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Abstract 

Non-oxidative propane dehydrogenation (PDH) to propene is the basis of various large-scale 

processes suffering however from high costs and environmental incompatibility of currently 

applied Pt- or Cr-containing catalysts. Herein, we demonstrate that active and selective catalysts 

can be obtained from cheap and commercially available Zr- or Ti-based supports and ZnO 

without producing any liquid or solid waste. Catalytically active species formed in situ under 

PDH conditions are composed of isolated ZnOx as concluded from X-ray absorption 

spectroscopic analysis. The kind of support affects the geometry of such species that is probably 

decisive for catalyst activity. ZnOx on the surface of LaZrOx revealed the highest Zn-related 

TOF of propene formation. However, the following activity order in terms of space time yield 

of propene formation (STYC3H6) at 550°C and about 50% equilibrium propane conversion using 

a feed with 40vol% propane was obtained: ZnO//TiZrOx > ZnO//SiZrOx > ZnO//LaZrOx > 

ZnO//TiO2. The best-performing catalyst showed STYC3H6 of 2 kg kgcat
-1 h-1 and was durable 

in 8 PDH/regeneration cycles. Temporal analysis of products with submillisecond resolution 

suggests that H2 formation should be the rate-determining step in the course of the PDH reaction. 

Keywords: ZnOx-containing catalysts; commercially available materials; propane 

dehydrogenation; reaction mechanisms 
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Highlights: 

• Catalysts consisting of ZnO and commercially available supports were tested in PDH 

• The developed ZnO//TiZrOx catalyst showed high activity, selectivity and durability 

• The formation of H2 was concluded to be the rate-determining step 
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1 Introduction 

Propene production through non-oxidative dehydrogenation of propane (PDH) is attracting 

more and more attention both from academic and industrial fields due to the high carbon 

efficiency and the availability of propane[1-3]. Currently, the commercial PDH processes are 

using Pt-based or Cr-based catalysts. Although they are highly active and selective, they suffer 

from some shortcomings related to high costs of platinum or toxicity of Cr(VI) compounds. 

Against this background, many catalysts based on non-noble metal oxides, such as VOx[4-6], 

GaOx[7], CoOx[8, 9], FeOx[10], SnOx[11], InOx[12], ZrO2[13, 14], TiO2[15, 16] and Al2O3[17, 

18], have been developed and tested in the PDH reaction. ZnOx-based catalysts are also 

promising for the PDH reaction due to their environmental compatibility and their ability to 

active C‒H bond selectively[19-27].  

Very recently[27, 28], we have developed a simple method to prepare ZnOx-containing 

catalysts using commercial ZnO and siliceous zeolites. The catalyst preparation method is 

ecologically friendly as neither solid nor liquid waste is produced. The solid catalyst 

components are simply physically mixed. Catalytically active ZnOx sites are formed on the 

zeolite surface directly under PDH conditions. The first step behind their formation is the 

reduction of ZnO by H2 or C3H8 to metallic Zn (ZnO +H2 → Zn + H2O) at temperatures above 

the melting point of this metal (~ 420 °C). In the second step, the generated gas-phase Zn atoms 

react with zeolite OH nests as follows: 2Zn + 2x‒OH → 2ZnOx + xH2↑. The optimized ZnO-

Silicalite-1 catalyst showed about 3 times higher propene productivity and comparable propene 

selectivity in comparison with a commercial-like K-CrOx/Al2O3 catalyst at similar degrees of 

propane conversion under industrially relevant conditions. Although the developed catalyst 

outperformed many state-of-the-art ZnO-based catalysts in terms of space time yield of propene 

formation, expensive siliceous zeolites have to be used as supports. Such materials can only be 

synthesized in the presence of structure-directing agents (SDAs), e.g., quaternary ammonium 
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bases/salts, or through a dealumination process using a concentrated inorganic acid, such as 

HNO3. The expensive SDAs have to be removed to obtain high a2qyay surface area through 

calcining zeolite precursors that is, however, environmentally unfriendly. The dealumination 

process also produces a lot of liquid waste and the prepared materials are not thermally stable 

at high temperatures due to many framework defects[29]. 

Motivated by the above-mentioned shortcomings of zeolites, the current study is aimed to 

check (i) if commonly used metal oxides can be applied as supports to capture metallic Zn 

atoms, forming catalytically active ZnOx species and to elucidate (ii) the effects of these 

supports on catalyst performance, the kind of active sites and the rate-determining step in the 

PDH reaction. To this end, commercially available TiO2, TiZrOx, SiZrOx or LaZrOx supports 

and bare ZnO were used for catalyst preparation without producing any liquid or solid waste. 

By means of X-ray absorption spectroscopy (XAS), the specific ZnOx structures were 

determined to be single ZnOx sites over all prepared catalysts but with different geometries. 

The temporal analysis of products (TAP) results revealed that H2 formation is the rate-

determining step in the PDH reaction, and it is strongly affected by the kind of support.  

2 Experimental section 

2.1 Materials and catalyst preparation  

Commercial ZnO (Sigma-Aldrich), TiO2 (rutile TiO2, Sachtleben Chemie GmbH), LaZrOx 

(9wt% La2O3, Daiichi Kigenso Kagaku Kogyo Co), TiZrOx (30% TiO2, Daiichi Kigenso 

Kagaku Kogyo Co) and SiZrOx (96 wt% ZrO2) were used without any further treatment. For 

catalytic tests (see section 2.2.4 and 2.2.5), the materials were pressed and crushed to get 

particles of 315-710 μm. ZnO and each support were loaded into a quartz tubular reactor in the 

form of two layers as shown in Scheme 1a. These two layers were separated by a layer of quartz 
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wool (about 5 mg) to avoid any physical contact. The materials used for catalytic performance 

were named as ZnO//support. 

To exclude the effect of bulk ZnO on X-ray absorption spectroscopic measurements (see 

section 2.2.2) and transient studies (see section 2.2.3), we prepared additional materials as 

follows. ZnO (20 mg, 315-710 μm) and a selected support material (50 mg, 315-710 μm) were 

loaded into a quartz reactor with ZnO being the top layer (Scheme 1a). The samples were 

initially heated to 550 °C in a flow of N2 (10 mL·min-1) then flushed with air (10 mL·min-1) at 

the same temperature for 1 h. After 15 min purging in N2, a flow of 50 vol% H2 in N2 (10 mL 

min-1) was fed at 550 °C for 2 h. Then, the bottom layer was collected for catalyst 

characterization (Scheme 1b). The materials prepared according to this method were named as 

ZnO-support to distinguish them from the catalysts used for the catalytic tests. The Zn loading 

in ZnO-TiO2, ZnO-LaZrOx, ZnO-SiZrOx and ZnO-TiZrOx is 2.13, 0.92, 3.11 and 2.40 wt%, 

respectively.  

 

Scheme 1 A schematic illustration of reactor loading for the dual-bed reduction method (a), the 

collected catalyst used for XAS measurements and transient studies(b).  

2.2 Catalyst characterization  

2.2.1 N2 adsorption–desorption tests 

To determine the specific surface area (SBET) of fresh, as-prepared and spent (after about 60 

h durability test) samples, N2 adsorption-desorption measurements were carried out using the 

support

quartz wool
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ASAP 2020 (Micromeritics, USA) instrument. The samples were initially heated to 300 °C in 

N2 for 4 h to remove physically adsorbed water. After that, N2 adsorption–desorption 

measurements were carried out at 77 K.  

2.2.2  X-ray absorption spectroscopy  

X-ray absorption spectroscopy (XAS) was applied to reveal the local structures of materials 

prepared according to Scheme 1. X-ray absorption near energy structure (XANES) and 

extended X-ray absorption fine structure (EXAFS) spectra at the Zn K absorption edge were 

recorded at the P65 beamline of the PETRA III synchrotron (DESY, Hamburg) in fluorescence 

mode. The energy of the X-ray photons was selected by a Si(111) double-crystal 

monochromator and the beam size was set to 0.2(vertical) × 1.5(horizontal) mm2. The spectra 

were normalized, and the EXAFS background was subtracted using the ATHENA program 

from the Demeter software package[30]. The k2-weighted EXAFS functions were Fourier 

transformed (FT) in the k range of 2-10 Å-1. Then the amplitude reduction factor S0
2=1.06 was 

obtained by fitting the ZnO reference spectrum to a wurtzite structural model as reported in the 

Crystallography Open Database (ZnO, COD ID. 1011259). The fits of the EXAFS data were 

performed using Artemis by a least square method in R-space between 1.0 and 3.0 Å. 

Coordination numbers (CN), interatomic distances (r), energy shift (δE0) and mean square 

deviation of interatomic distances (σ2) were refined during fitting. The absolute misfit between 

theory and experiment was expressed by ρ.  

2.2.3 Temporal analysis of products  

Individual pathways of product formation in the PDH reaction was analyzed using a 

temporal analysis of products (TAP-2) reactor, a pulse technique operating with a time 

resolution of around 100 μs described in details in Refs. [31, 32]. ZnO-TiZrOx (48 mg) and 

ZnO-LaZrOx (62 mg) used in this study were prepared by the dual-bed method (Scheme 1a). 

Each catalyst (sieve fraction of 315–710 μm) was packed between two layers of quartz particles 
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(sieve fraction of 250–350 μm) within the isothermal zone of micro-reactor made of quartz. 

Before the tests the catalysts were heating in an Ar flow from room temperature to 550°C and 

then exposed to a flow of 20 vol% O2 in Ar (10 mL min-1) for 0.5 h at the same temperature. 

Subsequently the catalysts were reduced in a flow of 50 vol% H2 in Ar for 0.5 h at 550°C. 

Hereafter, the micro-reactor was exposed to vacuum of about 10-5 Pa and pulse experiments 

were performed at 550 °C using a C3H8/Ar=1:1 mixture. The mixture was prepared using C3H8 

(Linde, 3.5) and Ar (Air Liquide, 5.0) without additional purification. The total pulse size was 

kept between 6-7∙× 1015 molecules per pulse. 

The feed components and the reaction products were monitored using an on-line quadrupole 

mass spectrometer (HAL RD 301 Hiden Analytical) at m/z (AMU) of 44 (C3H8), 42 (C3H8, 

C3H6), 41 (C3H8, C3H6), 30 (C2H6), 29 (C3H8
, C2H6), 28 (C3H8,

 C2H6, C2H4), 27 (C3H8, C2H6, 

C2H4), 26 (C3H8, C2H6, C2H4), 18 (H2O), 16 (CH4), 2 (H2) and 40 (Ar). For each m/z, the pulses 

were repeated ten times and averaged to improve the signal-to-noise ratio. The concentration 

of the feed components and the reaction products was determined from the respective m/z using 

standard fragmentation patterns and sensitivity factors determined in separate calibration tests. 

The normalization of the recorded responses was carried out for an easier comparison of 

the position of the maximal concentration (tmax) of the feed components and reaction products. 

In order to take into account the different diffusion velocities of these compounds the 

experimental time was transformed to a dimensionless time using equation 1 as specified in Ref. 

[33]. 

𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑡𝑖𝑚𝑒 =  
𝑡 × 𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛

𝑒𝑓𝑓
(𝑖) 

𝐿2
 eq. 1 

Where t is the experimental time, 𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛
𝑒𝑓𝑓

(𝑖) is the diffusion coefficient of C3H8, C3H6, CH4, 

H2 or Ar and L is the diffusion length. The diffusion coefficients of C3H8, C3H6, CH4 and H2 
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were calculated from that of Ar according to eq. 2. The diffusion coefficient of Ar was 

determined through fitting the experimental response of this gas to the Knudsen diffusion model, 

as described in Ref. [34]. 

𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛
𝑒𝑓𝑓 (𝑖) = 𝐷𝐾𝑛𝑢𝑑𝑠𝑒𝑛

𝑒𝑓𝑓
(𝐴𝑟) × √

𝑀(𝐴𝑟)

𝑀(𝑖)
 eq. 2 

The diffusion length for C3H8 corresponded to the reactor length, while for the reaction 

products C3H6, CH4 and H2 it was equal to the distance from the beginning of the catalyst layer 

to the reactor outlet. 

2.2.4 Initial activity tests  

Propane dehydrogenation tests were performed using an in-house built setup equipped with 

15 continuous-flow fixed-bed tubular reactors made of quartz. To determine the rate of propene 

formation, the degree of propane conversion was controlled below 15% of the equilibrium 

propane conversion under the same reaction conditions. Typically, 50 mg of support and 20 mg 

of ZnO were loaded into reactors as shown in Scheme 1a. A reaction feed (40 mL·min-1 in total) 

consisting of 40 vol% C3H8 in N2 was used for the tests. The catalysts were initially heated to 

550 °C in a flow of N2 (10 mL·min-1) and then flushed with a flow of air (10 mL·min-1) at the 

same temperature for 1 h. After 15 min N2 purging, a flow of 50 vol% H2 in N2 (10 mL·min-1) 

was fed at the same temperature to generate supported ZnOx species. The duration of the 

reductive treatment was 1 h or 2 h. The rate of propene formation was calculated according to 

eq. 3. Propene selectivity was higher than 99% and carbon balance values were close to 100%. 

The Zn-related turnover frequency (TOF) was calculated using equation 4.  

r(C3H6)=
ṅ𝐶3𝐻6

𝑜𝑢𝑡

mcat
 eq.3 

TOF=
𝑟𝐶3𝐻6

𝑛𝑍𝑛
 eq. 4 
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where ṅ𝐶3𝐻8

𝑜𝑢𝑡  and 𝑚𝑐𝑎𝑡 mean the molar flow rate (mmol·min-1) of C3H6 at the outlet of reactor 

and the mass (g) of catalyst. It should be specially mentioned that only the mass of support was 

considered for such calculation. nZn is the molar weight of Zn in the prepared catalyst. 

2.2.5 Durability tests  

Durability tests were performed at 550 °C. The pretreatment steps were same as applied for 

the initial activity tests. The reduction time was 2 h at the same temperature. After each PDH 

cycle lasting for 28 min, the spent catalysts were oxidized in a flow of air (10 mL min-1) for 30 

min. After 15 min N2 purging (10 mL min-1), they were further reduced in H2 at the same 

temperature for 30 min. Before the next PDH test, the reduced catalysts were purged again in a 

flow of N2 (10 mL min-1) for 15 min. The conversion of propane (X(C3H8)), the selectivity to 

propene (S(C3H6)), cracking products (S(cracking products)) and coke (S(coke)) as well as the 

space-time yield of propene formation (STY(C3H6)) were calculated according to eqs. 5-9, 

respectively. Equation 10 was used to calculate an apparent constant of catalyst deactivation 

rate. 

X(C3H8)=
ṅ C3H8

in
-ṅ C3H8 

out

ṅ C3H8

in  eq. 5 

S(i)=
βi

βC3H8

ṅi
out

ṅC3H8

in
-ṅC3H8

out  eq. 6 

S(cracking products)=S(CH4)+S(C2H4) eq.7 

S(coke)=1- ∑ S(i)i  eq. 8 

STY=
ṅC3H6

×MC3H6
×60

1000×mcat
 eq. 9 

kdeactivation=
ln(

1-X(C3H8)
final

X(C3H8)
final

)- ln(
1-X(C3H8)

initial

X(C3H8)
initial

)

t
 eq. 10 



 

11 

 

where “ṅin” and “ṅout” stand for the molar flows of gas-phase components at the reactor inlet 

and outlet, respectively. N2 was used as an internal inert standard to consider the reaction-

induced changes in the number of moles. X(C3H8)
initial 

and X(C3H8)
final 

stand for the propane 

conversion after 4 min and after 28 min on propane stream, respectively. t is 0.467 h.  

The gas-phase products and the feed components were analyzed by an on-line gas 

chromatograph (Agilent 6890) equipped with flame ionization and thermal conductivity 

detectors. The time taken for product analysis was 4 min. The gas chromatograph was equipped 

with PLOT/Q (for CO2), AL/S (for hydrocarbons), and Molsieve 5 (for H2, O2, N2, and CO) 

columns.  

3 Results and discussion 

3.1 Catalytic performance  

As mentioned in the experimental part, catalytic tests were carried out using catalysts simply 

consisting of separated ZnO and support layers located in the reactor as shown in Figure 1a. 

The rate of propene formation (r(C3H6)) at 550°C over these catalysts after different reduction 

times and over the corresponding bare supports is present in Figure 1b. A commercial-like K-

CrOx/Al2O3 catalyst was used for benchmarking of the developed catalysts. The dashed line in 

Figure 1b stands for the rate obtained over this catalyst. In comparison with this reference 

material, the ZnO//LaZrOx, ZnO//SiZrOx and ZnO//TiZrOx catalysts showed comparable or 

superior activity. The ZnO//TiO2 catalyst was less active. 

It is also clearly seen in Figure 1b that the bare supports showed significantly lower activity 

than the Zn-containing catalysts under the same reaction conditions. Depending on the kind of 

support, the propene formation rate is in the range of 0.05 to 0.3 mmol g-1 min-1. The activity 

was improved by 2.9-17.2 times when ZnO layer was present on the top of support layer (Figure 

S1). The strength of the enhancement depends on the kind of support and the duration of 
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reductive catalyst treatment (Figure S1). For example, when the catalysts were reduced for 1 h, 

the ratio of r(C3H6)with ZnOx to r(C3H6)bare support is 16.9, 3.5, 13.9 and 9.1 for TiO2, LaZrOx, SiZrOx 

and TiZrOx support, respectively. When the reduction time was increased to 2 h, such values 

increased further for the ZnO//SiZrOx and ZnO//TiZrOx catalysts but decreased slightly for the 

ZnO//TiO2 and ZnO//LaZrOx materials.  

In the light of different loadings of Zn in the catalysts, for a proper comparison of their 

activity, we calculated Zn-related TOF values under consideration that each ZnOx species is 

active in the PDH reaction (eq. 4). The calculated TOF value is424, 185, 164 and 126 h-1 for 

ZnO//LaZrOx, ZnO//TiO2, ZnO//TiZrOx and ZnO//SiZrOx samples (Figure 1c), respectively. 

The ZnO species on the surface of LaZrOx seems to be the most active catalyst. 

 

Figure 1 (a) A schematic illustration of reactor loading for catalytic tests; (b) the rate of propene 

formation (r(C3H6)) over bare supports and ZnO//support samples with different reduction time. 

Reaction conditions: 550 °C, 50 mg of support, 20 mg of commercial ZnO, C3H8:N2=4:6, 40 mL·min-1 

of total flow. The dashed line means the r(C3H6) value of the commercial-like K-CrOx/Al2O3 catalyst. 

(c) The Zn-related TOF values of propene formation over different catalysts (eq. 4).  

3.2 The nature of active sites 

As reported in previous studies[13-18], coordinatively unsaturated Zr4+ (Zrcus
4+), Ti4+ (Ticus

4+) 

or Al3+ (Alcus
3+) sites generated upon a reductive treatment of catalysts based on ZrO2, TiO2 or 

Al2O3 are the active sites in the PDH reaction. To check if this statement is also valid for the 
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ZnO//support catalysts tested in the present study, we determined apparent activation energies 

of propane conversion over the bare supports and the catalysts in the temperature range of 500-

550 °C. The obtained Ea values are summarized in Table 1 and the corresponding Arrhenius 

plots are presented in Figure S2. Bare ZrO2-based materials have the highest Ea values ranging 

between 170 and 225 kJ·mol-1, which are in line with our previous studies[13, 14]. Bare TiO2 

has the lowest Ea value among the support materials of 120 kJ ·mol-1. The Ea values of 

ZnO//support are 31-76 kJ ·mol-1 lower than those of the bare supports. For instance, Ea 

decreased from 172 kJ·mol-1 to 96 kJ mol-1 when Zn was introduced to the TiZrOx support. The 

change in the Ea values suggests that the active sites in the ZnOx-containing samples are 

different from those in the bare supports. Therefore, we put forward that supported ZnOx species 

should be the active sites rather than coordinatively unsaturated Zr4+ or Ti4+ cations.  

Table 1 Apparent activation energies of propane conversion over different catalysts tested in the PDH 

reaction in the temperature range of 500-550 °C. 

Support  Ea / kJ mol-1 ZnO//Support  Ea / kJ mol-1 

TiO2 120 ZnO//TiO2 89  

LaZrOx 225 ZnO//LaZrOx 155  

SiZrOx 182 ZnO//SiZrOx 117  

TiZrOx 172 ZnO//TiZrOx 96  

 

To gain an insight into the structure of supported ZnOx species at an atomic level, we applied 

X-ray absorption spectroscopy (XAS). To avoid the effect of bulk ZnO on the measurements, 

the characterized materials were prepared according to Scheme 1. Metallic Zn and ZnO were 

used as the references to represent the absorption edges of Zn0 and Zn2+, respectively. As seen 

in Figure 2a, the position of the absorption edges of all ZnOx species is the same as that of the 

ZnO. This indicates that the oxidation state of Zn in the prepared catalysts is +2. The Fourier 
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transformed k2-weighed EXAFS spectra are present in Figure 2b. The fitting results are 

summarized in Table 2 while the fits are given in Figure S3. For all catalysts, the first Zn-O 

shell scattering is visible at about 1.5 Å (uncorrected distance) but with different coordination 

numbers (CNs) based on EXAFS fits. The average CNs of Zn-O in ZnO-LaZrOx and ZnO-TiO2 

are 2.9 and 4.0, respectively. The corresponding values for ZnO-TiZrOx and ZnO-SiZrOx are 

slightly lower, i.e., 2.6 and 2.7, respectively. For the second shell scattering at about 3 Å, we 

firstly considered a Zn-Zn path. However, negative values and relatively high Debye-Waller 

factors of about 0.03 were obtained from the fits. Thus, any Zn-Zn path was not considered for 

the catalysts. When LaZrOx and TiO2 supports were used, Zn-La and Zn-Ti paths fitted well at 

about 3 Å although relatively low CNs of 0.9 and 0.6 were obtained, respectively. It may 

suggest a strong interaction between ZnOx species and the supports. In the case of ZnO-TiZrOx 

and ZnO-SiZrOx, neither Zn-Zn, Zn-Zr, Zn-Ti nor Zn-Si paths could be fitted well. However, 

the quality of the fit was strongly improved in the presence of Zn-O path at a longer distance 

(about 3.2 Å). Thus, the CN of Zn-O in these two materials is about 4 in total. In summary, as 

no reasonable CN of Zn-Zn could be derived from the fits, all tested materials should possess 

isolated ZnOx species but with different geometries.  
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Figure 2 (a) The XANES spectra of different ZnO-support catalysts at the Zn K edge. (b) The 

corresponding Fourier transformed k2-weighted EXAFS spectra. 

 

Table 2 EXAFS fitting results  

catalyst shell CN distance (Å) δ2 (10-3 Å2) ∆𝐸0 ρ 

ZnO-LaZrOx Zn-O 2.9 ± 0.5 2.04 ± 0.02 9 ± 3 3.22 ± 1.2 0.052 

 Zn-La  0.9 ± 0.4 2.97 ± 0.03 5 ± 6   

ZnO-TiO2 Zn-O 4.0 ± 0.2 1.96 ± 0.007 10 ± 1 2.57 ± 0.55 0.005 

 Zn-Ti 0.6 ± 0.2 2.93 ± 0.03 10 ± 1   

ZnO-TiZrOx Zn-O 2.6 ± 0.3 2.00 ± 0.01 6 ± 2 1.2 ± 0.95 0.027 

 Zn-O 1.3 ± 0.5 3.19 ± 0.04 6 ± 2   

ZnO-SiZrOx Zn-O 2.7 ± 0.3 2.01 ± 0.01 6 ± 2 2.07 ± 1.06 0.029 

 Zn-O 0.8 ± 0.6 3.22 ± 0.08 6 ± 2   

 

3.3 Rate-limiting step in the PDH reaction 

To determine kinetically relevant steps in the PDH reaction, pulse experiments with C3H8 

were performed in the temporal analysis of products (TAP-2) reactor. Similar to the XAS 

studies (section 3.2) the catalysts used in these tests were prepared by the dual-bed method 

(Scheme 1) in order to exclude the effect of bulk ZnO. Two catalysts (ZnO-TiZrOx and ZnO-

LaZrOx) were selected based on their steady-state catalyst performance. ZnO-TiZrOx was the 

most active and selective and its activity increased with catalyst reduction time (Figure 1). ZnO-

LaZrOx was less selective, and its activity slightly decreased with the reduction time. Before 

the transient tests, the catalysts were treated in the similar way as in previously described PDH 

tests. C3H6, H2 and CH4 was observed upon C3H8 pulsing. The height-normalized responses of 

C3H8 and these gas-phase products are shown in Figure 3. As suggested in Ref. [33], the X-axis 

has been transformed into a dimensionless form (eq.1) to exclude the effect of difference 

diffusivity rates on the appearance order of the reaction products and the feed components.  

As it can be expected for the feed component, which reacts, the response of C3H8 is the 

narrowest one and has the lowest time (tmax) of its maximal value (Figure 3). The shape of the 
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C3H6, H2 and CH4 responses is broader. They are also characterized by higher tmax values, which 

can be ordered as follows tmax(C3H6) < tmax(CH4) ≪ tmax(H2). The tmax value of C3H6 is quite 

similar for both catalysts. However, the position and the shape of CH4 and H2 responses depend 

on the catalyst. They are broader over ZnO-LaZrOx and the maximum of the H2 response is 

shifted to longer time. These differences are explained by the lower activity of this catalyst 

towards formation of these products. As the CH4 response appears after the C3H6 response, we 

can conclude that C3H6 undergoes further cracking reactions yielding CH4. This is in agreement 

with our previous study of the PDH reaction over various ZnO-based catalysts[35, 36]. 

Importantly, the tmax of H2 is significantly greater than that of C3H6. This means that the 

formation of hydrogen is much slower in comparison with the formation of propene. In other 

words, the cleavage of C-H bonds in C3H8 is faster than the recombination of surface hydrogen 

species and the latter process is the rate-limiting step in the course of PDH reaction. In addition, 
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the tmax of H2 over ZnO-TiZrOx is lower than that over ZnO-LaZrOx (Figure 3). Thus, the 

presence of Ti seems to facilitate the recombination of H atoms on the surface of the catalyst. 

Figure 3 Height-normalized transient responses of C3H8, C3H6, CH4 and H2 after pulsing of a C3H8 : 

Ar=1 : 1 mixture over (a) ZnO-TiZrOx and (b) ZnO-LaZrOx catalysts at 550°C.  

3.4 Application potential of developed catalysts and benchmarking 

The developed catalysts were also tested under industrially relevant conditions at 550 °C in 

a series of 8 PDH/regeneration cycles to check their durability. Prior to the PDH reaction, a 

reduction treatment was required to generate active ZnOx species over the supports. Propane 

conversion, propene selectivity and selectivity to coke and cracking products are shown in 

Figures S4 and S5. The initial propane conversion (after 4 min) over all catalysts is in the range 
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of 0.2-0.24 which was controlled through varying the contact time for different catalysts. This 

conversion level is about 50% of the equilibrium conversion. For all catalysts, the conversion 

decreased within 28 min on propane stream (Figure S4). The deactivation rate constant 

calculated according to eq. 10 can be ordered as follows: ZnO//LaZrOx > ZnO//TiZrOx > 

ZnO//SiZrOx > ZnO//TiO2 (Table 3). For the durability test, we distinguished two different 

kinds of catalyst deactivation. As seen in Figure S4, propane conversion (i) decreased within a 

PDH test (28 min) or (ii) cannot be fully recovered from cycle to cycle. According to our 

previous studies[25, 27], there are two possible reasons responsible for the first kind of catalyst 

deactivation, i.e., (i) coke formation and (ii) loss of Zn from the catalysts. As we had an available 

ZnO upper layer to supply Zn atoms continuously during the PDH test, the latter reason of 

catalyst deactivation within one PDH cycle could be excluded. This statement is also supported 

by the fact that the conversion over the ZnO//LaZrOx, ZnO//TiZrOx and ZnO//SiZrOx catalysts 

can be fully recovered to the initial value after an oxidative catalyst regeneration (Figures S4 

and S5). Thus, coke formation should be the main reason for the deactivation within one PDH 

cycle. For the ZnO//TiO2 catalyst, the initial propane conversion (first data point in each cycle), 

however, decreased from 22.3% to 18.9% from 1st cycle to 8th cycle (Figure S4). This is an 

indication that there is at least an additional reason causing catalyst deactivation. As seen in 

Table 3Table 1 Apparent activation energies of propane conversion over different catalysts tested in the 

PDH reaction in the temperature range of 500-550 °C., for fresh TiO2 or it supported catalyst, the 

surface area significantly decreased from 119 to 53 m2 g-1 after catalyst preparation and further 

decreased to 35 m2 g-1 after about 60 h durability test. The surface areas of other catalysts also 

decreased but to a lower extent and are about 2-3.5 times higher than that of spent ZnO//TiO2 

after 8 PDH/regeneration cycles (Table 3). Therefore, we put forward that the loss of surface of 

TiO2 could be another reason for catalyst deactivation due to a decrease in the number of active 

surface sites. A similar phenomenon was observed in our previous study dealing with Zr-
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modified ZnO/TiO2 catalysts[36]. When Zr was introduced to ZnO/TiO2 catalyst, the sintering 

of TiO2 was suppressed to some extent. The temperature-induced shrinkage of TiO2 also affects 

the concentration of OH groups, which are required to in situ form ZnOx species. As proven by 

in-situ DRIFTS, the intensity of defective OH groups (3200-3500 cm-1) on the surface of bare 

TiO2 support decreased strongly at 550 °C within first 30 min in a mixture of 50 vol% H2 in Ar 

(Figure S6).  

Table 3 The constants of catalyst deactivation, and surface area (SBET) of fresh, as-prepared and spent 

(after about 60 h durability test) samples. 

name SBET, bare support / m2 g-1 SBET, as-prepared/ m2 g-1[a] SBET, spent / m2 g-1[b] kdeactivation /h-1 

ZnO-TiO2 119 53 35 0.66 

ZnO-LaZrOx 74 70 65 2.63 

ZnO-SiZrOx 166 156 125 0.78 

ZnO-TiZrOx 195 180 100 1.41 

a obtained over the catalysts synthesized in 50 vol% H2 in N2 for 2 h.  

b the catalysts were collected after 8 PDH/regeneration cycles.  

 

The average propane selectivity values within one PDH cycle over the ZnO//TiZrOx, 

ZnO//TiO2, ZnO//SiZrOx and ZnO//LaZrOx are 95.6%, 93.0%, 93.1% and 88.5%, respectively 

(Figure S5). It should be specially mentioned that the catalysts showed similar degrees of initial 

propane conversion (Figure S4). The ZnO//TiZrOx is the most selective catalyst due to its lower 

ability to catalyze consecutive propene reactions leading to cracking products and coke (Figure 

S5). The corresponding averaged selectivity values are about 1% and 4%, respectively.  



 

20 

 

 

Figure 4 On-stream profiles of space-time yield (STY) of propene formation over different catalysts in 

a series of 8 PDH cycles. The catalysts were oxidatively regenerated after each cycle. The catalysts were 

loaded into reactors as shown in Figure 1(a). PDH conditions: 550 °C, 50 mg of support, 20 mg of 

commercial ZnO, C3H8/N2=4:6, WHSV(C3H8) is 9.43, 5.66, 5.66, 2.83 and 2.83 h-1 for ZnO//TiZrOx(●), 

ZnO//SiZrOx(●), ZnO//LaZrOx(●) and ZnO//TiO2(●), respectively. Prior to the reaction, the catalysts 

were reduced in 50 vol% H2 in N2 at 550 °C for 2 h. After the 28 min PDH test, the catalysts were 

exposed to an air flow (10 mL min-1) to remove coke. Afterwards, an additional reduction process (10 

mL min-1, 50 vol%H2, 30 min) was carried out. The dashed line was added for guiding the eye.  

We also compared the developed catalysts in terms of space time yield (STY) of propene 

formation. Except for the first cycle, the STY of ZnO//TiZrOx is about 2.0 kg kg-1
cat h

-1 and is 

comparable with that of ZnO-S-1_3[27], which is up to now one of the most active ZnO-based 

catalysts. The lower STY in the first cycle can be due to the smaller amount of Zn loading after 

the first 2 h reduction. The ZnO loading may increase further with rising reduction time and 

positively affects the rate of propene formation ZnO//TiZrOx (Table 1). Nevertheless, no 

significant decrease in STY after the second PDH cycle could be established (Figure 4). This is 
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also valid for ZnO//SiZrOx and ZnO//LaZrOx, which showed lower STY values of 1.2 and 1.1 

kgC3H6 kg-1
cat h

-1, respectively. The least active and durable catalyst is ZnO//TiO2. 

For benchmarking purposes, we collected data for best-performing ZnO-based catalysts 

previously tested in the PDH reaction and compared them with the best material from the 

present study in terms of STY (Figure 5 and Table S1). To fairly compare the different catalysts, 

we used the ratio of experimentally determined propane conversion to the corresponding 

equilibrium propane conversion (X(C3H8)/X(C3H8)eq), because the latter strongly depends on 

the reaction temperature and the feed composition. Most of reported catalysts were tested at 

X(C3H8)/X(C3H8)eq of 0.4-0.9 (Figure 5). The data points in the light-yellow area in Figure 5 

were obtained over the catalysts developed in the current study and tested at about 50% of 

equilibrium conversion at 550 °C. The ZnO//TiZrOx catalyst with STY of 1.99 kg kgcat
-1 h-1 

outperform many state-of-the-art catalysts tested at the same or even higher temperatures. Even 

the less active ZnO//TiO2 catalyst in the present study outperformed two ZnO-based catalysts 

in the literature at a similar degree of propane conversion [19, 37].  
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Figure 5 A comparison of ZnO//support catalysts developed in the present study with the state-of-the-

art ZnOx-based catalysts in terms of STY[19, 22, 23, 25, 27, 28, 35-40]. The data are available in 

Table S1.  

4 Conclusions  

We have demonstrated that catalysts simply consisting of a layer of ZnO on top of a layer 

of commercially available supports based on oxides of zirconium or titanium show high activity 

and durability in the PDH reaction. ZnOx species on the surface of the supports are formed in 

situ under reaction conditions. Ex situ XAS analysis excluded the presence of ZnO 

(sub)nanoclusters but identified exclusively isolated ZnOx species which geometry depends on 

the kind of metal oxide support. H2 formation was identified as the rate-determining step in the 

course of PDH reaction. The presence of Ti in the support seems to facilitate this step. This 

knowledge sheds light on the reaction mechanisms and together with the simplicity of the 

catalyst preparation method opens the possibilities to purposefully develop PDH catalysts based 

on ZnO.  
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Figure S1 The ratio of the rate of propene formation over ZnOx-containing catalysts to that of 

bare supports. 
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Figure S2 The Arrhenius plots of propene formation rate over (a) bare supports and (b) ZnO-

containing samples tested using a fed of C3H8:N2 = 2:3 at 550 °C. The conversion of propane 

was controlled below 15% of the equilibrium conversion, which is about 42% at 550 °C using 

a feed of C3H8:N2 = 2:3. 
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Figure S3 k2-weighted EXAFS functions (extracted fine structure in k-space) of as-prepared 

catalysts and reference materials; the EXAFS fits for (a) ZnO-LaZrOx, (b) ZnO-TiO2, (c) ZnO-

TiZrOx and (d) ZnO-SiZrOx in r space; the k2-weighted χ(k) in k-space; (e) the raw data of 

EXAFS over different samples.  
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Figure S4 Propane conversion over ZnO//TiZrOx(■ ), ZnO/ZrSiOx(■ ), ZnO//LaZrOx(■ ) and 

ZnO//TiO2(■) catalyst. All the catalysts were loaded as shown in Figure 1(a). Reaction conditions: 

550 °C, 50 mg of support, 20 mg of C-ZnO, C3H8:N2=4:6, WHSV(C3H8) is 9.43, 5.66, 5.66, 2.83 and 

2.83 h-1 for ZnO//TiZrOx, ZnO//ZrSiOx, ZnO//LaZrOx and ZnO//TiO2, respectively. Prior to the test, the 

catalysts were reduced in 50 vol% H2 in N2 at 550 °C for 2 h. After 28 min PDH tests, the catalysts were 

exposed to an air flow (10 mL min-1) to remove coke. Afterwards, an additional reduction process (10 

mL min-1, 50 vol%H2, 30 min) was carried out.  
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Figure S5 The selectivity to propene (a), to cracking products (b) and to coke (c) over ZnO//TiZrOx(▲

♦◐), ZnO/ZrSiOx(▲♦◐), ZnO//LaZrOx(▲♦◐) and ZnO//TiO2(▲♦◐) catalyst. All the catalysts were 

loaded as shown in Figure 1(a). Reaction conditions: 550 °C, 50 mg of support, 20 mg of C-ZnO, 

C3H8:N2=4:6, WHSV(C3H8) is 9.43, 5.66, 5.66, 2.83 and 2.83 h-1 for ZnO//TiZrOx, ZnO//ZrSiOx, 

ZnO//LaZrOx and ZnO//TiO2, respectively. Prior to the test, the catalysts were reduced in 50 vol% H2 

in N2 at 550 °C for 2 h. After 28 min PDH tests, the catalysts were exposed to an air flow (10 mL min-

1) to remove coke. Afterwards, an additional reduction process (10 mL min-1, 50 vol%H2, 30 min) was 

carried out.  
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Figure S6 In-situ DRIFTS recorded over TiO2 in a flow of 50 vol% H2 in Ar at 550 °C 
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Table S1 A comparison of the developed ZnOx-catalysts and the-state-of-the-art catalysts in terms of 

space time yield of C3H6  

Catalysts T 

/°C 

feed X(C3H8) X(C3H8)eq X(C3H8)/ 

X(C3H8)eq 

STY(C3H6) Ref. 

10%ZnO/deAl beta  600 C3H8:N2 

=5:95 

0.533 0.93 0.57 0.19 [1] 

10%ZnO0.1Pt/HZSM-

5 

525 C3H8:N2 

=5:95 

0.520 0.74 0.70 0.17 [2] 

6%ZnO/S-1 550 C3H8:N2 

=4:6 

0.295 0.46 0.64 0.59 [3] 

Zn-4@S-1 580 C3H8:N2 

=1:9 

0.30 0.82 0.36 1.32 [4] 

4ZnO/TiZrOx 550 C3H8:N2:H2 

=40:55:5 

0.30 0.40 0.75 1.28 [5] 

2Zn1.4Zr/TiO2 550 C3H8:N2:H2 

=4:4:2 

0.20 0.29 0.68 0.28 [6] 

Zn-H/Silicalite-1 600 C3H8:N2:H2 

=4:4:2 

0.43 0.53 0.82 1.29 [7] 

Zn-Nb-O 580 ~100%C3H8 0.33 0.42 0.81 0.16 [8] 

ZnO-S-1_3 550 C3H8:N2 

=4:6 

0.31 0.46 0.67 2.04 [9] 

ZnO-S-1_3 550 C3H8:N2:H2 

=4:4:2 

0.26 0.29 0.88 0.63 [9] 

ZnO-S-1_3 550 C3H8:N2 

=7:3 

0.31 0.38 0.83 1.33 [9] 

ZnO-S-1_3 550 C3H8:N2 

=4:6 

0.36 0.46 0.77 0.95 [9] 

ZnO-deAl-Beta 550 C3H8:N2 

=4:6 

0.30 0.46 0.64 1.90 [10] 

ZnO//TiZrOx 550 C3H8:N2 

=4:6 

0.24 0.46 0.51 1.99 This 

work 
ZnO//TiO2 550 C3H8:N2 

=4:6 

0.22 0.46 0.48 0.58 This 

work 
ZnO//ZrSiO2 550 C3H8:N2 

=4:6 

0.24 0.46 0.52 1.21 This 

work 
ZnO//LaZrOx 550 C3H8:N2 

=4:6 

0.23 0.46 0.49 1.11 This 

work 
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