (Cr+6) during the PDH reaction [50]. Assuming that 

the reducible sites, as determined from H2-TPR, correspond to these high oxidation state 

chromia species, the trend in TOFs will be the same as the trend in activity, but the TOF for 

2CrZr will be higher. The TOFs for the three catalysts based on the H2 uptake data are shown 

in Table S8. The TOFC3H8 at 550oC at 0.5 h and a partial pressure of 0.075 atm of propane 

assuming differential reaction conditions for the three catalysts are: 6.17*10-3 sec-1 for 2CrZr, 

3.89*10-3 sec-1 for 2FeZr and 2.90*10-3 sec-1 for 2VZr. Thus, for the same ZrO2 support. the 

2CrZr catalyst is the most active amongst the chosen transition metal oxide catalyst for the 

PDH reaction.  
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Figure 6: C3H8 conversion and C3H6 yield over three different catalysts (2VZr, 2CrZr 

and 2FeZr) during the PDH reaction at different TOS. Reaction conditions: Temperature 

550℃, Total pressure = 1 atm, W=100 mg, W/FC3H8,0 = 16.59 g.h/mol, PC3H8,0 = 0.075 

atm, balance N2. 

3.6.2. Effect of support 

Five different supports, Al2O3, CeO2, Nb2O5, TiO2 and ZrO2, with the same loading of chromia 

(2%), were studied for the PDH reaction the same operating conditions to examine the effect 

of the support. All the 2CrS samples are less than monolayer loadings as revealed by Raman 

spectroscopy studies. The conversion and yield data for these catalysts have been shown in 

Table 1. The trend in propane conversion based on the values given in Table 1 is: 

2𝐶𝑟𝑍𝑟 > 2𝐶𝑟𝐴𝑙 > 2𝐶𝑟𝐶𝑒 > 𝐶𝑟𝑁𝑏 > 2𝐶𝑟𝑇𝑖 
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Using the same assumption that the reducible sites are active, the TOFs for the 2CrS catalysts 

are also shown in Table 1. Analysis of Table 1 reveals that ZrO2 is the best support to use for 

carrying out the PDH reaction over supported chromia catalyst, whereas the TOFs of the other 

supported chromia catalysts show less than half the TOF value of 2CrZr. A previous study also 

suggests that ZrO2 supported chromia catalyst provides higher TOF compared to Al2O3 and 

SiO2 supports [43,44]. Furthermore, there appears to be no correlation between the 𝑇𝑚𝑎𝑥 of 

these catalysts and the TOFs, suggesting that the binding of oxygen to the catalyst has no 

correlation with the PDH activity, unlike for the oxidative dehydrogenation (ODH) of methanol 

reaction over different supported vanadia catalysts [92]. This is consistent with the different 

reaction mechanisms that occur during PDH and ODH of methanol. During PDH reaction, a 

dual site and/or heterolytic mechanism is followed. The propane molecule gets adsorbed on the 

metal oxide catalyst surface terminally, which helps the abstraction of C-H bond. A hydrogen 

radical and a propyl radical adsorbed on the surface is formed. The propyl radical goes through 

another hydrogen abstraction which lead to propene gas and another hydrogen-radical. These 

two hydrogen-radicals forms hydrogen gas and disrobes from the catalytic surface [96,97]. In 

contrast, the ODH of propane occurs by the Mars van Krevelan mechanism and the 

involvement of the lattice oxygen is an integral part of the reaction mechanism [98]. 

Furthermore, there appears to be no co-relation between the TOF values and the surface 

coverage and the xCrZr catalysts are more active than the other supported chromia catalysts 

considered in the present study. 

To address this exemplary behaviour of the ZrO2 support a limited number of studies have 

taken place, primarily from the group of Kondratenko. Kondratenko and co-workers explained 

the effect of support by analysing the difference in the nature of the co-ordinated unsaturated 

sites (cus) that are formed on ZrO2, TiO2 and Al2O3 [99]. Furthermore, they suggested that the 

synergetic effect between Cr+3 and Zr+4
cus sites played an important role in the formation of 
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more active sites. For example, Han et al. [100] using state-of-the-art characterization 

techniques combined with kinetic studies and DFT calculations proposed that the chromium 

species improved the intrinsic activity of Zrcus sites, which was the active site of the bare 

support. It appears that the support effect originates from the presence of these sites formed 

between the surface chromia and the supportcus species in the supported chromia catalysts. 

Consequently, the Cr+3-Zrcus site is the most active for the PDH reaction. Furthermore, the 

acidity and basicity of catalysts may play a significant role. For example, Fu et al showed that 

the acidity of the catalysts decreases with alkali addition [50]. This decrease in acidity 

decreases the side reaction, which lead to catalyst deactivation. However, the role of acidity of 

the 2CrS catalysts needs to be explored so that the effect of acidity of these catalysts on the 

PDH reaction can be established. 

3.6.3. Effect of metal loading 

The chromia amount was varied from 0.5% Cr to 3% Cr on the ZrO2 support to identify the 

most suitable loading. The reactivity data shown in Figure 7 reveals that the propane conversion 

and propene yield increase with loading till 2.5% Cr. With additional chromia loading the 

conversion and yield decreases. The characterization studies revealed that the metal loadings 

chosen varied from sub monolayer to more than a monolayer coverage of chromia on this ZrO2 

support. The monolayer loading was determined to be between 2 and 2.5% chromia, since for 

2.5% and higher loadings crystalline features of Cr2O3 were observed. Consequently, the 

variation of conversion and yield with loading can be explained by the presence of molecularly 

dispersed chromia species in the lower than 2.5% loading samples. Above monolayer loadings, 

at 2.5% and higher, crystalline Cr2O3 is present and all the chromia species are not available 

for the reaction. Accordingly, the conversion and yield decrease.  

Similar variations of conversions and yields for the CO2 assisted ODH reaction were also seen 

in a previous study [70]. For the O2 assisted ODH reaction, a similar trend was also observed 
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by us for the same set of ZrO2 supported chromia catalysts, which is shown in Figure S13. 

Furthermore, a strong correlation between the chromia loading and propane conversion for 

PDH and O2 assisted ODH was observed for a series of Al2O3 supported chromia catalysts 

[101]. Thus, it appears that the monolayer chromia catalyst is the most active for these propane 

dehydrogenation and related reactions.  

The conversion and yield based on the amount of reducible chromia present, as given in Table 

S10, is shown in Figure 8. The reducible amount of chromia is calculated based on nominal 

amount of metal loading. The conversion and yield increase as the amount of reducible chromia 

species increases and it is highest near the monolayer coverage. At above monolayer coverages 

the conversion and yield start to decrease. The TOF based on propane conversion and propene 

yield based on the amount of reducible species is shown in Table S10 of the supplementary 

information file. The TOF’s as a function of chromia loading monotonically decrease 

suggesting that the reducible chromia species present at low loadings are more active than those 

present at higher loadings. Thus, the chromia species that are reducible appear to be the 

precursor for the active component for the dehydrogenation of propane. During reaction it is 

expected that the reducible chromia species is reduced to Cr+3. Indeed. this is the case, as shown 

by XPS (Figure S14), where only Cr+3 is detected in the spent 2.5CrZr catalyst.  
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Table 1: C3H8 conversion, C3H6 yield and the corresponding TOFs for the PDH reaction 

at 550oC and partial pressure of C3H8 = 0.075 atm over 2CrS showing the effect of using 

different supports. S = Al2O3 (Al), CeO2 (Ce), Nb2O5 (Nb), TiO2 (Ti) and ZrO2 (Zr).  

Suppo

rt 

𝑪𝟑𝑯𝟖 𝑪𝒐𝒏𝒗𝒆𝒓𝒔𝒊𝒐𝒏 

𝑪𝟑𝑯𝟔 𝒀𝒊𝒆𝒍𝒅 𝑻𝑶𝑭𝑪𝟑𝑯𝟖
 

∗ 𝟏𝟎𝟑(𝒔𝒆𝒄−𝟏) 

𝑻𝑶𝑭𝑪𝟑𝑯𝟔

∗ 𝟏𝟎𝟑(𝒔𝒆𝒄−𝟏) 

0.5 h 2 h 0.5 h 2 h 

0.5 

h 

2 h 

0.5 

h 

2 h 

2CrAl 6.08±0.2

6 

4.77±0.1

9 

3.17±0.0

9 

3.17±0.0

9 

2.65±0.

11 

2.08±0.

08 

1.38±0.

04 

1.38±0.

04 

2CrC

e 

3.29±0.1

1 

3.34±0.0

9 

3.27±0.1

0 

3.32±0.1

5 

1.43±0.

05 

1.45±0.

04 

1.42±0.

04 

1.44±0.

07 

2CrN

b 

3.27±0.1

8 

3.05±0.1

3 

1.85±0.1

1 

1.62±0.1

0 

1.42±0.

08 

1.33±0.

06 

0.81±0.

05 

0.71±0.

04 

2CrTi 2.35±0.0

6 

1.55±0.0

9 

1.04±0.1

4 

0.93±0.1

0 

1.02±0.

02 

0.67±0.

04 

0.45±0.

06 

0.40±0.

04 

2CrZ

r 

14.17±0.

50 

14.72±0.

20 

12.05±0.

23 

13.70±0.

21 

6.17±0.

22 

6.41±0.

08 

5.24±0.

10 

5.96±0.

09 
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Figure 7: C3H8 conversion and C3H6 yield for the PDH over xCrZr catalyst showing the 

effect of chromia loading, x = 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0. Reaction conditions: 

Temperature 550℃, Total pressure = 1 atm, W=100 mg, W/FC3H8,0 = 16.59 g.h/mol, 

PC3H8,0 = 0.075 atm, balance N2. 
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Figure 8: C3H8 conversion and C3H6 yield, at two TOS (1 h and 2 h), as a function of the 

reducible chromia amount in the xCrZr catalysts. 

 

3.6.4. Effect of potassium loading 

Four different amounts of potassium in the 2.5CrZr were tested for the PDH reaction and the 

results are shown in Figure 9. The reaction results clearly reveal a specific amount of potassium 

is required for improving the conversion and yield of the PDH reaction. Unfortunately, this 

amount was not captured in the previous study [49]. Relative to 2.5CrZr, the activity increases 

for the 2.5Cr0.05K catalyst, and with additional amount of potassium the activity of the 

catalysts decreases. The H2 uptake for this set of catalyst, as mentioned in Table S7 of 

supporting information file, reveals that for 2.5Cr0.05K, the H/Cr ratio is maximum. This 

maximum H/Cr ratio suggests that relative to 2.5CrZr additional reducible chromia are formed. 
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It appears that potassium interacts with the ZrO2 support is a way that reduces the formation of 

irreducible Cr+3 species. The consequence of this additional reducible chromia species is 

reflected in the increase in conversion and yield of the 2.5Cr0.05K catalyst. Furthermore, a 

more detailed analysis of Figure 9 shows that the propene selectivity (𝑋𝐶3𝐻6
𝑋𝐶3𝐻8

⁄ ) also 

increases. The TOFs based on propane conversion and propene formation is shown in Table 

S9. The TOFs have a similar trend as the H/Cr ratio, since it increases from 2.5CrZr to 

2.5Cr0.05K, and further addition of K leads to a decrease. 

 

 

Figure 9: C3H8 conversion and C3H6 yield for the PDH over 2.5CryK catalyst showing 

the effect of increasing the K/Cr molar ratio, y = 0.05, 0.10, 0.15 and 0.20. Reaction 

conditions: Temperature 550℃, Total pressure = 1 atm, W=100 mg, W/FC3H8,0 = 16.59 

g.h/mol, PC3H8,0 = 0.075 atm, balance N2. 
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3.6.5. Effect of operating temperature  

It has been documented in literature that majority of the studies dealing with PDH have focused 

on a reaction temperature of 550°C [5,23,59,62,63], with nearly all investigations conducted 

within the reaction temperature range of 500-600°C [14,57,102,103] To determine a suitable 

reaction temperature regime, we examined the effect of reaction temperature between 500-

600°C on two catalysts, 2.5CrZr and 2.5Cr0.05K. The propane conversion data for 2.5Cr0.05K 

is shown in Figure 10(A) and yield of propene is shown in Figure S15. The corresponding data 

for 2.5CrZr is given in Figure S16 of the supplementary information file. Both figures reveal 

that as the reaction temperature is increased to 550oC, the conversion of propane and yield of 

propene also increased. The TOS data was also not significantly affected. However, above 

550oC, the TOS data showed a decrease in conversion and yield suggesting deactivation of the 

catalyst. We analysed the spent catalysts by Raman spectroscopy which is shown in Figure S17 

of the supplementary information file. From Figure 10(B), it is apparent that the carbon peaks 

at 1350 and 1590 cm-1 are not evident at 540oC, start appearing at 550oC and then become 

prominent as the reaction temperature is increased further. Thus, the most suitable reaction 

temperature for PDH is 550°C or less for these supported chromia catalysts. 
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Figure 10: (A)C3H8 conversion for 2.5Cr0.05K catalyst at different TOS during PDH at 

reaction temperatures between 500-600°C. Reaction conditions: Total pressure = 1 atm, 

W=100 mg, W/FC3H8,0 = 16.59 g.h/mol, PC3H8,0 = 0.075 atm, balance N2. (B) Magnified 

Raman spectra of the spent 2.5Cr0.05K catalysts showing the effect of operating 

temperature T, where T = 500, 520, 540, 550, 5560, 580, and 600 ℃. 

 

3.6.6. Contact time study  

To further increase the conversions, the effect of contact time was examined for 2.5Cr0.05K 

and 2.5CrZr. Figure 11 shows that the conversion of propane and yield of propene increases as 

the contact time increases and approaches a constant value of about 30% and 27% for 

2.5Cr0.05K at 37.33 𝑔𝑐𝑎𝑡. ℎ/𝑚𝑜𝑙. At all contact times the conversion and yields of 2.5Cr0.05K 

are more than 2.5CrZr, confirming that the promoted catalyst is more active than the 

unpromoted one under these conditions. Furthermore, as the contact time increases the 

difference between conversion and yield increases. Raman spectra of the spent 2.5Cr0.05K 

catalysts at different contact times shown in Figure S18 shows that the presence of carbon. 

Furthermore, the intensity of the carbon peaks increases with increase in contact time. Thus, 
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the increase in difference between the conversion and yield with contact time appears to be 

related to the increase in carbon formation.  

 

Figure 11: C3H8 conversion and C3H6 yield for the PDH over 2.5CrZr and 2.5Cr0.05K 

catalyst showing the effect of contact time. Reaction conditions: Temperature 550℃, 

Total pressure = 1 atm, W=100 mg, W/FC3H8,0 = 0.00-37.33 𝒈𝒄𝒂𝒕 . 𝒉/𝒎𝒐𝒍. 

 

Several previous studies have reported Cr-based catalysts, a few of them are listed in Table 2. 

The operating conditions (temp. 550℃ and pressure 1atm) were nearly similar. As we can see 

from the table below, the optimum Cr-metal loading varies from 2.5-20 wt%, which is mostly 

dependent on the support material. The GHSV varies from 3800- 18000 (𝑚𝑙/𝑔𝑐𝑎𝑡. ℎ). In case 

of our catalyst, the optimum metal loading is 2.5%, which is lowest and the GHSV is highest 

among all. Despite being lowest loading and highest GHSV, our system shows comparable to 

all the catalysts.  
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Table 2: Comparison of catalytic performance of 2.5Cr0.05K with reported Cr-based 

catalysts at 550 ℃ and atmosphere pressure. 

𝑪𝒂𝒕𝒂𝒍𝒚𝒔𝒕𝒔 𝑪𝒓 

(𝒘𝒕 %) 

𝑮𝑯𝑺𝑽 

(𝒎𝒍/𝒈𝒄𝒂𝒕. 𝒉) 

𝑻 

(℃) 

𝑷𝑪𝟑𝑯𝟖
 

(𝒂𝒕𝒎) 

𝑿𝑪𝟑𝑯𝟖
 

(%) 

𝒀𝑪𝟑𝑯𝟔
 

(%) 

 

Cr5/SBA-1 [104] 5 9000 550 0.067 33 28.3 

0.04Cr/SBA-1 [105] 4 9000 550 0.67 24.5 21.7 

Cr20/Al2O3-n [106] 20 9000 550 0.67 33.7 31.8 

Cr-3Ce-5Zr/Al2O3 

[107] 

20 2544 580 0.4 71 64 

Cr10Zr90/SiO2 [108] 3 11425 550 0.4 15 14.25 

CrZr30/SiO2 [84] 3 4800 550 0.4 20 18 

CS-P/CrZrOx [109] 10 3790 550 0.4 30 28.5 

Cr20/CMK-3 [110] 20 9000 550 0.067 22.4 20.8 

2.5Cr-Ni/Al [111] 2.5 6000 550 0.1 40 36 

ZCr10 [112] 10 12720 540 0.12 25 23.25 

2.5Cr0.05K 2.5 18000 550 0.033 30 27 

 

4. Conclusion  

In this present study a promoted supported metal oxide catalyst for the PDH reaction was 

developed. Using ZrO2 as the support and sub-monolayer loadings, Cr-oxide was found to be 

more active than Fe-oxide and V-oxide. Using the same metal loading of Cr to determine the 

effect of support, the ZrO2 supported catalyst was found to be better than the other chromia 

supported catalysts. Subsequently, the chromia loading was varied on this ZrO2 support, and 

the near-monolayer catalyst containing 2.5% Cr as metal (2.5CrZr), was the most active. 

Furthermore, the monolayer coverage on this ZrO2 support was between 5.2 and 6.6 

𝑎𝑡𝑜𝑚𝐶𝑟/𝑛𝑚2. The performance of the 2.5CrZr was further improved by co-impregnating a 

limited amount of potassium. The best molar ratio of K/Cr was 0.05. It appears that this limited 

amount of K increased the amount of reducible chromia present in the 2.5Cr0.05K catalyst. 

The 2.5Cr0.05K was tested for the PDH reaction at different reaction temperatures and 550oC 

was found to be the most suitable reaction temperature to carry out the reaction. At higher 
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reaction temperatures the catalyst deactivated. This deactivation appears to be related to carbon 

being deposited on the catalyst surface. Increasing the contact time facilitated an increase in 

the reactivity parameters and the highest conversions and yields achieved at 550oC and 37.33 

𝑔𝑐𝑎𝑡. ℎ/𝑚𝑜𝑙 were about 30% and 27%, respectively. Thus, using a systematic approach a 

suitable supported metal oxide catalyst for the PDH reaction. 
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Highlights 

• Chromium oxide supported ZrO2, CrZr, is more active for DDP than V and Fe at 

550℃ 

• CrZr is also more active that Al2O3, CeO2, Nb2O5, TiO2 supported catalyst for 

DDP  

• 2.5% Cr loading, 2.5CrZr, possesses near-monolayer coverage and is the most 

active 

• Limited amount of K, K/Cr = 0.05, on 2.5CrZr enhances DDP activity and 

selectivity 

• ~30% conversion and ~27% C3H6 yield are achieved at 550oC and 37.33 

𝑔𝑐𝑎𝑡. ℎ/𝑚𝑜𝑙 
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