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ABSTRACT 

Cyclar process was previously developed to convert propane and butane into aromatics using 

gallium-promoted ZSM-5 zeolites (Ga/ZSM-5). However, it has two major limitations. Firstly, 

light gases (methane and ethane) limit the yield of higher molecular weight hydrocarbons for 

propane conversion. Secondly, ethane is unreactive on Ga/ZSM-5 catalysts. Relative rates and 

selectivity for propane conversion on two components, gallium (Ga/Al2O3) and acid ZSM-5 (H-

ZSM-5) were investigated, and the results suggest that light gas was produced by propane 

monomolecular cracking on ZSM-5 due to the imbalance of alkane dehydrogenation and olefin 

conversion rates on two catalytic functions. A PtZn alloy catalyst, which has >99% propene 

selectivity and 30 times higher rate than Ga, was used for the dehydrogenation function. The 

bifunctional PtZn/SiO2+ZSM-5 catalyst has high yields of aromatics with low methane selectivity 

(<5%) at ~70% propane conversion. The results suggest methane can be minimized by utilizing 

the PtZn alloy and lowering the monomolecular cracking rate by ZSM-5. In addition, PtZn alloy 

increases aromatics selectivity. Aromatics formation pathway was investigated by studying the 

rate and selectivity of a model intermediate (cyclohexene) on ZSM-5, PtZn/SiO2 and Ga/Al2O3. 

Benzene is formed at similar rates on Ga/Al2O3 and ZSM-5 but cracking of cyclohexene on the 

latter is two orders of magnitude higher than the benzene formation rate, indicating cracking of 

cyclic hydrocarbons leads to low aromatization rate on Ga/ZSM-5. The benzene formation rate on 

the PtZn/SiO2 is 200 times higher than that on ZSM-5, suggesting aromatics are formed by the 

metal pathway on PtZn/SiO2+ZSM-5.  

 

Unlike Ga/ZSM-5 catalysts, PtZn/SiO2+ZSM-5 catalysts also convert propane to aromatics at low 

temperature (350 ℃). The temperature effect on propane dehydroaromatization pathways on the 

PtZn/SiO2+ZSM-5 bifunctional catalysts was investigated to develop strategies for propane 

conversion to valuable liquid hydrocarbons. At high temperature (550 ℃), high dehydrogenation 

rates and lower monomolecular cracking rates are required to minimize methane formation, 

leading to primarily propene and BTX (benzene, toluene, and xylenes). By recycling propene in 

the propane conversion range of 30-45%, >80% BTX yields is likely achievable at full recycle. At 

mid temperature (400-450 ℃), the product has high selectivity to gasoline-blending hydrocarbons 

(butanes, C5
+ hydrocarbons, toluene, and xylenes) at 15-25% propane conversions because 
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dehydrogenation rates are moderately high, and oligomerization is more favored than cracking. At 

low temperature (350℃), ~25% propane conversion is achieved and has high selectivity (~60%) 

to butanes, but the propane conversion rates are likely too low to be practical. While methane 

formation by monomolecular cracking limits liquid yields at high reaction temperature, at mid and 

low temperatures, hydrogen co-produced at high propane conversions saturates light olefins to 

make undesired ethane, which becomes major yield-loss reaction on the PtZn/SiO2+ZSM-5.  

 

Finally, PtZn/SiO2+ZSM-5 catalysts can convert ethane to C3
+ and aromatics but the methane 

selectivity increases rapidly at high ethane conversion. The roles of two catalytic function (Pt-Zn 

alloy and ZSM-5) in the dehydroaromatization pathways of ethane and propane will be further 

studied and their product distribution will be compared to have better understandings on the 

differences in the dominant yield-loss reaction and dehydroaromatization pathways.  
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 INTRODUCTION 

1.1 The U.S Shale Gas Boom   

Shale gas production in the U.S has increased the supply of light alkanes, especially methane, 

ethane, and propane. Particularly, ethane and propane could be converted to ethene and propene 

and further transformed into other higher molecular weight hydrocarbons for production of 

polymers, chemicals, and fuels.1 However, many of the light alkanes production sites are 

distributed in the remote areas distant from most chemical processing facilities at the East, West 

and Gulf coast regions (Figure 1), which requires costly transportation over long distances by a 

pipeline. Direct transformation of C2-C3 light alkane into chemicals and/or high-octane gasoline 

blending components, including C3
+ olefins, oligomers and aromatics could become an attractive 

option.1  

 

 

Figure 1. The map of shale gas in the United States  
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1.2 Propane Dehydroaromatization 

In early studies, Csicsery has reported the dehydrocyclodimerization of C3-C5 alkanes over the 

bifunctional Pt/Al2O3 catalysts (with acid and dehydrogenation activities) and proposed a 

mechanism for the reactions involving alkane dehydrogenation, olefin dimerization, cracking, and 

aromatization.2–5 However, Pt/Al2O3 suffers from light gas formation (methane and ethane) and 

fast deactivation. Instead, ZSM-5 was developed at the time and widely investigated for 

transformation of light paraffin and the corresponding olefins to aromatics due to its activity for 

acid-catalyzed reactions and resistance to deactivation.6,7 Extensive efforts have been made to 

understand the reaction pathways of light alkane conversion over the ZSM-5 catalysts.8–12 Gusinet 

et al. discussed the mechanism of alkane activation and the reaction scheme of C2-C4 alkanes 

aromatization on ZSM-5.13 Due to complexity of reaction networks, reaction pathways are mostly 

established based on the observed product distribution (Figure 2).14 For example, the primary 

products of propane on ZSM-5 are methane and ethene in equal molar amounts as well as propene 

and hydrogen at high temperature (reaction 1 and 1’, Figure 2), which cannot be explained by 

typical bimolecular cracking mechanism. Instead, Haag and Dessau reported the monomolecular 

cracking pathway for activation of alkanes, through which pentacoordinated carbonium ions are 

formed which crack the feed to give hydrogen, alkanes and olefins.15,16 Although it is generally 

accepted that the activation of alkanes might proceed via both the bimolecular hydride abstraction 

and monomolecular cracking over the ZSM-5, it is inferred that the monomolecular pathway 

dominates when olefin concentration becomes low and might account for formation of 

methane.9,17,18 In Figure 2, the generated ethene and propene from reaction 1 and 1’ oligomerize 

(reaction 2), and these higher molecular weight olefins crack into C2-C5 olefins (reaction 3) or 

undergo cyclization (reaction 4) followed by aromatization (reaction 5).9  
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Figure 2. Reaction pathway of propane dehydroaromatization on H-ZSM-5. 14 Reprinted from Applied Catalysis A: 

General, 89, M. Guisnet, N.S. Gnep, F. Alario, Aromatization of short chain alkanes on zeolite catalysts, 1-30, 

Copyright (2022) with permission from Elsevier. 

 

Reaction 2, 2’ and 3 in Figure 2 occur through carbenium ion intermediates, which subsequently 

react with other olefins to produce higher molecular weight olefins. Once higher molecular weight 

olefins are formed, they will rapidly isomerize via hydride or alkyl transfer reactions and crack via 

β-scission.9 The cyclization (reaction 4 in Figure 2) is more complex. Firstly, it involves the 

formation of an olefinic carbenium ion and a paraffin through a hydride transfer from an olefin to 

a carbenium ion (R+). Subsequently, the olefinic carbenium forms a cyclic carbenium ion. The 

formation of aromatics from the cyclic carbenium ions occurs through successive proton 

elimination and hydride transfer to carbenium ion.9 

 

Gnep et al. have compared the conversion of propane and propene over ZSM-5 and concluded 

alkane dehydrogenation is the rate-limiting step in the conversion to aromatics.13 To enhance the 

rate of light alkane transformation, metals with dehydrogenation activity (i.e. Pt, Zn, Ga) were 

utilized as promoters with HZSM-5 for light alkane conversion.14,16,19–23 Gnep et al. have 

investigated the product distribution on Pt/ZSM-5 and ZSM-5 for catalytic conversion of propane 

and propene to aromatics.24 The distinct difference in the product yield suggested that propane 

aromatization occurred through a bifunctional process. Introduction of Pt enhanced not only 

propane dehydrogenation but also the propene aromatization process. Unfortunately, light gas 

formation and fast deactivation make Pt/ZSM-5 impractical for industrial purposes. Although Pt 

has the highest dehydrogenation activity, Zn and Ga containing ZSM-5 give higher selectivity to 

aromatics for propane conversion possibly due to high dehydrogenation rates of alkanes and 
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cycloalkanes and display higher stability than Pt.14,16,19–23 Particularly, Ga/ZSM-5 catalysts have 

been reported to produce the highest yield to aromatics among all the metal-promoted ZSM-5 

catalysts for propane.25–31 There has been significant interest in investigating the catalytic function 

of Ga in the aromatization of light alkanes especially propane over the Ga/HMFI catalysts. 

Kitagawa et al. discussed the modification of gallium loading to the mechanistic pathway of 

propane over ZSM-5 and concluded that Ga species do not directly participate in the activation of 

propane, but provide for the efficient transformation of the olefin intermediate species into 

aromatic hydrocarbons.10 In contrast, Gnep et al. studied the product distribution as a function of 

propane conversion over Ga/ZSM-5, and concluded that Ga species might be responsible for 

alkane to olefin, olefin to diene, cycloalkane to cycloalkene to aromatics (Figure 3).16,32 Although 

it is believed that a synergic effect exists over the bifunctional catalyst, the detailed nature of the 

bifunctional pathways remains uncertain. 

 

 

Figure 3. Reaction pathway of propane dehydroaromatization on Ga/H-ZSM-5. 14 Reprinted from Applied Catalysis 

A: General, 89, M. Guisnet, N.S. Gnep, F. Alario, Aromatization of short chain alkanes on zeolite catalysts, 1-30, 

Copyright (2022) with permission from Elsevier. 

 

Additionally, since the rate and equilibrium conversion of each elementary step in propane 

dehydroaromatization is different, the reaction pathways are highly dependent on temperature. For 

example, propane dehydrogenation is highly endothermic, and therefore, temperature of 550-

650℃ is required to achieve high propane conversion (>50%) at 1bar. On the contrary, propene 

oligomerization typically has higher rates at milder temperatures (200-300℃). At lower 

temperatures from 350-450℃, propane dehydrogenation rates and equilibrium are lower, while 

the olefin oligomerization on MFI is favored over cracking producing higher molecular weight 

olefin hydrocarbons. As temperature increases, the olefin conversion rates increase but cracking 
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becomes significant, which decreases the selectivity to higher molecular weight hydrocarbons. 

Studies on the product selectivity for propane dehydroaromatization, particularly at mid and low 

temperatures (<450℃), is scarce. Choudhary et al. investigated the influence of temperature (400-

600℃) on the product selectivity and aromatics distribution in propane aromatization over H-

GaAlMFI zeolite.33 The aromatics selectivity decreased, and the benzene selectivity increased 

whereas the toluene and C8 aromatics selectivity decreased as temperature increased. Since 

aromatics formation is favored at higher temperature thermodynamically, the results suggest that 

aromatics selectivity is controlled by kinetics not thermodynamics. However, the propane 

conversion reported at 400℃ is less than 5%, which offer little insight on reaction pathways.  

1.3 Ethane Dehydroaromatization 

Compared to propane, ethane conversion is much more challenging since high temperature is 

required to activate C-H bond in ethane. The most promising results regarding the conversion, 

product distribution and reaction mechanism in the literature for ethane dehydroaromatization are 

mostly obtained on Zn-modified ZSM-5 catalysts.34–38 Ono et al. studied the ethane conversion on 

H-ZSM-5 and Zn-ZSM-5 at 873K and ethane pressure of 20 kPa and proposed that the presence 

of metal cations is essential for the formation of aromatics from ethane.39 The effect of zinc cations 

content in the zeolite on the ethene yield was also examined, which indicates the first step of the 

aromatization is ethane dehydrogenation over the Zn species. The ethene formed may be 

oligomerized to higher-molecular weight olefins over acidic sites. However, Hagen et al. has 

discussed the activation steps and reactions proceeding at zeolitic Bronsted and/or Lewis acid sites 

on H-ZSM-5 and Zn-ZSM-5 for ethane in nitrogen and hydrogen and proposed that a direct ethane 

aromatization process is preferred on zinc species and Bronsted acid sites are not necessarily 

involved.40 On substitution of nitrogen by hydrogen, the conversion of ethane and formation of 

aromatics decrease significantly. Consequently, they concluded that reactions with release of 

molecular hydrogen are reversible on Zn-ZSM-5. Mehdad et al. has also investigated the effect of 

zinc content and Si/Al in H-ZSM-5 for ethane and ethene dehydroaromatization and concluded 

that increasing Zn/BAS resulted in an increase in both ethane conversion and selectivity to 

aromatics, while low Zn/BAS forms more aromatics for ethene aromatization.41 More recently, 

bimetallic Pt−Sn, Pt−Ge, Pt−Ga, and Pt−Fe modified H-ZSM-5 catalysts were recently patented 

by the Shell Oil Company.42–44 However, the BTX yields for ethane conversion are low due to 
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methane formation. Irrespective of the type of metal promoters, the proposed reaction pathway is 

almost identical for ethane to aromatics in the prior work. It remains unclear how methane is 

produced and how to improve the BTX yields for ethane conversion.  

1.4 Industrial Processes and Their Limitations  

Multiple industrial processes have been developed to convert light alkanes, e.g., M-2 forming,45 

aroforming, Cyclar and Z-forming, which are summarized in Table 1.46 Among them, the Cyclar 

process appears as the most relevant and significant industrial process for propane 

dehydroaromatization. In the Cyclar process, Ga/ZSM-5 was utilized to convert propane and 

butane directly to BTX in a single reactor at high temperature (500-600℃) and atmosphere 

pressure in conjunction with a continuous catalyst regeneration (CCR) technique to maintain the 

catalyst lifetime (Figure 4).46,47 With promotion by Ga, the yield of aromatics in the Cyclar process 

can reach 60-65%.  

Table 1. Summary of industrial processes for light alkane conversion.
 46  

process M2 forming Aroforming Cyclar Z-forming 

feedstock 
light olefins, FCC 

gasoline or naphatha 
LPG-light naphtha C3-C4 paraffins LPG-light naphtha 

catalysts ZSM-5 Ga/ZSM-5 Ga/ZSM-5 Ga/ZSM-5 

aromatics 

yields 
44% 55% 60-65% 60% 

mode of 

regeneration 

Swing oxidative 

reactor 
Swing reactor 

Continuous catalyst 

regeneration 

Switching reactor 

regeneration 

*Reproduced from ref 46, S. M. Al‐Zahrani, Catalytic Conversion of LPG to High‐Value Aromatics: The Current State 

of the Art and Future Predictions, Asia-Pacific Journal of Chemical Engineering, copyright (2022) with permission 

from John Wiley and Sons 
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Figure 4. UOP Cyclar process 

 

Unfortunately, there are two major limitations for the Cyclar process. Firstly, the liquid yield is 

low for propane feed. The yield to aromatics reported in literatures is limited by concurrent 

formation of light gas, particularly methane and ethane, which can’t be further transformed into 

BTX. Although several potential pathways for light gas formation in the dehydroaromatization 

process were proposed, including alkane monomolecular cracking, hydrogenolysis and aromatic 

dealkylation,48,49 the most problematic reaction pathway has never been explicitly identified. 

Therefore, catalysts with improved liquid yield have not been reported. In addition, since propane 

dehydrogenation is the rate-limiting step (r.l.s), the product selectivity and reaction pathways were 

mostly studied at temperatures above 550℃ on Ga/ZSM-5 catalysts.  The understandings of the 

intertwined effect of catalyst functions and process conditions on propane dehydroaromatization 

pathways are limited in previous studies.  

 

Secondly, ethane is not practically reactive, and the aromatics yield is low due to high methane 

selectivity. Consequently, there is no industrial process for ethane dehydroaromatization. The 

methane formation pathway for ethane and the differences in the light gas formation pathways 

between the dehydroaromatization of ethane and propane have never been systematically 

discussed. As a result, the improved liquid yields for ethane have not been reported and the 

strategies to convert ethane to higher molecular hydrocarbons remain unclear.  
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 EXPERIMENTAL 

2.1 Catalyst Synthesis 

PtZn/SiO2   

Strong electrostatic adsorption method (SEA) was firstly used on 5 g of commercially available 

silica (Sigma- Aldrich, Davisil Grade 646) to prepare Zn/SiO2.
50 0.68g Zn(NO3)2·6H2O (Sigma-

Aldrich) was dissolved in 50 mL deionized water (DI water) to obtain 3% Zn weight loading 

assuming all the Zn was loaded onto SiO2. Subsequently, ammonium hydroxide (NH4OH, Sigma-

Aldrich) was added to Zn(NO3)2 solution to adjust to pH to 11-12. The SiO2 was added to the Zn 

solution and stirred for 10 minutes. The sample was vacuum filtered and washed with 50 mL DI 

water for three times. The wet powder was dried overnight at 125℃ and calcined at 300℃ for 3 h 

(10℃ /min).51 

 

Pt was then added to the Zn/SiO2 by pH adjusted incipient wetness impregnation method (IWI) to 

give 2% Pt weight loading in the final PtZn/SiO2 catalyst. Its impregnation volume was calculated 

to be 1.16 mL/g by adding H2O dropwise to 1g of SiO2 until it was saturated. 0.2g Pt(NH3)4(NO3)2 

(Sigma-Aldrich) was dissolved in about 2mL DI water. 1 mL NH4OH was added to Pt solution 

and stirred until all crystals dissolved and the pH of the Pt solution was about 11-12. Additional 

DI water was added to the solution to bring the overall volume to impregnation volume of SiO2. 

The solution was added dropwise to the Zn/SiO2 support. The catalyst was dried overnight at 

125℃, calcined at 200℃ for 3 h (5℃ /min ramp) and reduced at 225 °C in 5 % H2/N2 at 100 

cm3/min for 30 min.  

 

Ga/Al2O3 

Ga/Al2O3 was prepared by IWI method on 5g of γ-Al2O3 (Alfa Aesar). 0.41g of citric acid (Sigma-

Aldrich) was added to 1.5g of Ga(NO3)3 solution (Alfa Aesar, 9-10 wt% Ga) to obtain 3% Ga 

weight loading assuming all Ga was loaded onto the support. Concentrated NH4OH was added to 

the solution to adjust to a pH of 11-12. The solution was then diluted with DI water up to the 

impregnation volume and added dropwise onto Al2O3. The pre-catalyst was dried overnight at 

125 °C and calcined at 550 °C for 3 h (10℃/min).  
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PtZn/SiO2+ZSM-5 bifunctional catalysts 

Commercial ZSM-5 extrudes (CBV5524G, 80wt% zeolite and 20wt% alumina binder, 

SiO2/Al2O3=50) were obtained from Zeolyst Inc. The ZSM-5 extrudes were firstly ground, pelleted, 

and sieved to retain 180-400 μm particle size and then calcined in air at 550℃ for 3h to obtain its 

acidic form, which will be referred as ZSM-5 catalysts. The bifunctional catalysts were prepared 

by physical mixing of PtZn/SiO2 and ZSM-5 and referred as PtZn/SiO2+ZSM-5 catalysts. The 

Z/PA ratio in the latter context will be defined as the weight loading ratio of ZSM-5 (Z) and 

PtZn/SiO2 (PA).  

2.2 Catalytic Performance Test 

The catalytic performance was evaluated in a quartz tube fixed bed reactor (10.5 mm i.d.) equipped 

with mass flow rate controllers (Parker Porter, CM400) for atmospheric pressure conditions. A 

furnace (Applied Test Systems series 3210) was connected to a temperature controller to supply 

the heat and maintain the desired temperature. The gases used in this work are dilute (5%) and 

pure (99.99%) C3H8 (Indiana Oxygen), 3% C3H6 (Indiana Oxygen). The cyclohexene vapor is 

supplied by purging ultra-high purity N2 (99.99%, Indiana Oxygen) into cyclohexene solution 

(Sigma-Aldrich, 99%) through a bubbler (Ace Glass), which is maintained at 0°C with ice bath in 

a Dewar flask.  

 

The catalysts were supported on quartz wool with a K-type thermocouple placed in the center 

bottom of the catalyst bed to monitor the temperature in the bed. Reactor effluent was discharged 

through a line heated to 170°C using heating tapes (Omega) and wrapped woth insulation and 

introduced to a gas chromatograph (Agilent 7890A) equipped with a flame ionization detector 

(Agilent J&W HP-AL/S column, 0.320 mm i.d. × 25m) for reactant and product quantification. 

PtZn/SiO2 and PtZn/SiO2+ZSM-5 catalysts were pretreated with N2 for 15 min to remove any 

adsorbed moisture and reduced in 5% H2/N2 (Indiana Oxygen) at 550°C for 30 min before the 

reaction was performed, while Ga/Al2O3 and ZSM-5 were only pretreated with N2 at 550°C for 30 

min. The catalytic performances were evaluated at 350-600°C and atmospheric pressure. Fresh 

catalysts were loaded for each experiment. The conversion and product selectivity were obtained 

at different space velocities. PtZn/SiO2+ZSM-5 bifunctional catalysts showed minor deactivation 
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over about 5 h. As an example, propane conversion as a function of time on stream over the 

PtZn/SiO2+ZSM-5 catalyst (Z/PA=1) is shown in Figure S1.  

2.3 X-ray Absorption Spectroscopy (XAS) 

In situ XAS experiments were performed at the 10-BM-B beamline at the APS for the Pt L3 edge 

(11.564 keV) and Ga K edge (10.375 keV) to correlate the catalytic performance with the structure 

information on the PtZn/SiO2 and Ga/Al2O3. Samples were loaded in a six-shooter, placed in the 

middle of a glass tube sealed with leak-tight end caps, The PtZn/SiO2 catalyst was reduced in 5% 

H2/N2 at 550°C and cooled in He. The measurement for the PtZn/SiO2 was accompanied by a Pt 

foil scan which was obtained through a third ion chamber and used for calibration. The as-

synthesized Ga/Al2O3 catalyst and gallium acetylacetonate (Ga(AcAc)3) reference were scanned 

in air at room temperature. The X-ray absorption near edge structure (XANES) spectra were used 

to identify the chemical state and valence of Pt or Ga, while extended X-ray absorption fine 

structure (EXAFS) provided information of coordination number (CN) and bond distacne (R). 

XANES and EXAFS data were obtained and interpreted using WinXAS v 3.1 software.52 Feff6 

calculations were performed using Pt1Zn1 phase (RPt-Zn=2.66, CNPt-Zn=8, RPt-Pt=2.85, CNPt-

Pt=6). The final EXAFS fit was performed based on the fitting of calculated Pt−Zn and Pt−Pt 

scattering of the Pt1Zn1 structure to determine the coordination number and bond distance on the 

PtZn/SiO2.53 The coordination number and bond distance of Ga/Al2O3 was determined for Ga-

O scattering based on experimental obtained Ga(AcAc)3 spectra (RGa−O=1.95 Å, CNGa−O=6). 

2.4 Transmission Electron Microscope (TEM) 

Samples were dispersed in ethanol and mounted on holey carbon grids for examination in a JEOL 

NEOARM 200CF transmission electron microscope equipped with spherical aberration correction 

to allow atomic resolution imaging, and an Oxford Aztec Energy Dispersive System (EDS) for 

elemental analysis. The microscope is equipped with two large area JEOL EDS detectors for higher 

throughput in acquisition of x-ray fluorescence signals. Images were recorded in annular dark field 

(ADF) mode. 
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 THE DIFFERENCE IN DEHYDROAROMATIZATION PATHWAYS 

OF PROPANE ON BIFUNCTIONAL CATALYSTS 

This chapter is reproduced from C.-W. Chang, H.N. Pham, R. Alcala, A.K. Datye, J.T. Miller, 

“Dehydroaromatization Pathway of Propane on PtZn/SiO2+ZSM-5 Bifunctional Catalyst”, ACS 

Sustainable Chem. & Eng. 2022, 10, 1, 394–409 by permission from American Chemical Society. 

DOI: 10.1021/acssuschemeng.1c06579 

 

3.1 Introduction  

The Cyclar process utilized Ga/ZSM-5 bifunctional catalysts to convert propane and butanes to 

aromatic chemicals but the BTX yields are low (60-65%). Significant amounts of light gas, majorly 

methane, are produced and remain unreactive in the product mixture. Due to the complexity of 

reaction networks on dual sites, which are dictated by relative kinetics of elementary steps and 

thermodynamic equilibrium of multiple hydrocarbon species, it remains challenging to identify 

the dominant yield-loss reaction on the Ga/ZSM-5 catalysts and develop optimal strategies for 

formulating bifunctional catalyst compositions to obtain improved BTX yields.  

3.2 Objective 

The objective of chapter three is to determine the light gas formation pathway in the 

dehydroaromatization of propane on Ga/ZSM-5 bifunctional catalysts and develop a strategy to 

minimize the light gas selectivity, thus, increasing the aromatic yields by utilizing 

PtZn/SiO2+ZSM-5 bifunctional catalysts. The product distribution was determined at different 

propane conversions and ratios of ZSM-5 to PtZn/SiO2 (Z/PA) to identify the individual role of 

two catalytic functions in the dehydroaromatization pathway of propane. The reaction pathways 

of cyclic hydrocarbons (cyclohexene) are studied to understand the differences in the 

aromatization pathway of MFI, Ga/MFI and PtZn alloy-MFI catalysts. 
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3.3 Results 

3.3.1 XAS Characterization of Ga/Al2O3 

The structure of Ga/Al2O3 catalyst characterized by in situ XAS is reported in Figure 5. Figure 5a 

shows that the XANES energy of the Ga(AcAc)3 reference and Ga/Al2O3 is 10.377 keV and 10.375 

keV, respectively, which is consistent with 6-coordinate octahedral Ga3+ and 4-coordinate Ga3+ 

reported in prior studies.54–56 The EXAFS spectra were fitted to determine the coordination number 

and bond distance of the catalysts. The lower intensity of first shell Ga-O scattering of Ga/Al2O3 

compared with that of Ga(AcAc)3 is suggestive of lower coordination (Figure 5b).  

 

 

 

Figure 5. (a) XANES and (b) EXAFS of Ga(AcAc)3 (solid) and Ga/Al2O3 (dash) 

Table 2. Coordination number and bond distance from in situ EXAFS simulation of Ga/Al2O3 and Ga(AcAc)3 

Sample XANES energy (keV) Coordination Number  Bond Distance (Å) Δσ2 

Ga(AcAc)3 ref. 10.377 6.0 1.95 0.005 

Ga/Al2O3 10.375 4.2 1.85 0.003 

 

Table 2 shows the k2-weighted EXAFS fitting parameters. The Ga(AcAc)3 reference compound 

has a coordination number of 6 and a bond distance (Ga-O) of 1.95 Å, while Ga/Al2O3 has a 

coordination number of 4.2 and a bond distance of 1.85 Å. 4-coordinate Ga3+ has a lower XANES 

energy by 2 eV and a shorter bond distance than 6-coordinate Ga3+ by about 0.1 Å. The results 
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indicate the active site is a single-site, 4-coordinate Ga3+ ion on alumina. Similar XANES and 

EXAFS have been reported for Ga/SiO2 propane dehydrogenation catalysts.54,55  

3.3.2 Light Gas Formation on Ga/Al2O3+ZSM-5 

Two catalytic components, Ga/Al2O3 and ZSM-5, were investigated for their individual 

contribution to light gas formation for the propane dehydroaromatization process.  

 

propane conversion over ZSM-5 and 3% Ga/Al2O3 

The product selectivity of 5% propane at 550℃ over Ga/Al2O3 and ZSM-5 is shown in Table 3. 

The carbon selectivity to methane is approximately 26% on the ZSM-5. At 44.4% propane 

conversion, the selectivities to methane, ethane and ethene are 26.0%, 3.3% and 40.4%, indicating 

most of light gas are methane and ethene. Propene and higher molecular weight hydrocarbons, 

including butanes, butenes, C5
+ oligomers and aromatics, are also formed on the ZSM-5. Ga/Al2O3 

demonstrates 0.5% selectivity to methane and 0.2 % selectivity to ethane at 20.0% propane 

conversion. The propene selectivity is 89.7%, showing that it is moderately selective for propane 

dehydrogenation. However, 3.9% ethene and 5.7% butenes are also observed in the products, 

which are likely formed by the secondary reactions of propene.13,57 The light gas selectivity is 

3.3% (1.4% methane, 1.9% ethane) at 42.9% propane conversion. As the propane conversion 

increases, the propene selectivity decreases to 81.6%; while the selectivity to ethene and butenes 

increases to 7.5% and 7.6%, respectively, which further implies that decreasing propene selectivity 

is attributed to the secondary reactions.  

 

The rates on each catalyst are estimated based to the carbon number of reactants consumed or 

products generated per gram of the catalyst (Table 3). For example, the methane formation rates 

are estimated by multiplying propane conversion rate and methane selectivity. The average rates 

at different propane conversions on two catalysts in Table 3 were utilized for comparison. 

Although 3% Ga/Al2O3 has higher olefin selectivity than that on ZSM-5, the average propane 

conversion rates on ZSM-5 (3.0×10
-6 (mol C3H8)(g ZSM-5)-1s-1) are about 1.5 times higher than 

on the Ga/Al2O3 (2.1×10
-6 (mol C3H8)(g Ga/Al2O3)

-1s-1). As a result, the methane formation rates 

on ZSM-5 (7.8×10
-7 (mol CH4)(g ZSM-5)-1s-1) are around 40 times higher than on Ga/Al2O3 
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(2.0×10
-8 (mol CH4)(g Ga/Al2O3)

-1s-1). The ethene formation rates on ZSM-5 (1.3×10
-6 (mol 

C2H4)(g ZSM-5)-1s-1) are around 10 times higher than on Ga/Al2O3 ( 1.2×10
-7

(mol C2H4)(g 

Ga/Al2O3)
-1s-1). Due to high dehydrogenation rates of Ga, the propene formation rates on the 

Ga/Al2O3 ( 1.8×10
-6

(mol C3H6)(g Ga/Al2O3)
-1s-1) are 3.5 times higher than on ZSM-5 

(5.3×10
-7 (mol C3H6)(g ZSM-5)-1s-1). The results indicate that propane conversion occurs at 

similar rates on ZSM-5 and Ga/Al2O3. The former makes methane and ethene on Brønsted acid 

sites by monomolecular cracking, while the latter makes propene by dehydrogenation. 

Subsequently, low molecular weight olefins (light olefins) are transformed into higher molecular 

weight hydrocarbons over ZSM-5; while methane remains unreactive.  

Table 3. Propane conversion on ZSM-5 and Ga/Al2O3. 

 ZSM-5 3% Ga/Al2O3 

Conversion (%) 21.8 44.4 20.0 42.9 

WHSV (h-1) 0.72 0.36 0.60 0.22 

Selectivity (%)     

Methane  25.5 26.0 0.5 1.4 

Ethane  2.5 3.3 0.2 1.9 

Ethene  45.6 40.4 3.9 7.5 

Propene 18.7 16.8 89.7 81.6 

Butanes, butenes 2.7 3.0 5.7 7.6 

C5
+ paraffins, olefins and aromatics 5.0 10.5 tracea tracea 

Propane conversion rate
 
((mol C3)(g catalyst) -1s-1) 3.0×10-6 3.0×10-6 2.3×10-6 1.9×10-6 

Methane
 
formation rate ((mol C1)(g catalyst) -1s-1) 7.7×10-7 7.8×10-7 1.2×10-8 2.7×10-8 

Ethene
 
formation rate ((mol C2

=)(g catalyst) -1s-1) 1.4×10-6 1.2×10-6 9.0×10-8 1.4×10-7 

Propene
 
formation rate ((mol C3

=)(g catalyst) -1s-1) 5.6×10-7 5.0×10-7 2.0×10-6 1.6×10-6 

Reaction conditions: temperature, 550℃, pressure, 101 kPa, 5% C3H8/N2 
a Trace indicates <0.1% selectivity 
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propene conversion over ZSM-5  

Propene, as one of primary olefins produced by propane, was chosen as the representative olefin 

to demonstrate the selectivity and rate for olefin conversion over ZSM-5 using 3% propene at 

550℃. Figure 6a shows the propene conversion rate as a function of propene conversion over 

ZSM-5. The propene rates are also compared to the propane conversion rates at the same 

temperature to understand the difference in rate and product selectivity between alkanes and 

olefins on the acid sites. The average propene conversion rate is 7.2×10
-5

 (mol C3H6)(g ZSM-5)-

1s-1, higher than the propane conversion rate (3.6×10
-6

(mol C3H8)(g ZSM-5)-1s-1)) by a factor of 

about 20, indicating olefins are significantly more reactive than alkanes.13,57 Figure 6b shows that 

the product distribution of propene conversion is composed of primarily ethene, C3-C6
+ 

hydrocarbons and BTX with low methane selectivity at high propene conversion (74%). Methane 

selectivity remains less than 1% at 20% and 32% propene conversion and increases to 4% 

(methane 3%, ethane 1%) at 74% conversion. At 20% propene conversion, major products are 

ethene (38%) and butenes (41%); while small amount of C5
+ hydrocarbons (9%) and BTX (6%) 

are also observed. 

 

Generally, formation of ethene by the cracking reaction is less favored because of the stability of 

primary carbenium ions. However, it has previously been suggested that due to the small pore size 

of ZSM-5, steric confinement between the zeolite surface and adsorbed carbenium ions could 

stabilize the primary carbenium intermediates and likely facilitate ethene formation.58–60 This may 

explain why high ethene selectivity is observed in the product mixture for propene conversion on 

ZSM-5 catalysts. As propene increases from 20% to 74%, the butenes and C5
+ hydrocarbons 

decrease to 9% and 1%, respectively; while the BTX selectivity increases significantly to 33%, 

suggesting butenes and C5
+ oligomers are formed by propene as intermediates and eventually 

converted to aromatics on ZSM-5 as proposed in the previous studies.8–12 Meanwhile, the 

selectivity to propane and butanes increases from 6% to 10%, which is believed to form along with 

aromatics.61 The ethene selectivity is highest (45%) at the intermediate conversions (32%), 

implying that it is generated from propene at low propene conversion and slowly converted to 

higher molecular weight olefins at high propene conversion. The detailed product selectivity is 

shown in Table S1. These results are consistent with other studies for propene conversion on MFI 

catalysts.13,57 
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Figure 6. (a) the rates of propanea and propeneb conversion (b) product distribution of propene conversion on ZSM-5. 

Reaction conditions: temperature, 550 °C, pressure, 101 kPa. a cat., 0.1-0.5 g; 5% C3H8/N2; WHSV=0.2-4 h-1. b cat., 

0.005-0.1 g; 3% C3H6/N2; WHSV=1-20 h-1 

3.3.3 Catalytic Performance and Structure Characterization of PtZn/SiO2 

PtZn intermetallic alloy was reported to be nearly 100% selective to ethene with a high rate for 

ethane conversion.53 As a result, the PtZn alloy was utilized as a high activity dehydrogenation 

function in the bifunctional catalyst for propane conversion. The structure of the synthesized 

PtZn/SiO2 catalyst was characterized by in situ XAS to ensure the formation of the PtZn alloy. 

Figure 7a shows the normalized absorption as a function of energy from 11.540 to 11.600 keV on 

Pt foil, Pt/SiO2 and PtZn/SiO2. Comparing the XANES of Pt/SiO2 and PtZn/SiO2 catalyst with the 
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Pt foil standard at Pt L3 edge, the edge energy of Pt catalyst is 11.5640 keV, same as Pt foil. The 

change in the shape of the XANES of Pt/SiO2 is attributed to small particle size.62 The XANES of 

the PtZn/SiO2 is slightly different from Pt foil and increases by 0.9 eV because of the formation 

of PtZn intermetallic nanoparticles.53 Figure 7b shows the magnitude of the k2-weighted FT plot. 

The three peaks of Pt/SiO2 are characteristic peaks of metallic Pt, which has the similar shape to 

that of Pt foil. However, PtZn/SiO2 is significantly different from metallic Pt, which suggests a 

PtZn intermetallic alloy was formed.  

 

 

 

Figure 7. (a) XANES and (b) EXAFS of Pt foil (solid), Pt/SiO2 (dash dot) and PtZn/SiO2 (dash) 

*Samples were pre-treated with 5% H2/N2 at 550°C for 1 hr and purged with He when cooling to room temperature 

before scanned 

 

The k2-weighted EXAFS at Pt edge of all samples was fitted to acquire the average coordination 

number and bond distance between Pt and the nearest neighbor atoms (Table 4). Pt-Pt with an 

average bond distance of 2.73 Å and coordination number of 8.6 was confirmed on Pt/SiO2. On 

the PtZn/SiO2, the average Pt-Zn bond distance of 2.56 Å with coordination number of 3.1 and 

average Pt-Pt bond distance of 2.71 Å with coordination number of 2.4 were obtained. The 

coordination number of Pt-Zn to Pt-Pt on the PtZn/SiO2 is approximately 1.3, which is consistent 

with the Pt1Zn1 phase with a tetragonal AuCu structure.53 In comparison to bulk Pt and Pt1Zn1, the 

coordination number of both samples are smaller, implying small particles are formed. The bond 

distance of Pt-Zn and Pt-Pt is ~0.1 Å smaller than those reported for Pt1Zn1 phase, which can be 
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attributed to lattice contraction as the particle size decreases.62 The result of structure 

characterization is indicative of the formation of the Pt1Zn1 alloy with small particle size. 

Table 4. Coordination number and bond distance from in situ EXAFS simulation of Pt/SiO2 and PtZn/SiO2 

Sample XANES energy 

(keV) 

Scattering 

Pair 

Coordination 

Number 

Bond Distance 

(Å) 

Δσ2 

2%Pt/SiO2 11.5640 Pt-Pt 8.6 2.73 0.007 

2%Pt-3%Zn/SiO2 11.5649 Pt-Zn 3.1 2.56 0.007 

Pt-Pt 2.4 2.71 0.007 

 

Figure 8 shows AC-STEM images of the pre-reduced PtZn/SiO2 catalyst and the corresponding 

particle size distribution with an average particle size of 4.7 ± 3.0 nm. EDS elemental mapping 

was done to show the alloying of PtZn particles. Figure 9 shows elemental maps of Si K1, O K1, 

Zn K1, and Pt M1 corresponding to the AC-STEM image. The maps show that the particles are 

rich in Pt, with Zn co-existing with Pt in the particles and on the silica support. The weight ratio 

of Pt:Zn is close to 1:1, with excess Zn in the sample. Figure 10b and 10c show another elemental 

mapping of Pt M1 and Zn K1 corresponding to a portion of the AC-STEM image (Figure 10a). 

The two regions from the Pt map were then extracted to obtain the compositions. Results show 

that the particles contain Pt and Zn, whereas the region devoid of particles contains only Zn on the 

silica support. The EDS map suggests that Pt is also present in the region devoid of any particles, 

but the signal is at the background noise level, hence we concluded that while Zn is dispersed on 

the support, the Pt is only present in the form of particles. 

 

 

Figure 8. AC-STEM images of PtZn/SiO2 pre-reduced in H2, and the corresponding particle size distribution. 
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Figure 9. EDS elemental maps of Si K1, O K1, Zn K1, and Pt M1 corresponding to the AC-STEM image. 

  

 

Figure 10. (a) AC-STEM image of Pt-Zn/SiO2 catalyst and EDS elemental maps of (b) Pt M1 and (c) Zn K1 

corresponding to the region shown in the AC-STEM image (a). The two regions indicated in the white box were 

analyzed obtain compositions. 
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The catalytic performance of PtZn/SiO2 was evaluated for propane dehydrogenation to estimate 

propane conversion rate and propene selectivity in comparison with Ga/Al2O3. Figure 11a and 14b 

show propene selectivity and propane conversion rates as a function of propane conversion, 

respectively, using 2.5% propane with 2.5% H2 at 550 °C and atmosphere pressure over PtZn/SiO2 

and Ga/Al2O3. The purpose of cofeeding H2 is to evaluate the extent of hydrogenolysis on each 

catalyst. PtZn/SiO2 can achieve nearly 100% selectivity to propene within 10-55% propane 

conversion even with hydrogen, which suggests that methane formation by hydrogenolysis is 

nearly suppressed on the PtZn/SiO2. Ga/Al2O3 has demonstrated 78-88% selectivity to propene 

and 5-13% selectivity to methane and ethane within 18-40% propane conversion, suggesting that 

hydrogenolysis can be a contributor to light gas formation at high propane conversion with Ga-

MFI catalysts. The propane conversion rates on PtZn/SiO2 (2.5×10
-5 (mol C3H8)(g PtZn/SiO2)

-1s-

1) are 25 times higher than on Ga/Al2O3 (9.8×10
-7 (mol C3H8)(g Ga/Al2O3)

-1s-1). Ga/Al2O3 is 

moderately selective for propane dehydrogenation, but its dehydrogenation rate is significantly 

lower than that of PtZn/SiO2. The catalytic performance results confirm that synthesized PtZn/SiO2 

catalyst demonstrates high dehydrogenation rate and high olefin selectivity even in the presence 

of hydrogen, which indicates that olefins can be produced at higher rate and selectivity than with 

Ga or MFI zeolite. 

 

 

 

Figure 11. Propane kinetics for PtZn/SiO2 and Ga/Al2O3 (a) C3H6 selectivities as a function of C3H8 conversion (b) 

the propane conversion rates as a function of C3H8 conversion. 

Reaction conditions: cat., 0.01-0.8 g; temperature, 550 °C, pressure, 101 kPa; 2.5% C3H8, 2.5% H2 balanced with 

N2; WHSV=7-442 h-1 
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3.3.4 Product Selectivity and Conversion Rates of Propane Conversion on Bifunctional 

PtZn/SiO2+ZSM-5 Catalysts 

PtZn/SiO2+ZSM-5 bifunctional catalyst composed of PtZn/SiO2 (PA) and ZSM-5 (Z) were studied 

for propane conversion in this work. The product distribution at different propane conversions was 

determined for bifunctional catalysts with different weight ratios in gram of ZSM-5 to PtZn/SiO2 

(Z/PA) to understand the role of two catalytic functions in the reaction pathways of propane 

conversion. Figure 12a-12f show product selectivity as a function of propane conversion and Z/PA 

ratio using 5% propane at 550 °C. The ZSM-5 product distribution was also determined for 

comparison.  

 

On ZSM-5, the methane selectivity remains at 25-28% in the range of 5-65% propane conversion 

(Figure 12a). The ethene selectivity is approximately 50% at 5% propane conversion (Figure 12b) 

and the ratio of ethene selectivity to methane is approximately 2, which is consistent with 

formation by propane monomolecular cracking. As propane conversion increases, the ethene 

selectivity decreases, indicating ethene undergoes secondary reactions. The propene selectivity is 

20% at low conversion and decreases as propane conversion increases (Figure 12c). Propene 

selectivity decreases faster than ethene, suggesting propene is more reactive than ethene on ZSM-

5.6 The non-zero selectivities to methane, ethene and propene at conversion close to zero are 

indicative that these are primary products. On the contrary, the butenes selectivity is low and 

approaches zero at the conversion less than 5%. As propane conversion increases, the butenes 

selectivity increases and goes through a maximum (Figure 12d). The results indicate that butenes 

are secondary products generated from ethene and propene through the oligomerization-cracking 

cycle and are further transformed into aromatics. The aromatics selectivity gradually increases as 

propane conversion increases (Figure 12e). The product selectivity as a function of propane 

conversion over ZSM-5 is in agreement with prior studies, suggesting that propane undergoes 

monomolecular cracking, oligomerization, β-scission and aromatization reactions on acid sites.10  

PtZn/SiO2+ZSM-5 catalysts with different Z/PA ratio are further investigated to understand how 

Z/PA ratio contributes to product selectivity. Higher Z/PA ratio indicates that the bifunctional 

catalyst has a higher weight loading of ZSM-5, while low Z/PA ratio is indicative of increasing 

amounts of PtZn/SiO2 and higher dehydrogenation rates. With Z/PA=50, the methane selectivity 

is 20% and the ethene selectivity is 40% at 6% propane conversion (Figure 12a-12b). The ratio of 
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ethene to methane selectivity is close to 2, indicating methane and ethene are mostly formed by 

propane monomolecular cracking on PtZn/SiO2+ZSM-5. However, the lower methane and ethene 

selectivity and the higher propene selectivity than those on ZSM-5 (Figure 12c), suggesting 

propane is partly converted by dehydrogenation on the PtZn/SiO2. As propane conversion 

increases to 55%, the methane selectivity decreases to 15%. This suggests that the mode of the 

monomolecular cracking of propane by acid sites may by partially inhibited. The maximum 

butenes selectivity is 4% and slightly higher than that on the ZSM-5 (Figure 12d). The BTX 

selectivity is low at 10% propane conversion and increases to approximately 37% at 67% propane 

conversion (Figure 12e). The 15% higher BTX selectivity on the PtZn/SiO2+ZSM-5 (Z/PA=50) 

compared to ZSM-5 at the same conversion suggests that the addition of the PtZn/SiO2 enhances 

BTX formation.  

 

With a decrease in the Z/PA ratio to 6, the methane selectivity decreases to 4% at propane 

conversion from 15-80% (Figure 12a). The methane selectivity is significantly lower than 25% on 

ZSM-5 and 20% on PtZn/SiO2+ZSM-5 (Z/PA=50). The ethene selectivity behaves differently 

depending on the conversion (Figure 12b). At less 15% propane conversion, decrease in the ethene 

selectivity may be attributed to less monomolecular cracking due to the lower levels of ZSM-5 in 

the catalyst. In the range of 15-80% propane conversion, ethene slightly increases from 10% to 

15% and is likely formed by secondary cracking reactions of higher molecular weight olefins. 

Eventually, the ethene selectivity decreases to 8% likely due to acid catalyzed conversion to higher 

molecular weight hydrocarbons, which is consistent with what has been shown for propene 

conversion on ZSM-5 (Figure 6b). For the PtZn/SiO2+ZSM-5 catalyst with Z/PA=6, the BTX 

selectivity increases to 52% at 82% propane conversion (Figure 12e).  

 

Further decreasing Z/PA ratio to 1, the methane selectivity remains nearly constant at less than 1% 

up to propane conversions of almost 70% (Figure 12a). The ethene selectivity is lower than 5% 

(Figure 12b). The propene selectivity at low propane conversion (<5%) is 95% (Figure 12c), which 

is close to the dehydrogenation selectivity (99%) on the PtZn/SiO2. The results indicate that 

propane is primarily converted into propene on the PtZn/SiO2 catalyst, rather than by 

monomolecular cracking on ZSM-5. As propane conversion increases to 72%, the propene 

selectivity decreases from 95% to 42%, which is attributed to secondary reactions on acid sites. 
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The maximum of the butenes selectivity (4%) appears at higher propane conversion (50%), 

implying that the consumption rate of butenes is lower (Figure 12d). The BTX selectivity as a 

function of propane conversion is higher on all PtZn/SiO2+ZSM-5 catalysts than ZSM-5 regardless 

of Z/PA ratio, but it is surprising to find that the BTX selectivity with Z/PA=1 is lower than, for 

example, Z/PA=6 (Figure 12e). By comparing the BTX selectivity at similar propane conversions 

(40-47%) on ZSM-5 and PtZn/SiO2+ZSM-5 catalysts, it is shown that the BTX selectivity on the 

former is 10%; while it is 20% and 35% on the latter with Z/PA ratio equal to 50 and 6, respectively.  

This suggests that increasing dehydrogenation rates can improve aromatics formation, which is 

consistent with previous results where the dehydrogenation step is rate limiting step for propane 

aromatization on ZSM-5.13 However, the BTX selectivity decreases to 20% on the 

PtZn/SiO2+ZSM-5 catalyst (Z/PA=1) suggesting that the limiting step of aromatics formation is 

no longer limited by dehydrogenation but is now limited by oligomerization and cyclization by 

ZSM-5.    

 

Some general trends of product distribution are observed on the PtZn/SiO2+ZSM-5 catalysts 

regardless of Z/PA ratio. The methane and ethene selectivities on the bifunctional catalysts are 

lower than those over ZSM-5, while the propene selectivity is higher (Figure 12a-12c). The 

butenes selectivity over the bifunctional catalysts undergoes a similar trend as that over ZSM-5, 

going through a maximum as a function of propane conversion increases (Figure 12d). The BTX 

selectivity on both ZSM-5 and PtZn/SiO2+ZSM-5 catalysts are low at propane conversion below 

15% and increases rapidly as the propane conversion increases. At higher propane conversion 

(>15%), the BTX aromatics selectivity is higher on the bifunctional catalysts than ZSM-5 (Figure 

12e). Significant amounts of ethane are observed at propane conversion higher than 40% on the-

ZSM-5 and PtZn/SiO2+ZSM-5 catalysts, but ethane selectivity approaches zero at <5% propane 

conversion, suggesting ethane is a secondary product. (Figure 12f). The results show that addition 

of the PtZn/SiO2 helps decrease formation of methane and ethene but increases propene, aromatics, 

and ethane yields.  

  



 

 

36 

 

 

 

 

Figure 12. selectivities of (a) methane, (b) ethene, (c) propene, (d) butenes, (e) BTX aromatics (benzene, toluene, 

xylenes), (f) ethane as a function of propane conversion with a series of Z/PA ratio 

Reaction conditions: cat., 0.005-0.7g, temperature, 550℃; pressure, 101 kPa; WHSV, 4-88 h-1 
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The BTX distribution at different propane conversions on ZSM-5 and PtZn/SiO2+ZSM-5 catalysts 

were also determined in Figure 13. On ZSM-5, the BTX distribution slightly changes with propane 

conversions and dominant aromatics are benzene (~49%) and toluene (~38%). On the 

PtZn/SiO2+ZSM-5, benzene percentage is higher compared to ZSM-5 at low propane conversions 

(10-13%), and benzene percentage increases as Z/PA ratio decreases. For example, with Z/PA=1, 

aromatics majorly consist of benzene (79%) at 13% propane conversion. These results imply that 

increasing loading of PtZn catalyst may enhance the dehydrogenation of C6 cyclic hydrocarbons 

formed by propene dimerization-cyclization and increase the benzene percentage in the BTX 

distribution at low propane conversions. At medium propane conversions (43-46%), benzene 

percentage decreases and toluene percentage increases as Z/PA decreases to 6. However, with 

further decrease in Z/PA ratio to 1, the BTX distribution is similar to that on ZSM-5.  

 

 

Figure 13. BTX distribution at different propane conversions on ZSM-5 and PtZn/SiO2+ZSM-5 (Z/PA=50, 6, 1) 

catalysts  

 

To further understand the correlation between Z/PA ratio and selectivity to methane and BTX, the 

formation rates of methane and BTX as a function of propane conversion on ZSM-5 and 

PtZn/SiO2+ZSM-5 catalysts were determined in Figure 14. The methane formation rates slightly 

decrease as propane conversion decreases on both catalysts (Figure 14a). As a result, the average 

methane formation rates at different conversions on ZSM-5 and PtZn/SiO2+ZSM-5 catalysts are 

used for comparison. On ZSM-5, the average methane formation rate normalized by the amounts 

of ZSM-5 in the evaluated propane conversion range is about 4.6×10
-7

 (mol CH4)(g ZSM-5)-1s-1. 
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On the bifunctional catalysts with Z/PA ratio of 50, 6 and 1, the average methane formation rates 

normalized by the amounts of ZSM-5 are 2.6×10
-7

, 3.1×10
-7

, 3.5×10
-7

 (mol CH4)(g ZSM-5)-1s-1, 

respectively. Within the scatter of the data, the methane formation rates are independent of Z/PA 

ratio, suggesting methane is formed primarily by monomolecular cracking and lower methane 

selectivity in PtZn/SiO2+ZSM-5 is due to the lower loading of ZSM-5. For catalyst with lower 

Z/PA ratio, the propene selectivity increases (Figure 12c). Therefore, monomolecular cracking and 

formation of methane is independent of propene concentration. The slight decrease in methane 

with increasing conversion may, therefore, be due to inhibition of monomolecular cracking by 

BTX, which increases with increasing propane conversion.  

 

 

 

Figure 14. (a) methane formation rate (b) aromatics formation rate as a function of propane conversion on ZSM-5 

and PtZn/SiO2+ZSM-5 catalysts 

 

Figure 14b shows BTX formation rate on ZSM-5 and PtZn/SiO2+ZSM-5 catalysts. The BTX 

formation rate on the former is low ( 3.6×10
-9

 (mol BTX)(g catalyst) -1s-1) at 10% propane 

conversion and increases by 200 times (1.5×10-7 (mol BTX)(g catalyst) -1s-1) at 50% propane 

conversion. The Z/PA=50 catalyst has a slightly higher BTX formation rate (3.8×10-7 (mol BTX)(g 

catalyst) -1s-1) at ~50% propane conversion. As the Z/PA ratio decreases to 6, BTX formation rate 

increases from 3.3×10-8 (mol BTX)(g catalyst) -1s-1 at 5% propane conversion to 1.5×10-6 (mol 

BTX)(g catalyst) -1s-1 at high conversion (~50%), which is 10 times higher than that on ZSM-5. 

With Z/PA=1, BTX formation rate (1.5×10-7 (mol BTX)(g catalyst) -1s-1) is 40 times higher than 

ZSM-5. At conversion higher than 15%, the rate is nearly the same as that with Z/PA=6.  
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3.3.5 The Effect of Propane Partial Pressure on Product Distribution on Bifunctional 

PtZn/SiO2+ZSM-5 catalysts 

Since the Z/PA=1 catalyst has the lowest methane selectivity (~1%) and highest aromatics 

formation rate, pure propane (99.99%) at 101 kPa was also evaluated on this catalyst at 550℃. 

The product distribution is compared to that using 5% propane to understand the influence of 

propane partial pressure on the product selectivity (Figure 15). A similar product selectivity as a 

function of propane conversion is observed at two propane partial pressures. However, higher 

propane partial pressure has a positive impact on propene conversion since the propene selectivity 

is lower and decreases much faster than that at lower propane partial pressure at the same 

conversion (Figure 15c). Meanwhile, the selectivities to butenes and BTX are higher at the higher 

propane pressure (Figure 15d and 15e). A high BTX selectivity (42%) is observed at 65% propane 

conversion at higher propane partial pressure, which is 10% higher than that using 5% propane at 

the same conversion (Figure 15e). Figure 15f shows that ethane selectivity also increases by about 

2 times that at lower propane pressure above 30% propane conversion. The increased ethane 

selectivity occurs at about the same propane conversion as the BTX selectivity increases, 

suggesting that hydrogen, which formed during aromatics formation, hydrogenates ethene. In 

summary, these results show that high propane partial pressure has a beneficial effect on olefin 

conversion and aromatics formation rate but also leads to higher selectivity to unfavored ethane. 
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Figure 15. selectivities of (a) methane, (b) ethene, (c) propene, (d) butenes, (e) BTX aromatics, (f) ethane as a 

function of propane conversion at 5 kPa and 101 kPa propane partial pressure. 

Reaction conditions: cat., 0.005-0.1g, temperature, 550℃; total pressure, 101 kPa; Z/PA=1; WHSV=54-1072 h-1 
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3.3.6 Cyclohexene Conversion to Aromatics 

Naphthenes or cyclic paraffins and olefins, are likely key intermediates for formation of aromatics. 

To better understand the aromatization pathway, cyclohexene is selected as a model compound, 

and the relative rates and selectivity to products over PtZn/SiO2, Ga/Al2O3, and ZSM-5 catalysts 

were determined.  

 

 

Figure 16. Product distribution of cyclohexene conversion on ZSM-5, PtZn/SiO2 and Ga/Al2O3 catalysts. 

Reaction conditions: cat., 0.0015-0.5g, temperature, 550℃; pressure, 101 kPa; cyclohexene partial pressure, 3 kPaa; 

WHSV, 0.3-104 h-1 
a cyclohexene partial pressure is estimated by vapor saturation pressure at 0℃ using Antoine equation 

Table 5. The apparent rates of cyclohexene conversion and the formation of benzene and C2-C5
+ cracking products 

over ZSM-5, PtZn/SiO2 and Ga/Al2O3 catalysts a 

Catalysts 
Cyclohexene conversion rate  

(mol C6H10)(g catalyst)-1s-1 

Benzene formation rate  

(mol benzene)(g catalyst)-1s-1 

Cracking rate  

(mol C2-C5
+)(g catalyst)-1s-1 

ZSM-5 5.4×10-4 1.3×10-6 5.3×10-4 

PtZn/SiO2 3.1×10-4 2.8×10-4 3.5×10-5 

Ga/Al2O3 3.8×10-6 9.5×10-7 2.9×10-8 

a
 The rates are estimated at 38-40% cyclohexene conversion.  
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Figure 16 shows that cyclohexene is primarily converted to C5
+ hydrocarbons on ZSM-5 and 

benzene only formed with low selectivity (2%) at high cyclohexene conversion (87%). Most of 

C5
+ hydrocarbons are composed of C6 olefins. The detailed product selectivities on each catalyst 

are listed in Table S2. On the contrary, the PtZn/SiO2 demonstrates higher than 90% selectivity to 

benzene with less than 10% selectivity to non-aromatic C2-C5
+ hydrocarbons. In comparison with 

ZSM-5 and PtZn/SiO2, Ga/Al2O3 demonstrates a combination of dehydrogenation and cracking 

selectivity with 25% selectivity to benzene at 38% cyclohexene conversion. The benzene 

selectivity increases to 45% as the cyclohexene conversion increases to 64%.  

The cyclohexene conversion rates over each catalyst were further estimated (Table 5). The 

cyclohexene conversion rates on ZSM-5 and PtZn/SiO2 are similar, 5.4×10
-4

 (mol C6H10)(g ZSM-

5)-1s-1 and 3.1×10
-4

 (mol C6H10)(g PtZn/SiO2)
-1s-1 respectively; while Ga/Al2O3 is 3.8×10

-6
 (mol 

C6H10)(g Ga/Al2O3)
-1s-1, approximately 100 times lower. Benzene formation and cracking rates 

are estimated by multiplying the cyclohexene conversion rate with the carbon selectivity to 

benzene and C2-C5
+ hydrocarbons, respectively. C2-C5

+ hydrocarbons are indicative of non-

aromatic products. The benzene formation rates on ZSM-5 and Ga/Al2O3 were similar, 1.3×10
-6

 

(mol benzene)(g ZSM-5)-1s-1 and 9.5×10
-7

 (mol benzene)(g Ga/Al2O3)
-1s-1, respectively. Even 

though Ga/Al2O3 has higher selectivity to benzene, the conversion rate is lower than ZSM-5 and, 

therefore, the benzene formation rate is comparable on the ZSM-5 and Ga/Al2O3. On the contrary, 

the benzene formation rate on PtZn/SiO2 is 2.8×10
-4

 (mol benzene)(g PtZn/SiO2)
-1s-1, which is 200 

times higher than that on ZSM-5. However, cracking rate on ZSM-5 (5.3×10
-4

 (mol C2-C5
+)(g 

ZSM-5)-1s-1) is the same order of magnitude of the benzene formation rate on the PtZn/SiO2. 

 

3.4 Discussions 

3.4.1 The Strategy to Minimize Methane Formation 

The propane conversion rate on ZSM-5 is 1.5 times higher than that on the Ga/Al2O3 (Table 3). 

Based on the difference in rates, 60% of propane will react with ZSM-5 by propane monomolecular 

cracking and the remaining 40% will react with Ga/Al2O3 by dehydrogenation. Based on the 

selectivities for each catalyst, the primary product mixture on ZSM-5 will consist of ~17% 
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methane and ~43% light olefins with some higher molecular weight hydrocarbons, while the 

product for Ga/Al2O3 will consist of 39% selectivity to propene and less than 1% methane.  

 

 

Figure 17. relative kinetics of light gas formation pathways on the Ga/Al2O3+ZSM-5 catalysts 

 

While Ga has higher propene selectivity, Ga dehydrogenation rates and ZSM-5 monomolecular 

cracking rates are in the same order of magnitude. As a result, significant amounts of propane will 

react with the ZSM-5 to form light olefin and unreactive methane simultaneously. By comparing 

the conversion rates of alkanes and olefins on ZSM-5, olefins are significantly more reactive than 

alkanes (Figure 6b), and since olefins can be eventually converted to higher molecular weight 

hydrocarbons with little methane or ethane, these results suggest that the majority of light gas is 

caused by monomolecular cracking on ZSM-5 on this bifunctional catalyst. The relative kinetics 

of the steps for dehydroaromatization of propane on the Ga/Al2O3+ZSM-5 catalyst is summarized 

qualitatively in Figure 17. 

 

Accordingly, we hypothesize that methane formation can be minimized by significantly enhancing 

propane conversion rate by dehydrogenation and reducing the propane conversion rate on ZSM-5. 

The strategy is to balance the alkane and olefin conversion rates on two catalytic functions to 

ensure that propane will be primarily activated by dehydrogenation catalyst. Since olefin reactivity 

is much higher than alkane, olefin conversion rate on ZSM-5 is still high even with decreasing 

amounts of zeolite. Based on this strategy, the bifunctional catalyst requires a highly active 
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dehydrogenation catalyst with much higher propane conversion rate than ZSM-5. The previous 

study with Pt/ZSM-5 reported that propene is the only primary product from propane conversion, 

which suggests propane conversion occurs on Pt sites. However, monometallic Pt has two 

drawbacks, low dehydrogenation selectivity and fast deactivation. For example, a 20wt% 

selectivity to methane on the Pt/ZSM-5 was still observed. For Pt/ZSM-5, methane and part of 

ethane results from hydrogenolysis of propane on Pt sites.24 In addition, metallic Pt sites 

deactivates rapidly due to fast coke formation. As a result, very quickly, Pt/ZSM-5 catalysts are 

very similar to ZSM-5. The PtZn/SiO2 catalyst (PtZn alloy) has much higher dehydrogenation 

rates, olefin selectivity and stability than monometallic Pt. However, the methane selectivity is still 

high at 15-20% on the PtZn/SiO2+ZSM-5 (Z/PA=50), i.e., a catalyst with high loading of ZSM-5. 

As Z/PA ratio decreases, the methane selectivity decreases and BTX selectivity increases. This 

indicates that the optimal selectivity is dependent on balancing the alkane dehydrogenation and 

olefin conversion rates, while limiting monomolecular cracking. Accordingly, the product 

distribution can be controlled by adjusting the loading of each component (PtZn/SiO2 and ZSM-

5) in the bifunctional catalyst. Because olefins are much more reactive than alkanes on ZSM-5, 

the rate of monomolecular cracking can be minimized, while maintaining high olefin conversions 

with lower loadings of ZSM-5. Figure 12a-12c show that the methane and ethene selectivities 

decrease and propene selectivity increases at low propane conversion (<5%) when Z/PA ratio 

decreases from 50 to 1, which is consistent with our hypothesis. As the loading of the PtZn/SiO2 

increases (lower Z/PA ratio), propane conversion rate on the PtZn/SiO2 becomes significantly 

higher relatively to that on ZSM-5. Low methane selectivity (<2%) and high propene selectivity 

(95%) at 5% propane conversion on the Z/PA=1 catalyst suggests that PtZn/SiO2 propane 

dehydrogenation dominates over ZSM-5 monomolecular cracking. At high conversions, the 

decreasing propene selectivity indicates that propene is sufficiently reactive despite the lower 

levels of ZSM-5 in the catalyst.   

 

Based on the results in Figure 12, methane formation rates normalized by the amount of ZSM-5 in 

the bifunctional catalyst regardless of Z/PA ratio are similar with those on ZSM-5, which suggests 

that monomolecular cracking is still occurring in all catalysts. Consequently, the possibility that 

decreasing methane selectivity on the PtZn/SiO2+ZSM-5 catalysts is due to suppressed 

monomolecular cracking by higher olefin concentration can be excluded. The low methane 
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selectivity is resulting from increasing propane conversion rate on the selective dehydrogenation 

catalyst and decreasing the propane monomolecular cracking on ZSM-5 while maintaining high 

olefin conversion rates. 

3.4.2 Comparison of Propane Dehydroaromatization Pathway   

Figure 18 compares the dominant reaction pathways for ZSM-5, Ga/Al2O3+ZSM-5 and 

PtZn/SiO2+ZSM-5 catalysts. The blue and orange colored-arrows are used to indicate the dominant 

reaction pathways catalyzed by acid and metal catalysts, respectively, while the width of the 

colored-arrows exhibit the relative rate of individual reactions qualitatively. Figure 18a shows the 

typical propane conversion pathway catalyzed by ZSM-5. Propane is converted to methane, ethene 

and propene by monomolecular cracking. Ethene and propene rapidly undergo oligomerization, 

cracking and cyclization to produce C3-C6 as well as cyclic hydrocarbons. The cyclohexene 

cracking rate is significantly higher than benzene formation rate, suggesting most of cyclic 

hydrocarbons will return to the oligomerization-cracking cycle to produce olefins and only few are 

converted into aromatics by hydrogen transfer. Thus, aromatics formation by ZSM-5 is kinetically 

slow.  

 

With addition of Ga, Ga/ZSM-5 bifunctional catalysts have higher propane conversion rates and 

higher aromatics selectivity.25–31 The Ga/Al2O3+ZSM-5 catalyst is used as a representative 

bifunctional catalyst to demonstrate propane conversion reaction pathway (Figure 18b). Based on 

conversion rates on ZSM-5 and Ga/Al2O3 (Table 3), propane is converted at similar rates by ZSM-

5 monomolecular cracking and Ga dehydrogenation. Although the methane selectivity of 

Ga/ZSM-5 is improved relative to ZSM-5, there is still a significant selectivity from 

monomolecular cracking in this bifunctional catalyst. The light olefins in the reaction mixture go 

through a similar reaction pathway to those on ZSM-5 to form higher molecular weight olefins, 

including cyclic olefins. As indicated in the Table 5, the cyclohexene conversion rate on ZSM-5 

is significantly higher than on Ga/Al2O3, suggesting that cyclic olefins primarily crack on the 

former rather than dehydrogenate to aromatics on the latter. The benzene formation rates on ZSM-

5 and Ga/Al2O3 are similar, suggesting the major role of Ga/Al2O3 is to form some propene and to 

facilitate the dehydrogenation step of cyclic olefins to aromatics. This is indicative of higher rate 

and selectivity to aromatics on the bifunctional Ga/ZSM-5 catalysts.  
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Figure 18. (a) Dominant reaction pathways on (a) ZSM-5 (b) Ga/Al2O3+ZSM-5 (c) PtZn/SiO2+ZSM-5 catalysts 

 

The PtZn/SiO2+ZSM-5 catalyst not only has a low methane selectivity, but also has a higher rate 

and selectivity to BTX than ZSM-5 and Ga/ZSM-5. Figure 18c summarizes the effect of the 

PtZn/SiO2 on the dominant propane conversion pathways over the PtZn/SiO2+ZSM-5 bifunctional 

(a) 

(b) 

(c) 
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catalyst. The dash arrow is utilized to highlight the reaction pathways that have been minimized. 

PtZn/SiO2 has a higher propene selectivity; thus, there is little methane formed by hydrogenolysis. 

In addition, the high dehydrogenation rate has two beneficial effects. First, it increases propene 

selectivity and allows for a lower loading of ZSM-5, resulting in a much smaller contribution of 

methane from monomolecular cracking by ZSM-5. Second, it has a much higher selectivity and 

rate of aromatics formation than ZSM-5 or Ga; thus, the BTX formation rates are higher, 

suggesting that cyclohexene is primarily converted to benzene by the dehydrogenation pathway.  

 

As Z/PA ratio decreases from 50 to 6, the aromatics selectivity increases at the constant propane 

conversion. This suggests the dehydrogenation reaction is the rate limiting step for aromatics 

formation since the aromatics are formed at a higher rate with increasing amounts of PtZn/SiO2 in 

the bifunctional catalyst. With Z/PA=6, a maximum selectivity of 52% to BTX at about 80% 

propane conversion is produced without making significant amount of methane (<5%). The BTX 

selectivity is estimated to exceed 85% at full recycle of all reactive intermediates with byproducts 

of 5% methane and 10% ethane. However, as Z/PA ratio further decreases from 6 to 1, the BTX 

selectivity decreases. This indicates that increasing dehydrogenation rate no longer enhances the 

aromatics formation rate and suggests that aromatics formation is likely limited by acid catalyzed 

reactions, i.e., oligomerization and cyclization.  

 

The results of product selectivity using higher propane partial pressure suggest the reaction 

pathway is similar to that using dilute propane. The selectivity of methane and ethene increases 

slightly, indicating monomolecular cracking is slightly affected by the propane partial pressure 

(Figure 15a and 15b). The decrease in propene selectivity as a function of propane conversion 

implies that the olefin oligomerization rate is higher at higher propane pressure (Figure 15c). This 

result agrees with higher selectivity to butenes and aromatics using higher propane partial pressure 

(Figure 15d and 15e). Nevertheless, aromatics formation involves oligomerization steps on acid 

sites and dehydrogenation steps on PtZn sites, which favor high and low pressures, respectively.7  

At higher propane pressure, the ethane selectivity is higher than at lower partial pressure (Figure 

15f). Since the methane selectivity is low, it is less likely that ethane is formed by either propane 

hydrogenolysis on PtZn/SiO2, or monomolecular cracking followed by ethene hydrogenation. 

Since the ethane selectivity changes in a similar way as the aromatics selectivity, ethane is inferred 
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to be a secondary product formed along with aromatics and co-produced hydrogen, for example, 

by aromatics dealkylation along with ethene hydrogenation.8,63–65  

 

Generally, activation of light alkane to olefin is thought as the rate limiting step for propane 

dehydroaromatization.1,66 As a result, high activity zeolites are utilized in the bifunctional catalysts 

to enhance not only propane activation but the rate and selectivity to aromatics by rapidly 

converting generated olefins to aromatics. However, significant monomolecular cracking occurs 

on catalysts with high loading of ZSM-5, and eventually formation of methane limits the 

production of aromatics. The selectivity to methane can be reduced by adjusting the Z/PA ratio in 

the PtZn/SiO2+ZSM-5 to balance the rates of alkane and olefin conversion. With high loading of 

PtZn/SiO2, the propane conversion gives primarily propene, leading to higher selectivity of higher 

molecular weight hydrocarbons, including C4
+ paraffins, olefins and BTX. By balancing the 

dehydrogenation rate with PtZn alloy and the olefin conversion rates by ZSM-5, higher yields of 

valuable products can be obtained.  

3.5 Conclusion 

Comparison of the relative rate and selectivity of propane conversion on Ga/Al2O3 and ZSM-5, 

methane is suggested to form predominantly by monomolecular cracking on ZSM-5. While Ga 

increases the propene selectivity and rate through propane dehydrogenation, there is still a 

significant contribution by monomolecular cracking with high methane selectivity from ZSM-5 in 

the bifunctional catalyst. By utilizing the PtZn/SiO2 (PtZn alloy) with very high dehydrogenation 

rate and selectivity, significant improvements in the product distribution are observed. Firstly, the 

methane selectivity decreases to less than 5% because the hydrogenolysis and monomolecular 

cracking pathways are minimized. Since the rate and selectivity of cyclohexene to benzene on 

PtZn/SiO2 is significantly higher than that on Ga/Al2O3 and ZSM-5, aromatics are formed at a 

higher rate by the metal pathway (dehydrogenation) over the former catalysts instead of acid 

pathway (hydrogen transfer) over the latter two. To achieve the optimal product selectivity, it is 

necessary to balance the propane dehydrogenation and olefin conversion rates by changing the 

ratio of PtZn alloy and ZSM-5. This work also highlights the difference in the reaction pathways 

for propane dehydroaromatization for ZSM-5, Ga/ZSM-5 and PtZn/SiO2+ZSM-5. 
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 THE DIFFERENCE IN DEHYDROAROMATIZATION PATHWAYS 

OF PROPANE ON BIFUNCTIONAL CATALYSTS 

This chapter is reproduced from C.-W. Chang, J.M. Miller, “Catalytic Process Development 

Strategies for Propane to Liquid Hydrocarbons on Bifunctional Catalysts". submitted to Applied 

Catalysis A: General 

 

4.1 Introduction  

Since propane activation is highly endothermic and is the rate-limiting step, propane conversion 

was reported at high temperatures (>500°C) on Ga/MFI catalysts. However, at high temperatures, 

alkane monomolecular cracking rates are high, leading to high methane selectivity. Additionally, 

catalyst deactivates rapidly at high temperatures. As a result, the dehydroaromatization pathways 

were mostly studied on Ga/ZSM-5 catalysts in a limited temperature range, i.e., 550-650°C. The 

understandings of the temperature effect on propane dehydroaromatization pathways are limited. 

By utilizing a dehydrogenation catalyst with much higher propane dehydrogenation rate than Ga 

and converting generated olefins with zeolites, propane conversion can occur at much lower 

temperatures and give distinctly different product distribution on the PtZn/SiO2+ZSM-5 

bifunctional catalyst.  

4.2 Objective 

The objective of Chapter four is to investigate the temperature effect on the propane 

dehydroaromatization pathways on the PtZn/SiO2+ZSM-5 bifunctional catalysts to better 

understand how reaction temperature and duel catalytic functions are associated with controlling 

selectivity to light gas and liquid hydrocarbons as well aromatics distribution. Furthermore, the 

limitations and opportunities for low temperature propane conversion will be discussed. 

Eventually, the strategies for optimal bifunctional catalyst compositions and operation ranges 

depending on the reaction temperatures for propane to valuable liquid hydrocarbons, i.e., aromatics 

and gasoline-blending hydrocarbons, are also different. 
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4.3 Results 

4.3.1 Temperature Effect on Propane Conversion Rate and Product Selectivity 

Previously in our study, the PtZn/SiO2+ZSM-5 catalyst with Z/PA=1, where Z/PA was defined as 

the weight ratio of ZSM-5 (Z), with a Si/Al ratio of 100, and 2%PtZn/SiO2 (PA), had the lowest 

methane selectivity (<5%) and highest BTX formation rate for propane conversions at 550°C 67. 

As a result, the Z/PA=1 bifunctional catalyst will be utilized to study the temperature effect on 

propane conversion rates and product selectivity at lower temperatures. Figure 19 shows the 

product selectivity as a function of propane conversion and reaction temperature from 350-550℃. 

At 550℃, the methane selectivity is less than 5% from 12-68% propane conversion (Figure 19a). 

The propene selectivity is high (85%) at 12% propane conversion (Figure 19c). These results 

indicate the dominant primary product is propene by dehydrogenation. As propane conversion 

increases, the propene selectivity decreases, suggesting that propene is subsequently converted to 

higher molecular weight hydrocarbons. The selectivities to butenes and C5
+ hydrocarbons go 

through a maximum of 10% and 4% at propane conversions of 30% and 40%, respectively (Figure 

19e and 19f). The BTX selectivity is zero and increases rapidly to 44% as propane conversion 

increases from 12% to 67% (Figure 19g). The ethane selectivity increases in a similar way to that 

of BTX and is 26% at 67% propane conversion (Figure 19h), implying ethane is likely formed 

along with BTX. These results suggest that butenes and C5
+ hydrocarbons are formed by propene 

and further converted to BTX and ethane at high propane conversions. 

 

At a lower temperature of 450℃, the methane selectivity is low (~2%) and the ethene selectivity 

is 5-7% at 7% propane conversion, indicating propane is predominantly dehydrogenated to 

propene (Figure 19a and 19b). However, the propene selectivity is only 65% at 7% propane 

conversion, while the selectivity to butene and C5
+ hydrocarbons are 15% and 5% (Figure 19c, 19e 

and 19f). The rapid decrease in the propene selectivity at low propane conversions suggests that 

propene is rapidly converted to higher molecular weight olefins at 450℃. As a result, secondary 

reactions of propene allow ~56 % propane conversion at 450℃, which is much higher than the 

equilibrium conversion of 9%. The selectivities to butenes and C5
+ hydrocarbons undergo a 

maximum at the propane conversion of 13% and 15%, while the butanes selectivity goes through 

a maximum of 25% at a higher conversion (~40%), suggesting butanes are secondary products 
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from butenes and C5
+ hydrocarbons (Figure 19d, 19e and 19f). BTX products are observed at 

propane conversion of 7% and selectivity increases with increasing propane conversions (Figure 

19g). The ethane selectivity is zero at below 7% propane conversion and increases significantly to 

42% at 58% propane conversion (Figure 19h). The selectivity of ethane and butanes increases 

rapidly as aromatics are formed, implying that significant amounts of hydrogen formed with 

aromatics hydrogenates ethene and butenes to make ethane and butanes, respectively.  

 

At 400℃, the maximum propane conversion (38%) on the bifunctional catalyst is significantly 

higher than the equilibrium conversion of propane dehydrogenation (4%) due to propene 

secondary reactions. Both methane and ethene selectivity is less than 2% at up to 38% propane 

conversion, (Figure 19a and 19b). However, the propene selectivity is 32% at ~5% propane 

conversion. At the same propane conversion, the selectivities to butanes (18%), butenes (18%) and 

C5
+ (13%) are substantially high, indicative of fast secondary reactions of propene to C4

+ 

hydrocarbons (Figure 19c-19f). 

 

In addition, the selectivities of propene, butene and C5
+ hydrocarbons decrease rapidly as propane 

conversion increases, while the butanes selectivity has a maximum of ~37% at 27% propane 

conversion, suggesting butanes become dominant intermediates formed from higher molecular 

weight olefins at 400℃ and are eventually converted to BTX at higher propane conversions. At 

38% propane conversion, the BTX selectivity is 30% and ethane selectivity is 33% (Figure 19g 

and 19h). Although higher than 40% propane conversion can be achieved at 400℃ by further 

lowering the space velocity, significant amounts of undesired ethane will be formed 

simultaneously. With further decrease in temperature to 350℃, the low methane selectivity (<1%) 

is identical to that on the PtZn/SiO2, indicating propene is the only primary product and is formed 

by dehydrogenation (Figure 19a). The propene selectivity is 20% at low propane conversion (~5%) 

(Figure 19c). The butanes selectivity increases from 40% to 63% as propane conversion increases 

from 4% to 18% (Figure 19d). The results indicate that tandem reaction of propane to butanes is 

fast at 350℃. The butanes are likely formed in sequence of propane dehydrogenation on PtZn, 

propene oligomerization-cracking on ZSM-5 and butenes hydrogenation on PtZn. The BTX 

selectivity is 6% at low propane conversion (~5%) and increase in the BTX selectivity is low 

(Figure 19g). The BTX selectivity is 15% at 18% propane conversion.  
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Figure 19. selectivites of (a) methane, (b) ethene, (c) propene, (d) butanes, (e) butenes, (f) C5
+, (g) aromatics (h) 

ethane as a function of propane conversion and reaction temperature on the PtZn/SiO2+ZSM-5 (Z/PA=1) catalyst 

Reaction conditions: cat., 0.01-2.0 g; pressure, 101 kPa; WHSV, 0.36-715 h-1 
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Figure 19. Continued 

 

 

 

The ethane selectivity increases with increasing propane conversion and is 13% at 24% conversion. 

The maximum propane conversion is around 25% at 350℃ on this bifunctional catalyst, which is 

far beyond the equilibrium conversion of propane to propene (<3%). However, the conversion is 

low even with very low space velocity, implying that 350℃ is unlikely to obtain high propane 

conversion and BTX yields.  

 

 

 

Figure 20. comparison of product selectivity at iso-conversion level of propane on the PtZn/SiO2+ZSM-5 catalysts 

(Z/PA=1) at PC3H8=101 kPa. (a) conversion=16%, (b) conversion=39% 
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Since the product selectivity changes with propane conversions, the product distributions at 

different temperatures are compared at two propane conversions (Figure 20). Figure 20a shows 

the product selectivity at 16% propane conversion from 350℃ to 550℃. At 550℃, the dominant 

product is propene (75%) with 4% light gas byproducts (3% methane and 1% ethane). The product 

mixture only consists of 12% of C4
+ hydrocarbons, which mostly consists of 7% butanes. As 

temperature decreases from 550℃ to 350℃, a few trends can be summarized. Firstly, propene 

selectivity decreases, while the butanes selectivity increases. In addition, light gas significantly 

increases but is mainly composed of ethane at lower temperatures. Furthermore, the selectivity to 

C4
+ hydrocarbons (sum of butenes, C5

+ hydrocarbons and BTX) increases as temperature decreases 

but mid temperatures (400-450℃) give highest BTX selectivity. Figure 20b shows that at moderate 

propane conversion (39%), the major products are propene (38%) and BTX (27%) at 550℃, while 

the product distributions at 400℃ and 450℃ predominantly consist of ethane, butanes and BTX. 

 

 

 

Figure 21. comparison of BTX distribution on the PtZn/SiO2+ZSM-5 (Z/PA=1) catalyst at iso-conversion level of 

propane at PC3H8=101 kPa. (a) conversion=16%, (b) conversion=39% 
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contrast, the dominant aromatics are toluene and C8
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and highest C8
+ aromatics selectivity (48%) were observed at 400℃. Higher selectivity to toluene 

and C8
+ aromatics at lower temperatures (350-450℃) is likely attributed to higher amounts of C4

+ 

hydrocarbons in the product mixture (Figure 19e and 19f). At moderate propane conversion (39%), 

the dominant aromatic hydrocarbon at 550℃ is toluene (46%), while benzene and C8
+ aromatics 

are nearly in equal percentage (~26%) (Figure 21b). Compared to the benzene percentage (36%) 

at 16% propane conversion, lower benzene percentage (27%) at 39% conversion at 550℃ is 

because toluene and C8
+ aromatics formation rates are enhanced as increasing amounts of C4

+ 

hydrocarbons are formed from propene. At 39% propane conversion, the benzene selectivity is the 

lowest (16%) and C8
+ aromatics selectivity is the highest (37%) at 400℃. The detailed BTX 

distributions as a function of propane conversion at various temperatures are shown in Figure. S2.  

 

  

Figure 22. temperature effect on (a) propane conversion rate and (b) BTX formation rate as a function of propane 

conversion on the PtZn/SiO2+ZSM-5 (Z/PA=1) catalyst 

Reaction conditions: cat., 0.01-2.0 g; pressure, 101 kPa; WHSV, 0.36-715 h-1 
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conversion and decreases to 5×10
-6

 (mol C3)(g catalyst)-1s-1 as propane conversion increases to 

56%. The propane conversion rates at 400℃ and 350℃ are similar at ~5% propane conversion, 

2×10
-5

 and 9×10
-6

 (mol C3)(g catalyst)-1s-1, respectively. However, the propane rate at 350℃ 

decreases much more rapidly to 5×10
-7

 (mol C3)(g catalyst)-1s-1 compared to higher temperatures 

likely because increasing amounts of light alkanes (butanes and C5
+ alkanes) formed by 

hydrogenation hinders propane conversion by competing the PtZn sites (Figure 19).  

 

Although propane conversion rates are lower at 350-450℃, the BTX selectivities are higher than 

those at 550℃, particularly at low propane conversions, e.g., <10% (Figure 19g). As a result, the 

BTX formation rates at 400℃, 450℃ and 550℃ at low propane conversions (5-10%) are similar 

(Figure 22b). However, at 550℃, the BTX formation rate increases by 10 times as propane 

conversion increases to ~70% due to increasing amounts of high molecular weight olefins formed 

by propene. On the contrary, the BTX formation rate undergoes a maximum of 8×10
-6

 and 5×10
-6

 

(mol BTX)(g catalyst)-1s-1 at 450℃ and 400℃, respectively. Initial increase in the BTX formation 

rates at 450℃ and 400℃ is due to higher concentration of higher molecular weight hydrocarbons, 

e.g., butenes and C5
+ (Figure 19e and 19f), while the decrease in the BTX rates at higher propane 

conversions are due to saturation of intermediate olefins to less reactive alkanes. With further 

decrease in temperature to 350℃, the BTX formation rate decreases rapidly by 7 times within 5-

20% propane conversion, suggesting propene is primarily oligomerized and hydrogenated to 

ethane and higher molecular weight alkanes rather than converted to aromatics.  

4.3.2 Low Temperature Propane Conversion 

Since PtZn/SiO2 has high dehydrogenation rates, propane conversion becomes feasible with this 

bifunctional catalyst at low temperature. Figure 19 shows that pure propane is converted beyond 

the equilibrium conversion (<5%) at 350℃ and 101 kPa on the Z/PA=1 catalyst and the product 

selectivity is significantly different from those at higher temperatures 68. To better understand the 

individual role of PtZn/SiO2 and ZSM-5 as well as their synergetic effect for low temperature 

propane conversion, the product distributions for propane conversion on the PtZn/SiO2, ZSM-5 

and PtZn/SiO2+ZSM-5 were determined at 350℃ in Table 5. PtZn/SiO2 has ~3% propane 

conversion with 99.7% propene selectivity at 350℃. ZSM-5 also demonstrates ~3% propane 
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conversion but with 9 times higher catalyst loading. The results indicate that PtZn/SiO2 has much 

higher activity than ZSM-5, implying propane is firstly dehydrogenated to propene on the PtZn 

sites of the bifunctional catalyst at 350℃.  

 

With the same amounts of ZSM-5, propene conversion is high (95.6%), indicating olefins are 

highly reactive at 350℃ (Table 6). Propene formed on the PtZn sites will rapidly react with ZSM-

5. Although both PtZn/SiO2 and ZSM-5 have low propane conversion individually, the 

bifunctional catalyst can achieve a maximum of ~25% propane conversion at 350℃ (Figure 19), 

suggesting that propane is converted beyond the equilibrium conversion due to rapid conversion 

of propene on ZSM-5. 

Table 6. product distribution of propane conversion at 350℃ 

Catalyst  PtZn/SiO2 ZSM-5 PtZn/SiO2+ZSM-5 

Reactant  propane  propane  propenea propane 

Loading (g) 0.1 0.9 0.9 1.0b 

Conversion (%) 3.1 2.9 95.6 9.0 

Selectivity (%)  

Methane 0.1 12.9 0.3 0.6 

Ethane 0.2 8.7 0.3 11.5 

Ethene 0 10.5 2.9 0.6 

Propane - - 11.5 - 

Propene 99.7 12.6 - 4.0 

Butanes (n-C4, i-C4) 0 44.2 35.9 62.4 

Butenes 0 1.4 4.4 3.3 

Oligomers (C5
+) 0 9.7 26.0 9.5 

BTX Aromatics  0 0 18.7 8.3 
 a 3% propene  

 b catalyst composition: PtZn/SiO2, 0.1g; ZSM-5, 0.9g  

 

The major products for propene on ZSM-5 are composed of propane (11.5%), butanes (35.9%), 

C5
+ oligomers (26.0%) and BTX (18.7%), which is consistent with propene reactions on ZSM-5 

in prior studies 13,14,17,69. However, on the PtZn/SiO2+ZSM-5, the selectivities to ethane (11.5%) 

and butanes (62.4%) are high, while C5
+ hydrocarbons (9.5%) and BTX (8.3%) are low. The 

selectivity differences between propene on ZSM-5 and propane on PtZn/SiO2+ZSM-5 likely 

results from PtZn hydrogenation of intermediate olefins, i.e., ethene and butenes. Since ethane 
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remains unreactive at 350℃, ethane formation at higher propane conversions becomes the major 

yield loss reaction at low temperature. In addition, extremely low space velocity is required to 

obtain >40% propane conversion at 350℃, and therefore slightly higher temperature, e.g., 400℃, 

is seemly more practical.   

 

Since propene is very reactive on ZSM-5 at lower temperature, much less ZSM-5 in the 

bifunctional catalyst is likely sufficient to give higher propane conversion by converting 

intermediate propene to higher molecular weight olefins without further leading to high amounts 

of aromatics and hydrogen, which subsequently saturates ethene. The selectivity to ethane, butanes, 

and aromatics as well as propane conversion rates are investigated on the bifunctional catalysts 

with Z/PA ratios from 9 to 0.05 at 400℃ (Figure 23).  

 

Figure 23a shows that propane conversion rate is around 8×10
-7

 (mol C3)(g catalyst)-1s-1 with 

Z/PA=0.1 at ~30% propane conversion. At the constant conversion, the conversion rates are 7×10
-6

 

and 4×10
-5

 (mol C3)(g catalyst)-1s-1 with Z/PA=1 and 9, respectively, indicating higher loadings 

of ZSM-5 are required to enhance the secondary conversion of intermediate propene in order to 

obtain higher propane conversions. The butanes selectivity is ~60% with Z/PA= 0.1 and 0.05 at 

~17% propane conversion and is ~30% with Z/PA=1, suggesting butenes are hydrogenated more 

rapidly due to higher loadings of PtZn sites (Figure 23b).  

 

The BTX selectivity is slightly higher on the bifunctional catalyst with Z/PA=1 and both increase 

and decrease in Z/PA ratio leads to lower BTX selectivity (Figure 23c), which likely results from 

the imbalance of PtZn dehydrogenation and ZSM-5 oligomerization rates. Higher Z/PA ratio has 

lower dehydrogenation rates to convert cyclic hydrocarbons to aromatics, while lower Z/PA ratio 

limits oligomerization rates of light olefins. However, ethane selectivity increases significantly as 

propane conversion increases and is independent of Z/PA ratio (Figure 23d). The selectivities of 

BTX and ethane as a function of propane conversion and Z/PA ratio are consistent with the results 

in our prior study of propane conversion on PtZn/SiO2+ZSM-5 bifunctional catalyst at 550℃,67 

implying the ethane selectivity is dependent on reaction temperature and determined by 

thermodynamics equilibrium of ethane/ethene, while the relative rates on the individual catalyst 
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function have a minor effect on controlling ethane selectivity once ethene and hydrogen are present 

in the product mixture.  

 

 

  

 

Figure 23. The effect of Z/PA ratio on the (a) propane conversion rate, (b) ethane selectivity, (c) butanes selectivity 

and (d) BTX selectivity on PtZn/SiO2+ZSM-5 catalyst 

Reaction conditions: temperature, 400℃; pressure, 101 kPa; HWSV, 0.72-60 h-1 
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4.4 Discussions 

4.4.1 Temperature Dependence of the Propane Dehydroaromatization Pathway 

Based on the product selectivity investigated at different temperatures, the dominant propane 

conversion pathways at high (550℃), mid (400-450℃) and low (350℃) temperatures on the 

PtZn/SiO2+ZSM-5 (Z/PA=1) bifunctional catalysts have been proposed in Figure 24. At all 

temperatures, the methane selectivity is low (<5%), suggesting that propane is primarily 

dehydrogenated to propene by the PtZn alloy on the bifunctional catalyst (Figure 19a). At 550℃, 

generated propene oligomerize and cyclize over ZSM-5 to make higher molecular weight 

olefins/cyclo-olefins, which are dehydrogenated to BTX on the PtZn sites (Figure 24a), as 

previously proposed.67  

 

At mid temperatures (400-450℃), propene selectivity is lower and the selectivities to ethane, 

butanes, C5
+ hydrocarbons and BTX are higher than those at 550℃ (Figure 19), suggesting that 

secondary conversion of propene is fast at low propane conversions. Rapid increase in butanes 

selectivity indicate that propane is firstly dehydrogenated to propene, which rapidly oligomerizes 

to C6
+ hydrocarbons on ZSM-5. C6

+ hydrocarbons partially crack to butenes, which are 

subsequently saturated to butanes likely by PtZn alloy hydrogenation, while some C6
+ 

hydrocarbons are converted into primarily toluene and C8
+ aromatics. The results suggest that C2-

C5 olefins are hydrogenated to alkanes, while C6
+ olefins are dehydrogenated to aromatics (Figure 

24b). At mid temperatures, the pathways of intermediate olefins on the 

dehydrogenation/hydrogenation catalyst are different because the thermodynamic equilibrium 

favors alkanes compared to higher temperatures. For example, cyclohexene dehydrogenation has 

near 100% conversion at 340 ℃  while butanes has less than 5% conversion at the same 

temperature.70,71 At mid temperatures, higher molecular weight olefins and cyclic hydrocarbons 

have high equilibrium to dehydrogenated products, e.g., aromatics, while lower molecular weight 

alkanes are more stable than olefins. As a result, the ethane selectivity significantly increases at 

high propane conversions. Due to low equilibrium of ethane to ethene at 400-450℃, ethane results 

from immediate saturation of ethene, which is formed by cracking of higher molecular weight 

hydrocarbons on the ZSM-5 catalyst. Ethane dehydrogenation rate and equilibrium is low and, 

thus, will not be further converted to BTX. Consequently, the ethane formation at higher propane 
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conversion limits the aromatic selectivity and becomes the major yield loss reaction on the 

PtZn/SiO2+ZSM-5 at 400-450℃. In addition, the propane conversion rate decreases at higher 

propane conversions likely because butanes compete for dehydrogenation sites with propane due 

to their higher reactivity (Figure 19d and 22a).  

 

At 350℃, the propane conversion is driven by significantly higher secondary propene conversion 

rates on ZSM-5. For example, the propane/propene equilibrium at 350℃ is low and, thus, the 

propane conversion is <5% in the absence of secondary reaction of propene conversion to other 

products. This result is consistent with the lowest propene selectivity among all temperatures at 

low propane conversions (Figure 19c). However, the BTX selectivity is also lower due to cracking 

and hydrogenation of intermediate olefins to ethane and butanes (Figure 19d and 19g). 

Consequently, the dominant pathway at low temperature is propane dehydrogenation, propene 

oligomerization-cracking and olefins hydrogenation to produce ethane and butane. Butane does 

react on the bifunctional catalysts at higher propane conversions.       

 

The BTX selectivity is highest at low propane conversions (5-10%) at mid temperatures (400-

450℃) because of relatively higher oligomerization rates than cracking rates on ZSM-5 and 

moderately high dehydrogenation rates on PtZn sites (Figure 24b). In addition, low benzene 

percentage is also associated with higher amounts of C4
+ hydrocarbons in the mixture due to the 

balance of oligomerization and dehydrogenation rates. At high temperature, i.e., 550℃ , the 

Z/PA=1 bifunctional catalyst has high dehydrogenation rates and relatively low monomolecular 

cracking rates, leading to low methane selectivity. However, olefin cracking rates are also high, 

leading to lower concentration of higher molecular weight olefins for aromatics formation (Figure 

24a). At low temperature, i.e., 350℃, PtZn hydrogenation competes with ZSM-5 oligomerization 

by saturating intermediate C2-C5 olefins. Rapid increase in the selectivity to ethane and butanes 

and low increase in the BTX selectivity indicate that olefin hydrogenation is more favored than 

BTX formation (Figure 19b, 19d and 19g). While butanes can be eventaully converted to higher 

molecular weight hydrocarbons, ethane formation becomes the yield loss reaction on the Z/PA=1 

catalyst particular at low and mid temperatures (Figure 24c). The results indicate that the liquid 

yield is mostly limited by methane formation at high temperature due to monomolecular cracking 
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but ethane formation at lower temperature due to olefin cracking and ethene hydrogenation on the 

PtZn/SiO2+ZSM-5 bifunctional catalysts.  

 

(a) High T (550℃) 

 

(b) Mild T (400-450℃) 

 

(c) Low T (350℃) 

 

 

Figure 24. proposed reaction pathways of propane conversion over PtZn/SiO2+ZSM-5 (Z/PA=1) catalyst at (a) 

T=550℃, (b) T=400-450℃, (c) T=350℃ 

4.4.2 Strategies for Propane to Liquid Hydrocarbons Based on Reaction Temperature 

The effects of catalytic function and reaction temperature have been investigated to identify 

optimal strategies for propane conversion to valuable liquid products, i.e., aromatics and gasoline-

blending hydrocarbons. At high temperature (550℃), methane formation by ZSM-5 

monomolecular cracking is the major contributor to low BTX yield on Ga/ZSM-5 catalysts.46 As 

a result, a selective dehydrogenation catalyst with much higher propane conversion rates than 

ZSM-5, i.e., PtZn alloy, and low loadings of ZSM-5 are both critical to minimize monomolecular 
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cracking. Excessively high ratio, i.e., Z/PA= 50, leads to increasing methane selectivity, while 

lower ratio, i.e., Z/PA=1, limits the conversion rates of higher molecular weight intermediates to 

BTX.  

 

At low temperature (350℃), propane dehydroaromatization on the Ga/ZSM-5 has not been 

possible due to low rates on both Ga and ZSM-5. However, ~25% propane conversion at 350℃ is 

achieved with the combination of highly active PtZn alloy and ZSM-5. There are multiple 

advantages of converting propane at low temperature. Firstly, monomolecular cracking is 

insignificant, indicating high loadings of PtZn alloy are unnecessary. Secondly, the single-pass 

product mixture is abundant in gasoline-range molecules because olefin oligomerization is favored 

over cracking. Furthermore, benzene percentage is much lower in the BTX distribution, which 

makes the product mixture more favorable for gasoline blending. However, considering low rates 

and conversions at 350℃, mid temperature (400-450℃) is more practical for production of 

gasoline-blending components.  

 

 

Figure 25. product distribution of propane conversion on the PtZn/SiO2+ZSM-5 (Z/PA=1) bifunctional catalyst at 

400℃ and 550℃ 

 

Optimal strategies to develop catalytic processes for propane to valuable liquid hydrocarbons can 

vary based on reaction temperatures. Since the Z/PA=1 bifunctional catalyst has <5% methane 

selectivity at all temperatures, the distributions of C3
+ hydrocarbons as a function of propane 

conversion on this catalyst are determined at 400℃ and 550℃ in Figure 25. The C3
+ hydrocarbons 
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selectivity is the sum of propene, butanes, butenes, C5
+ and BTX. At 400℃, it is possible to make 

gasoline-blending hydrocarbons due to high selectivity to C4
+ hydrocarbon mixture. The optimal 

operation range is 15-25% propane conversion, where the C3
+ selectivity is 80-90%, consisting of 

C4 (~40%), toluene and xylenes (~20%) and C5
+ (~10%). With higher propane conversion (25-

35%), the increase in BTX selectivity is low and the total C3
+ selectivity decreases to 65-75%, 

which is less favored due to unreactive ethane formation. At 550℃, it is practical to convert 

propane to aromatic chemicals. The C3
+ selectivity is 80-85% in the propane conversion range of 

30-45% and consists of propene (35-60%), benzenes (~30%), toluene and xylenes (15-35%), 

which is the optimal conversion range for the BTX production. By recycling propene from the 

product mixture back to the reactor or reacting propene with ZSM-5 in a second reactor, >80% 

BTX yields are possible at 550℃. Higher propane conversion (>45%), however, gives significant 

amounts of ethane formation, which will limit the overall BTX yield. At all temperatures, while 

methane formation is minimized on the PtZn/SiO2+ZSM-5 catalyst, ethane formation becomes the 

major yield-loss reaction especially at lower temperatures.  

4.5 Conclusion  

The temperature dependence of propane dehydroaromatization pathways on the PtZn/SiO2+ZSM-

5 (Z/PA=1) catalyst is determined from 350-550℃, and optimal strategies for catalysts and 

processes development based on reaction temperatures are discussed. At high temperature (550℃), 

low Z/PA ratio is necessary to give low methane selectivity (<5%) and leads to propene and BTX. 

As the temperature decreases to 400-450℃, a high selectivity to C4
+ hydrocarbons is attributed to 

relatively higher oligomerization rates with lower cracking rates as well as moderately high PtZn 

dehydrogenation rates. However, due to low equilibrium concentration of low molecular weight 

olefins, ethane is formed by hydrogenation of ethene produced by cracking of higher olefins. As a 

result, ethene formation limits the aromatics yield at high propane conversions. At 350℃ propane 

can be converted up to 25% by dehydrogenation on PtZn/SiO2 and the synergetic effect between 

PtZn/SiO2 and ZSM-5. However, the conversion rates are likely too low for a practical process. In 

addition, propane is primarily converted to butanes and ethane by the tandem reactions of propane 

dehydrogenation, propene oligomerization-cracking and olefin hydrogenation. Thus, the products 

are less desirable for gasoline blending.  
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The practical implication of this work is to offer insights on catalyst composition formulation and 

processes development for propane to valuable liquid hydrocarbons by developing molecular-level 

understandings of reaction pathways at different temperatures. For example, at 550℃, higher than 

80% BTX yield is achievable by recycling propene and other reactive intermediates in the range 

of 30-45% propane conversion per pass with Z/PA=1. At 400℃, there is potential to produce 

gasoline-blending hydrocarbons at 15-25% propane conversion per pass with Z/PA=0.1-1.  
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 FUTURE WORK: ETHANE CONVERSION ON PTZN/SIO2+ZSM-5 

CATALYSTS IN A SINGLE STEP  

5.1 Introduction  

Zeolite catalysts with different metal promoters, e.g., Zn, Ga and Pt, have been reported for ethane 

conversion at high temperatures (>600℃). However, the BTX yields are low due to the methane 

formation. It remains unclear how methane is formed for ethane conversion since the proposed 

ethane dehydroaromatization pathways are mostly identical regardless of the type of metal 

promoters. In addition, the proposed dehydroaromatization pathways of ethane and propane are 

similar in the prior work despite of the differences between ethane and propane. The differences 

of the yield-loss reaction and the dehydroaromatization pathways between ethane and propane has 

never been systematically investigated and discussed in the literature. Based on these 

understandings, the strategies for converting ethane and propane to valuable liquid hydrocarbons 

are likely different.  

5.2  Objective 

The objective of chapter five is to convert ethane to high yields of higher molecular weight 

hydrocarbons utilizing the PtZn/SiO2+ZSM-5 bifunctional catalysts. In chapter three and four, the 

PtZn/SiO2+ZSM-5 bifunctional catalysts have shown high propane rates, low methane selectivity 

and high BTX selectivity. Due to high dehydrogenation rates, ethane can also be dehydrogenated 

on PtZn/SiO2, while ethene can be further converted to higher molecular weight hydrocarbons on 

ZSM-5. The effect of ZSM-5 to PtZn/SiO2 ratio (Z/PA) and temperature will be studied on the 

bifunctional catalysts for ethane conversion and further compared to those of propane to offer 

insights on their differences in the light gas formation and dehydroaromatization pathway and the 

catalytic process development strategy for converting ethane and propane.   
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5.3 Preliminary Results and Discussions 

5.3.1 The Effect of Z/PA Ratio on Product Selectivity 

Ethane dehydrogenation is firstly evaluated on PtZn/SiO2 catalyst at 600°C and >99% ethene 

selectivity indicates that ethane dehydrogenation is highly selective even in presence of hydrogen 

(Figure 26).  

 

 

Figure 26. ethene selectivity as a function of ethane conversion on PtZn/SiO2 

Reaction conditions: temperature, 600°C; pressure, 101kPa; concentration, 5% C2H6 

 

 

Figure 27. (a) product selectivity and (b) BTX distribution as a function of ethane conversion on PtZn/SiO2+ZSM-5 

(Z/PA=2) catalyst (c) product selectivity and (d) BTX distribution as a function of Z/PA ratio at 28% ethane 

conversion on PtZn/SiO2+ZSM-5 catalysts 

Reaction conditions: temperature, 600°C; pressure, 101kPa; concentration, 100% C2H6 
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With a highly active and selective PtZn/SiO2 catalyst, PtZn/SiO2+ZSM-5 catalyst was prepared by 

physical mixing of ZSM-5 and PtZn/SiO2 with different weight ratio (Z/PA). The product 

selectivity on PtZn/SiO2+ZSM-5 catalyst with Z/PA=2 using pure ethane at 600°C is investigated 

to further understand the ethane dehydroaromatization pathways (Figure 27a). The methane 

selectivity is 1% at 25% ethane conversion, suggesting that ethane monomolecular cracking is not 

occurring and therefore ethane is dominantly dehydrogenated to ethene on PtZn/SiO2. As ethane 

increases to 48%, the methane selectivity is 16%. These results imply that methane is a secondary 

product for ethane conversion, in contrast to a primary product for propane conversion (Figure 

12a). As ethane conversion increases from 25% to 48%, the ethene selectivity decreases from 76% 

to 18%, indicating ethene undergoes secondary reactions to produce higher molecular weight 

hydrocarbons, i.e., C3
+ and BTX, on ZSM-5. This is consistent with that the C3

+ selectivity goes 

through a maximum of 15% at 33% ethane conversion and the BTX selectivity is high (56%) at 

48% ethane conversion, suggesting C3
+ hydrocarbons are intermediates from ethene and 

eventually converted to BTX at higher ethane conversions.  

 

To understand the individual contribution of two catalytic components to ethane 

dehydroaromatization, the effect of Z/PA ratio is also investigated at the same ethane conversion 

(28%). Figure 27b shows that the methane selectivity slightly increases from <2% to 6% as the 

Z/PA ratio increases from 0.2 to 20, indicating that Z/PA ratio has a minor impact on the methane 

selectivity for ethane conversion. The ethene selectivity decreases from 79% to 39%, while the 

BTX selectivity increases from 8% to 40% as the Z/PA ratio increases by 100 times, implying that 

ethene is converted to BTX more rapidly due to higher ZSM-5 loadings.  

5.3.2 The Temperature Effect on Product Selectivity 

Since PtZn/SiO2+ZSM-5 (Z/PA=2) bifunctional catalyst has low methane selectivity (<5%) while 

moderately high BTX selectivity (28%), the temperature effect on the product distribution for 

ethane conversion is further studied on this catalyst at 500-600°C (Figure 28).  
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Figure 28. selectivities of (a) methane, (b) ethene, (c) propane, (d) BTX as a function of ethane conversion on 

PtZn/SiO2+ZSM-5 (Z/PA=2) bifunctional catalyst 

Reaction conditions: PC2H6=1.01bar, WHSV=3-110 h-1 

 

At 600°C and 550°C, the methane selectivity is <5% and 17%, respectively, at 30% ethane 

conversion (Figure 28a). With further decrease in temperature to 500°C, the methane selectivity is 

high (16%) at lower ethane conversion (20%), suggesting that the methane selectivity increases 

more rapidly as temperature decreases. The ethene selectivity decreases more rapidly as 

temperature decreases, implying the secondary reactions of ethene to higher molecular weight 

hydrocarbons is faster at lower temperatures (Figure 28b). This result is consistent with increasing 

propane selectivity as temperature decreases (Figure 28c), indicative of fast tandem reaction of 

ethane dehydrogenation, ethene oligomerization-cracking and propene hydrogenation at 500°C. 
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Figure 28d also shows that BTX selectivity is 50% at 550°C, while it is 28% at 600°C at the same 

ethane conversion (30%). This result indicates that lower temperature is conductive to BTX 

formation because olefin oligomerization is more favored and dehydrogenation rate is moderately 

high. 

5.3.3 Hypotheses for Methane Formation Pathways for Ethane 

Although both ethane and propane undergo similar reaction pathways, i.e., dehydrogenation, 

oligomerization-cracking, isomerization, cyclization, and aromatization to produce higher 

molecular weight olefins and BTX on bifunctional catalysts, there are two major differences 

concerning the catalytic behavior between two alkanes. Firstly, ethane monomolecular cracking is 

not possible since there are no stable C1 monomolecular cracking products. Secondly, ethane has 

much lower rate and equilibrium compared to propane. As a result, the reaction pathways of ethane 

and propane are slightly different.  

 

It was shown that methane formation from propane monomolecular cracking can be significantly 

minimized to <5% by increasing dehydrogenation rates with PtZn alloy and lowering the rates on 

ZSM-5 (Figure 12a). However, the Z/PA ratio has no apparently positive effect on minimizing 

methane for ethane at 600℃ (Figure 27b). At 500℃, methane selectivity is still high even with 

low Z/PA ratio. In addition, the methane selectivity as a function of the conversion is different for 

ethane and propane. The methane selectivity is low at all propane conversions and all temperatures 

(350-550°C) on the Z/PA=1 catalyst. In contrast with propane, the methane selectivity increases 

more rapidly with the ethane conversion as temperature decreases. Lower temperature results to 

higher methane selectivity at the same ethane conversion. These results imply that methane 

formation pathways for ethane and propane are different, and methane is not primarily formed by 

monomolecular cracking of either ethane or propane for ethane conversion. 

 

Nevertheless, there exists a similar trend regarding the dehydroaromatization pathways of ethane 

and propane with reaction temperature. As reaction temperature decreases, the BTX selectivity 

both increases for ethane and propane likely because oligomerization is more favored and 

dehydrogenation rate is moderately high (Figure 12e and 28d). For the conversion of propane, the 

ethane selectivity increases significantly with BTX at the same conversion, suggesting ethene 
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formed from higher molecular weight olefins consumes hydrogen by hydrogenation, which 

enables propane dehydrogenation to proceed without being limited by the thermodynamic 

equilibrium of propane, propene, and hydrogen. For the conversion of ethane, the methane 

selectivity increases as the BTX selectivity increases at all temperatures (500-600°C) in the similar 

way of ethane formation for propane (Figure 28a and 28d). This implies that methane formation 

from ethane is related to hydrogen formed along with BTX. Hydrogen co-produced at high ethane 

conversions saturates C3
+ olefins to make C3

+ paraffins (Figure 28c). However, C3
+ hydrocarbons 

have higher rates and higher equilibrium than C2 hydrocarbons. At high ethane conversion, the 

equilibriums of C2
+ paraffin/olefin are established, and eventually excessive hydrogen can’t be 

consumed by hydrogenation of C2
+ olefins. As a result, it is postulated that hydrogen likely 

undergoes irreversible reactions, i.e., alkane hydrogenolysis, to make methane at ethane 

conversions beyond the equilibrium. 

5.4 Conclusions and Future Work 

Since ethane monomolecular cracking is not possible and ethane has low rates and equilibrium, 

the dehydroaromatization pathways of ethane and propane are slightly different. The effect of 

space velocity, Z/PA ratio and temperature on product selectivity of ethane and propane were 

compared and discussed on the PtZn/SiO2+ZSM-5 bifunctional catalysts to understand the 

differences in the light gas formation pathways. For propane, methane formed by propane 

monolecular cracking is the dominant yield-loss reaction at high temperature, while ethane formed 

by olefin cracking and ethene hydrogenation limits the liquid yields at lower temperatures. For 

ethane, methane is likely not formed by ZSM-5 monomolecular cracking but is related to hydrogen 

formed with BTX. One of the future works will focus on understanding the methane formation 

pathway for ethane conversion. It is postulated that methane formation is likely correlated to the 

hydrogen in the reaction mixture. Consequently, the effect of hydrogen concentration on methane 

formation will be investigating by cofeeding hydrogen with varied ethane to hydrogen ratio. In 

addition, the change of product distribution with the conversion of ethane and propane is also 

different. As a result, the revolution of product distribution will be also investigated by varying 

ethane to propane ratio in the feed (C2/C3). 
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Regarding catalytic process development, it was shown in chapter four that propane can be 

converted to high yields of either gasoline-blending hydrocarbons or BTX aromatics based on 

reaction temperature. However, lower temperature leads to more methane for ethane conversion 

in a single step, implying the strategy for ethane is different from propane. The future work will 

also focus on identifying the optimal catalysts, reactor configurations and process conditions. 

Figure 29 shows that two potential ways to configurate catalyst in the reactors. A dual layer bed 

contains the ZSM-5 downstream to the PtZn/SiO2+ZSM-5 bifunctional catalyst is shown in Figure 

29a. By adjusting the space velocity in each layer, an improved liquid yield for ethane is achievable. 

For example, ethane is firstly converted to ethene, C3
+ and BTX with <5% methane at 25-33% 

conversion on the PtZn/SiO2+ZSM-5 bifunctional catalyst in the first layer, while the remaining 

ethene and C3
+ are further aromatized to BTX on ZSM-5 in the second layer. A two-bed 

configuration is also shown in Figure 29b, where ethane is firstly dehydrogenated to ethene, which 

is subsequently converted into BTX at lower temperature (200-400°C). Compared to the dual layer 

configuration in Figure 29a, the two-bed configuration requires higher temperature (650-700°C) 

to obtain high ethane conversion in the first bed due to the lack of synergetic effect of the 

bifunctional catalyst system. However, there is higher flexibility for controlling the product 

distribution to make higher molecular olefins or BTX and higher tolerance to hydrogen 

concentration in the reaction mixture. Although PtZn/SiO2 is one of the most selective catalysts 

for alkane dehydrogenation, its deactivation is significant at higher than 600°C. As a result, Pt-

Mn/SiO2 is a better option for the dehydrogenation catalyst in the two-bed system due to higher 

thermal stability and high ethene selectivity (>95%) at 650°C and 700°C.   

 

The chapter five shows that the methane selectivity is lower at 600°C than 500°C at the constant 

ethane conversion, implying that higher temperature than 600°C is preferred for ethane conversion 

to higher yields of liquid hydrocarbons. Since PtZn/SiO2 deactivates rapidly at higher than 600℃, 

an alternative dehydrogenation catalyst with high ethene selectivity and high stability at higher 

temperatures is preferred. For example, the PtMn/SiO2 alloy catalyst has been reported to show 

high ethane selectivity (>98%) and high stability even at 700℃ for ethane dehydrogenation in 

prior work. Nevertheless, high temperature, e.g., 700℃, is not favored for olefin oligomerization. 

Unlike propane, ethane dehydroaromatization is likely more practical in a two-step process, where 

ethane is dehydrogenated to ethene at higher than 600℃ to obtain high ethene yields in one reactor 

(a) 
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and then reacts ethene with ZSM-5 in a second reactor at lower temperatures, i.e., 200-400℃, to 

produce higher molecular weight hydrocarbons (Figure 29b).   

 

          

Figure 29 catalyst configuration in the reactors (a) single step, two-bed, (b) two-step 

 

  

(b) 
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 SUMMARY 

The yield loss reaction on Ga/MFI catalysts has been identified due to the imbalance of the propane 

dehydrogenation and olefins rates between two catalytic functions. Accordingly, an improved 

bifunctional catalyst composition has been proposed. By utilizing the PtZn alloy and lowering the 

ZSM-5 loadings to increase dehydrogenation rates and decrease propane monomolecular cracking 

rates while maintain moderate olefin conversion rates, two distinct differences in the product 

distribution are observed for propane conversion: (1) less than 5% selectivity to methane (2) higher 

rate and selectivity to aromatics. These results suggest that methane formation was minimized 

because the monomolecular cracking pathway is suppressed and aromatics are formed at a higher 

rate through the metal pathway over the PtZn alloy instead of acid pathway over ZSM-5. 

 

The temperature dependence of propane conversion shows that low temperature (350℃) propane 

conversion is feasible over PtZn/SiO2+ZSM-5 catalysts because secondary olefins are converted. 

In addition, higher selectivity to C4
+ hydrocarbons is reported at mid temperature (400-450℃), 

which makes perfect gasoline-blending products. It is unprecedented that propane can be converted 

lower temperature and makes paraffin and aromatics as major products with little light gases 

formation. Light olefins hydrogenation on PtZn alloy is particularly influential in the product 

distribution at lower temperature.  

 

Eventually, although ethane appears as the dominant byproduct for propane particularly at lower 

temperature, PtZn/SiO2+ZSM-5 catalysts can convert ethane into approximate 60% BTX 

selectivity at 50% ethane conversion. The differences in the methane formation pathway between 

ethane and propane has been proposed, which implies different catalytic processes development 

strategies for ethane and propane conversion. In summary, PtZn/SiO2+ZSM-5 catalysts 

successfully overcame two major limitations in the Cyclar process, improving the product yield 

and reaction of ethane, and can even convert propane at low temperature. 
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APPENDIX A. SUPPORTING INFORMATION 

 

 

Figure S1. Propane conversion as a function of time on steam (TOS) on PtZn/SiO2+ZSM-5 catalyst 

*Reaction conditions: temperature, 550℃, pressure, 101 kPa, propane concentration, 99.9%, flow rate, 67ccm  
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Figure S2. BTX distribution as a function of propane conversion at (a) 350℃, (b) 400℃, (c) 450℃ and (d) 500℃ at 

PC3H8=101 kPa on the PtZn/SiO2+ZSM-5 (Z/PA=1) catalyst 
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Table S1. Product selectivity of propene conversion on ZSM-5  

Catalyst ZSM-5  

Conversion (%) 19.4 32.0 73.6 

Selectivity (%) 

Methane  0.4 0.5 3.1 

Ethane  0.2 0.4 1.0 

Ethene  37.7 44.7 43.0 

Propene 5.1 5.3 7.2 

Butanes 0.9 1.3 2.4 

Butenes 40.8 32.7 8.8 

C5
+ paraffins and olefins 8.9 6.9 1.5 

Benzene 1.3 1.9 12.1 

Toluene 3.1 4.2 15.3 

C8
+ aromatics 1.7 2.2 5.7 

 

 

Table S2. Product selectivity of cyclohexene conversion on ZSM-5, PtZn/SiO2 and Ga/Al2O3 

 ZSM-5 PtZn/SiO2 Ga/Al2O3 

Conversion (%) 40.3 86.8 37.1 62.1 37.8 64.4 

Selectivity (%) 

Methane 0.1 0.3 trace trace 0.2 0.4 

Ethane trace trace trace trace trace trace 

Ethene 1.7 3.5 1.8 1.0 2.0 0.8 

Propane trace trace trace trace trace trace 

Propene 0.4 4.3 0.2 trace 0.3 0.2 

Butanes trace trace trace trace trace trace 

Butenes 3.2 4.6 3.3 1.8 3.8 1.4 

C5
+ paraffins and olefins 94.3 85.6 6.7 2.8 69.0 52.0 

Benzene 0.2 1.7 89.0 95.4 24.7 45.2 

*trace indicates less than 0.05%  
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