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Chapter 1 

 

 

 

General Introduction:  

Catalytic Dehydrogenation of Light Alkanes 
 

 

 

 

 

 

 
 
 
 
 
An introduction on the catalytic dehydrogenation of light alkanes, more specifically 

propane, will be given. The relevance of this reaction, as well as the current industrial 

processes will be discussed. Emphasis is put on critically assessing the catalytic 

performance of Pt, CrOx and GaOx catalyst formulations, which have been extensively 

studied in literature. The Chapter ends with an outline of the research performed in 

this PhD Thesis. 

 

 

 

This Chapter is based on a shortened version of the manuscript: J.J.H.B. Sattler, J. Ruiz-Martinez, E. 

Santillan-Jimenez, B.M. Weckhuysen, Catalytic Dehydrogenation of Light Alkanes on Metals and 

Metal Oxides, Chem. Rev. (2014) DOI: 10.1021/cr50002436 
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1.1  Setting the Scene 

 

Catalysts are materials able to increase the rate of a chemical reaction, without being 

consumed in the process. They are used in the production process of virtually every 

product, from plastics and electronics to drugs and food. Probably the most well-

known example are the catalytic converters used in cars to convert environmentally 

harmful gasses, such as CO and NOx, to harmless compounds. Another area where 

catalysis is very important is the petrochemical industry. Large amounts of catalysts 

are used for converting the large hydrocarbons of crude oil into smaller, more 

valuable molecules, such as gasoline and light olefins. Light olefins, such as ethylene 

or propylene, are of high importance to the chemical industry, as these compounds are 

extensively used as building blocks. For example, they are used to produce polymers 

(e.g., polyethylene and polypropylene), oxides (e.g., ethylene glycol, acetaldehyde, 

acetone and epoxypropylene) and important chemical intermediates (e.g., 

ethylbenzene and propionaldehyde).1–4 The demand of these building blocks has 

increased steadily over the last years.5 In Figure 1.1, the uses as well as the recent and 

(predicted) future growth of the olefin supply and demand are shown. Fluid catalytic 

cracking (FCC) and steam cracking of naphtha, light diesel and other oil products are 

the most common methods for obtaining these light olefins, accounting for 97% of the 

propylene production in 2007.6,7  

 

Figure 1.1. Consumption of ethylene, propylene and butylenes in 2004, 2010 and 

2016 (predicted). In addition, the products made by these olefins are shown in the 

graph to the right.7 

A number of factors including the high-energy demands of these processes, their low 

selectivity towards the production of particular olefins, dwindling petroleum reserves, 
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and rising oil prices are the driving force to search for a more economical feedstock 

and more efficient conversion technologies. In recent years, hydraulic fracturing or 

“fracking” technologies have improved to the point where large volumes of shale gas 

can be extracted in a cost-effective manner. In fact, the United States already obtains 

one-quarter of their natural gas production from shale gas deposits and this is 

expected to increase in the coming years due to the emphasis that is being given to the 

attainment of energy independence.8,9 This increased supply of natural gas has 

resulted in a drop of gas costs of about 75% relative to 2005 prices, making natural 

gas very attractive both as an energy source and as feedstock for the production of 

transportation fuels or chemicals. This includes light olefins, which can be obtained 

by first converting natural gas into synthesis gas and by subsequently converting the 

latter either directly through the Fischer-Tropsch-to-Olefins (FTO) process or 

indirectly through the Methanol-To-Olefins (MTO) route with an intermediate 

methanol synthesis step.  

 

Table 1.1. Gas composition of 6 different shale gas deposits in the United States. 

Larger hydrocarbons, hydrogen and oxygen are present in trace amounts and are not 

given.10 

Shale deposit Methane 
(%) 

Ethane 
(%) 

Propane 
(%) 

Carbon 
oxides (%) 

Nitrogen 
(%) 

Barnett Shale (avg. of 4 
wells) 

86.8 6.7 2.0  1.7 2.9 

Marcellus Shale (avg. 4 
wells) 

85.2 11.3 2.9 0.4 0.3 

Fayetteville Shale (1 well) 97.3 1.0 0.0 1.0 0.7 

New Albany Shale (avg. 4 
wells, N2 not reported) 

89.9 1.1 1.1 7.9 - 

Antrim Shale (avg. 4 
wells) 

62.0 4.2 1.1 3.8 29.0 

Haynesville Shale (1 well) 95.0 0.1 0 4.8 0.1 

 

As is shown in Table 1.1, in addition to methane, shale gas deposits contain 

considerable amounts of natural gas liquids (NGL), such as ethane, propane and larger 

hydrocarbons, which are easily separated from the main component methane.11  
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The relative high price for naphtha and other oil based feedstocks as compared to 

natural gas liquids, such as ethane, has caused a shift in the production of light olefins 

in the United States, with ethane crackers being constructed and naphtha crackers 

being either dismantled or converted. Given that, relative to naphtha cracking, the 

steam cracking of ethane produces a negligible amount of olefins other than ethylene, 

the supply of propylene has dropped and its price has risen sharply, creating 

opportunities for on-purpose catalytic technologies, such the catalytic 

dehydrogenation of light paraffins into the corresponding olefins.12 Indeed, the 

profitability of propane dehydrogenation is determined to a large extent by the price 

difference between propane and propylene, which is large at the current market 

conditions. An additional advantage of dehydrogenation technologies is that 

dehydrogenation is an on-purpose technique, which yields exclusively a particular 

olefin instead of a mixture of products. In fact, the industrial dehydrogenation 

processes are currently optimized in such a way, that they can produce olefins of 

polymer-quality purity. As of this writing, ca. 5 million tons of propylene are 

produced annually by propane dehydrogenation (PDH).13,14 However, this number is 

expected to increase significantly in the upcoming years as dozens of new PDH 

installations have been announced worldwide, with many of these installations already 

being under construction.15–18 Notably, there is a similarly advantageous market 

situation for the dehydrogenation of butanes, although the impact of this compound on 

the chemical industry as a whole is less significant than for example ethylene and 

propylene. 

 

 

1.2  Commercial Alkane Dehydrogenation Processes 

 

To date, five industrial processes for the dehydrogenation of light alkanes have been 

patented, two of which are currently in use.19–22 As of April 2012, 5 million tons of 

propylene were being produced by the 14 propane dehydrogenation plants around the 

globe.13,14 The global demand of propylene was 103 million tons that year and is 

expected to increase by 4-5% on a yearly basis.23,24 Literally dozens of new 

dehydrogenation installations have been planned or are already under construction, 

amounting to an additional 14 million tons of propylene to be produced annually by 
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2018.13,14,25 Additionally, six isobutane dehydrogenation installations are currently in 

operation, with three other plants planned.24 The majority of these new facilities will 

be built in China or the United States and will use either the Catofin® (Lummus) or 

Oleflex™ (UOP) technologies. A compilation of all existing and planned propane 

dehydrogenation installations is shown in Figure 1.2. Furthermore, in Table 1.2, a 

comparison is made between the Catofin® and Oleflex™ processes. The STAR 

(UHDE) process will be applied for the first time in two installations in the Middle 

 

Figure 1.2. An overview of propane dehydrogenation installations currently in 

operation (filled squares) and installations that have been announced and are expected 

to start up before 2018 (unfilled squares). The number shows the maximum 

production of each plant (×1,000 tons per year). The locations of the facilities are 

approximations.13,14,25,26 For some of the newly announced PDH installations (unfilled 

black squares), the industrial process to be used remains to be announced.  
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East that are currently under construction. The other two processes, fluidized bed 

dehydrogenation (FBD) process (Snamprogetti and Yarsintez) and Linde-BASF PDH, 

have not yet been commercially applied. 

 
 

1.2.1 Catofin® Process 

The Catofin® process, by CB&I Lummus, is based on the Houdry Catadiene® 

process, which originally was exclusively used for the dehydrogenation of isobutane 

to isobutylene. In turn, isobutylene was employed for the production of methyl 

tertiary butyl ether (MTBE), a fuel additive used to raise the octane number of 

gasoline. For environmental reasons the use of MTBE has decreased in recent years, 

causing a shift in the use of Catofin® installations to alternative purposes, such as 

propane dehydrogenation. A Catofin® installation generally consists of 5-8 parallel 

adiabatic fixed bed reactors containing a chromia-alumina catalyst. The reaction is run 

at temperatures of approximately 575 ºC and pressures between 0.2 and 0.5 bar.27 

Each reactor alternates between dehydrogenation, regeneration and purge steps, each 

lasting a few minutes (15-30 min being needed for one complete cycle). Each 

individual reactor is made to run continuously so there are always some reactors 

performing dehydrogenation reactions while other reactors are being regenerated or 

purged, which results in a constant flow of reaction products.28 A schematic of a  

 

Figure 1.3. Schematic representation of a Catofin® dehydrogenation unit. Eight 

parallel reactors alternate between dehydrogenation (DH), purge and regeneration 

(regen.). Olefins produced are separated from side products that are subsequently 

mixed with oxygen and combusted to heat the reactors during the regeneration step. 
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Catofin® dehydrogenation installation is shown in Figure 1.3. The duration of the 

dehydrogenation step depends on the heat content of the catalyst bed, which decreases 

rapidly due to the endothermic nature of the reaction. Part of the heat required for the 

reaction is introduced to the reactors by preheating the reaction feed, with additional 

heat being provided by adjacent reactors that are regenerating the coked catalysts. 

Moreover, fuel gas is added to the reactor during the regeneration step in order to 

generate supplementary heat,29 and inert material is added to the catalyst bed to 

increase its heat storage capacity.30 The catalyst remains in use for 2-3 years and the 

progressive loss in activity with time-on-stream is being counteracted by gradual 

increases in temperature in order to afford a constant dehydrogenation activity 

throughout the entire catalyst life span.31,32 

 

 

1.2.2 Oleflex™ Process 

The Oleflex™ process by UOP uses a very different reactor design comprising a 

series of fluidized bed reactors, a catalyst regeneration unit and a product recovery 

section. A schematic representation is shown in Figure 1.4.33 The reaction is run using 

a Pt-Sn-based catalyst at pressures between 1 and 3 bar and temperatures ranging 

from 525 to 705 ºC. Three or four adiabatic radial flow reactors containing the  

Figure 1.4. Schematic representation of an Oleflex™ dehydrogenation unit. A 

simplified version of the gas separation unit used to separate paraffins, cracking 

products and hydrogen from olefins is shown.  



12 

 

catalyst, are connected in series with preheaters in between. These preheaters heat the 

gas flow and represent the main source of heat in the reactor system. The catalyst 

flows through the system, the last reactor being connected to a continuous catalyst 

regeneration unit (CCR) that regenerates the catalyst by burning of any carbon 

deposits and re-dispersing the Pt on the support material by means of treating the 

catalyst with a chlorine-air mixture. The entire system is designed to operate 

continuously in order to obtain an uninterrupted stream of reaction products. The 

regenerated catalyst is then reintroduced to the first reactor, completing an entire cycle 

every 5 to 10 days. Product recovery is done by cooling, compressing and drying the 

reactor effluent, hydrogen being cryogenically separated from the hydrocarbons. The 

latter are led through a selective hydrogenation unit to remove di-olefins and 

acetylenes. Polymer-quality propylene is obtained after flowing the hydrocarbons 

through a de-ethanizer and a propane-propylene splitter. More detailed information on 

the Catofin® and Oleflex™ processes is presented in Table 1.2. 

 

Table 1.2. Specifics of the Catofin® and Oleflex™ commercial dehydrogenation 

processes.24,25,28,33–38 

 Catofin® Oleflex™ 

Catalyst 

formulation 

18-20 wt% CrOx on an alumina 

support, promoted by 1-2 wt% Na or 

K. 

<1 wt% Pt and 1-2 wt% Sn on an 

alumina support, promoted by 0-1 wt% 

Na or K. 

Process license 

holder 

CB&I Lummus UOP (Honeywell) 

Used for  Dehydrogenation of propane, 

isobutane and isopentanes.  

Dehydrogenation of propane and 

isobutane.  

Operating 

conditions 

575 ⁰C at 0.2-0.5 bar. 525-705 ⁰C at 1-3 bar. 

Reactor type Multiple parallel fixed bed reactors. A fluidized bed reactor consisting of 

three separate parts: several reactors in 

series, a product recovery section and 
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catalyst regeneration section.  

Main source of 

heat  

Heating of the catalyst material 

during regeneration by burning off 

coke and the addition of fuel gas. 

Preheating of the gas flow before each 

reactor. 

Reaction 

program 

Typically 12 min of dehydrogenation, 

3 min of purge, 12 min of 

regeneration and 3 min of purge.  

The separate parts of the reactor run 

continuously as the fluidized catalyst 

bed moves from one section to the 

next.  

Deactivation Twofold: deposition of coke due to 

side reactions, and thermal sintering 

of the alumina support leading to a 

loss of surface area. 

Twofold: deposition of coke and 

sintering of the Pt nanoparticles. In 

addition, catalyst particle attrition is an 

issue due to the fluidized bed. 

Regeneration Combustion of the coke deposits. Combustion of the coke deposits, 

additionally chlorine is added to assist 

with Pt re-dispersion.  

Catalyst 

lifetime 

1-2 years before the reactor is shut 

down and the catalyst is replaced. 

Catalyst lifetime is prolonged by 

increasing the temperature to 

maintain high propylene yield, at the 

cost of lower selectivity. 

1-3 years, new catalyst being 

continuously added to the reactor 

system and dusts formed due to 

catalyst attrition being continually 

removed.  

 

 

 

1.2.3 Other Patented Alkane Dehydrogenation Processes 

The Steam Active Reforming (STAR) process® developed by Uhde utilizes a very 

different reactor setup. The reaction is run at 6-9 bar and temperatures between 500-

600 ºC, steam being added to the feed to reduce paraffin partial pressure and coke 

formation. Since the catalyst has to be stable in the presence of steam, Pt-Sn 

supported on a (basic) zinc-aluminate is used with calcium/magnesium-aluminate as a 
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binder. Very little coke is deposited on the catalyst surface and thus, dehydrogenation 

cycles may be as long as 7 h before regeneration becomes necessary.  

A fixed bed reactor system, consisting of two separate reactors placed in a series, is 

used.39,40 The first is a top-fired tubular reformer-type reactor, which is externally 

heated by an oven. Most of the heat is provided at the top of the reactor, where the 

dehydrogenation activity is highest. The gas mixture exiting the first reactor is cooled 

prior to being introduced into the second so-called oxy-reactor, where an oxygen-

steam mixture is used to selectively combust part of the hydrogen formed, shifting the 

equilibrium towards higher olefin yields. In addition, the combustion of hydrogen 

provides the heat required for the additional conversion of propane. The olefins in the 

resulting gas mixture are separated from any residual hydrogen and other side 

products, which are combusted to heat the dehydrogenation reactor oven. A schematic 

representation of this reactor setup is shown in Figure 1.5. Currently, two 

dehydrogenation installations using the Uhde STAR process® are being constructed in 

Egypt and Iran.  

 

Figure 1.5. Schematic representation of a Steam Active Reforming (STAR) 

dehydrogenation unit. The system comprises two fixed bed reactors, one located in 

the oven and an oxy-reactor where hydrogen is combusted. A simplified version of 

the gas separation unit used to separate the olefins from paraffins, cracking products 

and residual hydrogen is shown.  

Figure 1.6 shows a schematic representation of the Fluidized Bed Dehydrogenation 

(FBD) process, licensed by Snamprogetti and Yarsintez, in which a fluid catalytic 
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cracking-like (FCC) reactor system is used for the dehydrogenation of propane. An 

alkane is flowed through a staged fluidized bed at pressures between 1.1 and 1.5 bar 

and temperatures between 550 and 600 ºC. A CrOx/Al2O3 catalyst, promoted with an 

alkali metal is used. The catalyst deactivates over time and is therefore continuously 

transported to a regenerator connected to the reactor to combust the carbon deposits. 

The heat required for the dehydrogenation reaction is provided by heating the catalyst 

material to temperatures above 700 ⁰C in the regenerator. A fuel gas is routinely 

added during regeneration as the combustion of the carbon deposits alone does not 

provide enough heat to achieve these temperatures. Upon its return to the reactor the 

catalyst cools again to temperatures below 560 ⁰C. Finally, a system comprising a jet 

scrubber and cyclones in the head of the reactor is used to remove any dust formed by 

catalyst attrition.30  

 

Figure 1.6. Schematic representation of the Fluidized Bed Dehydrogenation (FBD) 

reactor system. A simplified version of the gas separation section is shown.  

The Linde-BASF PDH process, of which a schematic representation is shown in 

Figure 1.7, uses a Pt-Sn catalyst supported on ZrO2 for dehydrogenating light 

paraffins isothermally at a temperature of 590 ºC. The process shows various 
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similarities with the STAR process®, as the reaction feed is diluted with steam and an 

externally heated fixed bed reactor is used. Three of these reactors operate in parallel, 

with two in dehydrogenation and one in regeneration mode, ensuring a continuous 

flow of reaction products. A mixture of air and steam is used to regenerate the catalyst 

and the reactor is purged before and after the regeneration step.39  

 

Figure 1.7. Schematic representation of the Linde-BASF PDH process. A simplified 

version of the gas separation section is shown.  

 

 

1.3 Thermodynamics of Alkane Dehydrogenation 

 

From the chemical perspective, dehydrogenation is a one-step reaction through which 

light paraffins can be converted into the corresponding olefins and hydrogen, as 

illustrated below for the dehydrogenation of propane: 

 

C3H8 ↔ C3H6 + H2  (ΔH���
�  = 124.3 kJ mol-1) 

 

However, the reaction is thermodynamically limited and highly endothermic, which 

according to Le Chatelier’s principle, implies that higher reaction temperature and/or 

lower paraffin partial pressure are needed to achieve high conversions. Indeed, 
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temperatures of 550-750 ⁰C are typically required in the dehydrogenation of C2-C4 

paraffins to obtain alkane conversions ≥ 50% at 1 bar, as is shown in Figure 1.8. 

Moreover, given that the enthalpy required to dehydrogenate alkanes decreases as the 

chain becomes longer (ΔH���
�  = 137 kJ mol-1 for ethane, 124.3 kJ mol-1 for propane 

and 117.6 kJ mol-1 for isobutane dehydrogenation), a considerably larger amount of 

energy is required to dehydrogenate light paraffins on a mass basis. The pressure 

dependence is also shown in Figure 1.8, lower pressures clearly resulting in higher 

olefin yields at a given temperature.  

 

Figure 1.8. Equilibrium conversion of C2-C4 paraffins to olefins as a function of 

temperature at 1 bar (left) and pressure dependence of the dehydrogenation of propane 

as a function of temperature (right).  

 

The C-H bonds of paraffins and olefins have considerably higher dissociation energies 

than their C-C bonds, meaning that catalysts that favor C-H over C-C bond cleavage 

are required in order to avoid side reactions. An additional complicating factor is that 

olefins are considerably more reactive than their paraffinic counterparts, which can 

further lead to unwanted side and secondary reactions. Three types of side reactions 

can occur, namely hydrogenolysis, cracking and isomerization. In hydrogenolysis, the 

addition of hydrogen into a C-C bond within a paraffin results in the formation of two 

smaller alkanes. Since hydrogen adatoms and/or CxHy adspecies are required for 

alkane hydrogenolysis to occur, this reaction is believed to be catalyzed by Pt 

sites.41,42 Cracking also results in the cleavage of a paraffin to form two smaller 

hydrocarbons, although in this instance no hydrogen is required. Thermal cracking 

hardly occurs at dehydrogenation reaction conditions, as it requires temperatures of 
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450-750 °C and pressures of 5-70 bar. This reaction proceeds via the formation of 

radical intermediates, which rearrange into an alkane and an alkene. Catalytic 

cracking is different as it requires a catalyst with Brønsted and/or Lewis acidity and 

proceeds via the formation of a carbocation intermediate, albeit it also results in the 

formation of an alkenes and an alkane.43–45 Isomerization is the rearrangement of 

atoms within a molecule. For example, during the dehydrogenation of isobutylene to 

isobutylene, the former may transform to 1- or 2-butylene, which may dehydrogenate 

further to 1-3-butadiene. The rearrangement can take place via a carbocation 

intermediate formed on a Brønsted acid site, or through an adsorbed species on the 

active phase of the catalyst.46–48 By increasing the temperature, the rates of both C-H 

and C-C cleavage reactions are increased, and therefore, temperature and pressure 

must be carefully controlled to achieve an optimal olefin yield. In short, the balance 

between dehydrogenation and these side reactions is very complex.  

Fortunately, dehydrogenation appears to be catalyzed by different active sites than the 

side reactions, which means high olefin yields can be obtained by careful catalyst 

design. For instance, cracking reactions are efficiently catalyzed by Brønsted acid 

sites, while large Pt ensembles also display activity for hydrogenolysis, cracking and 

isomerization reactions. Scheme 1.1 shows an overview of the reactions that may be 

catalyzed by Brønsted acid and Pt sites on a typical Pt-based dehydrogenation 

catalyst.27  

An additional problem is that the low pressures and high temperatures required to 

obtain high olefin yields are also optimal conditions for the formation of coke 

deposits. Consequently, the performance of dehydrogenation catalysts progressively 

deteriorates with time-on-stream, making it necessary to regenerate the catalysts 

frequently in order to preserve sufficient activity. This is particularly important when 

the process operates at high alkane conversions, due to the fact that polymerized 

olefins are believed to be coke precursors (see Scheme 1.1). Hence, during the 

selection of the operational conditions in any industrial dehydrogenation process, a 

compromise must be struck between olefin selectivity and paraffin conversion. 
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Scheme 1.1. Examples of the side reactions that may occur when 1-butylene is 

exposed to a Pt/Al2O3 catalyst: 1) hydrogenolysis, 2) thermal cracking, 3) catalytic 

cracking and 4) isomerization. 

 

Notably, the reaction equilibrium can be shifted to higher paraffin conversions by 

reducing the partial pressure of the paraffin or by withdrawing the hydrogen 

produced. As was discussed before, two strategies have been adopted in industry to 

lower paraffin partial pressure, namely reducing the pressure below atmospheric 

(Catofin®) or diluting the paraffin feed with steam (STAR process®).27,49 Hydrogen 

can be removed from the reaction medium by selective hydrogen combustion (SHC), 

which involves the addition of an oxidant to the reaction feed in order to burn off the 

hydrogen formed during dehydrogenation. Relatively mild oxidants, e.g. CO2 are 

preferred, as the use of strong oxidants, like O2, risk also combusting the hydrocarbon 

reactants and products. Through this approach, a considerable amount of heat is 

generated, which promotes the endothermic dehydrogenation reaction. A solid oxygen 

carrier, such as ceria, can also be employed for this purpose.50 Another strategy is to 



20 

 

use a membrane permeable for hydrogen to withdraw the latter from the system, 

thereby shifting the equilibrium towards higher olefin yields.51–53 

The oxidative dehydrogenation (ODH) of paraffins is related to SHC by the fact that 

an oxidant is also added to the feed, although in ODH the latter is done to directly 

oxidize the paraffin to the respective olefin. ODH has some advantages that make it a 

very attractive alternative to non-oxidative dehydrogenation, including the facts that 

the reaction is exothermic (propane ODH: ΔH���
�  = -117 kJ mol-1) and not equilibrium 

limited. However, to control side reactions, such as cracking and the excessive 

oxidation of reaction products, is very challenging.  

 

 

1.4 Alkane Dehydrogenation Catalysts 

 

Two types of formulations are typically used for the non-oxidative dehydrogenation 

of light olefins: noble metal-based and metal oxide-based catalysts. Although Pt 

represents the only precious metal that has been extensively studied, various metal 

oxides have been successfully tested, with CrOx being the most prominent example 

due to its industrial use. Furthermore, promising results were obtained by using 

gallium, indium, vanadium, iron and molybdenum oxides. In the specific case of 

propane dehydrogenation, only Pt, CrOx and GaOx catalysts are able to effectively 

activate the C-H bond. In this section, the active sites, deactivation and support and 

promoter effects of these three compounds will be discussed. 

 

 

1.4.1 Platinum-based Catalysts 

In the 1960s, new technologies were developed for the synthesis of the long-chain 

linear olefins used in the production of biodegradable detergents.27 This new approach 

was inspired by the well-known bifunctional metal supported catalysts utilized in 

catalytic reforming, where a noble metal catalyzes hydrogenation and 

dehydrogenation reactions, while the acid support provides the active sites needed for 

isomerization, cyclization and hydrocracking reactions. In contrast dehydrogenation 

catalysts are monofunctional, as the acidic function must be minimized in order to 

avoid side reactions.  
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Albeit all the noble metals of Group VIIIB are active in the catalytic dehydrogenation 

of alkanes, Pt is the only noble metal utilized in commercial applications. The first 

industrial alkane dehydrogenation technology, namely the Pacol™ process (UOP), 

was first commercialized in 1968. Based on an alumina-supported platinum catalyst, 

the process greatly contributed to the widespread use of linear olefins in the detergent 

industry. In the early 1970s UOP developed the Oleflex™ process, which was 

initially applied for the production of butadiene and later extended to propylene. 

 

1.4.1.1 Nature of the active sites 

Noble metals are active for dehydrogenation in the metallic state and in some cases a 

reduction step is necessary prior to reaction. The dehydrogenation reaction of light 

alkanes is insensitive to the structure of the platinum particles, i.e., dehydrogenation 

activity is independent of the platinum particle size or crystallographic plane exposed. 

As only the amount of active sites is relevant, small particles are preferred. However, 

undesired side reactions that occur during alkane dehydrogenation, such as 

hydrogenolysis, isomerization and coke formation, are sensitive to the structure of the 

platinum particles, although there is no general consensus regarding the effect of the 

dispersion on the rate of these reactions. Some studies stress the markedly inverse 

relationship between particle size and the rate of hydrogenolysis (see Figure 1.9), the 

latter reaction being one of the main causes of coke formation.54–57 Contrarily, others 

believe that for hydrogenolysis to take place, carbon deposits need to be in the vicinity 

of adsorbed hydrogen, which is more likely to occur on large ensembles of Pt than on 

small particles.39,58,59  

DFT calculations have been employed to calculate the energy barrier of propane 

dehydrogenation on flat (111) and stepped (211) Pt crystal planes by Yang et al.57 

Indeed, it was found that step sites are more reactive, as the energy barrier to form 

propylene is much lower on step sites (24-34 kJ/mol) than on the flat surface (63-72 

kJ/mol). Nevertheless, propane adsorbs more strongly on the latter, forming 

propylidyne intermediates believed to serve as precursors for both hydrogenolysis and 

coke formation.57,60  
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Figure 1.9. Structure sensitivity of ethane hydrogenolysis on 1% Pt/SBA-15 with Pt 

particle sized ranging from 1.7 to 7.1 nm. Reprinted with permission from ref. 54, 

copyright 2005, American Chemical Society. 

 

1.4.1.2 Catalyst deactivation 

Two main processes cause the deactivation of Pt-based dehydrogenation catalysts. 

First and foremost, the side reactions that form carbon deposits on the catalyst surface 

lead to the coverage of the active sites with coke, which results in a drop in activity. 

As it is not possible to completely prevent coke deposition, the catalyst needs to be 

regenerated frequently by combusting the coke deposits. However, the high 

temperature of both the regeneration process and the dehydrogenation reaction, 

triggers the agglomeration, or sintering, of the platinum nanoparticles, the 

concomitant loss in active sites also resulting in catalyst deactivation. In addition to 

temperature, the composition of the reaction mixture has a profound influence on the 

sintering behavior of Pt supported catalysts. As early as 1977, Fiedorow et al. showed 

that Pt/Al2O3 catalysts more readily sinter in an oxygen-containing atmosphere than in 

a hydrogen containing atmosphere at temperatures above 600 ⁰C.61,62 A third 

important factor determining catalyst sintering is the interaction between Pt and the 

catalyst support. Nagai et al. reported that Pt on Al2O3 readily sinters after treatment 

in air at 800 ⁰C, while Pt on CeO2 remains stable due to the strong Pt-O-Ce bond. The 

authors proposed that the strength of the Pt-support interaction depend on the electron 

density of the oxide used as support.63  
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However, Pt can be re-dispersed on the catalyst by the addition of low amounts of 

oxygen and chlorine in the feed at temperatures around 500 ⁰C, although this process 

can only occur when the interaction between the support and the PtOx and PtOxCly 

species formed is such that mobile surface complexes are produced.61,64–69 

 

Figure 1.10. Selectivity to butylenes as a function of the number of butane pulses on a 

Pt/Al2O3 catalyst doped with different amounts of Na (left) and TPO profiles of the 

spent catalysts (right) showing that Na has a positive effect on the selectivity and that 

the presence of Na decreases the coke deposition, respectively. Reprinted from ref. 

69, copyright 2006, with permission from Elsevier.  

 

 

1.4.1.3  Role of the support 

Good supports for alkane dehydrogenation catalysts have to be thermally stable, 

especially under the harsh hydrothermal conditions that the material experiences 

during the regeneration step. In addition, limited support acidity is needed in order to 

avoid undesirable side reactions, such as coke formation and alkane isomerization. 

Finally, for an optimal distribution of the metallic particles, a relatively large surface 

area and uniform pore size distribution is preferred.70 

High surface area alumina is the classical support employed in platinum-based 

dehydrogenation catalysts due to its high thermal stability, mechanical strength and its 

exceptional ability of maintaining the platinum nanoparticles dispersed, which is 

crucial to attain stable catalyst performance. However, most alumina supports are 

acidic and therefore, promoters are used to curb support acidity. The addition of 

alkaline metals, such as Li, Na and K, poisons these acid sites, suppressing the 

formation of coke on the support as is shown in Figure 1.10.69,71–74 Additionally, these 
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promoters can modify the properties of the platinum and suppress side reaction, such 

as hydrogenolysis and isomerization, reportedly due to a reduction in the effective 

size of platinum clusters.54–57 Zn and Mg have also been used to dope the support, 

since the resulting spinel phase is less acidic and more thermally stable. These spinels 

also curtail the sintering of platinum due to a strong metal-support interaction.75–78  

Yet another strategy is to use more stable polymorphs of alumina, such as θ- or α-

alumina, since the latter have considerably less Brønsted acid sites relative to γ-

alumina, albeit they also tend to have considerably lower surface areas. It is also 

important to mention that in order to reach a high dispersion of Pt on the support, 

Lewis acid sites and amphoteric OH groups are required, which limits the use of SiO2 

and basic supports such as MgO or ZnO. Indeed, by hydrothermally treating γ-Al2O3 

prior to impregnation, the formation of additional hydroxyl groups results in a better 

Pt dispersion after impregnation and calcination.79 

Zeolites are a commonly used alternative as a support for dehydrogenation catalysts. 

Dumesic and coworkers reported Pt-Sn supported on zeolite K-L to be a highly active, 

selective and stable catalyst in the selective dehydrogenation of isobutane.80–83 The 

authors suggest that in the presence of K, zeolite L can stabilize small Pt-Sn particles 

in the micropores of the support. In addition, this catalyst shows a high tolerance to 

coke deposition. This is particularly important as the strong acid sites of zeolites make 

them very susceptible to coking.70 Further modifications of the catalyst involving the 

neutralization of the residual acid sites with Cs after Pt reduction, improved the 

selectivity of the catalyst in the dehydrogenation of n-pentane and n-heptane.84 On the 

other hand, mesoporous silica was found to be an unsuitable support, as the Pt-Sn 

nanoparticles readily sinter due to the weak metal-support interaction.70 

 

1.4.1.4  Role of the promoters 

In spite of the fact that platinum-based catalysts display very high activity in 

dehydrogenation reactions, their intrinsic selectivity to alkenes, as well as the catalyst 

stability are not entirely satisfactory. Consequently, the addition of promoters, which 

are able to modify the catalytic properties of platinum, is necessary to obtain an 

optimal catalyst. Tin is by far the most studied promoter and all the platinum-based 

catalyst formulations that are industrially applied include this post-transition metal. 

The addition of tin modifies both the platinum active phase and the support. 

Essentially, this promoter suppresses hydrogenolysis and isomerization reactions, 
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minimizes metal sintering, neutralizes the acidity of the support and facilitates the 

diffusion of the coke species from the metal surface to the support. Although these 

beneficial effects of tin promotion are well known and have been amply described in 

the literature, the working principles of the platinum-tin system are still under debate. 

Indeed, both geometric and electronic effects have been invoked to explain the 

mechanisms through which tin influences the catalytic properties of platinum. 

However, it is clear that SnO2 species present on the catalyst are reduced by either the 

hydrocarbon feed or during a pre-reduction step, yielding a Pt-Sn alloy. The 

reducibility of SnO2 depends largely on the interaction with the support (strong 

interaction makes the reduction more difficult), and the proximity to the Pt (which 

assists with the reduction of the Sn).70 

From the geometric point of view, it has been suggested that isomerization, 

hydrogenolysis and the formation of coke precursors can all be suppressed by 

reducing the size of platinum nanoparticles.82,83,85,86 Notably, the formation of a 

platinum-tin alloy and/or the partial covering of the platinum particles by tin species 

results in the creation of smaller platinum ensembles. Olsbye et al. have suggested 

that tin selectively covers low coordination platinum sites (such as steps, corners, 

edges and defects), which they believe are responsible for the hydrogenolysis 

reaction.87,88 Furthermore, the so-called ensemble effect can be employed to explain 

the geometric advantages of Sn addition to Pt-based catalysts. Dehydrogenation is 

believed to be a structure-insensitive reaction, meaning that very small groups or even 

single Pt atoms can catalyze the reaction. On the other hand, side reactions, such as 

coking, are structure-sensitive, and require relatively large ensembles of Pt. Pt-Sn 

alloy formation effectively reduces the amount of neighboring Pt atoms within the 

ensembles, curbing these structure-sensitive reactions. Moreover, it has been 

suggested that the sintering of Pt nanoparticles is retarded with the addition of Sn.88 

Additionally, coke precursors prefer to adsorb on large Pt ensembles and thus, the 

addition of Sn facilitates the migration of these precursors from the Pt-Sn surface to 

the support, effectively reducing the detrimental effects of coke deposition.85,89  

A secondary effect of Sn addition is the modification of the electronic properties of 

platinum. Alloyed metallic Sn or Sn2+ species in close contact with platinum are able 

to transfer electrons to the 5d band of platinum atoms, which alters the adsorptive and 

catalytic properties of the metal. The interaction of promoters with platinum can be 

assessed by measuring the heat of adsorption of distinct probe molecules through 
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microcalorimetric methods.90–95 Dumesic et al. performed a thorough adsorption 

microcalorimetry study and observed that the heat of ethylene and isobutylene 

adsorption decreases with the addition of tin.96–98 Infrared spectroscopy revealed that 

during the adsorption of ethylene, tin suppresses the formation of ethylidyne species 

and weakens the molecular adsorption of ethylene on the platinum surface. Additional 

DFT calculations explained these experimental results by revealing an increase in the 

electron density of platinum, which weakens the adsorption of ethylidyne on platinum 

atoms in close contact with tin. As mentioned in the previous section, ethylidyne is 

suspected to be an important precursor of coke and hydrogenolysis. Furthermore, DFT 

calculations described in the Chapter 1.5 reveal that Sn promotion significantly 

reduces the dehydrogenation reaction rate of platinum catalysts, as the energy barrier 

of the dissociative adsorption of propane is increased. On the other hand, the 

selectivity is increased as the energy barrier for the desorption of propylene drops, 

making deep dehydrogenation and cracking reactions less likely.95,99,100 The balance 

between these two effects results in an optimum ratio of Pt and Sn, which these 

calculations suggest is Pt3Sn.  

Based on X-ray Photoelectron Spectroscopy (XPS) observations, Siri et al. reported 

an increase of the electron density of platinum when tin was incorporated to silica and 

γ-alumina-supported catalysts.101 DFT calculations have shown that the addition of Sn 

also reduces the heat of adsorption of hydrogen on the Pt-Sn (111) surface, which 

suggests that the diffusion of hydrogen atoms is more facile on the latter than on a Pt 

(111) surface.58,102 Figure 1.11 illustrates the important role that the electronic 

modification of Pt by Sn is believed to play in inhibiting coke formation. The left part 

of the Figure shows high energy resolution fluorescence detection X-ray absorption 

near edge structure (HERFD-XANES) intensity contour maps of the Pt L3-edge of 

catalysts comprising alumina-supported Pt (top) and Pt-Sn (bottom). The right part of 

the Figure shows a graphical interpretation of the XANES spectra, which illustrates 

the size of the metallic nanoparticles in both catalysts increasing during the 

regeneration step, an effect that is more severe for Pt/Al2O3. A shift to higher energies 

in the XANES spectra during the reduction step reveals that Pt becomes more 

electronegative, which is attributed to the formation of the Pt-Sn alloy. This 

phenomenon, which is triggered by the partial reduction of the SnO2 present on the 

support, is reversed during the oxidation step.103 Sn-enrichment of the Pt nanoparticles 
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may be a problem, as the Pt3Sn alloy is believed to be significantly more active for the 

dehydrogenation reaction than the PtSn alloy.95,104
  

 

Figure 1.11. In the Figures to the left, HERFD-XANES intensity contour maps (Pt-L3 

edge) of Pt/Al2O3 (top) and Pt-Sn/Al2O3 (bottom) catalysts are shown at different 

stages of a dehydrogenation experiment. The Figures to the right depict the 

interpretation of Iglesia-Juez et al. for these spectra in terms of changes to the Pt 

nanoparticles. Reprinted from ref. 103, copyright 2010, with permission from 

Elsevier.  
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To sumarize the discussion above, Figure 1.12 shows an artist impression of a Pt-Sn 

nanoparticle on alumina. 

 

Figure 1.12. An artist’s impression of a Pt-Sn nanoparticle within a Pt-Sn/Al2O3 

catalyst. The surface of the alumina is covered with SnO2, which gets reduced when 

in close proximity to Pt and incorporated into a bimetallic Pt-Sn nanoparticle. Surface 

Pt atoms catalyze the dehydrogenation reaction according to the mechanism shown in 

the inset. 

 

Other metals have been studied as promoters of the activity of platinum in the 

catalytic dehydrogenation of alkanes. Most notably, zinc prevents undesired side 

reactions, such as coke formation and isomerization, in a similar fashion to tin.105–110 

GaOx and InOx dopants are used to hinder side reactions by the poisoning of surface 

Brønsted acid sites, while the formation of Pt-Ga and Pt-In alloys have both a 

geometric and electronic effect on the Pt nanoparticles, decreasing coke deposition 

further.111–114 Another alloy that has been investigated is Pt-Ge, which is believed to 

function in a way analogous to Pt-Sn, although the electronic effect is believed to be 
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weaker.115 Table S1.1 provides an overview of the different CrOx catalysts discussed 

in this section, which are used for the dehydrogenation of light paraffins.  

 

 

1.4.2 Chromium Oxide-based Catalysts 

Chromium oxide-based catalysts have been one of the most actively investigated 

formulations since Frey and Huppke first reported the dehydrogenation activity of 

Cr2O3 in 1933.116 During the 1940’s, catalysts comprising chromia supported on 

alumina were used by UOP to industrially dehydrogenate butane, and has been 

applied to several processes for the dehydrogenation of light olefins henceforth.27 

Given the industrial relevance of formulations comprising chromium oxide, their 

structure under different reaction conditions, the nature of the active sites, the role of 

the support, the effect of alkali metals promoters, and the mechanism of the 

dehydrogenation reaction over these catalysts have all been intensively studied.  

 

1.4.2.1 Nature of the active sites 

Since the adsorption of paraffin molecules takes place on Cr-O sites, understanding 

the exact nature of these species under dehydrogenation reaction conditions is 

critically important.117 On freshly prepared catalysts a number of surface species, 

including Cr6+, Cr5+, Cr3+ and Cr2+, have been identified. Furthermore, chromates, 

polychromates, crystalline α-chromia and amorphous chromia have been identified 

through a variety of techniques.118–121 The relative concentration of these species 

seems to be dependent on a number of factors, such as chromium loading (relative to 

the surface area of the support), the calcination treatment used during catalyst 

preparation, and the type of support employed. This is illustrated in Figure 1.13, 

where chromium species deposited on a mesoporous silica and alumina support are 

compared by UV-Raman spectroscopy. Different species are observed depending on 

the Cr loading: at low loadings isolated CrO4
2- species predominate, while at higher 

concentrations Cr-O-Cr species become prevalent due to the formation of Cr2O3 

crystallites. These crystallites are more readily formed on the mesoporous silica 

support than on the alumina, as the interaction between chromium oxide and the 

mesoporous silica is relatively weak.  
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Figure 1.13. The graphs represent UV-Raman spectra of x wt% CrOx/SBA-15 

(mesoporous silica) and CrOx/Al2O3 catalysts (x: a=0.5, b=1, c=5, d=10). Bands 

corresponding with CrO4
2- and Cr-O-Cr species are observed at different loadings and 

correspond with isolated Cr atoms and crystalline Cr2O3. Reprinted from ref. 122, 

copyright 2009, with permission from Elsevier.  

 

Prior to the 1990’s, the study of the structure of chromium oxide-based 

dehydrogenation catalysts had been restricted to conditions far removed from those 

found under real operation. For this catalytic system, this represented a great 

limitation, as the reaction mixtures are believed to reduce chromium oxide species. 

The development of in-situ spectroscopic techniques made it possible to probe these 

catalysts under reaction conditions. As is shown in Figure 1.14 with XANES and 

Figure 1.15 with UV-Vis spectroscopy, it was observed that surface Cr3+ species are 

produced at the expense of Cr6+ species during the initial stages of the 

dehydrogenation reaction and that polychromate is more easily reduced than 

monochromate.122–125 Consequently, Cr3+, Cr2+, as well as a mixture of both have been 

proposed as the active species.126–129 Cr6+ or Cr5+ have not been observed to be active 

for the dehydrogenation reaction, albeit Cr6+/Cr5+ species do appear to be the 

precursor of the active sites. This has been attributed to the fact that reduction of Cr5+ 

species leads to the formation of monomeric Cr3+ active sites. Indeed, it has been 

observed that Cr5+ species, that are not reduced in a hydrogen atmosphere, can be 

reduced by alkanes.130–134 
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Figure 1.14. In-situ XANES spectra of the Cr K-edge of the 5 wt% catalysts after 

oxidative pre-treatment (black solid line), after 90 s of dehydrogenation (black broken 

line), after 15 min of PDH (grey broken line) and after regeneration (grey full line). 

Notably, the Cr6+ species present on the catalyst are reduced to Cr3+ species in the first 

90 s of the reaction. Reprinted from ref. 122, copyright 2009, with permission from 

Elsevier.  

 

 

Figure 1.15. The graph to the left shows in-situ diffuse reflectance spectra obtained 

during the dehydrogenation of propane on a CrOx/SBA-15 catalyst. In the bottom 

right graph, the relative change of bands (B-D), corresponding to Cr3+ and Cr6+ is 

shown. Both graphs illustrate that Cr3+ (band at 700 nm) is formed at the expense of 

Cr6+ (bands at 260 and 370 nm) during PDH. Reprinted from ref. 133, copyright 2011, 

with permission from Elsevier.   
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With respect to coordination, it appears that Cr3+ sites need to be coordinatively 

unsaturated in order to show catalytic activity.135 Indeed, a semi-quantitative 

relationship has been found between the amount of pseudo-octahedral Cr3+ formed 

during reduction and the dehydrogenation activity shown by the catalyst.124,125 

Furthermore, it has been observed that isolated Cr3+ species with two coordinative 

vacancies are formed on CrOx/Al2O3 catalysts in the presence of an alkane. Thus, it 

appears that these catalysts contain coordinatively unsaturated Cr3+ under reaction 

conditions. Experiments performed with Cr loadings above monolayer coverage, 

which have been shown to include crystalline chromia clusters, suggest that bulk Cr3+ 

ions in a perfect octahedral environment are inactive towards alkane dehydrogenation. 

Admittedly, these fully coordinated Cr3+ species are highly stable, whereas 

coordinatively unsaturated Cr3+ species would try to attain the stability of bulk Cr3+ 

ions by adsorbing alkane molecules from the gas phase.  

 

Figure 1.16. Yield of butylenes at 540 ºC over a chromia-alumina catalyst as a 

function of Cr loading. Activity increases linearly with concentration, even above 

monolayer concentration. However, the yield drops once Cr2O3 crystallites start being 

detected via XRD. Reprinted from ref. 136, copyright 2000, with permission from 

Elsevier.  

 

With respect to nuclearity, the need for a highly dispersed active phase is highlighted 

by the fact that while activity first rises with increasing chromium loading, a drop in 

activity is observed when the loading is such that crystalline Cr2O3 starts forming, as 
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illustrated in Figure 1.16.136–138 The fact that activity and Cr loading hold an almost 

linear relationship below monolayer coverage suggests that both isolated and 

clustered Cr3+ centers are catalytically active. Actually, three different types of Cr3+ 

ions have been detected by spectroscopic techniques at these loadings: 1) Cr3+ species 

formed by reduction of surface Cr6+/Cr5+ ions; 2) isolated centers of Cr3+ ions 

stabilized by the alumina surface; and 3) small amorphous (and thus XRD invisible) 

Cr3+ clusters.31,32 Determining the individual contributions of these species to catalytic 

performance has proven to be extremely challenging. Some studies correlating 

dehydrogenation activity with Cr-speciation suggested that a vast majority of catalytic 

activity can be ascribed to the dispersed Cr3+ phase, the role of the other phases being 

the replenishment of the depleted Cr3+ surface phase during long runs.124,125,139 More 

detailed studies involving the calculation of turn-over frequencies (TOF) have led 

some workers to propose that multinuclear Cr3+ sites are more active than isolated 

Cr3+ ions, a proposition which finds both support and dissent in literature.120,132,136,140–

142 Kumar et al. observed that when γ-alumina was employed as the catalyst support, 

oligomeric chromium oxide species would display the highest activity and selectivity. 

However, when mesoporous silica was used as the carrier, isolated chromia species 

with a coordination number larger than 4 showed the highest activity.122 It is clear that 

the optimal nuclearity of active Cr3+ sites remains a topic still under debate.  

Albeit selectivity has been found to be insensitive to chromium loading, it does alter 

as a function of time-on-stream.143 At first, the selectivity towards alkenes is fairly 

low and the catalyst produces mainly carbon oxides. This is attributed to the fact that 

during this induction period, highly oxidized and thus catalytically inactive, 

chromium species are being reduced to active chromium species with lower oxidation 

states.  

To summarize, in recent years dehydrogenation activity has been mostly assigned to 

Cr3+ species that are both dispersed and coordinately unsaturated. Thus, it seems that 

active sites need to fulfill oxidation state, coordination and nuclearity requirements. In 

fact, these and other factors, such as the origin of Cr3+ species, have been used by 

some workers to classify the catalytically active sites.144–146 

It should also be mentioned that many other factors could also influence the activity 

of Cr-based dehydrogenation catalysts. For example, the addition of CO2 as a weak 

oxidant is known to improve the activity of the chromium dehydrogenation catalyst 

by removing the evolved hydrogen through the reverse water gas shift reaction, which 
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effectively shifts the equilibrium towards product formation.147–149 At the same time, 

CO2 is ineffective at oxidizing the Cr3+ species, the active in dehydrogenation, to 

catalytically inactive Cr6+ species.133,150,151 

In order to obtain high activity the operating conditions need to be considered as well, 

since activity is directly proportional to both the reaction temperature and the partial 

pressure of the alkane. Propane conversion and propylene selectivity are inversely 

proportional and directly proportional to space velocity, respectively. In studies 

performed on CrOx/Al2O3 catalysts used in the non-oxidative dehydrogenation of 

ethane it was found that decreasing the gas hourly space velocity (GHSV) from 3600 

h-1 to 600 h-1, resulted in an increase in ethane conversion from 27.6 to 31.4 %, while 

selectivity to ethylene decreased from 91.7 to 64.9 %.152 This effect has been 

attributed to the fact that lower gas hourly space velocities favor ethane activation as 

well as methane and coke formation. In conclusion, it is possible to achieve high 

activity and selectivity over Cr-based hydrogenation catalysts by adjusting the 

composition of the catalysts and/or the operating conditions. 

 

Figure 1.17. To the left, the conversion and selectivity for the dehydrogenation of 

propane on a 13 wt% CrOx/Al2O3 catalyst over a 85 min period is shown. The 

conversion drops over time, while the selectivity remains stable after increasing 

during the initial stages of the reaction. To the right, the mass uptake of the catalyst as 

measured by a tapered element oscillating microbalance (TEOM) is shown as a 

function of time-on-stream. Over the first 40 min, the catalyst mass increases due to 

coke deposition, after which it remains stable. Reproduced from ref. 153, with 

permission from the PCCP Owner Societies.   
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1.4.2.2  Catalyst deactivation 

Over the course of a catalytic cycle, CrOx dehydrogenation catalysts lose their activity 

due to the deposition of coke and as is the case with Pt-based catalysts, they need to 

be periodically regenerated. Experiments with a tapered element oscillating 

microbalance (TEOM), shown in Figure 1.17, revealed that the weight uptake of the 

catalyst takes place during the initial stages (10-40 min) of the reaction, after which 

no additional carbon is deposited. After this point, the conversion still drops, which is 

an indication that the carbon that is deposited becomes more detrimental to catalytic 

activity over time. Although the catalysts recover most of their activity after each 

reaction-regeneration cycle, the loss of activity is not entirely reversible. Indeed, the 

heat released through the combustion of coke during regeneration leads to the 

incorporation of chromia into the alumina framework, which causes the amount of 

catalytically active Cr species to decrease with each regeneration step.31 This 

phenomenon has been measured by UV-Vis spectroscopy, as shown in Figure 1.18. In 

the Figure, a CrOx/Al2O3 catalyst is treated at 1200 °C for 12 h, which results in the 

bands corresponding to Cr3+ species to shift, signaling the incorporation of Cr3+ 

species into the alumina support. Consequently, the dehydrogenation activity shown 

by the catalyst drops, as an almost linear relationship has been found between activity 

and the amount of Cr6+ species on the catalyst surface (as measured after the 

regeneration step).133,139,153  

Two processes are believed to lead to the dissolution of Cr3+ into the Al2O3 carrier and 

result in catalytically inactive Cr3+ species. First, the sintering of the alumina may 

cause entrapment of the Cr species inside the bulk of the support. As an additional 

effect, the loss of alumina surface area reduces the ability of the support to stabilize 

Cr6+ species formed during the regeneration step.126,154 For the second process, Cr3+ 

ions migrate into the support. Indeed, it is believed that the similar ionic radii and 

charge of Al3+ and Cr3+ facilitate the diffusion and subsequent incorporation of Cr3+ 

into the octahedral sites of alumina, which produces a type of chromia-alumina spinel 

that is inactive for the dehydrogenation reaction.118,155 Of note is the fact that in the 

presence of γ-alumina, entrapment is believed to be the dominant process, while in its 

absence migration is favored.118,155  
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Figure 1.18. The top graph shows the ex-situ diffuse reflectance UV-Vis spectra of 

both fresh and deactivated CrOx/Al2O3. The bottom left graph shows the extent of the 

shift for the bands at 600 and 450 nm, which correspond with the 1st and 2nd d-d 

transition, respectively. The bottom right graph shows that the fraction of Cr3+ 

incorporated into the alumina framework is strongly dependent on the calcination 

temperature. Reprinted from ref. 32 (top graph), copyright 2004, and ref 145 (bottom 

two graphs), copyright 2002, both with permission from Elsevier.   

 

At elevated temperatures γ-alumina undergoes a thermodynamically driven 

transformation to θ- or even α-alumina, which have considerably lower surface areas. 

It is unknown whether the presence of chromia facilitates or hinders the sintering of 
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the alumina support, as some authors have found the presence of chromia to enhance 

sintering, while other research groups have observed the opposite.145,156–158 The 

transformation of γ-alumina to α-alumina can be restrained by doping the support 

with silica, zirconia, magnesia or lanthana. For example, Wachowski et al. observed 

that when a small amount of La2O3 is added to Al2O3, the transition of θ-alumina to α-

alumina occurs at a 136 ºC higher relative to when no lanthana is added.159,160 The 

authors found that the use of cations having larger ionic radius that Al3+, which tend 

not to dissolve in Al2O3, in combination with a preparation method capable of 

affording high dopant dispersion, is most effective in preventing the formation of α-

alumina.  

It is important to note that the advantages offered by the combustion of coke during 

the regeneration step far outweigh these unwanted side effects. First and foremost, the 

heat released in this step is harnessed to fuel the dehydrogenation reaction, making 

coke deposition not completely undesirable. Furthermore, oxidation of Cr3+ to Cr6+ 

during regeneration also accomplishes the re-dispersion of chromia crystallites. The 

latter is particularly important, given that the sintering of chromia under 

dehydrogenation conditions has also been reported to be a contributing factor to the 

reversible deactivation of chromium-based catalysts.144,145  

Another interesting example of a deactivation phenomenon caused by a change in 

surface composition connected to the nature of the support has been observed on 

catalyst comprising mesoporous silica. Indeed, by analyzing this material via XPS 

before and after 6 h of time-on-stream, an important amount of Cr3+ species was 

found to be reduced to Cr2+ by the hydrogen evolved during the anoxic 

dehydrogenation reaction. In turn, the resulting Cr2+ species were found to be inactive 

in dehydrogenation. 

 

1.4.2.3  Role of the support 

The nature of the support is important not only because it governs the mechanical 

properties of the catalyst, but also because the interaction of the carrier with the active 

phase can have a profound impact on catalyst activity and selectivity. Alumina is by 

far the most commonly used support and a variety of methods to produce chromia-

alumina catalysts have been investigated. These include the incipient wetness 

impregnation of alumina with CrO3 or Cr(NO3)3 solutions (if an alkali ion is added, an 
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aqueous solution of its chromate salt is used), the co-precipitation of Al(OH)3 and 

Cr(OH)3 from Al3+ and Cr3+ solutions, a type of chemical vapor deposition (CVD) 

involving volatile chromium compounds being deposited on alumina called “atomic 

layer deposition”, and the decomposition of complexes including both alumina and 

chromium. All these methods are followed by a calcination step at approximately 600 

ºC. Increasing the calcination temperature above 600 ºC causes a loss of 

dehydrogenation activity, probably due to the incorporation of Cr into the Al2O3 

framework, as discussed in the preceding section.154 Interestingly, increasing the 

pretreatment temperature of the alumina support has a positive effect on the TOF 

shown by the resulting catalyst, which has been attributed to an increase in the 

number of multinuclear Cr3+ sites.145 In addition, this pretreatment will result in a 

more stable Al2O3 polymorph, which is less likely to sinter. However, the use of 

alumina as support is not free of drawbacks. For instance, Al2O3 can catalyze cracking 

and coking due to its surface acidity, which leads to a drop in both activity and 

selectivity. A solution for this is the doping of alumina-based dehydrogenation 

catalysts with alkali ions, which can effectively poison these undesirable acid sites.  

The use of zirconia as an alternative support has also been investigated. Indeed, the 

low surface acidity of this oxide and the fact that chromia imparts an enhanced 

sintering resistance to ZrO2 make the latter a viable substitute for alumina.131,132 De 

Rossi et al. have reported that catalysts with zirconia as the support are more active in 

the dehydrogenation of propane and isobutane than the corresponding catalysts 

supported on silica or alumina.140,141,153,161 This has been attributed to an increase in 

the amount of surface Cr5+ that is produced during the regeneration of Cr2O3/ZrO2. 

The latter improves activity since Cr5+ forms catalytically active mononuclear Cr3+ 

under reaction conditions, as has been mentioned previously. In turn, the high amount 

of Cr5+ on this catalyst has been assigned to the strong interaction between chromia 

and the basic support.143 The choice of zirconia over alumina as the catalyst support 

offers the additional advantage of preventing the formation of Cr-Al mixed oxides. 

Nevertheless, Cr2O3/ZrO2 has been observed to deactivate faster than other less active 

catalysts including Cr2O3/Al2O3. This has been partially accredited to the higher 

coking rate displayed by Cr2O3/ZrO2. Additionally, XPS studies suggest that chromia-

zirconia catalysts also favor the formation of chromium carbides, which are inactive 

for dehydrogenation and consequently cause catalyst deactivation.143 
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De Rossi and co-workers have also concluded that albeit CrOx/ZrO2 catalysts can 

outperform their alumina- and silica-supported counterparts, zirconia-supported 

formulations could be further improved by increasing the surface area and the thermal 

stability of CrOx/ZrO2. This has inspired other workers to produce chromium-based 

dehydrogenation catalysts with high surface areas and highly dispersed active sites. 

For example, Fujdala and Tilley have reported the use of a co-thermolysis method 

involving several thermolytic molecular precursors to produce a CrOx/SiO2/ZrO2 

catalyst capable of showing propane conversions greater than 35 % and propylene 

selectivity exceeding 90 % at 450 ºC.162 According to the authors, the aforementioned 

values are among the best reported in the literature, particularly at such a low 

temperature. Korhonen et al. attempted to combine the high surface area of alumina 

with the basic nature of zirconia by covering an alumina support with a zirconia 

layer.163 However, the resulting CrOx/ZrO2-Al2O3 catalyst displayed inferior activity 

compared to the benchmark CrOx/ZrO2 catalyst.  

The use of silica as the support in chromia-based dehydrogenation catalysts requires a 

relative high surface area to stabilize Cr6+ sites.164 For similar reasons, titania does not 

constitute a good support, as CrOx easily sinters due to its weak interaction with TiO2. 

However, an active and stable propane dehydrogenation catalyst has been obtained by 

preparing a titania mesoporous material with Cr dopants.150  

Temperature programmed reduction (TPR) results suggest that there is a direct 

relationship between catalytic activity and the reducibility of the catalysts (see Figure 

1.19).152 Indeed, studies on the non-oxidative dehydrogenation of ethane have 

revealed that catalytic activity follows the order CrOx/γ-Al2O3 > CrOx/SiO2 > 

CrOx/MCM41 >> CrOx/MgO ≈ CrOx/Silicalite-2 (based on ethane conversion and 

ethylene yields), a reverse order being found for the reduction temperature of the 

chromium species on the aforementioned catalyst supports. 

Cr-Mg-Al and Cr-Mg mixed oxides prepared using layered double hydroxide (LDH) 

precursors have been studied as catalysts for the non-oxidative dehydrogenation of 

ethane.165 Some of these catalysts were found to achieve ethane conversions of 27-30 

% and a selectivity towards ethylene of 71-75 %. The method used for introducing Cr 

into the LDH precursors was found to determine several properties of the resulting 

mixed oxides, such as surface area, catalytic performance, coking resistance and 

thermal stability against sintering. 
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Figure 1.19. TPR profiles of 6 wt% CrOx on different supports. The catalysts with a 

strong reduction peak at low temperatures show the highest catalytic activity. The 

figure is reproduced from ref. 152 with kind permission from Springer Science and 

Business Media.  

 

Finally, the study of porous chromia-pillared α-zirconium phosphate materials has 

been particularly informative with regards to the influence that acidity has on catalytic 

behavior. In the non-oxidative dehydrogenation of propane, catalysts based on these 

materials display an initial conversion of 18.1% with a selectivity towards propylene 

of 87.1 % at 550 ºC.135 Interestingly, it has been observed that while the selectivity 

towards cracking products of this material decreases with time-on-stream, its 

selectivity towards the alkene tends to remain constant. The latter has been explained 

by assigning the occurrence of cracking and dehydrogenation reactions to strong and 

medium strength acid sites, respectively. The authors argue that strong acid sites are 

rapidly deactivated, inhibiting cracking reactions and favoring the production of the 

alkene. 

 
1.4.2.4  Role of the promoters 

Alkali metals, such as K, Rb and Cs, are known to promote both the activity and the 

selectivity of chromium-based dehydrogenation catalysts. This phenomenon has been 

attributed to the ability of large alkali cations to stabilize the structure of the support, 

to reduce surface acidity and/or to increase the number of active chromium sites.126 

Additionally, the presence of alkali metal promoters increases the dispersion of the 
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active phase by assisting the formation of Cr6+ complexes under oxidizing conditions 

that subsequently give rise to Cr3+ under a reducing atmosphere. A notable exception 

to this promotion effect has been found in the doping with K+ of several PDH 

catalysts, such as chromia-pillared α-zirconium phosphate, gallium-chromium mixed 

oxides pillared α-zirconium phosphate and chromia/zirconia.135,166 For these 

materials, doping with K+ results in a dramatic decrease in catalytic activity. 

According to some authors, the latter indicates that oxygen ions play an active role in  

 

Figure 1.20. An artist’s impression of the surface of a CrOx/Al2O3 catalyst in which 

coordinately unsaturated Cr3+ species catalyze the dehydrogenation reaction. Note that 

partially reduced CrOx species are formed on the surface of the catalyst, and that the 

Cr is partially dissolved in the alumina support. The (simplified) reaction mechanism 

is shown in the inset.  
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the dissociative adsorption of propane and/or in the desorption of hydrogen. Indeed, 

these workers contend that in these catalysts, potassium bonds to oxygen anions, 

which causes some properties, such as Lewis acidity and coordinative unsaturation, of 

the latter to be altered in a way that hinders catalysis.153,161 A similar argument has 

been used to explain the drop in activity observed when doping chromia/zirconia 

catalysts with sodium, although this effect has not been observed for alumina-based 

formulations.  

To summarize the above discussions, an artist’s impression of a CrOx/Al2O3 catalyst 

is shown in Figure 1.20, while Table S1.2 offers an overview of the different CrOx 

catalysts discussed in the previous section. 

 

 

1.5.3. Gallium Oxide-based Catalysts 

The dehydrogenation activity of gallium oxide supported on ZSM-5, which was first 

reported in the late 1980’s for the conversion of propane to aromatics 167–170, has been 

the target of renewed attention in recent years. In the interim, both bulk and supported 

Ga2O3 have been used as dehydrogenation catalysts. Nevertheless, this compound has 

been studied in much less depth than the other two catalysts and is therefore not as 

well understood. 

The exact nature of the active sites in Ga-based dehydrogenation catalysts is still 

under debate. Akin to Al2O3, Ga2O3 has different polymorphs of which β-Ga2O3 is not 

only the most stable, but also the most active Ga species in PDH according to some 

authors.171 β-Ga2O3 has a monoclinic structure, in which gallium atoms are equally 

distributed between tetrahedral and octahedral configurations. This crystal structure 

has a high concentration of weak Lewis acid sites (coordinatively unsaturated 

tetrahedral species on the surface of the material), which are deemed to be centers of 

dehydrogenation activity.172 Indeed, a heterolytic dissociation reaction mechanism has 

been proposed where H- adsorbs on a Ga+ Lewis acid site and C3H7
+ on a neighboring 

oxygen, although these species can absorb reversely as well.173,174 The assignment of 

Lewis acid sites as the active species was substantiated by Chen et al.,175 who by 

relating the results of NH3-TPD measurements with activity data for different GaxAl10-

xO15 mixed oxides, showed that a high concentration of Lewis acid groups in the form 

of coordinately unsaturated tetrahedral Ga3+ cations is a prerequisite for 

dehydrogenation activity (see Figure 1.21). Xu et al. reported dehydrogenation 
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activity on both Lewis and Brønsted acid sites on Ga2O3/H-ZSM-5. In fact, these 

workers observed a dual effect of the strong acidity, which on the one hand facilitated 

dehydrogenation, while on the other hand accelerated coke formation. A zeolitic 

support displaying a low concentration of medium and strong acid sites and a 

relatively high concentration of weak acid sites was found to lead to the most active 

and stable catalyst.176,177 In addition, Michorczyk et al. concluded that acidic groups 

catalyze the reaction after observing that promotion with a base, such as potassium, 

resulted in a decrease in activity.178 

 

Figure 1.21. Concentration of Lewis acid sites versus propane conversion measured 

15 min after the start of the PDH reaction on GaxAl10-xO15. A clear correlation 

between the conversion and the surface density of weak Lewis acid sites is observed. 

For these experiments, CO2 is used to improve conversion. Reprinted from ref. 175, 

copyright 2008, with permission from Elsevier.  

 

Several authors have performed DFT calculations in an effort to understand the 

dehydrogenation reaction mechanism on Ga2O3. Studies by Liu et al. regarding 

propane dehydrogenation on a perfect Ga2O3 (100) surface revealed that the C-H bond 

is activated by a surface oxygen that abstracts a hydrogen from the propane molecule, 
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thus forming a propyl species, which coordinates with a Ga surface site and a 

hydroxyl group. A second hydroxyl group is formed via β-hydrogen elimination, but 

for these hydroxyl groups to recombine, either as H2O or H2, a high energy barrier 

needs to be overcome. This barrier is much lower over a gallium hydride-hydroxide 

species, although the formation of the gallium hydride also involves a high energy 

barrier. Nevertheless, theoretical calculations by Pidko et al. indicate that these 

relatively stable [H-Ga-OH]+ sites are preferentially regenerated by water desorption 

resulting in a reduced active site.179 Murata and co-workers have observed an increase 

in activity after a pre-reduction step with hydrogen at 550 °C, while a simultaneous 

increase of Gaδ+H and Ga-OH sites was observed via NH3 TPD. These authors 

proposed that these sites also form during reaction and may be responsible for the 

dehydrogenation activity of the silica supported Ga2O3 catalyst.180,181  

Contradictory information has been reported regarding the reducibility of Ga2O3. 

Rodriguez et al. reported that Ga2O3/Al2O3 is not reduced by hydrogen at 700 °C, but 

the presence of Pd on the catalyst can assist in the reduction of Ga3+ to Ga+ and Ga0 at 

temperatures between 300 and 550 °C and form an alloy (in which Ga0 is 

immobilized). Indeed, it has been reported that the reduction of Ga2O3 can be 

promoted by the proximity of other, more easily reduced metals, such as Pt and 

Pd.113,114,181,182 For instance, on a Pt-Ga/H-beta catalyst, reduced gallium hydrides 

were observed after hydrogen reduction at 550 °C.183 It has also been proposed that 

the reducibility of these species depends on the interaction of gallium oxide with the 

catalyst support, which is also the case with CrOx (vide supra), where a weak metal-

support interaction resulting in an increased reducibility. Indeed, Meitzner et al. 

showed that Ga2O3/H-ZSM-5 could be reduced by hydrogen or hydrocarbons at 

dehydrogenation reaction conditions. Finally, regarding the reduction of Ga2O3, it is 

important to note that Ga2O is gaseous and metallic gallium is liquid under 

dehydrogenation reaction conditions.184 

A number of studies has shown that the addition of CO2 to the reactant feed improves 

the olefin yield.185–188 Nakagawa et al. found that the addition of steam and CO2 

decreased coke deposition on a Ga2O3/TiO2 catalyst by the Boudouart reaction, while 

also assisting ethylene desorption.185,186 However, other authors claimed that the 

increase in activity was caused by the reverse water-gas shift reaction (RWGS). 187,188  
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Additionally, Michorczyk et al. noted that this effect could only be seen at relative 

low levels of coke deposition.178 It was suggested that CO2 could also poison the basic 

sites required for the dissociative adsorption of the alkane.  

Different carriers have been used in gallium oxide-based dehydrogenation catalysts, 

the inclusion of acid and basic sites on the support being important to achieve a high 

conversion. Xu et al. reported that in the absence of an oxidizing agent, the conversion 

obtained using Ga2O3 supported on ZrO2, Al2O3 and TiO2 was high, medium and low, 

respectively, while SiO2- and MgO-supported Ga2O3 were inactive in 

dehydrogenation.176 The authors proposed activity to be dependent on the presence of 

acid sites of medium strength on the catalyst surface. However, a different trend was 

observed when CO2 was present as an oxidizing agent, as conversion was observed to 

be high on Ga2O3/TiO2 and low on Ga2O3/ZrO2 and Ga2O3/Al2O3. This was attributed 

to the two contrary roles of CO2, which on the one hand removes H2 from the surface 

of the catalyst by the reverse water-gas shift reaction, while on the other hand absorbs 

strongly on the basic sites of the support. Thus, the low conversion observed when 

zirconia or alumina were employed as the support can be ascribed to the relatively 

high amount of basic sites on these oxides. Notably, the structure of the support is also 

important, as a mesoporous Ga-Al mixed oxide exhibited an increased resistance to 

catalyst coking.189 

Work on the promotion of GaOx-based dehydrogenation catalysts appears to be 

limited, although a patent by Iezzi et al. claims that a catalyst comprising 1.2 wt% 

Ga2O3, < 99 ppm of Pt and 1.6 wt% of SiO2 on an Al2O3 support represents a highly 

active formulation in the dehydrogenation reaction.190 Indeed, when this catalyst is 

used for PDH, a conversion of 39% and a selectivity of 85% can be obtained after 150 

h of time-on-stream at 580 ⁰C, with frequent regenerations at 650ºC. These values are 

the highest among those reported for Ga-based dehydrogenation catalyst. However, it 

is not completely clear which metal, whether Pt or Ga, is predominately responsible 

for the high activity of this catalyst. The catalytic data on the Ga-based formulations 

are summarized in Table S1.3.  
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1.5 Reaction and Deactivation Pathways 

 

Even though the dehydrogenation reaction has been studied for almost a century, its 

exact mechanism is still a topic under debate, particularly because this reaction is 

catalyzed by an array of materials as different as noble metals and transition metal 

oxides. The so-called Horiuti-Polanyi mechanism, which was proposed in 1934, is 

most commonly used to describe catalytic dehydrogenation reactions.191 This 

mechanism follows Langmuir-Hinshelwood kinetics, where all the surface sites of the 

catalyst are considered to be identical. The Horiuti-Polanyi mechanism consists of 

four main steps: dissociative adsorption of the paraffin, C-H cleavage of a second 

hydrogen atom, formation of a hydrogen molecule and subsequent desorption of both 

the hydrogen and the olefin, as is shown in Scheme 1.2.192 Notably, both C-H  

  

Scheme 1.2. Propane dehydrogenation mechanism as proposed by Horiuti and 

Polanyi on a Pt surface. The intermediates depicted have been observed by IR 

spectroscopy during the hydrogenation reaction at low temperatures and are supported 

by theoretical calculations. The dissociative adsorption of propane may also take 

place by the abstraction of the β-hydrogen, forming a 2-propyl intermediate, but for 

brevity this pathway is not shown. High paraffin pressures favor the formation of 

propylidyne species (step h-j), which are coke precursors. These species are relatively 

stable and can only be hydrogenated when high concentrations of hydrogen are 

present on the Pt surface. 199–204 
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cleavage steps171,193–196 and the dissociative adsorption of the paraffin have been 

suggested as the rate limiting step of the dehydrogenation reaction.81,83,117,197 Whether 

this mechanism can explain the results of experimental and theoretical studies 

performed on both Pt and metal oxide systems will be discussed in the following 

section. 

Several studies have been performed on Pt and Pt-Sn catalysts to gain a detailed 

understanding of the mechanism of the dehydrogenation reaction. First of all, isotopic 

labeling experiments have been used to identify the reaction intermediates. For 

example, co-feeding D2 during ethane dehydrogenation resulted in a single deuterium 

being attached to the ethane molecules, suggesting an ethyl reaction intermediate.198 

However, since the dehydrogenation reaction is an equilibrium-controlled reaction, 

these compounds can react back and forth leading to isotopic scrambling, which 

complicates the interpretation of experimental results.  

Infrared spectroscopy is another valuable tool to detect intermediates formed during 

dehydrogenation reactions on Pt based catalysts. Due to experimental limitations, this 

is done through the study of the reverse hydrogenation reaction, which has the same 

reaction intermediates, but takes place at considerably lower temperatures. During the 

adsorption of ethylene on both Pt and Pt-Sn surfaces at temperatures ranging from 173 

to 300 K, ethylidyne (Pt3-C-CH3), as well as π-bonded and di-σ-bonded ethylene 

species are detected.97,98,205,206 Cremer et al. used sum frequency generation IR 

spectroscopy (SFGIR) to elucidate the role of these ethylene adspecies on a Pt (111) 

surface.207,208 During ethylene hydrogenation, ethylidyne was found to be a spectator 

species, although one competing for active sites on the catalyst surface. On the other 

hand, π-bonded ethylene was determined to be the main intermediate of ethylene 

hydrogenation, although di-σ-bonded ethylene was also found to be converted albeit 

at a lower rate. 

Ethyl groups are only detected at very high hydrogen pressures, as these species 

readily convert to di-σ-ethylene. Nevertheless, Zaera et al. have reported that the 

reaction mechanism of ethylene hydrogenation involves a π-bonded ethylene and an 

ethyl intermediate.209 Furthermore, when propylene adsorption on Pt(111) was studied 

by reflection-absorption IR spectroscopy, most of the propylene was found to be 

coordinated as di-σ-bonded, albeit π-bonded propylene was found to predominate at 

high surface coverages.199 On the contrary, DFT calculations showed that propylene is 
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preferentially adsorbed in the di-sigma modus.60,95 DFT calculations performed on Pt, 

Pt3Sn and Pt2Sn (111) surfaces during the PDH reaction pointed towards the 

dissociative adsorption of the alkane being the rate limiting step. In the presence of 

Sn, this energy barrier is increased, as is shown in Figure 1.22, therefore decreasing 

the activity of the catalyst.95,99 On Pt(111) the dehydrogenation may proceed by both a 

1- as a 2-propyl intermediate, while on the Pt-Sn alloys the 1-propyl intermediate is 

favored. The positive effect of Sn on the catalytic activity is explained by the facile 

desorption of propylene, preventing the further dehydrogenation of the adsorbed 

propylene. 

Microcalorimetry has afforded complimentary information on the dehydrogenation 

mechanism over Pt-based catalysts, a lower heat of adsorption of ethylene being 

detected on the Pt-Sn relative to the Pt surface (94-135 kJ/mol and 157 kJ/mol,  

 

Figure 1.22. Energy profiles for propane dehydrogenation to propylene on Pt (111) 

(black), Pt3Sn (111) (blue) and Pt2Sn (111) (red) surfaces, as obtained by DFT 

calculations. The intermediates corresponding with each energy are shown. The 

recombination of the hydrogen ad-atoms is not considered.95 All potential energies are 

shown relative to propane in the gas phase. 
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respectively).98 Keeping in mind that Sn addition reduces the heat of adsorption, the 

formation of ethylidyne is hindered by the electron transfer taking place from Sn to Pt, 

as has been suggested by the results of density functional theory (DFT) 

calculations.99,196,210,211 In addition, calculations have shown the presence of Sn 

reduces the amount of Pt step sites that are highly active for side reactions such as 

cracking.211 The latter observation is rendered particularly noteworthy by the fact that 

isotopic labeling experiments, performed by Galvita et al. during ethane 

dehydrogenation, have revealed that ethylene can form methane and coke through 

cracking, the conversion proceeding via an ethylidyne intermediate.113,197  

The dehydrogenation mechanism on chromia-based catalysts is somewhat different,  

as both the chromium and oxygen atoms of the oxide are believed to participate in the 

reaction mechanism.212 Quantum chemical methods have been used by Lillehaug et al. 

to study the ethane dehydrogenation mechanism on mononuclear Cr3+ surface sites on 

a silica support.213,214 The first step they proposed is C-H activation via σ-bond 

metathesis resulting in the formation of Cr-C and O-H bonds. The second step is a β-

H transfer to a Cr site, which was suggested to be the rate limiting step.213,215 The final 

step proposed is the formation of hydrogen and the desorption of the latter and  

 

Scheme 1.3. Proposed reaction mechanism for the dehydrogenation of ethane on CrOx 

catalysts.117,213,214 
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Figure 1.23. Energy profile for propane dehydrogenation to propylene on CrOx 

catalyst obtained by DFT calculations. The intermediates from Scheme 1.3 are shown 

with their relative energies. Note that for the second section of the scheme, a second 

propane molecule is dehydrogenated. 213,214 

 

ethylene. An alternative mechanism in which a Cr-H species activates ethane by 

forming molecular hydrogen and an adsorbed ethyl species has been proposed based 

on the results of isotopic labeling experiments performed during ethane 

dehydrogenation on a CrOx/Al2O3 catalyst.117 The two main mechanisms proposed for 

the dehydrogenation of light alkanes on chromia/alumina catalysts are shown in 

Scheme 1.3. In these mechanisms, either the dissociative adsorption117,212 or β-H 

elimination are believed to be the rate limiting step.213,216,217 Figure 1.23 shows two 

reaction cycles in an energy diagram, as calculated by Lillehaug et al. Indeed, the 

energy barrier is the highest for the initial C-H activation, although this energy is 

significantly lower when the bond is activated by the Cr-H intermediate (i.e. the right 

part of Scheme 1.3). Nevertheless, the desorption of hydrogen is preferred, as the 

energy barrier is lower. 

In-situ FTIR spectroscopy has provided evidence of the formation of acetaldehyde 

and acetone intermediates as ethane and propane are adsorbed on a mesoporous 

chromia-alumina catalyst.218 Furthermore, during the dehydrogenation of propane on 

a CrOx catalyst, surface species including aliphatic, unsaturated and aromatic carbon 

species, along with acetates and carboxylates, have been detected by diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS).163,218,219 This is 

consistent with a model in which the first step of the reaction is abstraction of 
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hydrogen from the alkane to form an alkoxide species (ethoxide and isopropoxide 

being formed from ethane and propane, respectively). However, the reduction of the 

catalyst prior to the dehydrogenation reaction led to a dramatic decrease in the 

amounts of acetates and carboxylates detected, albeit the reaction rate remained 

unaffected. Evidently, the latter throws into question the role acetic and carboxic 

species as reaction intermediates. An alternative interpretation is that these species are 

formed during the reduction of the Cr6+ species by hydrocarbons present in the feed.  

The reaction mechanism on GaOx has been studied by Liu et al. by DFT calculations 

on a Ga (100) surface.174 A mechanism similar to that shown in Scheme 1.3 was 

proposed, except for the fact that the initial C-H activation takes place via radical 

chemistry, which can adsorb on the Ga site as an ethyl species, or directly undergo the 

second C-H cleavage step. The corresponding energy diagram is shown in Figure 

1.24. The desorption of both hydrogen and propylene was found to be energetically 

unfavorable, which was used to explain the rapid coking and the relative low activity 

of GaOx based dehydrogenation catalysts. Indeed, while heating Ga2O3 in an ethane 

atmosphere, the evolution of Ga-ethyl and hydroxyl surface species was observed by 

DRIFTS at 150°C.220 

 

Figure 1.24. Energy profile for propane dehydrogenation to propylene on GaOx 

catalyst, as determined by DFT calculations on a Ga (100) surface. Intermediates 

similar to those displayed in Scheme 1.3 are shown with their relative energies. Note 

that two pathways for the dehydrogenation of propane are considered, by a radical 

intermediate and an ethyl intermediate, the former having a lower energy barrier.173,174 
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To summarize, most of the experimental results suggest that the dehydrogenation of 

light alkanes proceeds via the Horiuti-Polanyi mechanism, where either the 

dissociative adsorption of the alkane or the second C-H bond cleavage is the rate 

determining step. There is a lack of clear evidence of fundamental differences in the 

reaction mechanism on metal oxide and noble metal catalysts, although reports of 

mechanistic studies involving metal oxide catalysts are admittedly scant.  

All dehydrogenation catalysts deactivate with time-on-stream, several processes being 

responsible for the deactivation of the various different types of catalysts discussed in 

this Chapter. However, there has been a clear consensus in the literature since the 

mid-1970’s identifying coke deposition as the main cause of deactivation.62,221–223 

Coke is a collective name given to a large family of big hydrocarbon molecules that 

are highly graphitized and tend to form on the catalyst surface during the propane 

dehydrogenation reaction. Coke accumulation effectively hinders the diffusion of 

 

Scheme 1.4. Proposed pathway linking the presence of strongly adsorbed propyl 

species to the formation of an aromatic ring through a series of cracking (a-e), deep 

dehydrogenation (f-i) and/or dimerisation (f,g,j,k) reactions.200,201,225 Note that the 

adsorbed hydrocarbons shown in the scheme are examples of species formed on the Pt 

surface, and that they actually represent a family of similar species.  
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reactants to the catalyst surface by blocking both pores and active sites, which results 

in a drop in catalytic activity. Therefore, the detrimental effect of coke is largely 

dependent on catalyst design and the location of the coke deposits.224 

The process of coke formation is very complex and not very well understood. 

Brønsted acid and others active sites of the catalysts serve as seeding points to which 

olefins and paraffins are added until large graphitic structures are formed. Indeed 

olefins in the stream can easily react with the carbocation intermediates formed on 

these acid sites. Additionally, strong adsorption of both reaction intermediates, such 

as the ethylidyne or ethyne species discussed above,60,113,197 and products on active 

sites can also induce polymerization and lead to the formation of graphitic sheets. In 

Scheme 1.4, several pathways for the formation of the first aromatic ring structures 

from propylidyne and similar molecules are proposed, which include cracking, deep 

dehydrogenation and polymerization reactions.  

 

Scheme 1.5. Proposed mechanism for the growth of polyaromatic species by either 

Diels-Alder-type addition, propylene addition via radical chemistry or fusion of small 

domains into larger ones.228,229 The species will continue to grow in a similar fashion, 

and at a certain point are considered to be similar to graphite. The molecules in the 

scheme are only simplified hydrogen difficient coke precursors that may be present on 

the surface of the catalyst. Such species are directly bonded to the Pt surface and in 

reality will contain significant amounts of hydrogen, either by hydrogen terminated 

aromatic rings, or by aliphatic sidechains.  
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Coke species may grow from the resulting aromatic rings by either Diels-Alder-type 

addition, propylene addition to a radical, or fusion of smaller domains, as shown in 

Scheme 1.5. When these polyaromatics are still relatively small, they can also display 

some mobility over the catalyst surface and in fact, the addition of Sn to the Pt-based 

catalyst facilitates this migration.211,226,227 In addition, acid sites present on the support 

may protonate these small polyaromatics, making them more reactive towards gas 

phase olefins.228,230 Nevertheless, studies on these processes are scant, which is why 

the mechanism explaining the progression from adsorbed reaction intermediates to 

large graphitic sheets is still largely unknown.  

The location of coke is very important, as coke on the support has a lesser negative 

effect on catalyst activity.224,226 However, it is important to note that the presence of 

carbon deposits on the surface does not always negatively influence catalyst 

performance. Indeed, a low amount of coke deposition has been observed to increase 

the catalytic activity by facilitating the adsorption of the alkane near the active 

dehydrogenation site.224 Furthermore, highly active sites responsible for side 

reactions, such as hydrogenolysis, are the first to be poisoned by coke, resulting in 

higher selectivities to the olefin product. Coke becomes detrimental when large 

graphitic sheets are formed that cover most of the catalytically active sites.146,231 In 

order to address this coke-induced deactivation, a regeneration step under an oxidative 

atmosphere has been incorporated to industrial dehydrogenation processes. This 

process is relatively straightforward, as coke is easily combusted with air at 

dehydrogenation reaction temperatures. The ambivalent nature of coke deposits is 

further highlighted by the fact that their presence on deactivated catalysts is essential 

in the industrial processes that use coke combustion as the main source of the heat 

required to run the dehydrogenation reaction.  

Several strategies have been applied to control coke formation. For example, coke 

deposition can be dramatically reduced by using a support with little to no Brønsted 

acidity, or by poisoning the acid sites. Changes in the reaction conditions, such as 

cofeeding steam, hydrogen or CO2 can reduce coke formation,226,232,233 whereas high 

partial pressures of olefins and paraffins exacerbate coke deposition. Even the nature 

of the alkane reactant has an effect, as coke formed during propane dehydrogenation 

on a Pt-Sn/Al2O3 catalyst is reported to be more detrimental than coke formed during 

ethane dehydrogenation (although such a comparison difficult as both reactions run at 

different temperatures).113 Alternatively, coke deposition can be reduced by adding a 
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promoter element, the addition of Sn to Pt-based dehydrogenation catalysts being the 

best-known example. 

 
  

1.6 Comparing catalytic systems for propane dehydrogenation 

 

As was discussed in the previous section, the Pt-, CrOx- and GaOx-based catalysts are 

profoundly different systems for propane dehydrogenation. Therefore, a 

comprehensive comparison of the activity and stability of these catalysts is desirable, 

particularly because said comparison stands to reveal qualitative differences between 

formulations. We have essayed this comparison focusing on three performance 

criteria, namely olefin yield (obtained at the start of the experiment), stability 

(expressed as the deactivation rate) and the space velocity at which the first two 

criteria were measured (expressed as weight hourly space velocity (WHSV)). In this 

approach, the effects of various factors, such as pressure, temperature, preparation 

method, promoter and catalyst support are not considered. The reasons to ignore these 

effects include the fact that this information is missing in many articles (pressure 

being a notable example), the absence of a clear trend (temperature) and an 

excessively large variance within a single variable to allow a meaningful comparison 

(catalyst preparation being an instance of such a variable). It is important to note that 

the catalysts were only included in this comparison if the space velocity, deactivation 

rate and initial yield could be determined from the original source.  

In Tables S1.1 to S1.3 relevant catalytic data, including yield, space velocity and 

deactivation rate are summarized for Pt-, CrOx- and GaOx-based catalysts. The 

deactivation rate was calculated by assuming first order reaction kinetics, and 

comparing the conversion at the start and end of the reaction. In Figure 1.25, the 

(initial) yield of propylene for these materials is plotted versus the deactivation rate of 

these materials. The data points representing the catalytic performance the different 

metals are grouped around similar values, the initial yields being similar for Pt and 

CrOx and slightly higher for GaOx. Additionally, PDH results show that the different 

metals deactivate at different rates, with Pt being very stable, CrOx deactivating at a 

moderate rate and GaOx deactivating rapidly. Another interesting observation 

stemming from the PDH data is that within each type of catalyst high yields often 

coincide with relatively low deactivation rates, which is counterintuitive. 
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Figure 1.25. Yield of propylene during the dehydrogenation of propane versus 

deactivation rate of the catalysts included in Tables S1.1-1.3. Each data point is 

labeled with a number corresponding the first column of the respective tables, in order 

to distinguish between the different catalysts. Catalyst systems that present high yields 

combined with low deactivation rates are preferred. 

 

Space velocity is the second important factor that is considered for comparing the 

performance of dehydrogenation catalysts. In Figure 1.26 propylene yield is plotted 

against the weight hourly space velocity (WHSV). 

In order to be commercially attractive, dehydrogenation catalysts must provide high 

olefin yields at high space velocities. In other words, catalysts should display a high 

specific activity, which is to say good conversion at short contact times (moles of 

propane converted per moles of active phase per second). Figure 1.26 illustrates that 

while the yields obtained over GaOx-, CrOx-, and Pt-based propane dehydrogenation 

catalysts are comparable, the catalysts operate at relatively low, intermediate and high 

space velocities respectively.  
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Taking into account that Pt-based catalysts typically have low loadings (< 1 wt%), 

whereas GaOx- and CrOx-based catalysts generally have loadings between 5 and 20 

wt%, it is clear that on a weight basis Pt represents the most active formulation in 

PDH. This is confirmed when the calculated net specific activity values from Tables 

S1.1-1.3 are compared with one another. Indeed, for the dehydrogenation of propane 

on Pt-based catalysts, the average specific activity is 2.86×10-1 s-1, which is 

considerably higher than the average specific activities over CrOx and GaOx, which 

are 7.49×10-5 and 8.17×10-5, respectively. In Table 1.3, the proposed active sites for 

propane dehydrogenation of these three catalysts are shown. In the case of platinum-

based catalysts, any Pt0
 atom located at the surface is believed to catalyze the reaction, 

while in CrOx- and GaOx- based catalysts Cr3+ and Ga3+ must be coordinately 

unsaturated in order to display catalytic activity. This similarity between the active  

 

Figure 1.26. Yield of propylene versus WHSV of the catalysts included in Tables 

S1.1 to S1.3. High yields obtained at high space velocities are preferred; since Pt-

based catalysts can afford comparable yields to catalysts based on metal oxides while 

operating at higher space velocities they are superior in this respect. 
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sites of Ga- and Cr-containing catalyst, and their difference to Pt, may therefore 

explain the relative specific activity values of these formulations. However, it should 

be noted that the specific activity values are a very rough approximation of the real 

TOF of these catalysts. In case of Pt catalysts, all Pt (not only Pt located at the surface 

of nanoparticles) is taken in account when calculating the specific activity, and 

additional errors are introduced for the metal oxides. In the case of CrOx catalysts, 

only coordinately unsaturated Cr3+ species are active in the dehydrogenation reaction, 

yet in these specific activity calculations a considerable amount of species which are 

either coordinately saturated or in a different oxidation state are included. Although 

Ga3+ is likely the only stable species during the dehydrogenation reaction, our specific 

activity calculation involving GaOx catalysts considers a significant amount of the Ga 

that is either present in the framework of the support or incorporated in larger Ga2O3 

crystallites. Nevertheless, the difference in specific activity calculated for Pt and the 

metal oxides is in the range of four orders of magnitude, which cannot be explained 

solely by the errors introduced in the calculations.  

It is important to mention that catalysts tend to deactivate faster when higher space 

velocities are used. Notably, metal oxide-based catalysts deactivate faster than the Pt-

based formulations, in spite of the fact that the latter are commonly used at higher 

space velocities, which highlights the remarkable stability of Pt catalysts.  

The differences in turn-over frequencies described previously could be explained by 

comparing the activation energies calculated by DFT methods, as was previously 

discussed in Chapter 1.5. In these calculations, the energy barrier for the rate limiting 

step on Pt-Sn system is lower (109 kJ/mol) than in the CrOx and GaOx catalysts (161 

kJ/mol and 163 kJ/mol, respectively). Ea affects the reaction rate, as described by the 

Arrhenius equation:  

� = 	

��
��  

 

where k is the reaction rate constant, A is the pre-exponential factor, R is the gas 

constant and T the temperature. By calculating k/A at a temperature of 600 °C and 

assuming A is comparable for the three systems considered, the rate constant is ~103 

times higher for the Pt-Sn catalysts compared to the metal oxide catalysts. The 

difference in reported specific activity for propane dehydrogenation on the Pt and 

metal oxide catalysts (Tables S1.1-1.3) is approximately 104, as is shown in Table 1.3. 
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The higher activity observed for the Pt-based catalysts may therefore be explained by 

the significantly lower energy barrier of the rate-limiting step. However care must be 

taken when comparing these Ea values, as the methods used for obtaining these are 

not identical. Furthermore, these simulations assume model surfaces, that not 

resemble real catalyst systems and are therefore not necessarily representative for the 

experimentally observed reaction rates. Nevertheless, these combined theoretical and 

experimental data are very encouraging and highlight the need for more extensive 

studies on the reaction rate on Pt-based compared to metal oxide dehydrogenation 

catalysts. 

 

Table 1.3. Proposed active sites for the Pt-, CrOx- and GaOx-based propane 

dehydrogenation catalysts discussed above, along with the order of magnitude of their 

calculated specific activity, and the reaction rates (k/A) calculated by DFT.  

 

To summarize, although metal oxide-based catalysts can afford comparable yields to 

those obtained using Pt-based formulations, the latter can operate at higher space 

velocities and exhibits lower deactivation rates than metal oxide catalysts. 
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1.7  Scope of this PhD Thesis 

 

As was shown in the preceding sections, the catalytic dehydrogenation of propane has 

been extensively researched on Pt-, CrOx- and GaOx-based catalysts. In this PhD 

thesis, a spectroscopic approach will be used to further our knowledge on the 

deactivation of these catalyst materials, and to gain a better understanding of the 

process of coke deposition. More specifically, the effects of catalyst composition and 

experimental conditions on the chemical nature of these coke deposits is one of our 

targets. To further emphasize the value of spectroscopic techniques, they are applied 

in a pilot plant setup to study the deactivation of these catalyst materials under 

relevant reaction conditions.  

In Section 1.4 of this Chapter, it was shown that the deposition of coke can be 

decreased by adding hydrogen or steam to the feed. However, little is known how this 

affects the chemical structure of these carbon deposits. Raman spectroscopy is known 

to be a valuable tool to examine such structural changes of coke. Therefore operando 

Raman spectroscopy is used in Chapter 2 to study the influence of co-feeding 

varying amounts of hydrogen on the chemical nature of the coke species formed. 

In Chapter 3, this analysis is taken a step further, as the coke deposits formed on 

different catalysts materials (Pt, Pt-Sn, Ga or Pt-Ga supported on alumina) are studied 

by operando Raman spectroscopy and TGA. With this approach, the coking process 

on these different materials can be compared. However, these techniques provide 

information of the bulk of the catalyst material, but since catalysis takes place on a 

nano-scale, it is desirable to obtain additional chemical information on a similar 

length scale. Hence, we applied scanning transmission X-ray spectroscopy (STXM) to 

investigate the coke deposits in more detail.  

In Section 1.6 of this Chapter, a comparison is made between the Pt-, GaOx- and 

CrOx-based propane dehydrogenation catalysts. It is clear from literature, that the Pt-

based formulations display higher activities and stabilities compared to the metal 

oxide catalysts. In Chapter 4, a novel Pt-promoted GaOx catalyst is described, which 

exhibits excellent catalytic performance that rivals the highly active Pt-Sn system. 

The advantage of this system, however, is that the Pt content is significantly lower, 

while exhibiting a stability superior to other catalyst formulations. From the 
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experiments performed, it was apparent that Ga was responsible for the C-H 

activation, while Pt acted as a promotor. A broad collection of techniques was 

employed to explain the reason behind the unique behavior of this catalyst material. 

The results indicated that a mixed Al-Ga oxide was formed, that was highly stable and 

active for the dehydrogenation of propane, while highly dispersed Pt is assisting with 

the desorption of hydrogen from the Ga active sites. 

The combination of operando Raman and UV-Vis spectroscopy is a powerful tool to 

study the deposition of coke deposits on catalyst materials. For the industrial propane 

dehydrogenation processes it is very important to carefully control the deposition of 

coke deposits. As was discussed above, the combustion of coke serves as the main 

source of heat for the Catofin system, although when too much coke is present on the 

catalyst, an excessive amount of heat is generated that irreversibly deactivates the 

CrOx catalyst by incorporation of the Cr in the bulk of the support. Therefore, it would 

be desirable to know precisely the amount of coke is present at any time during the 

dehydrogenation reaction, so the regeneration step can be started at the optimal time 

by using an on-line control system based on operando spectroscopy. Nevertheless, the 

tools required to do such analysis were not available untill now. In this work, we have 

designed and tested novel probes for operando UV-Vis and Raman spectroscopy 

which can be inserted in a pilot-scale reactor in order to measure the active catalyst 

material under relevant reaction conditions. The findings of this approach are 

discussed in Chapter 5 for the UV-Vis probes, and in Chapter 6 for the combination 

of UV-Vis and Raman probes. 

Finally, Chapter 7 will serve as a summary of the work performed in this PhD thesis, 

including some future perspectives.  
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Chapter 2 

 

 

 

Operando Raman Spectroscopy during the 

Deactivation of Pt and Pt-Sn/Al2O3 Propane 

Dehydrogenation Catalysts in a Lab-Scale 

Setup 
 

 

 

 

 

 

The deactivation of 0.5 wt% Pt/Al2O3 and 0.5 wt% Pt - 1.5 wt% Sn/Al2O3 catalysts 

was studied by operando Raman spectroscopy during the dehydrogenation or propane. 

By altering the reaction feed composition, the deposition of carbon species could be 

either suppressed or enhanced, influencing the performance of the catalyst materials. 

A high H2 partial pressure resulted in changes in the position, intensity and width of 

the characteristic Raman bands of coke deposits. These trends imply that smaller 

graphitic crystallites were formed, which contained less defects.  

 

 

This Chapter is based on the manuscript: J.J.H.B. Sattler, A.M. Beale, B.M. Weckhuysen, Operando 

Raman spectroscopic study on the deactivation of Pt and Pt-Sn/Al2O3 propane dehydrogenation 

catalysts, Phys. Chem. Chem. Phys. 15 (2013) 12095-12103. 
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2.1  Introduction 

 

As was discussed in Chapter 1, the deposition of carbon is the first and foremost cause 

of short-term catalyst deactivation for alkane dehydrogenation catalysts.1–4 This so-

called coking process originates from the polymerization of (strongly) adsorbed 

reaction intermediates on the catalyst surface, forming large, graphite-like structures 

that cover alkane dehydrogenation sites and hamper the diffusion of reactants.5–7 

Several parameters are known to influence the process. For example, the composition 

of the gas atmosphere is known to be important, as high hydrocarbon partial pressures 

result in more severe catalyst coking, while the coking process can be inhibited by the 

addition of steam or hydrogen.4,8,9 Secondly, doping a Pt/Al2O3 catalysts with Sn 

results in a more robust alkane dehydrogenation catalyst, as the catalyst remains 

active for longer times.10–13  

In this Chapter, the deposition of carbon on a Pt/Al2O3 and a Pt-Sn/Al2O3 catalyst is 

compared during the dehydrogenation of propane by operando Raman spectroscopy, 

thermogravimetrical analysis (TGA) and on-line gas chromatography (GC). The 

advantage of using operando Raman spectroscopy is that the technique is non-

invasive, allowing to monitor the deactivation of the catalyst during the actual 

dehydrogenation reaction.12,14–17 Coke species formed on the catalyst typically display 

two distinct Raman signals, at approximately 1320 and 1590 cm-1, commonly referred 

to as the D and G band, respectively.18–20 These bands originate from the ring 

breathing vibration of a perfect graphitic lattice (G) and sp3 hybridized carbon atoms 

at the edges of graphene sheets or at defects within in the graphene lattice (D). By 

continuously collecting Raman spectra, changes over time in the nature of these 

carbon deposits are observed. These spectra can be correlated with the activity data 

obtained by on-line GC analysis. Lastly, the amount of coke can be quantified by 

isolating the deactivated catalyst from the reactor and measuring the loss of weight 

with TGA during the combustion of the coke.  

In addition, the effect of the composition of the reaction mixture on the coke 

deposition is studied by varying the ratio of hydrogen to propane or propylene. In 

literature, the coke inhibiting effect of hydrogen on the formation of carbon deposits 

has already been described, and was attributed to the competitive adsorption of 
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hydrogen and hydrocarbons: as the partial pressure of hydrogen is increased, the 

amount of adsorbed hydrocarbons on the catalyst surface decreases, effectively 

reducing the likelihood that reaction intermediates oligomerize towards coke 

precursors.21,22 Density functional theory (DFT) studies have been performed on the 

adsorption of hydrogen, propane, propylene and carbon (coke) on Pt and Pt-Sn 

surfaces.23–25 These calculations revealed that both hydrogen and carbon would adsorb 

more strongly on Pt than propylene or propane. The heat of adsorption of propylene 

and propane is further decreased with the addition of Sn, while the adsorption of 

hydrogen or coke was not significantly altered.26–28 Nevertheless, the effect of 

hydrogen on the nature of the carbon deposits formed is not yet understood, which is 

the topic of this Chapter. 

 

 

2.2  Experimental 

 

2.2.1 Catalyst Preparation 

0.5 wt% Pt/Al2O3 and 0.5 wt% Pt - 1.5 wt% Sn/Al2O3 catalysts were prepared by (co-

) impregnating an ethanol solution (99.9%) containing H2PtCl6×(H2O)x (39.96 wt% 

Pt, Degussa) and SnCl2×(H2O)2 (Merck, p.a.) onto a commercial alumina carrier 

(Norton, 89 m2/g). The catalyst was dried by evaporating the ethanol by using a 

rotavap (50 ⁰C, 20 mbar) and the obtained catalysts were calcined at 560 ⁰C for 3 h.  

 

Figure 2.1. Scheme and photograph for the combined operando Raman/UV-Vis 

spectroscopy setup. The gas flow leaving the reactor is analyzed by an on-line GC.  
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2.2.2 Dehydrogenation Reaction  

Catalytic data and operando Raman spectroscopy data were obtained with a combined 

Raman/UV-Vis spectroscopy setup equipped with an on-line gas chromatograph, 

which is shown in Figure 2.1. A packed bed reactor, consisting of a cylindrical quartz 

tube is placed inside an oven. Inside the tube, 0.3 g of catalyst material is loaded on 

top of a bed of quartz wool. The quartz reactor includes optical grade windows, that 

are aligned with two holes in the oven. A Kaiser Optical Systems Inc. Raman 

spectrometer with a 532 nm laser is aligned with one of these holes and an Avantes 

optical probe connected to a deuterium-halogen light source and Avantes 2048 UV-

Vis spectrometer to the other. The reactor is connected with an Interscience compact 

GC, equipped with a flame ionization detector (FID, Porabond-Q column) and a 

thermal conductivity detector (TCD, Carboxan column) to study the composition of 

the reactor stream. The former detector is used to quantify the flammable gases in the 

product stream (with the exception of hydrogen), which are CH4, C2H4, C2H6, C3H6 

and C3H8. The latter detector is used to quantify the other gases present in the system 

based on thermal conductivity: H2, O2, CO, CH4 and CO2. The chromatograph is set 

up to provide optimal separation between the signals of the aforementioned molecules 

and producing one chromatograph every 5 min. 

 

Figure 2.2. The deconvolution operation is performed by taking three points at fixed 

positions (blue spots) on the original spectrum (black line). A smooth line is drawn 

through these points, which then serves as a baseline (blue line). The resultant 

spectrum (red line) is then further analyzed.  
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For each experiment the catalyst first has to be pretreated in order to reduce any 

catalytically inactive PtOx. This is done by increasing the temperature from room 

temperature to 600 ⁰C with a ramp of 10 ⁰C/min under a H2 flow of 9 ml/min, after 

which the reactor is purged with He for 5 min. During the second step, the actual 

dehydrogenation reaction takes place at 600 ⁰C for 6 h, by flowing 9 ml/min 

consisting of 100, 75, 50 or 25% of either propane or propylene diluted with H2 

(WHSV = 3.2 for 100% propane). The flow is humidified by 9 v/v% steam, which 

reduces coke deposition. Following the reaction, the reactor is flushed for 5 min with 

He, and the coked catalyst regenerated by flowing 9 ml/min of a mixture of 20% O2 in 

He for 2 h. In all cases, this treatment was sufficient to remove all the carbon 

deposited, as no COx is detected at the end of the regeneration step. After flushing the 

reactor again with He, the catalyst is reactivated by introducing a flow of 20% H2 in 

He in the reactor for 1 h. These steps are repeated until 10 dehydrogenation cycles are 

performed.  

For the thermogravimetrical analysis, a Perkin-Elmer 1 instrument was used. For this 

purpose, 10-25 mg of the spent catalysts, obtained after 3 propane dehydrogenation-

regeneration cycles, was heated from room temperature to 800 ⁰C at a rate of 10 ⁰C 

under 10 ml/min of oxygen. 

 

 

2.2.3 Raman Spectroscopy and Data Analysis 

Data acquisition was done using the Holograms 4.0 program with an exposure time of 

7 s and 11 accumulations. For each Raman spectrum collected, a separate background 

is measured, and the cosmic ray filter option in the software is used to prevent spikes 

in the Raman spectra, resulting in one spectrum being collected every 5 min. The 

resulting Raman spectra are processed with the Fityk v.0.8.6 software package. by 

means of a baseline correction in order to subtract the fluorescence background and 

perform a deconvolution operation.  

The baseline correction is necessary because the fluorescence background varies 

strongly during the experiment, which would make it very challenging to compare the 

spectra otherwise. Nevertheless, performing this subtraction in a reproducible manner 

is very important. The Fityk program draws a line through three specific points in the 

spectra, at 950, 1800 and 2000 cm-1 (shifts where no Raman signal is observed), 
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which is subtracted from the original spectrum. As is shown in Figure 2.2, this 

procedure does not alter the shape or intensity of the bands in the region of interest, 

i.e. 1000-1700 cm-1.  

When the background subtracted spectrum is obtained, a deconvolution operation is 

performed to describe the position, width and intensity of the respective bands more 

effectively. A set of bands is manually fitted, after which the program optimizes the 

fit.  

 

2.3 Results and Discussion 

 

2.3.1 Effect of Hydrogen Addition 

In Fig. 2.3a the conversion of propane during the first, third and tenth 

dehydrogenation-regeneration cycle of the Pt/Al2O3 catalyst at different propane/H2 

ratios is shown. A strong effect of the hydrogen concentration was observed, as an 

increase in hydrogen partial pressure results in a higher conversion of propane. 

However, the drop of conversion within a cycle, which is caused by carbon deposition 

and Pt sintering, remains unaffected. In Figure 2.3b, the conversion as obtained at the 

end of each of the 10 dehydrogenation cycles is shown. The end of the different 

cycles were compared, since the catalyst has attained a relatively steady state here. 

The conversion measured drops significantly for the first three or four cycles, after 

which it remains more or less stable. The drop between cycles is explained by 

sintering of the Pt nanoparticles, as was described in earlier work.12  

The corresponding selectivity towards propylene is shown in Figure 2.3c and d. 

During the first two cycles, the addition of H2 has a negative effect on the selectivity 

towards propylene: at the start of the first cycle, only cracking products are detected in 

the case where 25% propane is present in the feed. However, for the following cycles 

the selectivity is improved to the point where hydrogen addition becomes beneficial. 

For the tenth cycle for example, the selectivity to propylene is 43% in the absence of 

hydrogen, while this is increased to 73% by adding 50% hydrogen in the feed. The 

corresponding yield is shown in Figure 2.3e and f. From the fourth cycle onward, the 

yield increases as more H2 is added.  
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Figure 2.3. Propane conversion (a), selectivity to propylene (c) and propylene yield 

(e) of a Pt/Al2O3 catalyst for the first, third and tenth dehydrogenation cycle at 

different H2 and propane ratios. Additionally, the values for conversion (b), selectivity 

(d) and yield (f), obtained at the end of each of the 10 cycles are shown for the 

different H2 and propane ratios.  
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Figure 2.4. Propane conversion (a), selectivity to propylene (c) and propylene yield 

(e) of a Pt-Sn/Al2O3 catalyst for the first, third and tenth dehydrogenation cycle at 

different H2 and propane ratios. Additionally, the values for conversion (b), selectivity 

(d) and yield (f), obtained at the end of each of the 10 cycles are shown for the 

different H2 and propane ratios.   
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In Figure 2.4, the catalytic data of the Pt-Sn/Al2O3 catalyst is shown for the 10 cycle 

dehydrogenation experiment. The conversion (a), selectivity (c) and yield (e) for the 

first, third and tenth cycle are considerably higher compared to the Pt/Al2O3, which is 

in agreement with what has been reported in literature.12,29 The positive effects of Sn 

addition are explained by reduced coke formation and the so-called flow off effect, 

which consists of the migration of coke precursors away from the metallic particles to 

the support, effectively preventing the blocking of the active sites by coke. The 

respective values for the conversion, selectivity and yield obtained at the end of each 

cycle are shown in Fig. 2.4b, d and f, respectively. The addition of H2 increases 

catalyst stability, meaning the drop of conversion and selectivity within, but also 

between cycles, is less. The feed containing 100% propane displayed the highest 

conversion and selectivity during the first cycle, but drops strongly during subsequent 

cycles. With the addition of hydrogen, this drop becomes much smaller and from the 

4th cycle onwards, a higher conversion and selectivity is obtained, regardless of the 

concentration of hydrogen. In the end, the Pt-Sn catalyst performs best when a feed 

consisting of 75% propane and 25% hydrogen is used.  

Because the total flow of gases remains constant, the flow of propane is effectively 

diluted by hydrogen. Therefore, the use of nitrogen as a diluent was investigated. It 

was found that nitrogen addition did not change the conversion and selectivity of the 

propane dehydrogenation catalysts discussed above (additionally no changes were 

observed in the Raman spectra). The trends observed are therefore caused by the 

addition of hydrogen, which affect the chemistry of the system. As hydrogen is 

produced by the dehydrogenation reaction, the addition of hydrogen to the feed should 

shift the equilibrium of the reaction to the competing hydrogenation reaction, 

effectively reducing propylene yield. Indeed, when the theoretical yield was 

calculated, the propylene yield was 27% and 47% for the feed consisting of 100% 

propane and 25% propane respectively, at 600 ⁰C and 1 bar. The catalyst operates 

therefore closer to the equilibrium when hydrogen is added to the feed.  

Several processes that affect catalyst deactivation may be influenced by an increase in 

the partial pressure of hydrogen. First of all, the increase in hydrogen partial pressure 

would lead to a higher concentration of adsorbed hydrogen on the platinum, 

effectively reducing the probability of the formation of coke precursors that make 

dehydrogenation sites permanently unavailable for the dehydrogenation reaction.  
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In addition, Iglesia-Juez et al. have previously shown by operando high energy 

resolution fluorescence detected X-ray absorption spectroscopy (HERFD-XAS), that 

sintering of the nanoparticles occurs during the calcination step.12 During this step, the 

Pt-Sn alloy segregates into SnO2 and Pt nanoparticles. During the following reduction 

and dehydrogenation step, the Pt-Sn alloy is reformed. During the repeated cycling, 

the Pt-Sn nanoparticles become enriched with Sn, reducing the amount of Pt on the 

exterior of the nanoparticles. As less active sites are in each other’s proximity, the 

probability of the polymerization of reaction intermediates becomes less likely. As a 

second effect, Sn donates electron density to Pt, reducing the strength of adsorption of 

propane and other hydrocarbons. The formation of the alloy is due to hydrogen 

spillover from the Pt to the SnOx located on the support, reducing the Sn which gets 

incorporated in the nanoparticle. The reduction of the SnOx during the 

dehydrogenation step is possibly affected by the partial pressure of hydrogen. 

Finally, as the coke on the deactivated catalyst is combusted, a significant amount of 

heat is released. This results in hot spots on the catalyst surface that may increase Pt 

sintering. Therefore, when less coke is formed, the sintering of Pt nanoparticles is 

reduced, therefore resulting in a more stable catalyst.  

 
 

2.3.2 Effect of Hydrogen on Propylene Hydrogenation 

On the same catalyst materials, the hydrogenation of propylene is attempted under 

identical reaction conditions. For both catalyst materials the selectivity to propane and 

conversion of propylene increased as more hydrogen was added to the feed. Catalyst 

cycling decreased the conversion for all propylene/hydrogen ratios. The Pt-Sn/Al2O3 

catalyst again displayed a higher conversion and selectivity compared to the Pt/Al2O3 

catalyst. The deactivation behavior of both catalysts is very similar during the 

hydrogenation of propylene as compared to the dehydrogenation of propane. The Pt-

Sn/Al2O3 catalyst is more resistant to catalyst deactivation during the first few cycles. 

Concluding, the same processes of catalyst deactivation are likely responsible. 

 

 

2.3.3 Coke Analysis by Operando Raman Spectroscopy 

From the activity measurements discussed above it is clear that both the addition of 

Sn and hydrogen influence the deposition of coke on the catalysts. Operando Raman 
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spectroscopy is a valuable tool to find links between the activity data discussed before 

and the chemical nature of the coke deposits. In Figure 2.5 therefore Raman spectra 

obtained during the first, third and tenth dehydrogenation cycle on the Pt/Al2O3 are 

shown. The evolution and general shape of the Raman bands shown in the Figure are 

typical for all experiments discussed in this Chapter. Four different bands can be 

distinguished: the first two bands at 1040 and 1166 cm-1 bands originate from the 

quartz reactor, while the other two bands, the D band at ~1320 cm-1 and the G band at 

~1590 cm-1, have been reported for a wide array of carbon materials and are assigned 

to the coke deposits.20,30–33 These bands appear immediately after the catalyst material 

is exposed to propane, and their intensity increases very rapidly for the first few 

minutes of the dehydrogenation reaction. After this short period, the intensity of the 

 

Figure 2.5. Operando Raman spectra obtained during the first, third and tenth 

dehydrogenation cycle, including the regeneration in air, over the Pt/Al2O3 catalyst 

with a feed consisting of 100% propane.  
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bands drops to stabilize after approximately one hour into the reaction. This drop in 

intensity is caused by the catalyst slowly turning black, resulting in self-absorption of 

the Raman signal. When the catalyst is regenerated, both the D and G bands 

disappear. During the initial stages of the dehydrogenation, as well as during the 

regeneration step, a strong fluorescence background is observed that results in the 

relatively low signal to noise ratio of these spectra. The composition of the feed and 

the catalyst material under study influence the shape of the coke bands in the Raman 

spectra. 

 

Figure 2.6. Operando Raman spectra of coked Pt/Al2O3 (a, c) and Pt-Sn/Al2O3 (b, d) 

catalyst materials with feeds of propane (a, b) and propylene (c, d) for different 

hydrocarbon- hydrogen ratios. The spectra were all obtained at the end of the first 

reaction cycle. The color of the spectra indicates the concentration of the hydrocarbon 

in the feed. 
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In Figure 2.6, operando Raman spectra of the deactivated Pt/Al2O3 (a, c) and Pt-

Sn/Al2O3 catalysts (b, d) are shown. These spectra were collected at the end of the 

first cycle, where the catalyst is more or less at a steady state. The feeds used in this 

instance consisted of propane (a, b) and propylene (c, d) diluted with 0, 25, 50 or 75% 

of hydrogen. As the intensity of the Raman signal differs between the experiments, 

the signal has been normalized with respect to the G band, which had the highest 

intensity in all cases. In some experiments the coke signal could not be distinguished 

from the (very strong) fluorescent background, and are therefore omitted from the 

Figure. When examining the effect of the increasing hydrogen content in the feed, 

some trends are observed. First of all, the D band becomes more prominent with 

respect to the G band. Secondly, the Raman bands become narrower and their position 

appears to shift. As these observations are made with the naked eye a more thorough 

analysis is required. Careful analysis of coke related compounds, such as soot, 

graphene, graphite and carbon nanofibers has shown that the Raman spectra of these 

materials consist of an overlapping set of four or five bands in the 1200-1650 cm-1 

region.20,34,35 Similar data analysis was therefore performed on the coke deposits 

reported herein by deconvoluting the spectra. A combination of 6 different bands was 

used to fit the Raman spectra, of which two originated from the quartz of the reactor, 

and four bands from the carbonaceous deposits. The parameters used for this fitting 

operation are summarized in Table 2.1. The set of Raman bands used for this fitting 

operation could be applied to all spectra obtained.  

For the analysis of the coke Raman bands the nomenclature, which was proposed by 

Sadezky et al. for the analysis of soot-based samples, was used.34 In this 

interpretation, the so-called G band at ~1587 cm-1 corresponds with the doubly 

degenerate phonon mode with a E2g symmetry at the Brillouin zone for a perfect 

graphite lattice. The second most intense band is the D1 band, which originates from a 

double resonant Raman scattering process consisting of a defect and an in-plane 

transverse optic phonon mode in the graphene lattice. The intensity of the D1 band 

relative to the G band is increased as the amount of defects in the graphitic lattice 

increases or when the size of the graphite crystallites decreases, since the latter results 

in a relatively stronger contribution of the graphene layer edges. In addition, The D3 

band is believed to correspond to amorphous carbon, while the D4 band is assigned to 

disordered graphitic lattice of an A1g symmetry. The D2 band (1620 cm-1), as proposed 

by Sadezky and coworkers,34 was not detected in the Raman spectra of the coke  
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Table 2.1. Characteristics of the Raman bands obtained by the deconvolution 

operation, with the nomenclature proposed by Sadezky et al.34  

  

Figure 2.7. Deconvoluted operando Raman spectra of the carbon deposits formed on 

the surface of a Pt/Al2O3 catalyst material for the 25% (a), 50% (b), 75% (c) and 

100% (d) propane feed obtained under propane dehydrogenation conditions.  

 

deposits. Lorentzian line shapes are used to fit the D1 and G bands, while the other 

bands were fitted using Gaussian functions. As an example, the operando Raman 

Band Position (cm-

1) 

Shape Assignment 

Q1 1040 Gaussian Si-O stretch of quartz 

Q2 1166 Gaussian Si-O stretch of quartz 

G 1587 Lorentzian 
Ring breathing vibration of ideal graphite 

lattice 

D1 1320 Lorentzian 

Ring vibrations of disordered graphitic lattice 

(graphene layer edges and defects in graphite 

plane) 

D3 1500 Gaussian Amorphous carbon 

D4 1220 Gaussian Disordered graphitic lattice 
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spectra shown in Fig. 2.5a have been analyzed in this manner and are shown in Figure 

2.7. 

The Raman spectra of all the catalyst materials, discussed in Figure 2.6, are 

deconvoluted in an identical manner. The obtained values for the position (a, b) and 

width (c, d) (half width half maximum (HWHM)) of the D1 and G bands of these 

spectra are shown in Figure 2.8. This analysis is performed on ten consecutive spectra 

obtained at the end of the first cycle. This period was chosen for comparing the 

catalyst materials as the catalysts are in a relatively steady state, and the continuous 

cycling operation does not affect each catalyst in the same way. To illustrate this, the  

 

Figure 2.8. Positions (a, b) and values of the half width half maximum (HWHM) (c, 

d) of the D1 (a, c) and G (b, d) bands of the Raman spectra obtained at the end of the 

first cycle, while using feeds containing propane/propylene diluted with different 

concentrations of hydrogen. Furthermore, the Figure includes experiments performed 

on the Pt catalyst using propane (�) and propylene (�), and the Pt-Sn/Al2O3 catalyst 

using propane (�) and propylene (�). 
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values for the width, position and relative intensity expresses as the D1/G ratio have 

been determined for the deactivated Pt and Pt-Sn catalyst for the first, third and tenth 

cycle, when a feed consisting of 100% propane was used. The results are summarized 

in Table 2.2. 

 

Table 2.2. HWHM (half width at half maximum) and position of the D1 and G bands 

of the coke formed on the catalyst materials at the end of the first, third and tenth 

dehydrogenation cycle for the feed consisting of 100% propane. The average value of 

10 consecutive spectra at the end of the cycle is shown, with the standard deviation 

between brackets.  

 

It can be concluded that, as the hydrogen content in the feed is increased, the D1 band 

shifts towards lower wavenumbers, while the G band shifts to higher wavenumbers. 

The spectral shifts appear to be unaffected by the presence of Sn or whether propane 

or propylene is used in the feed. In literature, the position of the Raman bands have 

been reported to shift as a function of temperature or incident photon energy. 

However, this cannot account for the trends observed here, as the temperature and 

incident photon energy are identical for each experiment reported here. Tuinstra and 

Koenig have reported that the G band for perfect, large graphite crystals is positioned 

at 1575 cm-1.18 When small graphite crystallites were measured at the same 

conditions, the position of the G band had shifted to 1590 cm-1. As a similar change 

Catalyst 

sample 

Cycle HWHM 

D1 (cm-1) 

Position D1 

(cm-1) 

HWHM G 

(cm-1) 

Position G 

(cm-1) 

D1/G 

Pt/Al2O3 1st  49.4 (1.4) 1326.0 (1.2) 33.1 (1.3) 1585.1 (0.7) 0.54 (0.015) 

Pt/Al2O3 3rd  54.6 (2.7) 1326.3 (0.9) 35.2 (1.8) 1583.1 (0.9) 0.58 (0.022) 

Pt/Al2O3 10th 54.3 (3.2) 1323.6 (1.5) 32.4 (2.8) 1583.8 (0.9) 0.66 (0.020) 

Pt-Sn/Al2O3 1st  68.3 (2.1) 1316.9 (1.4) 30.6 (0.9) 1585.2 (0.8) 0.67 (0.015) 

Pt-Sn/Al2O3 3rd  68.1 (2.3) 1318.5 (1.4) 32.5 (0.9) 1585.9 (0.9) 0.68 (0.014) 

Pt-Sn/Al2O3 10th 68.3 (1.5) 1316.6 (1.8) 31.7 (0.6) 1587.7 (1.1) 0.69 (0.027) 
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towards higher Raman shifts is observed here, it would imply that the addition of 

hydrogen decreases the crystallite size of the graphite particles. The reason of the 

change of the D1 band towards lower Raman shifts is not understood at this point. In 

Figure 2.8c and d, the HWHM of the D1 and G Raman bands is shown. The general 

trend is that both Raman bands become narrower as the H2 content in the feed is 

increased. This effect is visible for all operando Raman spectra measured. The 

narrowing of these bands indicate a more ordered carbon structure with fewer defects 

on the catalyst. The D1/G ratio obtained at the end of the first, third and tenth cycle is 

summarized in Table 2.3 for every concentration of propane and propylene used. As 

the hydrocarbon concentration is decreased, the D1/G ratio increases for the first 

cycle, indicating that either smaller graphitic crystallites are formed, or that these 

graphitic sheets contain more defects.  

 

Table 2.3. D1/G ratios for Pt/Al2O3 and Pt-Sn/Al2O3 catalysts for different feeds 

obtained at the end of the first, third and tenth cycle.  

 

 Pt/Al2O3 Pt-Sn/Al2O3 

Propane/propylene 

concentration (%) 
cycle Propane Propylene Propane Propylene 

100 

1 0.54 0.60 0.67 0.62 

3 0.58 0.58 0.68 0.57 

10 0.66 0.63 0.69 0.64 

75 

1 0.81 0.64 0.78 0.63 

3 0.80 0.64 0.68 0.65 

10 0.87 0.61 0.35 0.67 

50 

1 0.74 0.71 (-) 0.65 

3 0.62 0.74 (-) 0.71 

10 (-) 0.70 (-) 0.71 

25 

1 0.74 0.72 (-) (-) 

3 0.60 0.72 (-) (-) 

10 0.37 0.71 (-) (-) 
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Summarizing, three trends are observed in the Raman spectra as a function of 

increasing hydrogen concentration: First of all, the Raman bands become more 

narrow, suggesting a more ordered system. Moreover, a shift in the position of the G 

band was observed, suggesting a decrease in the size of the graphite crystallites. 

Finally, the D1/G ratio increases as a function of the hydrogen concentration. Since 

this value signifies the ratio between carbon present on the edges and defects of the 

coke (D1) and carbon in the bulk of the graphite sheet (G), this can be interpreted as 

graphite sheets becoming smaller. These findings are summarized in Table 2.4. 

 

Table 2.4. Summary of the effects of a high and low hydrogen pressure on the 

chemical nature of coke deposits formed on the Pt and Pt-Sn/Al2O3 catalyst material, 

as observed by operando Raman spectroscopy. As is shown in the bottom of the 

scheme, smaller, more ordered coke species are formed at a high partial pressure of 

hydrogen. 

 

The amount of amorphous coke, as shown by the intensity of the D3 band, becomes 

less as more hydrogen is added. However, the variance for both the position and width 

of this band is very large for these measurements, which is why this band was not 

investigated in detail. Catalyst cycling does not strongly affect the Raman band 

positions, band widths and the ratio between the D1 and G bands in most experiments 

performed, with the exception of experiments with 50 and 25% propane on the 

Pt/Al2O3 catalyst and 75% propane feed on the Pt-Sn/Al2O3 catalyst. In these cases, 

three trends are observed during the catalyst cycling: First of all, the relative intensity 
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of the coke bands drops for each consecutive cycle. Furthermore, the D1/G ratio drops 

from ca. 0.75 to 0.35. Finally, the width of the D1 and G bands increases. These trends 

suggest that less coke of a more graphitic nature is deposited after each consecutive 

cycle. In addition, for the experiments with 50 and 25% propane on the Pt-Sn/Al2O3 

catalyst only fluorescence was detected. Our experiments have also shown that the 

formation and maturing of coke quenches fluorescence and that fluorescence is 

relatively strong at the initial stages of each cycle and during the oxidation step. 

Therefore the presence of very strong fluorescence seems to be an indication that the 

amount of coke on the catalyst surface is relatively low and reactive. To investigate 

this in more detail, additional experiments have been performed while using operando 

UV-Vis spectroscopy to track the darkening of the catalyst during the 

dehydrogenation reaction for feeds consisting of 100% propane and 25% propane in 

hydrogen on the Pt-Sn catalyst. As is shown in Figure 2.9, indeed the absorption of 

UV-Vis light increases less when 25% propane is present in the reactor feed compared 

to 100% propane, which is a strong indication that less coke has been deposited. 

 

Figure 2.9. UV-Vis absorption spectra obtained at the start (black spectrum) and at 

the end (red spectrum) of the dehydrogenation reaction on the Pt-Sn catalyst using a 

feed consisting of 100% propane (top) and 25% propane diluted with hydrogen 

(bottom). The feature observed around 532 nm is caused by diffusely scattered light 

of the Raman light source.  
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When correlating observations made with Raman spectroscopy with the activity data, 

the increase in propane conversion at higher hydrogen contents, can be attributed to a 

decrease in the amount of coke deposited. The low initial selectivity observed on the 

Pt/Al2O3 catalyst can be explained by the fact that highly active sites (i.e. corners, 

edges, etc.) are present on the catalyst that catalyze cracking and hydrogenolysis in 

the presence of hydrogen. As the cycle progresses in time, these sites become 

poisoned by the deposition of coke, quenching the formation of these cracking 

products. After the catalyst is cycled a few times, these sites are permanently 

deactivated because the morphology of the Pt particles is altered due to sintering. In 

contrast with dehydrogenation, hydrogenolysis is a structure sensitive reaction, which 

is favored on smaller Pt crystallites, which contain more highly reactive kink sites.36,37 

Finally, the experiments with propane concentrations of 25 and 50% show a strong 

increase in selectivity for each consecutive cycle. This change coincides with the coke 

deposits becoming more graphitic, which suggests a link between the presence of 

relatively disordered coke deposits and side reactions, such as cracking. 

 

 

2.3.4 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) experiments, shown in Figure 2.10 on deactivated 

Pt/Al2O3 and Pt-Sn/Al2O3 catalysts (obtained after three dehydrogenation cycles, 

excluding an oxidation step for the last cycle), support the findings obtained by the 

operando Raman measurements. In the Figure, the loss of weight per temperature step 

is shown. The signal between 400 and 600 ⁰C corresponds with the loss of weight due 

to the combustion of coke. This loss of weight is lower for the catalyst where H2 is 

added to the feed. In the case of the Pt catalyst, 1.44 wt% of coke is measured, while 

this is decreased to 0.34 wt% when 50% H2 is added (1.32 and 0.53 wt% coke for the 

Pt-Sn catalyst, respectively). Also, the coke on both catalysts combusts at different 

temperatures: for 100% propane the signal is centered around 475 ⁰C and for 50% at 

600 ⁰C. It has been reported in literature that disordered carbon combusts at lower 

temperatures than highly graphitic coke deposits, since the latter species is thermally 

more stable.38–40 This indicates that the coke deposits formed in the presence of 

hydrogen are more graphitic, which is in agreement with the Raman data. A second 
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signal is observed for both coked materials at 425 ⁰C. The considerably lower 

combustion temperature is explained by the fact that this coke is in proximity of the Pt 

nanoparticles, which assists in the combustion of these species.41,42 Apparently on the 

Pt catalyst, only part of the coke is in proximity of the Pt nanoparticles. On the Pt-Sn 

catalyst, only a single signal corresponding with the combustion of coke is observed, 

which is centered around 450 and 605 ⁰C, when using a feed of 100 or 50% propane. 

On this catalyst material apparently coke is present solely on the support of the 

material. During propylene dehydrogenation, much larger quantities of coke are 

deposited (around 20 wt%). Propylene can readily polymerize to form coke on 

Brønsted acid sites, when present in large concentrations at high temperatures, which 

is the case here.37  

 

Figure 2.10. Thermogravimetrical analysis on spent Pt/Al2O3 (top) and Pt-Sn/Al2O3 

(bottom) catalysts, deactivated by feeds consisting of either 100% propane, 50% 

propane and 50% hydrogen, or 100% propylene. The inset shows a zoomed-in view of 

the signal corresponding with coke. 
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2.4 Conclusions 

 

The deposition of coke species on Pt/Al2O3 and Pt-Sn/Al2O3 catalyst materials has 

been studied during 10 successive propane dehydrogenation-regeneration cycles by 

operando Raman spectroscopy, on-line activity measurements and 

thermogravimetrical analysis. The effect of the hydrogen content of the reactor feed 

on coke deposition was of special interest. It was found that the Raman bands 

originating from coke deposits become narrower as hydrogen is added to the feed. 

Furthermore, the position of the G band shifts to higher wavenumbers, and the ratio of 

the D1 and G band increases. This points towards the formation of less coke, which 

has a more graphitic nature when hydrogen is co-fed. The corresponding on-line 

activity data shows that the addition of hydrogen to the feed increases the conversion 

and selectivity of the Pt/Al2O3 catalyst. The deactivation of the Pt-Sn/Al2O3 catalyst 

was slowed down significantly by the addition of hydrogen, resulting in a 

significantly more stable catalyst. The increase in catalytic performance is attributed 

to hydrogen assisting in keeping the active sites for dehydrogenation free of coke 

deposits.  
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Chapter 3 

 

 

 

Nano-Scale Chemical Imaging of Individual 

Catalyst Particles for Studying the Coke 

Formed During Propane Dehydrogenation 
 

 

 

 

 

 

  

 

 

 

STXM, TGA and operando Raman spectroscopy were used to gain insight in the 

chemical nature of the carbon deposits formed on four propane dehydrogenation 

catalyst materials, namely Pt, Pt-Sn, Ga and Pt-Ga supported on Al2O3. STXM 

analysis on individual catalyst particles revealed that carbon deposits formed on the 

Ga-based catalyst was more graphitic in nature compared to coke formed on Pt-based 

catalysts. Furthermore, the coke species formed on the exterior of the catalyst 

particles was distinctly different from the coke species formed within the interior of 

the catalyst particles.  

 

 

This Chapter is based on the manuscript: J.J.H.B. Sattler, I.D. Gonzalez Jimenez, B.M. Weckhuysen, in 

preparation.  
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3.1  Introduction 

 

Chemical information on the carbon species deposited on catalyst materials is 

generally obtained by using bulk analysis techniques (e.g., UV-Vis, Raman and 

infrared (IR) spectroscopy, thermo-gravimetrical analysis (TGA), 13C nuclear 

magnetic resonance (NMR) or X-ray absorption near edge structure (XANES)1–5) as 

well as surface science methods (e.g., X-ray photoelectron spectroscopy (XPS), 

ultraviolet photoelectron spectroscopy (UPS) and secondary ion mass spectrometry 

(SIMS)6–9). However, it is desirable to obtain chemical information at the resolution 

of individual catalyst particles and even below. Hence, microscopy techniques are 

required to study the catalyst materials at the length scales of micro- and nanometers. 

Transmission electron microscopy (TEM) is generally used to study individual 

catalyst particles in great detail, but no detailed chemical information on the nature of 

carbon deposits on catalyst materials has yet been obtained, although in principle 

electron energy loss spectroscopy (EELS) could assist in this endeavour.3,10 A 

microscope has often been combined with spectroscopic techniques to obtain spectral 

information, but due to the diffraction limit of visible and infrared light, the spatial 

resolution of most of the bulk aforementioned spectroscopic techniques, such as 

Raman, UV-Vis and IR microscopy, is practically limited to the micron-range.11–13  

In contrast, by using X-rays as a light source, much higher spatial resolutions can be 

obtained. Scanning transmission X-ray microscopy (STXM) is a technique that uses a 

focused beam of soft X-rays to scan a sample in a continuous fashion, while slightly 

changing the energy of the photons for each following scan. In this way, a map of the 

catalyst material can be obtained where every pixel consists of a X-ray absorption 

spectrum over a wide range of energies.14 The practical spectral resolution obtained 

depends on the zone plate used and the selected energies of the X-rays. The optimal 

spatial resolution that can be achieved nowadays with STXM is approximately 30 nm. 

Such a spatial resolution is high enough to observe distinct differences in the chemical 

nature of e.g. coke deposits within individual catalyst particles, which has been 

recently illustrated for the methanol-to hydrocarbons (MTH) process over individual 

H-ZSM-5 and H-SAPO-34 catalyst particles.15–17 
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The goal of this Chapter is to show that STXM is a powerful addition to the current 

toolbox for the study of coke deposits formed under relevant reaction conditions on 

individual catalyst particles active in the dehydrogenation of propane. For this 

purpose, four catalyst materials, namely Pt, Pt-Sn, Ga and Pt-Ga supported on a 

porous alumina carrier, were chosen as their activity in the dehydrogenation reaction 

and their deactivation behavior is clearly different. These differences in activity are 

believed to be related to the process of coke formation. This is why the type and 

amount of the formed carbon deposits were analyzed by a combination of bulk and 

local characterization techniques. The four materials were tested for the catalytic 

dehydrogenation of propane, and during the catalytic reaction the formation of coke 

deposits was tracked by combined operando Raman spectroscopy. After certain times 

of dehydrogenation, the deactivated catalyst material was collected from the reactor 

and examined by TGA and STXM. The bulk characterization techniques revealed 

differences between the different deactivated catalyst samples, while with STXM 

insight was gained in the chemical differences between coke formed on the exterior 

and in the interior of individual catalyst particles.  

 

 

3.2  Experimental 

 

3.2.1 Catalyst Preparation and Characterization 

Four different catalyst materials, i.e., 0.5 wt% Pt/Al2O3, 0.5 wt% Pt - 1.5 wt% 

Sn/Al2O3, 1.5 wt% Ga/Al2O3 and 0.5 wt% Pt - 1.5 wt% Ga/Al2O3, were prepared by 

the incipient wetness impregnation method. The catalyst precursors used were 

H2PtCl6×(H2O)x (38 wt% Pt, Sigma-Aldrich), SnCl2×(H2O)2 (98%, VWR int.) and 

Ga(NO3)3×(H2O)x (99.9998% on metal base, Acros Organics) and puralox alumina 

(Sasol) was used as the support. After impregnation, the catalyst materials were dried 

for 2 h at 60 ⁰C and overnight at 120 ⁰C. Subsequently, the catalysts were calcined at 

560 ⁰C for 3 h. Note that the Pt and Pt-Sn/Al2O3 catalysts reported here, are not the 

same as those studied in the Chapter 2.  The catalysts have been characterized by 

transmission electron microscopy (TEM), X-ray diffraction (XRD) and N2-

physisorption and NH3 temperature programmed desorption (TPD). A Tecnai 20 

instrument equipped with a 200 keV field emission gun was used to perform bright 

field TEM analysis. The dark field TEM images were collected with a JEOL 2010F 
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200kV TEM apparatus equipped with an Oxford Energy Dispersive Spectroscopy 

system for elemental analysis. A Bruker D2 Phaser, equipped with a Co (Kα) anode, 

was used for the collection of XRD diffractograms. N2 physisorption experiments 

were performed with a TriStar 3000 V6.08 A at -196 ⁰C after drying the samples 

overnight. Ammonia TPD was performed on a Micromeritics AutoChem II 

instrument. Approximately 0.1 g of catalyst material pretreated under a flow of Ar at 

350 °C, after which ammonia was chemisorbed by pulsing at 100 °C until equilibrium 

is reached. The sample is then heated under a ramp of 5 °C/min up to 600 °C, while 

the desorbed NH3 is detected by a TCD detector.  

 

3.2.2 Catalytic Dehydrogenation of Propane 

Catalytic tests were performed in a setup, which allowed for the collection of catalytic 

performance data, including activity, selectivity and stability, by on-line gas 

chromatography as well as of operando Raman and UV-Vis spectroscopic data.18 A 

tubular quartz reactor was filled with 0.3 g of catalyst material and placed inside an 

oven. The reactor contains optical grade quartz windows which, when aligned with 

holes in the oven, allow for the collection of high-quality spectroscopic data. The 

catalyst material was heated for 1 h to 600 ⁰C under H2 in order to obtain the 

catalytically active metallic Pt, after which a 6 h dehydrogenation cycle was started by 

flowing 9 ml/min of propane (100%) through the catalyst bed (WHSV = 3.2 h-1). The 

deactivated catalyst was then regenerated by flowing a mixture of He and O2 over the 

catalyst, followed by a 45 min reduction step with H2. Gas chromatographs are 

collected at a 5 min interval: the apparatus is equipped with a FID (Porabond-Q 

column) and TCD (Carboxan column) detector that allow for full analysis of the feed 

composition. A Kaiser Optical Systems Raman spectrometer (11 accumulations of 7 s 

exposure time, collected at a 5 min interval) was used to collect spectra continuously 

during propane dehydrogenation.    

 

3.2.3 Analysis of the Carbon deposits 

In total 10 dehydrogenation-regeneration cycles are performed (after the final cycle 

the catalyst material is not regenerated), after which the deactivated catalyst is 

collected and used for further analysis, including scanning transmission X-ray 

microscopy (STXM) and thermogravimetrical analysis (TGA). More specifically, 

catalyst samples were collected from the PDH reactor for Pt-Ga after the 1st, 3rd and 
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10th cycle, and for Pt, Pt-Sn and Ga after the 10th cycle. TGA analysis on these 

collected samples was performed on a Perking-Elmer 1 TGA apparatus, by drying the 

catalyst (10-25 mg) at 150 ⁰C under argon, followed by heating the catalyst under O2 

from room temperature to 900 ⁰C at a 10 ⁰C/min ramp. STXM experiments were 

performed at the PolLux STXM microscope (beamline X07DA) at the Swiss Light 

Source (SLS), Paul Scherrer Institute (PSI), Villigen, Switzerland. Images were 

collected of the carbon K-edge (280-315 eV) and the oxygen K-edge (520-550 eV), 

using a 25 nm zone plate that has been maintained free of carbon. The transmitted X-

rays were detected by a photomultiplier tube, while data processing was performed 

using the aXis2000 and TXM-XANES Wizard software.   

 

 

3.3  Results and Discussion 

 

3.3.1 Catalyst Characterization 

N2-physisorption was used to determine the BET surface area and pore volume of the 

four catalyst materials under study and the results are summarized in Table 3.1, 

including the catalyst sample names. The surface area and pore volume are very 

similar for the Pt, Pt-Sn, Ga and Pt-Ga materials, so the applied impregnation 

procedure does not significantly alter these physical properties of the catalyst 

materials prepared.  

 

Table 3.1. N2-physisorption results on the four propane dehydrogenation catalyst 

materials under investigation.   

 

Catalyst (supported on Al2O3) Catalyst  name BET surface area 

(m2/g) 

Pore volume 

(cm3/g) 

0.5 wt% Pt Pt 190 0.48 

0.5 wt% Pt-1.5 wt% Sn Pt-Sn 202 0.50 

1.5 wt% Ga Ga 201 0.51 

0.5 wt% Pt, 1.5 wt% Ga Pt-Ga 188 0.48 
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The prepared catalyst materials were also characterized by a series of analytical 

methods. The XRD diffractograms of the freshly prepared catalyst materials are 

shown in Figure 3.1. Only diffraction peaks corresponding with the γ-alumina support 

are detected, so no detectable crystalline Pt, Sn or Ga phases have been formed.  

 

Figure 3.1. XRD diffractograms of the Pt (black), Pt-Sn (red), Ga (blue) and Pt-Ga 

(turquoise) supported on the puralox alumina support. Other than the puralox support, 

no crystalline phases are observed.  

 

Acid sites on the surface of the catalyst materials are known to play a key role in 

catalyst deactivation by coke deposition,19 which is why temperature programmed 

desorption (TPD) of NH3 was used to probe the acidity of the catalyst materials. 

Ammonia adsorbs on the acid sites of catalyst material, where the strength of 

adsorption is directly related to the strength of the acid site.20 By heating the catalyst 

material in a controlled manner, the ammonia desorption profile will reveal the 

relative strengths of different acid sites present. This analysis has been performed for 

the four catalyst materials and the results are shown in Figure 3.2.  

It was found that ammonia desorption from the catalyst materials takes place between 

100 and 500 °C and is the strongest around 150 and 375 °C. At these temperatures, 

ammonia desorbs from weak and strong acid sites, respectively.20 The NH3 TPD 
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profiles of the Pt, Pt-Sn, Ga and Pt-Ga catalysts are quite similar. For the Pt-Sn 

catalyst, however the peak at 375 °C shifts to lower temperatures, suggesting the 

strongest acid sites are being poisoned by the SnOx. Furthermore, for the Ga/Al2O3 

catalyst, this signal has almost completely disappeared, and is replaced with one at 

275 °C, which can be attributed to the presence of acid sites of a medium strength. 

GaOx is known to have Lewis acid sites of medium strength on the surface, which 

corresponds with the broad signal between 150 and 300 °C.21,22 

 

Figure 3.2. Temperature programmed desorption (TPD) of ammonia profiles of the 

Pt, Ga, Pt-Ga and Pt-Sn propane dehydrogenation catalysts. 

 

 

3.3.2 Propane Dehydrogenation Activity, Selectivity and Stability 

First, the catalytic performance of the four materials was tested by performing a 

prolonged propane dehydrogenation experiment, consisting of 10 dehydrogenation-

regeneration cycles of 8 h each (6 h of actual dehydrogenation), at a temperature of 

600 °C and a pressure of 1 bar. The propane conversion and selectivity towards 

propylene, as determined by on-line GC analysis, are summarized in Table 3.2 and 

Figure 3.3. The three catalyst materials containing Pt, display a similar high propane 

conversion at the start of the first cycle, with the Ga catalyst being significantly less 

active. Over time, the propane conversion drops as the catalyst materials start to 
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deactivate. The changes over time in the conversion of propane are different for each 

catalyst material under investigation. First of all, the Pt-Sn catalyst exhibits a stable 

and high conversion during the first cycle. From the second cycle onwards however, 

the conversion starts to drop during each cycle with increasing severity. On the other 

hand, the Ga catalyst shows a low initial conversion during the first cycle that also 

drops over the course of the cycle. However, continuous cycling does not change the 

catalyst performance. The Pt catalyst on the other hand has initially the same 

conversion as the Pt-Sn catalyst, but the conversion rapidly drops. This high 

performance at the start of the experiment cannot be retained by simple regeneration 

of the material and from the third cycle onwards the catalyst displays the lowest 

propane conversion. Lastly, the Pt-Ga catalyst initially behaves similar to the Pt 

catalyst, albeit at higher conversions. For the following cycles the performance drops: 

for the ninth and tenth cycle the catalyst has the same conversion and selectivity as the  

 

Figure 3.3. Conversion and selectivity obtained for the propane dehydrogenation 

catalyst materials under investigation during a 10-cycle propane dehydrogenation 

experiment. In between the cycles, the catalyst materials are regenerated by 

combusting the coke deposits formed. 
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Ga catalyst. Similar to the conversion, the selectivity towards propylene is generally 

the highest at the start of the cycle after which it drops over time. It was found that the 

Pt-Sn catalyst shows the highest selectivity towards propylene, while the Pt-Ga and 

Ga catalysts have an intermediate selectivity towards propylene and finally the Pt 

catalyst is the least selective towards propylene. 

 

Table 3.2. Conversion of propane (X) and selectivity to propylene (S) on the four 

catalyst materials under study at different points in time during the 10 cycle propane 

dehydrogenation-regeneration experiment at a temperature of 600 °C and a pressure 

of 1 bar.  

 

Time Pt Pt-Sn Pt-Ga Ga 

 
X 

(%) 
S 

(%) 
X 

(%) 
S 

(%) 
X 

(%) 
S 

(%) 
X 

(%) 
S 

(%) 

Start cycle 1 35.0 72.1 35.6 88.5 35.4 83.5 18.6 81.6 

End cycle 1 13.5 76.0 37.2 93.7 14.2 79.5 11.2 76.1 

Start cycle 3 17.1 80.6 38.2 92.9 30.9 88.0 19.6 83.1 

End cycle 3 12.9 77.7 25.2 91.1 14.7 81.0 11.6 77.0 

Start cycle 10 13.9 77.2 35.4 94.0 22.7 86.9 22.5 85.0 

End cycle 10 12.9 78.6 14.1 82.8 13.8 80.0 13.5 80.0 

 

 

Figure 3.4. TEM images of a fresh (left) and deactivated Pt/Al2O3 catalyst. The 

average size of the Pt nanoparticles increases from 0.6 (± 0.2) to 6.0 (± 1.9) nm.  



114 

 

TEM images of the fresh and deactivated (after 10 dehydrogenation cycles) Pt, Pt-Ga 

and Pt-Sn were collected, where the Pt/Al2O3 catalyst  is  shown in Figure 3.4. For the 

fresh catalyst, the Pt nanoparticles are highly dispersed, resulting in an average size of 

0.6 nm, with a standard deviation of 0.2 nm. After 10 dehydrogenation cycles, the size 

of the nanoparticles has significantly increased to an average of 6.0 nm with a 

standard deviation of 1.9 nm. The sintering of the Pt is also observed for the Pt-Ga 

and to a lesser extent for the Pt-Sn catalyst, and is partially responsible for the 

irreversible deactivation.  

 

 

3.3.3 Bulk Characterization of the Coke Deposits 

During the dehydrogenation experiments discussed above, operando Raman spectra 

are collected in a continuous fashion. In Figure 3.5, the Raman spectra obtained 

during the initial dehydrogenation cycle including the oxidation step on the Pt-

Ga/Al2O3 catalyst are shown. The two Raman bands at 1040 and 1160 cm-1 are caused 

by Si-O vibrations of the quartz from the reactor tube. The other two bands in the 

spectra, at 1320 and 1590 cm-1, originate from the coke deposits formed on the 

catalyst. Two bands, the so-called D1 and G bands respectively, corresponding with 

ring vibrations of disordered coke species and the ‘perfect’ graphitic lattice, can be 

separated by spectral deconvolution, as was discussed in detail in Chapter 2.23–25 

During the initial stages of the dehydrogenation reaction, the coke bands quickly 

increase in intensity, after which their intensity gradually drops over time. This drop is 

due to the self-absorption of the Raman signal, since the catalyst material gradually 

turns dark during the dehydrogenation reaction. While the catalyst is regenerated, the 

carbon deposits are combusted and the Raman bands corresponding with coke 

deposits disappear. As was discussed in Chapter 2, the width and position of the D1 

and G bands, and the ratio in intensity of the two main Raman bands observed 

provides information of the chemical nature of the coke deposits, with a low value 

corresponding to a more graphitic type of coke being present.  

In Table 3.3 the D1/G ratio is summarized for the coke deposits formed on the 

deactivated catalyst  materials under investigation. Each D1/G ratio is the averaged 

value for 10 consecutive spectra, and the variance is shown within brackets. The D1/G 

is calculated for three points during the cycling operation, in order to make the  
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Figure 3.5. Operando Raman spectra of the Pt-Ga/Al2O3 catalyst collected during the 

first propane dehydrogenation cycle (top left). Secondly, the red spectrum has been 

deconvoluted (top right). The Raman bands at around 1320 (D1) and 1590 (G) cm-1 

correspond with coke species, while the Raman bands at 1040 and 1160 cm-1 originate 

from the quartz reactor window. At the bottom left, typical Raman spectra collected at 

the end of the first, third and tenth dehydrogenation cycle on the Pt-Ga catalyst are 

shown. At the bottom right, spectra collected at the end of the tenth dehydrogenation 

cycle for each of the four catalyst materials are shown. 

 

comparison with the collected samples from the propane dehydrogenation reactor. 

Even though the D1/G ratio increases slightly as a function of cycling, the values and 

therefore the graphicity of the coke deposits are very similar. When the D1/G ratios of 

the coke deposits formed on the four different catalysts (Pt, Pt-Ga, Pt-Sn and Ga) are 

compared, it is observed that coke formed on the Pt-Ga and Ga catalysts is slightly 

more graphitic in nature, compared to coke formed on Pt and Pt-Sn/Al2O3. By 

comparing the D1/G ratio on the Pt and Pt-Sn catalysts with those reported in Table 

2.2, it is observed that coke formed on these materials is more disordered, which is 
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likely related to the addition of steam to the feed. The width and positions of the D1 

and G bands were also determined, and are included in Table 3.3. As a function of 

cycling or catalyst composition, no clear trend in the shape and position of the Raman 

bands is observed. 

 

Table 3.3. HWHM (half width at half maximum), position of the D1/G and the D1/G 

ratio of the coke formed on the catalyst materials at the end of the first, third and tenth 

dehydrogenation cycle. The values are averaged by comparing 10 consecutively 

collected Raman spectra and within brackets the standard deviation is shown.  

 

 

In a next step, thermogravimetrical analysis (TGA) was used to quantify the amount 

of coke present on the deactivated catalyst materials collected from the propane 

Catalyst 

sample 

Cycle HWHM 

D1 (cm-1) 

Position D1 

(cm-1) 

HWHM G 

(cm-1) 

Position G 

(cm-1) 

D1/G 

Pt-Ga/Al2O3 1st  68.7 (1.8) 1316.7 (1.6) 29.1 (0.8) 1586.8 (0.6) 0.67 (0.014) 

Pt-Ga/Al2O3  3rd  66.2 (2.9) 1317.4 (1.8) 24.4 (0.5) 1589.2 (0.5) 0.69 (0.018) 

Pt-Ga/Al2O3  10th 68.9 (3.9) 1316.7 (2.2) 25.1 (1.0) 1589.0 (0.7) 0.69 (0.017) 

Ga/Al2O3 1st 72.6 (1.7) 1316.5 (0.6) 29.7 (1.4) 1587.0 (0.5) 0.70 (0.011) 

Ga/Al2O3 3rd 69.1 (1.0) 1316.6 (1.3) 26.7 (0.3) 1587.6 (0.4) 0.71 (0.013) 

Ga/Al2O3  10th 69.8 (0.9) 1316.0 (1.1) 26.8 (0.2) 1587.8 (0.3) 0.72 (0.012) 

Pt/Al2O3 1st 67.2 (1.7) 1315.4 (1.0) 26.9 (1.3) 1587.8 (0.6) 0.70 (0.026) 

Pt/Al2O3 3rd 68.6 (0.7) 1315.0 (1.0) 25.5 (1.0) 1588.4 (0.6) 0.74 (0.015) 

Pt/Al2O3 10th 67.9 (1.0) 1315.9 (1.5) 27.4 (0.7) 1588.2 (0.7) 0.73 (0.016) 

Pt-Sn/Al2O3 1st 65.9 (4.1) 1317.5 (1.4) 26.1 (0.6) 1587.4 (1.0) 0.70 (0.014) 

Pt-Sn/Al2O3 3rd 69.7 (1.7) 1315.2 (0.5) 24.8 (0.7) 1588.5 (0.7) 0.72 (0.015) 

Pt-Sn/Al2O3  10th 68.0 (0.5) 1315.9 (1.1) 26.8 (0.5) 1587.9 (0.7) 0.75 (0.014) 
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dehydrogenation reactor. During TGA, a flow of oxygen is used to combust the 

carbon deposits on the catalyst, and the resultant loss of weight is measured as a 

function of temperature. This is an accurate method for determining the amount of 

coke species, while the temperature of combustion may reveal information on the 

chemical nature or location of the coke species.1,26,27 In Table 3.4, the amount of coke 

measured on different deactivated catalysts is summarized. The weight loss as a 

function of temperature is shown in Figure 3.6 as well, for each of the four materials 

after 1 and 10 propane dehydrogenation cycles. In all cases, the combustion of coke 

takes place between 310 and 550 °C with a varying maximum.  

 

Figure 3.6. The derivative of the weight loss over time as a function of temperature is 

shown for the four deactivated catalysts under study, as measured by TGA. The 

catalysts were obtained after the first (left) and tenth (right) propane dehydrogenation 

cycle.  

 

During the first cycle, the most coke is deposited on the Pt-Sn catalyst (10.5 wt%), 

and the least on the Pt-Ga and Ga catalyst (5.0; 4.0 wt%). During the tenth cycle 

however, the opposite is observed as significantly more coke is formed on the Pt-Ga 

and Ga catalysts (9.1, 8.9 vs 5.0 wt%). In both cases, an intermediate amount of coke 

(6.2, 6.4 wt%) is formed on the Pt/Al2O3 catalyst. 

Several differences are observed, when looking at the combustion temperature of the 

four catalysts for the first cycle. First of all, the combustion takes place at 

considerably lower temperatures on Pt compared to Pt-Sn/Al2O3. Operando Raman 

spectroscopy revealed that the coke deposits formed on these two materials were very 

similar, so the difference in the combustion should be related to the location of the 
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Table 3.4: Weight loss (in wt%) as measured by thermogravimetrical analysis (TGA) 

of the collected catalyst samples from the propane dehydrogenation reactor. In all 

cases, the combustion takes place between 325 and 550 ⁰C. The amount of coke 

formed after three dehydrogenation cycles was only determined on the Pt-Ga catalyst. 

 

Catalyst sample 
Weight loss (wt%) Tcombustion (°C) 

1st cycle 3rd cycle 10th cycle 1st cycle 10th cycle 

Pt-Ga/Al2O3 5.0 9.2 9.1 415, 480 485 

Ga/Al2O3 4.0 (-) 8.9 470 480 

Pt/Al2O3 6.2 (-) 6.4 440 480 

Pt-Sn/Al2O3 10.5 (-) 5.0 505 470 

 

coke. This means that on Pt/Al2O3 the coke is present on the active sites, while on the 

Pt-Sn it is likely located on the support. This has been reported in literature previously 

and has been attributed to the flow-off effect of the Sn.6,9,28 Coke formed on the 

Ga/Al2O3 catalysts is combusted at intermediate temperatures, suggesting the coke is 

not in proximity of the active site, or that GaOx active sites are less prone to assist in 

the burning of the coke deposits. The combustion profile of the Pt-Ga catalyst 

displays two maxima, one likely corresponding with coke in proximity of the Pt 

nanoparticles, and the second with coke located on the support or near Ga surface 

species. After ten propane dehydrogenation-regeneration cycles, the combustion 

profiles have changed significantly, and have become quite similar. At this point, 

most of the Pt nanoparticles have sintered, which makes Pt-assisted combustion of the 

coke deposits more unlikely. As the coke is predominately located on the support 

now, the small differences in combustion temperature can be explained by the 

variations differences in the D1/G ratio, where a high value corresponds with a lower 

combustion temperature. 

Although surface acidity is often considered to play an important factor in the 

deposition of coke, no correlation could be found between the surface acidity as 

determined by NH3 TPD, and the amount, or nature of the coke deposits.  

In Chapter 2, the coke deposition on similar Pt and Pt-Sn/Al2O3 catalysts was studied 

by TGA and Raman spectroscopy. As was mentioned before, the values of the D1/G 

ratio at 100% propane feed for the first, third and tenth cycle on both catalyst 
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materials from Table 2.3 are lower than those reported in Table 3.3, meaning that the 

coke deposits reported in the latter are more disordered. The only difference between 

the experimental conditions are that steam is added to the feed in Chapter 2, which is 

known to hamper the formation of coke deposits. Indeed, by TGA considerably less 

coke is detected. Note however, that the TGA data in Figure 2.10 are collected after 3 

dehydrogenation cycles, while in this Chapter they are measured after 1 and 10 

dehydrogenation cycles. Nevertheless, the difference is very large, for example 1.44 

wt% of coke formed on Pt in the presence of steam after 3 cycles, versus 6.2 and 6.4 

wt% in the absence of steam.  

The amount of coke was found to have an effect on the chemical nature of the coke 

deposits formed. In Figure 3.7, the parameters in the Raman spectra that reveal 

information of the chemistry of the coke deposits are plotted against the amount of 

coke deposits measured by TGA. The data points in the graph are directly obtained 

from Tables 3.3 and 3.4. As more coke is formed on the catalyst material, the D1/G 

slightly increases and the position of the G band shifts to higher wavenumbers, while 

the Raman bands become more narrow. Similar trends were observed as a function of 

increasing hydrogen content in Chapter 2, and were believed to originate from the 

formation of relatively smaller, more ordered graphite sheets. In this case however, 

the feed is exactly the same for all the data points in the Figure, the variables being 

the amount of coke, and the fact that each catalyst material is different (4 different 

materials, each having performed 1, 3 or 10 dehydrogenation cycles). Many 

processes, such a sintering of the support or Pt nanoparticles and the poisoning of 

active or acid sites, may change the surface composition and therefore the process of 

coke deposition of the catalyst material. It is very difficult to determine of the trends 

observed by Raman spectroscopy are truly due to differences in the amount of coke 

formed, or whether there is really an effect of differences in the chemistry on the 

catalyst surface. Nevertheless, this interesting observation warrants a more thorough 

study on the relationship between the chemical nature of coke deposits and the 

amount of coke formed.  
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Figure 3.7. The amount of coke is plotted against the D1/G ratio in the top left graph, 

at the top right versus the position of the G band, and against the width of the G band 

at the bottom. The spread between the data points is large, which is why trend lines 

are added to visualize the trends more clearly. 

 

3.3.4 STXM Analysis of Coke Deposits within a Single Catalyst Particle  

Next, the deactivated catalyst materials collected from the propane dehydrogenation 

reactor were investigated with STXM at the carbon and oxygen K-edges. The carbon 

K-edge reveals specific information on the chemical bonds present in the formed coke 

deposits on the catalyst particles, while the oxygen K-edge is used to locate the Al2O3 

support constituting the catalyst particles under study precisely.   

During a specific STXM experiment, a series of X-ray absorption maps of a catalyst 

particle at slightly alternating energies have been collected. In this way, each pixel of 

the image contains an X-ray absorption near edge spectrum (XANES). The spatial 

resolution of the STXM technique depends on the energy of the X-rays employed and 

the overall quality of the zone plate, and is in this case 40 nm. The next step in the 

spectral analysis is to group similar XANES spectra together, which is done 
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mathematically by performing a principle component analysis (PCA) data analysis 

step.29 In this manner, spectral differences between different parts of the catalyst 

particle can be discerned. In addition, by taking the average XANES spectrum of such 

a cluster, the spectral quality can be significantly improved.  

In Figure 3.8, the carbon K-edge X-ray absorption maps and corresponding XANES 

spectra are shown for the coked Pt-Ga catalyst material at the end of the first, third 

and tenth dehydrogenation cycle. The spectra and their corresponding regions of the 

catalyst particle are displayed in identical colors. Three peaks, at 285, 288.9 and 293 

eV, are observed in each spectrum. The first peak at 285 eV corresponds with the 

transition of an electron from the 1s orbital to a π* molecular orbital of a C=C bond. 

The second peak, at 288.9 eV, can be attributed to either a transition to a π* molecular 

orbital of a C=C bond, or a transition to a σ* molecular orbital of a sp3 hybridized C-C 

bond. The final peak corresponds with the transition of an electron from the 1s orbital 

to an unoccupied C=C σ* orbital.3,13,25,30–34 For the coke deposits formed after three 

and ten dehydrogenation cycles, an additional signal is observed at ~ 287.5 eV. 

Several explanations for this signal have been presented in literature, including the 

transition of a 1s electron to the σ
* orbital of either C-H or C-O moieties.3,25,31–33 

Furthermore, interlayer states from misaligned graphene layers have been used as an 

explanation for this peak as well.25,32,35 Finally, features between 290-310 eV can be 

attributed to the transition to an unoccupied C-C anti-bonding σ-orbital.34 

When comparing the XANES spectra corresponding with the different regions 

obtained by PCA, the carbon species appear to be homogeneously distributed over the 

catalyst particles. The small differences in the XANES spectra are attributed to 

saturation and concentration effects. However, the sample obtained after ten 

dehydrogenation cycles is an exception, as the purple and green spectra appear to be 

different from the other regions of the particle. This will be discussed in more detail 

later on. 

As the Pt-Ga catalyst is being cycled, the performance drops. This may be related 

with changes in the coke formed on the catalyst, while at the same time TGA has 

revealed more coke is deposited during the third and tenth dehydrogenation cycle. By 

carefully comparing the XANES spectra obtained of each of the catalyst materials, as 

shown in Figure 3.9, it can be observed that the peak at 285 eV becomes progressively 

more intense relative to the peak at 288.9 eV, meaning that more C=C species are 
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Figure 3.8. Carbon K-edge X-ray absorption spectra of coke deposits on the Pt-

Ga/Al2O3 catalysts collected from the propane dehydrogenation reactor, and after the 

first, third and tenth  dehydrogenation cycle are shown at the left side of the Figure. 

The corresponding X-ray microscopy images are shown to the right; the spectra 

correspond with the region in the microscopy image with the same color. White areas 

in the STXM image where too thick to obtain a meaningful XANES spectrum and are 

therefore excluded from analysis. 
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formed at the expense of C-C moieties. The intensity of other bands does not change, 

suggesting that the coke is slowly becoming more graphitic, although the obtained 

D1/G ratios extracted from the operando Raman spectra do not support this 

observation. Also the band at 287.5 eV is more prominent in the spectra obtained after 

3 and 10 cycles.  

 

Figure 3.9. X-ray absorption spectra of Pt-Ga catalysts collected from the propane 

dehydrogenation reactor after the first, third and tenth dehydrogenation cycle. The 

XANES spectra are normalized relatively to the pre-edge and the peak at 289 eV. The 

peak at 285 eV becomes progressively stronger as the catalyst is cycled for longer 

times. 

 

In Figure 3.10 the coke deposits formed on the four catalysts collected from the 

propane dehydrogenation reactor at the end of the 10th dehydrogenation cycle are 

compared. The same three XANES peaks as before are present in the spectra, and 

occasionally an additional shoulder is observed around 287.5 eV. Again, the 

intensities of the three main peaks are compared: the ratio of the peaks at 285 and 289 

eV is different for the four catalyst materials. After 10 dehydrogenation cycles, the 

peak at 285 eV is relatively weaker for the catalysts containing Pt and Pt-Sn and is 

strong for the catalyst containing only Ga. This implies that the coke formed on the 

Ga/Al2O3 catalyst is relatively ordered while those formed on the Pt/Al2O3 catalyst are 

more disordered.  
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As was mentioned before, the heterogeneities in the coke deposits formed are 

observed in some of the STXM images, which are shown in Figure 3.11. When 

comparing the XANES spectra of the different regions in the images at the top of the 

Figure, it is clear that the purple and green spectra appear different from the other 

areas of this image: the peaks are more narrow and intense, and the edge jump is more 

pronounced. This suggests that the coke species are more graphitic and ordered than 

the carbon species present on other regions of the catalyst particle. Next to the graphs, 

the image in black and white corresponds with the X-ray absorption map at the 

oxygen K-edge (537.8 eV). More X-ray absorption means that more oxygen is 

present, which is directly related to the thickness of the catalyst particle. This means 

there is a relatively low amount of catalyst present at the area corresponding with the 

green and purple spectra. As the amount of coke at this location is very high, this 

suggests that the coke deposits are (at least partially) present outside the catalyst. 

Similar heterogeneities are observed in Figure 3.11 for the Pt/Al2O3 catalyst collected  

 

Figure 3.10. X-ray absorption spectra of deactivated Pt (green), Pt-Sn (blue), Pt-Ga 

(red) and Ga (black) catalysts collected from the propane dehydrogenation reactor 

after 10 cycles. The intensity of the spectra is normalized in respect to the band at 289 

eV and the pre-edge. The relative intensity of the peak at 285 eV is markedly different 

for the four catalyst materials.  
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Figure 3.11. Carbon K-edge X-ray absorption spectra of the Pt-Ga/Al2O3 (top) and 

Pt/Al2O3 catalyst (bottom), collected from the PDH reactor after 10 successive 

dehydrogenation cycles. The colors of the spectra correspond with the colors in the 

STXM image obtained at 280 eV. In addition a STXM image obtained at 537.8 eV, 

which is the absorption edge of oxygen, is shown. Areas where very little or no 

oxygen is present (green purple at the top image, and yellow at the bottom) contain a 

high amount of carbon, which is present outside the catalyst particle. Note that the 

position of the particles has shifted between the two images. 
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Figure 3.12. TEM images of the fresh Pt/Al2O3 catalyst (left) and after ten propane 

dehydrogenation-regeneration cycles. On the outside of the deactivated catalyst (top 

part of the particle), fiber-like structures have formed, which is believed to be the 

same type of coke species on the exterior of the catalyst particle, as was observed by 

STXM.  

 

from the reactor after 10 propane dehydrogenation cycles. The spectrum 

corresponding with the yellow region in the image is again different from the bulk of 

the catalyst particle. In this instance, the features of the spectra are very weak while 

the edge jump is very pronounced. The carbon deposits are clearly not located on the 

catalyst material, as no X-ray absorption is measured at the oxygen K-edge. These 

observations are confirmed by TEM experiments on the deactivated catalyst materials, 

in which carbon filaments were observed to have grown out of the catalyst particles. 

This is shown in Figure 3.12, where bright field images of a fresh and deactivated 

Pt/Al2O3 particle are shown. These carbon filaments were observed for each of the 

catalyst materials, independent of the time exposed to propane. However, it is 

important to stress here that the carbon filaments are only observed on a minority of 

the catalyst particles. These filaments explain the areas in Figure 3.11, which have a 

high concentration of carbon while they are outside of the catalyst particles. 
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Summarizing, STXM provides information on the nature of the coke deposits within 

individual catalyst particles. However, the interpretation of the data is not 

straightforward, as different functionalities have been connected with the observed 

peaks in literature. Nevertheless, some trends are observed. First of all, the relative 

intensity of the peak at 285 eV, corresponding with the π* transition of C=C bonds in 

aromatics, becomes more dominant after the catalyst performs the dehydrogenation 

reaction for longer times, which implies the carbon deposits contain more aromatic 

species. This is not in agreement with observations made by Raman spectroscopy, 

since the D1/G ratio of coke deposits formed on the Pt-Ga catalyst at the end of the 

first, third and tenth cycle was found to be very similar. At the same time, these 

catalyst materials lose their activity, which may be related to the intensity increase of 

this STXM peak. When the relative intensity of the peak at 285 eV is compared for 

the different catalysts under study, it was found that this peak is strong for the Ga and 

Pt-Ga catalysts, and relatively weak for the Pt and Pt-Sn catalysts. This is in 

agreement with operando Raman spectroscopy, as coke formed after ten 

dehydrogenation cycles on the Ga and Pt-Ga catalysts is markedly more graphitic in 

nature than coke deposits formed on the Pt and Pt-Sn catalysts. For the latter two 

catalysts, a slightly higher D1/G ratio is also observed. 

During the first cycles, the Pt-Ga catalyst displays similar catalytic activity as the 

Pt/Al2O3 catalyst, while at the final cycles the conversion is very similar to the 

Ga/Al2O3 catalyst. The XANES peak at 285 eV is relatively strong after 10 

dehydrogenation cycles for the Pt-Ga and Ga/Al2O3 catalysts compared to the Pt and 

Pt-Sn/Al2O3 catalyst. This indicates that the coke formed on Ga has a more disordered 

chemical nature from coke formed on Pt-based catalysts. An explanation for this 

would be that Pt, unlike GaOx, is able to further dehydrogenate coke deposits already 

formed, creating more graphitic species. This effect can also explain differences in the 

chemical nature of coke located on the outside of the catalyst particle compared to 

coke formed on the inside of the particle.  Furthermore, inside the catalyst particle, the 

coke species are confined by the pore structure of the catalyst particle, which 

obviously constricts the growth and chemical nature of the carbon deposits.  
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3.4  Conclusions 

 

Four catalyst materials, Pt, Ga, Pt-Ga and Pt-Sn supported on Al2O3, were prepared 

and tested for the catalytic dehydrogenation of propane. Catalyst deactivation by coke 

deposition was of specific interest, and for this reason the deactivated catalyst 

materials were studied by operando Raman spectroscopy, TEM, TGA and STXM. 

The different techniques provide complementary information regarding the coke 

formed after ten propane dehydrogenation cycles. Trends in the Raman spectra as a 

function of the amount of coke were observed, implying that the nature of the coke 

deposits partially depend on the amount of coke formed. For Pt-Ga and Ga catalysts 

we observe the highest amount of coke as observed with TGA, the lowest D1/G ratio 

as observed with operando Raman and the highest X-ray absorption peak 

corresponding with C=C bonds (285 eV). The reverse is the case for the Pt and Pt-Sn 

catalysts, meaning that the coke formed on these two catalyst materials is relatively 

more disordered compared to the coke deposits formed on the Ga and Pt-Ga catalysts. 

In addition, STXM analysis shows that the coke deposits formed on the catalyst 

material are not homogeneous, as coke filaments are formed on the catalyst’s exterior, 

which have a different chemical nature as the coke formed inside the catalyst particle. 

In addition, sintering of the Pt nanoparticles was observed by TEM. This means that 

STXM will afford additional information to bulk characterization techniques on the 

coke type and amount formed on the catalyst material.  
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Chapter 4 

 

 

 

Pt-Ga/Al2O3 as a Highly Active, Selective 

and Stable Catalyst for the 

Dehydrogenation of Propane 
 

 

 

 

 

 

 

 

 

A novel catalyst material, based on 1000 ppm Pt, 1.5-3 wt% of Ga and 0.25 wt% of K 

supported on alumina, was tested for the dehydrogenation of propane. A synergy 

between Pt and Ga is observed that resulted in a very active and stable catalyst, that is 

highly resistant to coking.  The catalyst material was investigated with a wide range of 

characterization techniques and it is proposed that coordinately unsaturated Ga3+ sites 

of the catalyst are responsible for the C-H activation of propane, while dispersed Pt 

assists in the formation and desorption of hydrogen.   

 

  

This Chapter is based on the manuscript: J.J.H.B. Sattler, I.D. Gonzalez-Jimenez, L. Luo, B.A. Stears, 

A Malek, D.G. Barton, B.A. Kilos, M.P. Kaminsky, T.W.G.M. Verhoeven, E.J. Koers, M. Baldus, 

B.M. Weckhuysen, Pt promoted Ga/Al2O3 as a Highly Active, Selective and Stable Catalyst for the 

Dehydrogenation of Propane, Angew. Chem. Int. Ed. 53 (2014) 9251-9256. 
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4.1 Introduction 

 

As was discussed in Chapter 1, GaOx is known to be an active catalyst material for the 

dehydrogenation of propane, albeit one that is considerably less active compared to 

Pt-based catalyst formulations. Only a few authors have explored the merits of 

combining Pt and Ga in a propane dehydrogenation (PDH) catalysts, and they found 

that for these systems, Ga is a promoter element, while Pt is responsible for the alkane 

dehydrogenation activity.1–4 Within this context, a comparison with the promoting 

effect of Sn on Pt PDH catalysts has been made, as the electronic and geometric 

effects were used to explain the positive promoter contribution of Ga.  

These reports are in strong contrast with the Pt-Ga catalysts discussed in this Chapter, 

where minute amounts of Pt are combined with Ga to obtain a highly active selective 

and stable propane dehydrogenation catalyst. A series of catalyst materials, consisting 

of combinations of 1000 ppm Pt, 1.5 - 3 wt% of Ga and 0.25 wt% K was prepared. 

Catalytic tests were performed on these catalyst materials in a reactor setup, during 

which on-line operando UV-Vis and Raman spectroscopic data was collected. The 

catalytic data obtained suggests that Ga is the active dehydrogenation element, while 

Pt is considered to promote the activity of the catalyst.  

In order to understand what makes the developed catalyst materials so effective in the 

propane dehydrogenation reaction, a wide range of characterization techniques, 

including X-ray photoelectron spectroscopy (XPS), temperature programmed 

reduction (TPR), transmission electron microscopy (TEM), 71Ga magic-angle 

spinning nuclear magnetic resonance (MAS NMR), N2 physisorption, transmission 

electron microscopy (TEM) and CO chemisorption, was used to investigate the 

chemical and physical properties of Ga and Pt. 

 

 

4.2 Experimental 

 

4.2.1 Catalyst Preparation  

The catalyst materials were prepared by the incipient wetness impregnation method 

by impregnating an alumina support with an aqueous solution containing 



135 

 

Pt(NH3)4(NO3)2 (Aldrich, 99.995%), Ga(NO3)3 (Aldrich, 99.9%) and KNO3 (Aldrich, 

> 99%). In total, nine catalysts were prepared, containing either 1.5 or 3 wt% of Ga 

(Ga or 3Ga), optionally promoted with 1000 ppm Pt (Pt), 0.25 wt% K (K) or both. 

Combinations of the abbreviations shown between brackets are used henceforth for 

the identification of the catalyst materials and are summarized in Table 4.1. For 

comparison, a catalyst only containing 1000 ppm Pt is included. After impregnation, 

the catalyst materials are calcined in air at 750 °C.  

 
Table 4.1. The composition of the catalyst materials prepared by the incipient wetness 

impregnation method and the corresponding sample codes. Furthermore, a Pt-Sn and a 

commercial-like CrOx/Al2O3 reference catalysts are included. 

 

Catalyst material 

(supported on alumina) 

Sample code 

 

1000 ppm Pt, 1.5 wt% Ga, 0.25 wt% K PtGaK 

1000 ppm Pt, 3 wt% Ga, 0.25 wt% K Pt3GaK 

1000 ppm Pt, 1.5 wt% Ga PtGa 

1000 ppm Pt, 3 wt% Ga Pt3Ga 

1.5 wt% Ga, 0.25% K GaK 

3 wt% Ga, 0.25% K 3GaK 

1.5 wt% Ga Ga 

3 wt% Ga 3Ga 

1000 ppm Pt Pt 

Bare alumina Al2O3 

13 wt% CrOx, 0.25% Na CrOx 

0.5 wt% Pt, 1.5 wt% Sn Pt-Sn 

 

4.2.2 Catalyst Characterization 

Bright field TEM analysis was performed on a Tecnai 20 apparatus equipped with a 

field emission gun at 200 keV. For N2 physisorption, a TriStar 3000 V6.08 A has been 

used at -196 °C after drying the samples overnight. Aberration corrected STEM was 

performed on a JEOL JEM-ARMS200CF (200kV) apparatus, which was equipped 

with an Oxford Energy Dispersive Spectroscopy system and a wide area detector for 

atomic resolution elemental analysis. 
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71Ga magic-angle spinning nuclear magnetic resonance (MAS NMR) were performed 

a 9.4 T Bruker Avance III NMR system using an MAS rate of 16 kHz is used. In 

order to minimize baseline distortions, a windowless spin-echo pulse sequence was 

used, with an echo delay of 2 µs and a dead time of 5 µs.5 The radio frequency field 

strength was set to 83 kHz and experiments conducted lasted for 12 days. X-ray 

photoelectron spectroscopy (XPS) experiments were performed on a Thermo 

Scientific K-Alpha apparatus, equipped with an Al (Kα) anode. The catalyst powder 

was deposited on a carbon sticky tape in order to minimize charging effects. In 

addition, quasi in-situ XPS was performed on the Pt3GaK catalyst material, which 

was reduced in a reactor for 1 h under a H2 flow. The reduced catalyst was transferred 

under an inert atmosphere to a Kratos AXIS Ultra spectrometer equipped with a 

monochromatic X-ray source and a delay-line detector. Spectra were obtained using 

an Al (Kα) anode operating at 150 W and with a background pressure of 2×10-9 bar. 

The CasaXPS program is used to analyze the obtained XPS spectra.  

Temperature programmed reduction (TPR) experiments were performed a 

Micromeretics Autochem II flow system, equipped with a TCD detector. 

Approximately 0.25 g of catalyst is placed in a quartz tube and after a drying step at 

150 °C under an inert atmosphere, the material is heated to 700 °C at a rate of 5 

°C/min under a flow of 5% H2 in He. A Micromeretics ASAP 2020 apparatus was 

used to determine the Pt dispersion of the PtGaK catalyst using CO adsorption. For 

this purpose, 1.8 g of sample was loaded in a quartz sample tube. The catalyst was 

subject to different treatments: a pretreatment by flushing N2 for 10 min at 35 °C, an 

oxidation step (10% O2 in He) at different temperatures (550-650 °C) for 240 min, a 

reduction step in H2 at different temperatures (550-650 °C) for 240 min and an 

evacuation step (7 mbar) for 60 min. Two consecutive CO adsorption isotherm were 

collected at 35 °C with 15 pressure points between 33 and 867 mbar. Finally, the 

metal dispersion was calculated based on the difference between these isotherms, 

assuming a unitary ratio of CO to surface Pt.  

 

4.2.3 Catalytic Testing and Study of Coke Deposition 

The materials were tested for the dehydrogenation of propane on a reactor setup 

which allows for the use of operando Raman and UV-Vis spectroscopy, combined 

with on-line GC analysis.6 A quartz reactor, including two optical grade windows, 

was loaded with 0.15 g of catalyst material on a bed of quartz wool. In total eight 
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dehydrogenation-regeneration cycles have been performed. The dehydrogenation 

reaction step was run at 620 °C with a flow of 9 ml of propane per min for a total of 

15 min (WHSV = 6.5 h-1), after which the catalyst was regenerated by flowing a 

mixture of O2 (6%) in He over the catalyst material at 750 °C. In between these 

reaction steps the reactor is flushed with He. Compared to the reaction conditions 

used in Chapter 2 and 3, the temperature of the reaction and regeneration step are 

higher (both 600 °C) and the space velocity is twice as high (WHSV = 3.2 h-1). The 

composition of the reaction stream was continuously analyzed by an on-line GC, 

equipped with a FID (Porabond-Q colum) and TCD (Carboxan column) detector. The 

long-term stability test was performed at identical conditions. Operando Raman and 

UV-Vis spectra are collected by respectively a Kaiser Optical Systems Raman 

spectrometer (7 accumulations and 5 s exposure time) and an Avantes 2048 UV-Vis 

spectrometer equipped with a high temperature probe (50 accumulations and 70 ms 

exposure time). After the 8th dehydrogenation step, instead of regenerating the 

catalyst, the reactor is cooled to ambient under a He flow, and the catalyst material 

collected from the reactor for TGA-MS analysis. Between 10 and 25 mg of the 

catalyst material was loaded in a Perkin-Elmer Pyris 1 TGA instrument. The sample 

was dried at 150 °C under an Ar flow, and consecutively heated from 30 to 900 °C 

under air at a ramp of 10 °C/min, while changes in weight of the sample were 

measured. The gas flow exiting the TGA apparatus was measured with a Omnistar 

mass spectrometer from Pfeiffer Vacuum. 

 

 

4.3  Results and Discussion 

 

4.3.1 Catalytic Testing  

The catalyst materials were tested in a reactor for eight successive dehydrogenation-

regeneration cycles, each consisting of a 15 min propane dehydrogenation step at 620 

°C, followed by a treatment in air at 750 °C for 30 min. A summary of the catalytic 

data obtained for the ten materials studied is given in Table 4.2 for the first, second 

and eighth cycles. In addition, Figure 4.1 shows the selectivity and activity during 

each cycle on the bare support, the Pt, 3Ga, Pt3Ga and Pt3GaK catalysts.  
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From Figure 4.1 and the Table 4.2, large differences between the catalytic 

performances of the catalyst materials are observed. In case of the catalyst materials 

that contain both Pt and Ga, a relatively high conversion is observed, which is close to 

the chemical equilibrium for the first dehydrogenation cycle, i.e. ~ 55% at 620 °C and 

1 atm pressure. When Pt is absent, the conversion of propane is roughly halved, while 

the absence of Ga results in an even larger drop in catalyst activity. The selectivity is 

high for all catalyst materials that contain both Pt and Ga, but again drops when either 

element is absent. These effects imply a synergy between Pt and Ga that results in a 

highly active and selective catalyst. Alkali dopants, such as K, are known to increase 

the propylene selectivity and decrease coke deposition by poisoning Brønsted acid 

sites present on the catalyst material.7 Indeed, a slight increase in propylene selectivity 

after K addition is observed to the Ga and PtGa catalysts. Two reference catalysts, 

namely CrOx and Pt-Sn supported on Al2O3, were tested under identical conditions 

(the Pt-Sn/Al2O3 catalyst was used as well in Chapter 3, while the CrOx/Al2O3 catalyst 

material is the same as described in an article by Bennici et al.8). The Pt-Ga catalysts 

under investigation have a similar excellent performance as the commercial-like CrOx 

and Pt-Sn/Al2O3 during the first cycle. Finally, the bare support displayed a very low 

conversion and selectivity and is therefore considered to be inactive.  

 

Figure 4.1. Conversion of propane (X, green) and selectivity towards propylene (S, 

blue) during eight successive propane dehydrogenation (PDH) cycles on the Al2O3 

support, Pt, 3Ga, Pt3Ga and Pt3GaK catalysts Both Pt and Ga are required in order to 

obtain a very active PDH catalyst. 
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Table 4.2. The conversion (X) and selectivity (S) of the 12 catalyst materials 

measured halfway the first, second and eighth cycles. The initial activity was slightly 

higher, and dropped slowly during the propane dehydrogenation step.  

 

Catalyst First cycle Second cycle Eighth cycle 

 X (%) S (%) X (%) S (%) X (%) S (%) 

PtGaK 42.0 96.7 41.9 96.1 35.3 93.5 

Pt3GaK 41.9 96.9 42.6 96.7 37.5 94.0 

PtGa 42.0 96.7 42.6 96.8 32.3 92.8 

Pt3Ga 40.3 95.4 41.3 94.6 35.0 91.9 

GaK 14.7 88.9 24.0 86.5 15.7 78.2 

3GaK 21.8 89.0 21.8 85.4 10.4 64.8 

Ga 15.8 81.3 20.4 84.8 15.3 77.4 

3Ga 20.7 88.0 23.8 88.0 12.6 75.7 

Pt 11.5 56.4 10.3 52.1 9.2 48.5 

Al2O3 5.5 45.5 5.9 45.8 5.6 44.7 

CrOx 40.3 92.4 41.9 91.6 39.7 91.8 

Pt-Sn 39.6 96.1 6.5 64.0 5.6 50.5 

 

During the second PDH cycle the catalysts did not deactivate significantly. In fact, for 

the GaK, Ga and 3Ga catalysts, the propane conversion even increases. This implies 

that these catalysts require an activation period, related to exposure to oxygen at 750 

°C. Indeed, by treating the GaK catalyst with oxygen at 750 ⁰C prior to the first 

propane dehydrogenation cycle, the conversion is increased from 14.7 to 20.5%. 

Treating the catalyst at 620⁰C under air prior to reaction has less of a beneficial effect, 

as the conversion is only 18.5% for the first propane dehydrogenation cycle. 

Apparently, a high temperature during the regeneration is required for the Ga to 

remain active for the PDH process. 

For the eighth cycle the values of propane conversion and propylene selectivity have 

dropped for all catalysts. The deactivation of these materials is the least severe for the 

catalysts containing both Pt and Ga. It is known that Pt-based dehydrogenation 

catalysts deactivate due to sintering of the metal nanoparticles, an effect provoked by 

the harsh conditions of the dehydrogenation reaction, which is exactly what is 
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observed for the Pt-Sn reference material.9–11 Therefore it is surprising that even 

though the dehydrogenation and oxidation are performed at relatively high 

temperatures, no such deactivation is observed for the Pt-Ga catalysts: the synergy 

between the two elements remains as these materials continue to outperform their 

analogues that contain only Ga.  

In addition to the aforementioned catalytic tests, a long-term stability test was 

performed on the Pt3GaK catalyst, which displayed the highest performance in the 

PDH reaction. The experiment consisted of about 150 cycles over a 14 day period, 

and is shown in Figure 4.2. It was found that the PDH activity drops during the first 

two days of testing, after which the catalyst performance remained stable during a 

twelve day evaluation period, resulting in a propane conversion of 31% and a 

selectivity towards propylene of 93%.  

 

Figure 4.2. Long term stability test of the Pt3GaK catalyst, which was cycled for 

approximately 150 times over a 14 day period. During the first two days, both the 

conversion and selectivity drop, after which the catalyst performance remains stable 

for 12 days-on-stream. 
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4.3.2 Analysis of the Coke Deposits 

Operando UV-Vis spectra were collected in a continuous fashion on the different 

catalyst materials during the PDH and regeneration steps, making use of the reactor 

setup described in more detail in Chapter 2. In Figure 4.3, the operando UV-Vis 

spectra obtained during the eighth dehydrogenation cycle for the PtGa and PtGaK 

catalysts are presented. At the start, the spectrum of the catalyst is almost featureless, 

which is due to the white color of the material. Over time, as carbon is deposited on 

the catalyst, the absorbance of the material increases. This darkening is a slow and 

continuous process for the PtGa catalyst, but at the end of the 15 min cycle the 

catalyst has become black. With the addition of K to the catalyst material, a little 

darkening is observed during the initial stages of the reaction, after which the 

spectrum does not change anymore. It appears that the presence of K inhibits further 

coke deposition, which is confirmed by the white-grey coloration of the material. 

These effects of the presence (or absence) of K are observed for all materials. Notable 

exceptions are the bare support and the catalyst containing only Pt, as the darkening is 

relatively low for these materials. 

 

Figure 4.3. Operando UV-Vis spectra obtained during the eighth dehydrogenation 

cycle on the PtGa (left) and PtGaK (right) catalysts. The feature at 532 nm in the 

spectrum originates from diffusely scattered light from the Raman laser source.  
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Figure 4.4. Operando Raman spectra of the coke species formed of each of the 

catalysts under investigation during the eighth dehydrogenation cycle. The spectra are 

normalized with respect to the G band at 1590 cm-1. The lighter colored Raman 

spectra are of Pt-containing catalysts, while the darker catalysts are of their non Pt-

containing counterparts.  

 

Operando Raman spectra are collected simultaneously with the operando UV-Vis 

spectra, so trends observed by both characterization techniques can be correlated. In 

Figure 4.4, the Raman spectra of each of the catalyst materials obtained at the end of 

the eighth cycle are compared. Four separate bands can be distinguished in the 

spectra, corresponding with the quartz reactor window (at 1040 and 1166 cm-1) and 

carbon deposits (1320 and 1590 cm-1). The first band corresponding with coke is the 

so-called G or graphite band, corresponding with a perfect graphitic lattice. The 

second band is the D1 or disordered coke band at 1320 cm-1, which corresponds with 

graphite sheet edges and defects within the graphene layer, as was discussed more 

extensively in Chapter 2.12,13 The ratio of these bands provides specific information on 

the nature of the coke deposits, such as the level of graphitization of the coke on the 
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catalysts.14 As the operando Raman spectra are quite noisy, Lorentzian line shapes are 

used to fit the bands and therefore determining the intensity of the band accurately.  

Interestingly, a distinct effect of Pt promotion on the nature of the coke species is 

observed, as the relative intensity of the D1 band decreases. The catalyst materials that 

contain Pt and Ga have a D1/G ratio of approximately 0.75, while catalysts that do not 

contain any Pt have an average D1/G ratio of 0.97. A possible explanation of this 

phenomenon is that Pt may further dehydrogenate the carbon deposits, resulting in a 

higher chemical nature of the coke deposits. Of note, however, is the fact that coke 

deposited on the bare support has a D1/G ratio of 0.78, similar to the value obtained 

on the Pt-promoted catalysts. Note that these values for the D1/G ratio are very 

different from those reported in Chapter 3, which may be related to the amount of 

coke formed, differences in the catalyst materials or to differences in the reaction 

conditions. As the cycles only last 15 min, only a few Raman spectra are collected. 

For this reason, a detailed analysis of the Raman spectra similar to Chapter 2 and 3, 

where the average values for the width and position of the Raman bands of 10 

consecutive spectra at steady state conditions was determined, was not possible. 

After the eighth cycle, the catalyst materials are not regenerated, but instead collected 

from the reactor and analyzed by thermogravimetrical analysis (TGA) combined with 

on-line mass spectrometry (MS). The deposits are burned by heating the material from 

ambient to 900 °C under an oxygen flow. This is a powerful combination for 

determining the amount and nature of coke deposits on the deactivated catalysts, as 

the TGA measures the decrease in mass corresponding with the combustion of coke, 

which is confirmed by following the formation of CO2 by MS. This is shown in 

Figure 4.5, where the changes of weight per temperature interval and the CO2 

concentration profiles as a function of temperature are shown for the ten materials 

under study. The CO2 profiles show that the combustion of the coke deposits take 

place between 300 and 650 °C. All catalyst materials continuously lose weight, and 

the weight loss corresponding to this temperature range is between 0.2 and 0.5 wt%. 

The weight loss and amount of CO2 detected is the smallest for the catalyst containing 

only Pt, the bare support and the catalysts containing K, which are coincidentally the 

materials showing the least darkening by operando UV-Vis spectroscopy. On the 

contrary, the absence of K and presence of Ga results in significant amounts of coke 

on the catalyst surface as the feature corresponding with the loss of weight due to the 

combustion of coke can be clearly distinguished, while it is difficult to observe for the 
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other samples. In addition, the amount of CO2 measured by MS is markedly higher for 

these samples. As Brønsted acidity is often associated with the deposition of coke, the 

presence of GaOx may introduce acidity on the catalyst surface, resulting in this 

increase in coke deposition. Doping the catalyst with potassium would immediately 

poison these sites. This would also imply the bare support has a very low acidity to 

start with.  

 

Figure 4.5. To the right, the weight loss of the catalysts per 0.17 °C interval for the K 

containing catalysts (bottom) and non K containing catalysts (top) as measured by 

thermogravimetrical analysis (TGA). Around 500 °C a bump is visible in the graph, 

which corresponds with the combustion of coke. To the left the CO2 concentration 

profiles are shown, which were collected simultaneously by mass spectrometry (MS). 

Note that these CO2 concentration profiles are not quantitative.  

 

The temperature where combustion occurs is related to the chemical nature of the 

coke and the relative position of species in respect to the catalytic centers: on one 

hand, if the coke deposits are more graphitic, they require higher temperatures to be 

combusted, while on the other hand proximity to catalytically active centers can 
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catalyze combustion.15,16 From operando Raman spectroscopy it was determined that 

the presence of Pt results in more graphitic species formed on the catalyst. However, 

this cannot account for the higher combustion temperature of the coke formed on the 

1000 ppm Pt catalyst, as for example no clear difference is observed between the 

TGA-MS data of the PtGa and Ga catalysts. Possibly, the presence of Ga is important 

to catalyze the combustion of coke for this catalyst system. On the other hand, Pt may 

be completely covered by coke and therefore cannot assist in the combustion of the 

carbon deposits. 

 

Table 4.3. Summary of the analysis of the coke species formed on the catalysts. In 

addition to the quantity of coke measured by TGA and the D1/G ratio obtained by 

Raman spectroscopy, the temperature at which the coke is combusted, as measured as 

well by TGA and MS, are shown. The weight loss / CO2 signal is strongest at the 

given temperatures. Finally, in the CO2 profiles, shoulders that are present are 

mentioned between brackets. 

 

Catalyst Quantity of 

Coke (wt%) 

D1/G Tcomb (TGA) Tcomb (MS) 

PtGaK 0.33 0.74 490 480 (340, 545) 

Pt3GaK 0.24 0.80 475 450 (520) 

PtGa 0.55 0.84 475 470 

Pt3Ga 0.52 0.73 485 480 

GaK 0.23 0.96 455 450 (330) 

3GaK 0.43 0.94 525 560 (420) 

Ga 0.34 0.98 510 470 (540) 

3Ga 0.33 1.00 510 470 (530) 

Pt 0.44 0.64 (-) 590 

Al2O3 0.46 0.78 (-) 480 (320) 

 

Table 4.3 summarizes the information collected on the coke species formed on the 

prepared Pt-Ga catalysts by TGA-MS and operando Raman spectroscopy. As 

mentioned before, the presence of K results in lower amounts of coke on the catalyst, 

while the presence of Pt results in more graphitic coke deposits. 
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4.3.3 Catalyst Characterization and Identification of the Active Site 

The freshly prepared catalyst materials were first characterized by N2-physisorption 

and TEM-EDX. The pore volume and surface area of the catalyst materials were 

compared by N2 physisorption, the results of which have been summarized in Table 

4.4. It is clear that the impregnation of the metals does not result in significant 

changes to the surface area or pore volume of the catalyst material. In Figure 4.6, a 

TEM image of a PtGaK catalyst particle of about 200 nm in diameter is shown. After 

analyzing multiple particles (~20), no evidence was observed for the presence of large 

Pt or Ga2O3 crystallites, indicating a high dispersion and small particle size of these 

metals. This was confirmed by EDX linescans, also shown in the Figure, which 

reveals a homogeneous dispersion of the Ga and Pt over the catalyst particle.  

In order to identify the specific Ga surface species present, 71Ga MAS NMR and XPS 

were employed for studying the Pt3Ga and 3Ga catalysts. The NMR spectra of these 

two (fresh) catalysts are shown in Figure 4.7. Two peaks with chemical shifts of 151 

and 15 ppm are observed (the chemical shift is relative to Ga(NO3)3), that were 

attributed to tetrahedral (IV) and octahedral (VI) Ga, respectively.17 The spectra have 

a strong resemblance to 71Ga MAS NMR spectra of a ternary oxide composed of Ga, 

Al and O, as has been reported by Chen et al.18 Such a mixed oxide is likely formed 

during the high temperatures (750 °C) of the calcination step after the impregnation. 

Chen et al. proposed that a spinel structure is formed, in which Ga3+ is preferentially 

located in a tetrahedral coordination. Such a tetrahedral preference of Ga3+ has been 

reported for several mixed oxides containing Ga and is explained by a covalent 

contribution to the metal oxygen bond caused by the so-called d-block contraction. As 

 

Table 4.4. Pore volume and surface area measured by N2 physisorption for the PtGaK 

and Pt3GaK catalyst materials and the bare support. 

 

Catalyst Pore Volume 

(ml/g) 

BET surface area 

(m2/g) 

Alumina 0.24 73.8 

PtGaK 0.23 71.2 

Pt3GaK 0.24 74.8 
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Figure 4.6. TEM image of a PtGaK catalyst particle (left) along with an EDX 

linescan (right) that corresponds with the red line in the TEM image.  

 

Figure 4.7. 71Ga MAS NMR spectra of fresh Pt3Ga (red) and 3Ga (blue) catalyst 

materials. The spectra have been normalized in respect to the peak corresponding with 

tetragonal Ga (151 ppm). The asterisks denote the spinning sidebands.  

 

the d-orbital comes completely filled, it ineffectively shields the nuclear charge, 

resulting in a higher polarization power. 
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XPS measurements were performed on the 3Ga and Pt3Ga catalysts, in order to obtain 

information on the surface species of the catalyst material. The most relevant spectra 

obtained are depicted in Figure 4.8. The deconvolution operation of the Al 2p, Ga 3d 

and Ga 2p core levels was done as the following: First of all, the bare Al2O3 support 

was measured (not shown) and the parameters obtained were used to fit the oxygen 

and aluminum species of the two catalysts. As the signal of the Al 2p edge has almost 

the same energy as the Pt 4f, the known ratio between the Al 2s and Al 2p peaks is 

used to fit the Al 2p signal, while the remainder is used to fit the Pt 4f signal. Again, 

the known ratio between Pt 4f 5/2 and Pt 4f 7/2 is used to obtain this fit. The Pt signal 

obtained corresponds with metallic Pt (70,8 and 74.0 eV). However the presence of 

minute amounts of oxidic Pt cannot be excluded (PtO 4f 7/2 = 72.9 eV, PtO2 4f 7/2 = 

74.5 eV). 

Both the Ga 3d (20.6 eV) and Ga 2p (1119.0 eV) edges correspond with Ga3+; no 

evidence of Ga+ (19.1 eV; (-)) or metallic Ga (18.5 eV; 1115,6 eV) is observed.19,20 

For fitting the Ga 3d signal, a similar procedure as for the Al 2p edge is used. From 

the XPS data presented in Figure 4.8, the surface composition can be calculated and 

compared to the composition of the catalyst as a whole, as is summarized in Table 

4.5. The concentration of Ga on the surface is surprisingly similar to the composition 

of the catalyst as a whole (4.11 wt% vs 3 wt%). This is an indication that a significant 

amount of the Ga is incorporated in the bulk of the support, which in agreement with 

the observation made by NMR that a mixed Ga2O3-Al2O3 oxide is formed. On the  

 

Table 4.5. Chemical composition of the surface of the 3Ga and Pt3Ga catalysts as 

measured by XPS. The concentrations of the elements present at the surface have 

been expressed in wt%, which allows for a more clear comparison between the 

surface composition and the catalyst composition as a whole. 

 

Catalyst Al (wt%) O (wt%) Ga (wt%) Pt (wt%) 

3Ga 54.6 41.3 4.1 0 

Pt3Ga 54.2 39.8 4.7 1.3 
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Figure 4.8. XPS spectra of the fresh 3Ga (left) and Pt3Ga (right) catalyst. On the top 

the Al 2p edge (including Pt 4f), in the middle the Ga 2p and at the bottom the O 2s 

(and the Ga 3d) edges are shown.  

 

 

 

 



150 

 

 

Figure 4.9. XPS spectra of 3Ga (left and Pt3GaK (right) catalysts before (top) and 

after (bottom) being treated in hydrogen at 620 °C for 30 min. No evidence of Ga 

reduction was observed.  

 

contrary, the apparent concentration of Pt is high on the surface (1.3 wt% observed vs. 

1000 ppm in the catalyst’s composition, suggesting Pt is well dispersed on the catalyst 

surface. In addition, the presence of Pt has a small effect on the distribution of the Ga 

species: The concentration of Ga on the catalyst surface is higher for the Pt3Ga 

catalyst compared to the 3Ga catalyst (4.67 vs. 4.11 wt%). Secondly, from the 71Ga 

MAS NMR spectra of these two catalysts (Figure 4.7), it is observed that relatively a 

larger amount of tetrahedrally coordinated Ga3+ is present for the Pt3Ga compared to 

the 3Ga catalyst. This implies that the presence of Pt, results in more surface 

tetrahedral Ga3+ species, which (when coordinately unsaturated) serve as active sites 

for the dehydrogenation reaction. 
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Because metallic Ga is liquid at ambient conditions and Ga2O a volatile compound, it 

is important to consider the reducibility of Ga3+, especially since the dehydrogenation 

reaction is performed at high temperatures in a reducing atmosphere. Alternatively, a 

Pt-Ga alloy may be formed by hydrogen spill-over from the Pt, reducing Ga3+ to Ga0 

which is then incorporated in the Pt nanoparticle.2,21–23 For this reason, quasi in-situ 

XPS measurements were performed, where the Pt3Ga and 3Ga catalyst materials were 

heated under a hydrogen atmosphere at 620 °C in a separate reactor for 30 min. After 

this treatment, the material was loaded in the XPS apparatus, without being exposed 

to air. Again, as is shown in Figure 4.9, no reduced Ga species were detected in the 

Ga 3d and Ga 2p edges for either catalyst. 

These findings were confirmed by temperature programmed reduction experiments 

that were performed to measure the reducibility of these 3Ga and Pt3Ga catalysts. 

Figure 4.10 shows that the concentration of hydrogen in a helium flow as a function 

of temperature remains constant from ambient to 700 °C, which means no hydrogen is 

consumed as no species on the catalyst are being reduced. Seemingly, the mixed Ga-

Al oxide is too stable to be reduced at these conditions, even in the presence of Pt.  

 

Figure 4.10. H2 concentration (in He) versus temperature during the TPR experiment 

for the 3Ga (black) and Pt3Ga (red) catalysts. The lack of features in the graph 

indicates no reduction is taking place.  
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Figure 4.11. Pt dispersion of the PtGaK catalyst after the material is thermally treated 

under air and hydrogen at elevated temperatures. The Pt dispersion drops after step 3 

and 5, wherein the material is treated under air at 650 °C. Treating the material under 

air at 550 °C, or under hydrogen at 650 °C has no negative effect on the Pt dispersion.  

 

Finally, CO chemisorption was used to study the effect of elevated temperatures on 

the dispersion of the Pt in both oxidizing and reducing atmospheres. The PtGaK 

catalyst was stepwise heated and treated under either hydrogen or air at 350, 550 and 

650 °C, without removing it from the chemisorption unit. In total, seven steps were 

performed, which are explained in Figure 4.11. Following each step, the catalyst is 

cooled to ambient temperatures and the Pt dispersion measured by CO chemisorption. 

The material is treated in hydrogen at 350 °C following each time the catalyst is 

exposed to air, in order to reduce any PtOx species that may have formed. During the 

second step, which is treating the catalyst for 30 min in air at 550 °C, a small increase 

of Pt dispersion is observed. However, when the catalyst is treated at 650 °C under air 

(steps 3 and 5) the dispersion drops dramatically, in accordance to what has been 

reported in literature on the sintering of Pt nanoparticles dispersed on an alumina 

support.24–26 On the contrary, no negative effect is observed by treating the catalyst 

under a hydrogen atmosphere at otherwise identical conditions (steps 4 and 6). A final 
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treatment under air at 550 °C does not improve the Pt dispersion, so the sintering 

appears to be irreversible.  

During the cycling operation, the catalysts are regenerated at 750 °C under air, 

considerably harsher conditions and should therefore have similar or more severe 

negative effects on the Pt dispersion. Hence, there is no direct correlation between the 

Pt surface area and the activity of the catalyst material, which means Pt is not the 

species mainly responsible for the PDH activity of the catalyst.  

 

Figure 4.12. Aberration corrected STEM images of a fresh (left) and spent (right) 

PtGaK catalyst, in which small Pt clusters and single atoms are observed. By energy 

dispersive spectroscopy (EDS), an uniform distribution of Ga was observed on the 

catalyst surface.  

 

In addition, aberration corrected STEM images of a fresh and spent (after 8 

dehydrogenation cycles) sample of the PtGaK catalyst were collected, and are shown 

in Figure 4.12. In both images, small Pt clusters and individual Pt atoms (indicated by 

the yellow arrows) are observed.  

As the single Pt atoms are difficult to see, and only a few Pt clusters were detected, it 

was not possible to determine how much the total Pt dispersion decreased during the 

dehydrogenation reaction. Nevertheless, it is clear that single Pt atoms are still present 

after several dehydrogenation cycles.  

From Figure 3.4 it is clear that Pt nanoparticles supported on a Pt/Al2O3 catalyst 

readily sinter during reaction. For the PtGaK catalyst however, the average particle 

size has hardly increased, and Pt single atoms are still observed. This significantly 
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higher stability of the supported Pt is either caused by the significant lower Pt loading, 

or by the fact that a surface of a mixed Ga-Al oxide provides a relatively strong 

interaction with the Pt nanoparticles.   

Combining the trends observed with 71Ga-NMR and XPS, the presence of Pt results in 

a higher concentration of surface tetrahedral Ga3+ species. Nevertheless, such a 

relatively small increase of active sites cannot account for the high activity observed 

for the Pt3Ga catalyst, compared to 3Ga. As the catalyst containing only Pt is nearly 

inactive towards dehydrogenation, and the Pt dispersion drops severely after treatment 

under air at elevated temperatures (while the catalyst performance remains stable), it 

is assumed that not Pt but coordinately unsaturated Ga3+ species are responsible for 

the C-H bond activation.27–29 Proposed reaction mechanisms for paraffin 

dehydrogenation on Ga2O3 are discussed in a review by Copéret, where the 

dissociative adsorption of propane results in the formation of a surface hydroxyl and 

either a Ga-alkyl or Ga-alkoxy species.30,31 After the elimination of the β-hydrogen by 

the formation of a Ga-hydride or a second surface hydroxyl group, propylene desorbs. 

However, as Pidko et al. have pointed out, the subsequent regeneration of the active 

sites by the formation of hydrogen has a very high energy barrier, and the reduction of 

the Ga3+ forming Ga+ and H2O is energetically more favourable.32 In this case, the 

catalyst system is too stable to be reduced in such a manner, meaning that the H-Ga-

OH species need to be regenerated by a different route. Therefore we postulate that 

the promoting function of the Pt consists of the assistance in the regeneration of these 

sites, i.e. it facilitates the recombination of hydrogen atoms to hydrogen and 

subsequently freeing the active Ga3+ sites for the next dehydrogenation cycle.  

 

 

4.4  Conclusions 

 

A porous alumina support loaded with 1000 ppm Pt and 1.5-3 wt% of Ga results in a 

highly active and selective formulation for the catalytic dehydrogenation of propane. 

This catalyst formulation can compete with industrially relevant catalyst systems, 

such as Pt-Sn/Al2O3 and CrOx/Al2O3. The developed catalyst is highly resistant to 

coking and remains active for prolonged reaction times. A combination of structural, 

morphological and surface characterization points towards a synergistic and bi-
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functional character originating from the supported Ga and Pt moieties. It is proposed 

that Ga is providing the active sites for propane dehydrogenation, while Pt possesses 

unique promoting characteristics and is mainly present as single atoms.  
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Chapter 5 

 

 

 

Operando UV-Vis Spectroscopy of a 

CrOx/Al2O3 Propane Dehydrogenation 

Catalyst in a Pilot-Scale Reactor  

 

 
 

 

A novel operando UV-Vis spectroscopic setup has been designed, constructed and 

tested for the investigation of catalyst bodies loaded in a pilot-scale reactor under 

relevant reaction conditions. Spatiotemporal insight in the formation and burning of 

coke deposits on an industrial CrOx/Al2O3 catalyst during propane dehydrogenation 

has been obtained. Coke deposition is faster at the top of the reactor compared to the 

bottom, and the combustion of the coke deposits takes place as a front travelling down 

the length of the reactor. 

 

 

This Chapter is based on the manuscript: J.J.H.B. Sattler, I.D. Gonzalez-Jimenez, A. M. Mens, M. 

Arias, T. Visser, B.M. Weckhuysen, Operando UV-Vis spectroscopy of a catalytic solid in a pilot-scale 

reactor: Deactivation of a CrOx/Al2O3 propane dehydrogenation catalyst, Chem. Commun. 49 (2013) 

1518-1520. 
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5.1  Introduction 

 

CrOx-based propane dehydrogenation (PDH) catalysts, such as those used for the 

Catofin® and Linde-BASF processes, deactivate over time due to coke deposition. On 

one hand, the deposition of coke is essential, as the combustion of the carbon deposits 

provides the heat required to run the endothermic dehydrogenation reaction. On the 

other hand, when excessive amounts of coke are formed, local hotspots formed during 

the regeneration step lead to the sintering of the alumina support. As was discussed in 

Chapter 1, these hotspots may lead to the incorporation of Cr ions in the bulk of the 

support oxide and therefore result in irreversible catalyst deactivation.1,2 Hence, the 

regeneration needs to be started at the appropriate time, which is currently done by 

analyzing the product stream of a reactor. In potential, a better approach would be to 

observe the rate of coke deposition directly by an operando spectroscopic technique, 

and as was shown in Chapter 2 and 4, operando UV-Vis spectroscopy is a powerful 

tool to monitor the rate of coke deposition on catalyst materials during propane 

dehydrogenation.  

This research approach was pioneered in our group in 2003 by Nijhuis, Tinnemans 

and co-workers, who designed a novel setup where on-line MS was combined with 

operando Raman and UV-Vis spectroscopy. This setup, almost identical to the one 

used in Chapters 2-4, was used to study the deactivation of CrOx-based 

dehydrogenation catalysts.3 For this purpose a small quartz reactor was inserted in an 

oven, in which two holes were present at opposite sides. A UV-Vis probe was inserted 

in one hole, while the Raman light source was focused on the sample through the 

other hole. The combination of these two techniques is powerful, as the darkening 

measured by UV-Vis spectroscopy can be used to correct the loss in intensity of the 

coke bands in the Raman spectra due to catalyst darkening. Hence, Raman 

spectroscopy becomes a semi-quantitative technique to determine on-line the amount 

of coke deposited on the catalyst material.4 In a follow-up study, the possibility to 

obtain spatiotemporal information of the catalyst bed was explored by modifying the 

setup to include multiple UV-Vis probes.5 It was shown that the rate of coke 

deposition depended on the relative height of the catalyst bed, which was corroborated 

by operando Raman spectroscopy. Later on, Bennici, Nijhuis et al. took this method 

of catalyst diagnostics to the next level by designing an expert-control algorithm for 
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the propane dehydrogenation reactor, that used operando Raman spectroscopy to 

continuously monitor the deposition of coke.6 When the intensity of the Raman bands 

reached a set value, the regeneration step was started automatically, and when the 

bands corresponding with coke have disappeared, the next propane dehydrogenation 

step is begun.  

The next logical step is to scale up this promising methodology from the small quartz 

reactor tube to a more industrially relevant setting, which means the design and 

construction of a pilot scale reactor in which special probes for UV-Vis and Raman 

spectroscopy can be inserted.  

In this Chapter, we present the design, construction and testing of this novel pilot-

scale reactor, in which specially developed operando UV-Vis probes are inserted to 

characterize catalyst materials under realistic reaction conditions. To the best of our 

knowledge, this is the first time a spectroscopic technique is used to characterize a 

catalytic solid directly inside a pilot-scale reactor. This is done by taking the 

dehydrogenation of propane into propylene over an industrial CrOx/Al2O3 catalyst, 

shaped in the form of 3 mm-sized catalyst bodies, as a showcase. The results 

presented in this Chapter illustrate the potential to implement these spectroscopic 

devices in an industrial environment for e.g. catalyst diagnostics.  

 

 

5.2  Experimental 

 

5.2.1 Design of the Pilot-Scale Reactor  

Figure 5.1 shows the detailed scheme and photograph of the pilot-scale reactor 

designed and constructed. The 90 cm tall fixed bed (internal diameter of 3 cm) reactor 

is made from the stainless steel T316 alloy and has a volume of 0.65 L and a 

maximum operating pressure of 15 bar. The reactor is placed inside a three-staged 

oven consisting of 6 heating elements of 500 W each. The temperature is controlled 

by three thermocouples placed in a thermo-well inside the reactor. Four slots have 

been made along the length of the reactor, in which operando UV-Vis probes could be 

mounted. As the temperature at the reactor’s extremities is lower compared to the rest 

of the catalyst bed, the outer 14 cm have been filled with stainless steel balls with a 

diameter of 6 mm.  
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Figure 5.1. Detailed scheme and picture of the pilot-scale setup for studying catalyst 

bodies under reaction conditions. Key to this setup are the specially designed UV-Vis 

probes, which can be inserted at different heights of the reactor tube. The red arrows 

indicate the height of the catalyst bed where the thermocouples measure the 

temperature. 

 

5.2.2 Design and Testing of the Operando UV-Vis Probes 

Two custom designed operando UV-Vis probes, shown in Figure 5.2, are inserted in 

the reactor; the first probe is placed approximately at the same height as the first 

thermocouple, while the second probe is positioned between the second and third 

thermocouple. The UV-Vis probe consists of six excitation and one collection optical 

fiber, which are connected to a Deuterium-Halogen light source and an Avaspec 2048 

UV-Vis spectroscope. The optical fibers are glued together and encapsulated in a 

ceramic shell. The probes are designed to operate under the high temperatures of the 

propane dehydrogenation reaction. They are installed inside a stainless steel tube, 

making it possible to flow N2 along its length, which provides cooling and prevents 

fouling of the tip. Spectra are saved every 2 min, with 50 accumulations of 40 ms  
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Figure 5.2. Scheme (top) and picture (bottom) of the custom designed operando UV-

Vis probe, which was used to gather UV-Vis spectra in the pilot-scale setup. The red 

arrows indicate the flow direction of the N2.  

 

exposure time each. Operando UV-Vis spectroscopy has frequently been used to 

study chromia/alumina catalysts under alkane dehydrogenation conditions on the lab-

scale.4,8–11 D-d transitions of chromium oxide species can be observed as broad bands 

in the UV-Vis spectra; Cr6+ species present bands at around 275 and 365 nm, while 
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Cr3+ species typically display absorption bands around 300, 450, 590 and 615 nm.12–14 

In Chapter 1, it was proposed that Cr3+ species are the active sites for the 

dehydrogenation reaction, while Cr6+ is considered to be inactive.3,15 Secondly, 

catalyst darkening due to coke deposition can be visualized by this approach.16,17 

 

5.2.3 Dehydrogenation of Propane 

The potential of the developed pilot-scale reactor setup was explored by studying the 

catalytic dehydrogenation of propane over an industrial catalyst. For this reason, the 

reactor was filled with approximately 500 g of CrOx/Al2O3 extrudates, with inert 

material (which were stainless steel balls with a diameter of 6 mm) at the extremities 

of the reactor. The catalyst consists of 20 wt% Cr (mixture of Cr3+ and Cr6+) and 1 

wt% Na on an alumina support. The reaction is performed at approximately 550 ⁰C 

with a flow of 4500 ml/min of N2 and 500 ml/min of propane over a 6 h period. These 

flows correspond with a weight hourly space velocity (WHSV) of 0.1 h-1. The outlet 

of the reactor setup is connected to a GC equipped with a FID (Porabond-Q column) 

and TCD (Carboxan column) detector to analyze the reaction products. After the 

dehydrogenation step, the catalyst is regenerated by flowing 150 ml/min oxygen in 

2200 ml/min nitrogen to the point where no more COx was detected in the gas 

chromatographs. During the reaction, the temperature is continuously monitored by 

three thermocouples located at different heights of the catalyst bed, as is shown in 

Figure 5.1. The reaction equilibrium is very sensitive to the temperature: when the 

reaction temperature is increased, conversion of propane is increased at the expense of 

selectivity towards propylene, as the cracking of reaction products becomes more 

prevalent.  

 

 

5.3  Results and Discussion 

 

The conversion of propane and selectivity towards propylene are shown in the top 

section of Figure 5.3. Initially, a high conversion of propane is observed, that 

gradually drops over time from 47% to 37%. At the same time the selectivity towards 

propylene increases from 80% to 88%. Such values for the conversion and selectivity 

are typical for this catalyst material under the applied conditions. Apart of the general  
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Figure 5.3. At the top, the conversion (□) and selectivity (�) obtained during the 

dehydrogenation experiment are shown, while at the bottom the temperature as a 

function of time on stream as measured by the three thermocouples is shown (○ for 

top, � for middle and × for the bottom).  

 

trend in the conversion and selectivity, some fluctuations can be observed, which are 

attributed to changes in the temperature of the reactor. At the bottom of Figure 5.3, 

the temperature of the catalyst bed during the propane dehydrogenation, as measured 

by the thermocouples inside the thermowell is plotted. By comparing the two graphs, 

we can correlate the changes of selectivity and conversion with temperature 

fluctuations within the reactor; an increase in temperature from 550 to 575 ⁰C 

coincides with a drop in selectivity from 80 to 60%. These fluctuations occur as the 

heating system attempts to correct for the loss of heat due to the endothermicity of the 
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Figure 5.4. Operando UV-Vis spectra obtained with the top (left) and bottom (right) 

probes during the propane dehydrogenation reaction. The absorption bands 

corresponding with the chromium d-d transitions slowly become obfuscated as carbon 

deposits are formed. 

 

Figure 5.5. Operando UV-Vis spectra obtained with the top (left) and bottom (right) 

probes during the regeneration of the catalyst material. Absorption bands 

corresponding to the chromium d-d transitions, become visible again as the carbon 

deposits are combusted. 

 

reaction. Due to the size of the reactor, it takes a considerable amount of time for the 

temperature to stabilize.  

Operando UV-Vis spectra of the catalyst are collected continuously during the 

propane dehydrogenation reaction in order to monitor the deposition of coke, and are 

shown in Figure 5.4. At the start, Cr3+-species, characterized by UV-Vis bands at  
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Figure 5.6. Normalized average absorption in the region between 600 and 700 nm of 

the operando UV-Vis spectra during the dehydrogenation reaction (top) and 

regeneration steps (bottom) as measured by the UV-Vis probes at the top (○) and the 

bottom (�).  

 

around 300, 450 and 620 nm are identified. With time on stream, coke is deposited on 

the catalyst surface and the absorption increases over the entire range of wavelengths. 

After 2 h, the spectral features of the Cr3+-species are difficult to identify as the 

catalyst material darkens due to the deposition of coke. This process becomes more 

prevalent during the rest of the cycle, eventually resulting in featureless and noisy 

UV-Vis spectra. In Figure 5.5, operando UV-Vis spectra collected with the two 
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probes during the subsequent oxidation-regeneration step are shown. For the top 

probe at the right side of the Figure, a drop in absorbance is observed after only 10 

min into the regeneration step, resulting in the original spectrum of the fresh catalyst. 

For the bottom probe, no changes are observed in the spectra for the first 2.5 h, but 

within the next 30 min, the coke is combusted and the spectrum looks identical to that 

obtained at the start of the propane dehydrogenation experiment.  

In order to study the coke deposition and combustion rate over time at different 

heights of the catalyst bed, a value for the absorption is obtained by averaging all data 

points of the UV-Vis spectra between 600-700 nm. The operando UV-Vis spectra 

obtained by both probes are compared by normalizing these values, as is shown in 

Figure 5.6. From the top part of the Figure, it can be observed that the formation of 

coke deposits at the top of the reactor is initially fast, after which it slows down. This 

is in strong contrast what occurs at the bottom of the reactor, where coke deposition is 

clearly a more gradual process. A similar analysis has been performed on the UV-Vis 

spectra during the oxidation-regeneration step and the results are presented in the 

graph at the bottom of Figure 5.6. At the top of the reactor the coke deposits are  

 

Figure 5.7. Temperature read-out of the top (�), middle (○) and bottom (∆) 

thermocouples inside the pilot-scale reactor setup during the regeneration step. The 

oxidation provides extra heat to the system, which can be measured. This effect is 

visible at different times for the different thermocouples, first for the top, followed by 

the middle and bottom thermocouples. 
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readily combusted within 30 min, while this process requires about 3 h for the bottom 

part of the reactor. In both cases, the overall drop in UV-Vis absorption is rapid, 

which suggests that coke combustion is fast and that it takes place as a front, 

travelling through the reactor bed from top to bottom. This finding is corroborated by 

the heat released during combustion as measured over time by the three 

thermocouples which are located at distinct positions in the reactor. These results are 

shown in Figure 5.7. 

To distinguish whether the darkening observed in the operando UV-Vis spectra is 

truly due to coke deposition on the catalyst extrudates, and not on the UV-Vis probe 

itself, a second experiment was performed where the reaction was halted after one 

hour to examine the individual CrOx/Al2O3 extrudates. As is shown in Figure 5.8, 

indeed the tip of the UV-Vis probe has remained free of coke deposits. In addition, the 

few extrudates located directly behind the probe, that were measured by the UV-Vis 

probe during the reaction, have become dark. Furthermore, the flow of nitrogen along 

the length of the probe did not interfere with the darkening of the catalyst extrudates 

measured, as the darkening of these particles was found to be representative for the  

 

Figure 5.8. To investigate the effect of flowing N2 through the probes, the 

dehydrogenation experiment was halted after 1 h, after which the probe is removed 

and the extrudates behind the probe were investigated. These extrudates, shown in the 

picture, have significantly darkened during the experiment and are representative for 

other particles at that height of the reactor. At the same time the probe’s tip had 

remained clear of coke. 
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catalyst bodies at that height of the pilot-scale reactor. Finally, it was apparent that the 

catalyst particles had a different color, depending on the height of the reactor bed. 

This is in agreement with the observations made with operando UV-Vis spectroscopy. 

 

 

5.4  Conclusions 

 

A novel pilot-scale reactor, in which operando UV-Vis spectroscopic probes can be 

inserted at specific places along the reactor bed, has been designed, constructed and 

tested for the catalytic dehydrogenation of propane. In addition, operando UV-Vis 

probes were designed and constructed that were able to withstand the harsh conditions 

of the propane dehydrogenation reaction. This new design allows for the on-line 

monitoring of the formation and combustion of coke deposits by on-line monitoring 

the UV-Vis absorption intensity. Moreover, by using multiple probes located along 

the length of the catalyst bed, it is possible to observe spatiotemporal differences in 

the rate of carbon deposition and the consecutive combustion of the formed coke 

deposits. Coke deposition is more rapid at the top compared to the bottom part of the 

reactor bed, and coke combustion takes place as a front, which travels down the 

length of the catalyst bed. The results presented illustrate the potential of using 

operando spectroscopic probes to study industrially relevant catalyst extrudates by 

UV-Vis spectroscopy under realistic reaction conditions in a pilot-scale reactor setup. 
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Chapter 6 

 

 

 

Real-Time Quantitative Operando Raman 

Spectroscopy on a CrOx/Al2O3 Propane 

Dehydrogenation Catalyst in a Pilot-Scale 

Reactor  

 
 

 

 

Combined operando UV-Vis/Raman spectroscopy has been used to study the 

deactivation of CrOx/Al2O3 catalyst extrudates in a pilot scale propane 

dehydrogenation reactor. For this purpose, a specially designed Raman probe has been 

constructed and tested. The light absorption measured by operando UV-Vis 

spectroscopy was used to correct for the effect of catalyst darkening, effectively 

making operando Raman spectroscopy a quantitative technique to on-line determine 

the amount of coke deposits during the first hour of propane dehydrogenation. 

Differences in the rate of coke deposition were observed between the top and bottom 

of the pilot-scale reactor, which were related to the local temperature of the catalyst 

bed.  

 

 

This Chapter is based on the manuscript: J.J.H.B. Sattler, A.M. Mens, B.M. Weckhuysen, 

ChemCatChem (2014) DOI: 10.1002/cctc.201402649. . 
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6.1  Introduction 

 

As was shown in Chapters 2-4, operando Raman spectroscopy is an excellent tool for 

studying the type and amount of carbon deposits formed during the dehydrogenation 

of propane over a wide range of catalyst materials.1–4 This characterization method 

provides non-invasive method for obtaining detailed information on the type of coke 

deposits formed at reaction conditions. Raman spectroscopy is a quantitative 

technique, as the intensity of the scattered Raman light is directly proportional to the 

amount of scattering molecules. However, part of the scattered Raman light will be 

absorbed by the catalytic solid, which is directly related to the degree of coloration of 

the catalytic solid. This means that, as the catalyst deactivates by e.g. coke deposition, 

the self-absorption of the Raman signal becomes more prevalent as the catalytic solid 

becomes increasingly black. This results in an overall decrease of the Raman intensity 

collected, making quantitative use of the technique difficult if not simply 

impossible.5–7  

Fortunately, as was shown by Tinnemans et al., changes in the value of the diffuse 

reflectance R∞ of a catalytic solid (as measured by operando UV-Vis spectroscopy) 

can be directly used to correct for the self-absorption of the Raman signal.5,6,8 Indeed, 

the relationship between the diffuse reflectance and the observed Raman intensity can 

be written as follows: 
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where Ψ∞ = observed Raman intensity for a powdered sample of infinite thickness, I0 

the intensity of the laser light source, ρ the coefficient of Raman generation and s the 

scattering coefficient. For Equation 6.1 to be valid, the scattering coefficient s should 

remain constant during the experiment. Furthermore, as this formula is derived from 

the Kubelka-Munk equation, the correlation between absorption and the concentration 
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of light absorbing species breaks down at very high values for light absorption, which 

means at very low values for R∞.9 

By using this quantitative Raman approach, Tinnemans et al. have measured the 

diffuse reflectance R∞ of the catalytic solid in a lab-scale reactor, similar to the one 

used in Chapters 2-4,  with operando UV-Vis spectroscopy, while collecting operando 

Raman spectroscopic data simultaneously.5,6,8 By using the obtained value for R∞ and 

the aforementioned Equations 6.1 and 6.2, it was then possible to calculate the true 

Raman spectral intensity, which correlates with the amount of coke deposits present. 

In a follow-up study, Bennici et al. have used this approach to develop an expert 

catalytic reactor control system in a lab-scale reactor, where the regeneration of the 

catalyst bed is started automatically, when a certain amount of coke on the catalyst 

material is measured by combined operando Raman/UV-Vis spectroscopy.10 

Inspired by these promising results, we opted to bring this operando Raman/UV-Vis 

approach to the next level by building a pilot scale reactor in which holes were 

introduced to insert optical fiber probes for studying the catalyst bed. The first results 

of these efforts have been described in Chapter 5 where operando UV-Vis probes 

have been used for the on-line monitoring of the coke formation on a commercial 

CrOx/Al2O3 catalyst, shaped in the form of mm-sized extrudates, during the propane 

dehydrogenation reaction.11 In this Chapter the developed approach is taken one step 

further as a special operando Raman probe was designed, constructed and tested for 

its use in the pilot scale reactor. It is important to mention here that the design of this 

operando Raman probe is significantly more complex than the UV-Vis probes, 

described in Chapter 5.  

Indeed, as photons come in contact with the catalyst material, they can be either 

scattered elastically (Raleigh scattering) or inelastically (Raman scattering). Inelastic 

scattering means that the photons lose or gain energy, as (vibrational) energy is 

transferred from or to the sample. As Raman scattered light is only a small fraction of 

the total scattered light, a high flux of photons on a single spot is required to get a 

strong enough Raman signal. Therefore, a lens is used to focus a bundle of laser light 

on the sample and collect the backscattered Raman signal. This means the probe has 

to be constructed in such a way that it can focus a laser beam on the catalyst sample. 

While the operando UV-Vis probe consists of optical fibers that are directly 

connected to the light source and the spectrometer, optics are present inside the 

Raman probe that filter and transfer the Raman scattered light from the outer lens to 



178 

 

the fibers that connect the probe with the spectrometer and light source. It turned out 

that these optics are very sensitive for heat fluctuations and require continuous 

cooling, hence the design of the probes had to be adjusted for this purpose.  

In this Chapter we show the design, construction and testing of a Raman probe in the 

pilot-scale reactor. Raman spectroscopy proved to be an excellent method for 

visualizing the deposition and burning of the coke species on the CrOx/Al2O3 

extrudates during the dehydrogenation of propane during two successive 

dehydrogenation-regeneration cycles. The dehydrogenation experiment was 

performed twice under identical conditions, with the exception of the relative position 

of the operando UV-Vis and Raman probes along the reactor bed. R∞ was obtained 

from the operando UV-Vis spectra from one experiment, where it was used to correct 

the intensity of the operando Raman spectra obtained during the other experiment. In 

this way, quantitative information, in addition to chemical information on the type of 

coke via the D1/G ratio, was directly obtained by analyzing the operando Raman 

spectra measured during propane dehydrogenation and catalyst regeneration at 

different locations of the catalyst bed.  

 

 

6.2  Experimental 

 

6.2.1  Design of the Raman Probes 

Figure 6.1 shows a schematic drawing and photograph of the pilot scale reactor used, 

including two operando UV-Vis probes and a single operando Raman probe. The two 

UV-Vis probes described in Chapter 5, have been replaced with two others, which 

have a longer metal casing, but are otherwise identical. In Figure 6.2, a more detailed 

schematic and photograph of the newly designed Raman probe is shown. Crucial to 

the design is that the actual Raman probe is inserted into a metal casing, which is 

fixed to the reactor. The seal between the probe and the casing consists of a Teflon 

ferrule, allowing some flexibility in the relative position of the probe inside the 

casing. In this way the probe can be moved closer or further with respect to the 

catalyst bed, providing a means for focusing the Raman light source onto the catalyst 

material. The Raman probe has a larger diameter (3/8" vs. 1/4") compared to the UV-

Vis probes, which is why the sockets in the reactor were adjusted to fit both the 
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probes. Some spacing is present between the probe and the casing, along which N2 is 

flowed to prevent fouling of the probe tip. As an additional measure to prevent 

fouling, a sapphire window is present at the end of the metal casing, serving as a 

barrier to prevent reactants from entering. The flow of N2 can exit the casing via small 

holes drilled at the edge of the sapphire window.  

 

Figure 6.1. Detailed scheme and photograph of the pilot scale reactor used to study 

the deactivation of CrOx/Al2O3 extrudates during propane dehydrogenation. The 

reactor has been slightly modified to allow both operando UV-Vis and Raman probes 

to be used to study the catalyst bed; the differences compared to Figure 5.1 are shown 

in the legend of the Figure.  

 

A schematic of the optics inside of the Raman probe is shown in the inset of Figure 

6.2. The probe is connected by an optical fiber to the laser light source. When exiting 

the fiber, light is converted to a parallel beam by a lens and travels through a band-

pass filter, which blocks the Raman signal of the Si-O vibrations of the optical fiber, 

only transmitting light with a wavelength of 532 nm. The light will then travel along 

the length of the probe through the dichroic filter and is focused on the catalyst 

particle by a second lens. Backscattered light is then collected and converted to a 

parallel beam by the same lens. From this direction, the dichroic filter effectively 

functions as a mirror for the incident light. Through another mirror the light passes 



180 

 

through a long-pass filter assembly, which only allows the Stokes shifted light 

through. A third lens focusses the parallel beam on a second optical fiber, which is 

connected to the Raman spectrometer. As the positioning of the lenses, mirrors and 

filters is very precise, the temperature of this part of the probe should not exceed 200 

°C.12 The probe is mostly made of steel, which can conduct heat from the reactor to 

the optics of the probe. To alleviate this, a jet of air is used to cool this exterior of the 

Raman probe. 

 

Figure 6.2. Scheme and photograph of the operando Raman probe used during the 

catalytic dehydrogenation of propane.12 In the Scheme’s inset, a zoomed in display of 

the optics inside the probe are shown. The green arrows show the pathway of the 

incident laser light, while the red arrows show the pathway of the collected Raman 

signal through the operando Raman probe. In the photograph, the actual Raman probe 

and the metal casing are shown separately. 
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Figure 6.3. Scheme (A) of the sample holder, which has been attached to the 

thermowell inside the reactor. The first picture (B) shows this sample holder attached 

to the thermowell, and the second (C) the sample holder as seen through the socket in 

the reactor, after packing the reactor. The CrOx/Al2O3 catalyst extrudate is kept in 

place by three small metal wires with a diameter of 0.5 mm. 

 

As mentioned before, the lens located at the tip of the Raman probe focusses the laser 

beam on the sample. As the catalyst bed sets as it is heated, individual catalyst 

extrudates change position due to e.g. thermal expansion. Since only a small section 

of a single catalyst extrudate is studied, the movement of the catalyst bed can result in 

a loss of focus, making the collection of the Raman signal impossible. To avoid this 

problem, a sample holder, in which a single catalyst particle can be fixated, was 

attached to the thermo-well inside the reactor. In this way, the probe would be focused 

on the same spot of a specific extrudate during the complete dehydrogenation cycle. 

The sample holder is designed as such, that it makes minimal contact with the catalyst 

extrudate which is placed inside. A schematic display and pictures of this sample 

holder are shown in Figure 6.3.  

 

 

6.2.2 Dehydrogenation of Propane 

The pilot plant reactor, described in Chapter 5.2.1, and outlined in Figure 6.1, was 

filled with approximately 500 g of CrOx/Al2O3 extrudates, with 14 cm of inert 

stainless steel balls (diameter of 6 mm) at the reactor’s extremities. The catalyst 

extrudates have a diameter of about 3 mm and a length of 3-8 mm. They consist of 20 

wt% of Cr (mixture of Cr3+ and Cr6+) and 1 wt% of Na on an alumina support. The 

Raman and UV-Vis probes are alternately located at the bottom, middle and top 
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sockets respectively. The Raman probe is connected to an Ava-Raman-532TEC 

spectrometer, which is equipped with a 532 nm laser light source. Spectra are 

collected with 10 s acquisition time and 10 accumulations. The two UV-Vis probes 

are both connected to a deuterium-halogen light source and an Avaspec 2048 UV-Vis 

spectroscope, and spectra are collected every 100 s, with an acquisition time of 50 ms 

and 100 accumulations.  

The dehydrogenation reaction is performed at approximately 550 °C at a pressure of 

approximately 1.5 bar. A flow of 5000 ml/min, consisting of 10 vol% of propane in 

N2 (WHSV = 0.1 h-1), is flown over the catalyst bed over a period of 6 h. The outlet of 

the reactor is connected with a GC equipped with a FID (Porabond-Q column) and a 

TCD (Carboxan column) detector for analyzing the composition of the resultant gas 

flow. After the dehydrogenation step, the coke formed on the catalyst is burnt off by 

flowing a mixture of O2 (140 ml/min) and nitrogen (2200 ml/min) at the same 

temperature. The regeneration is stopped when no more COx is detected by GC 

analysis. The reactor is then flushed with nitrogen and a second dehydrogenation 

cycle is started. The temperature of the top, middle and bottom of the catalyst bed is 

continuously monitored by three thermocouples inserted in the thermo-well.  

 

 

6.3  Results and Discussion 

 

6.3.1 Dehydrogenation Experiment with the Raman Probe located at the 

Bottom of the Reactor 

In a first experiment, two subsequent propane dehydrogenation-regeneration cycles 

were performed with the developed pilot-scale reactor setup. The two operando UV-

Vis probes were positioned in the upper two reactor opening slots and the operando 

Raman probe was placed in the third opening slot, at the bottom of the catalyst bed. 

The conversion and selectivity results, as well as the temperature as measured by the 

three thermocouples, are summarized in Figure 6.4. At the start of the first PDH cycle, 

the catalyst material displays a conversion of propane of ~50%, which drops to 40% 

over the following 6 h. The selectivity to propylene is initially 80%, quickly dropping 

to 50% after which it slowly increases to 90%, similar to the values reported in Figure 

5.3. This erratic behavior of the selectivity is caused by fluctuations in the temperature 
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of the catalyst bed. The heating system of the reactor overcompensates for the loss of 

heat due to the endothermicity of the dehydrogenation reaction, which makes side 

reactions such as cracking more prevalent. During the first minute of the second 

dehydrogenation cycle, an additional effect is observed. The temperature of the 

catalyst bed increases to 580 °C, after which it quickly drops again to 550 °C. This 

increase is most probably caused by the reduction of Cr6+ species that were formed 

during the oxidation step, as this reduction process results in the (partial) oxidation or  

 

Figure 6.4. The top two graphs show the conversion (black) and selectivity (red) 

measured during the first and second dehydrogenation cycle during the first 

experiment on industrial-like CrOx/Al2O3 catalysts. The second set of graphs show the 

temperature profiles at the top (black), middle (red) and bottom (blue) of the catalyst 

bed, as measured by the three thermocouples inserted in the thermowell. 
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Figure 6.5. Operando UV-Vis spectra of industrial-like CrOx/Al2O3 catalyst 

extrudates, collected during the dehydrogenation of propane at 550 °C with the probe 

at the top (top graphs) and middle (second set of graphs), as well as operando Raman 

spectra obtained with the bottom probe (third row of graphs). The data obtained 

during the first cycle are shown to the left, and data obtained during the second cycle 

are shown to the right.  
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Figure 6.6. Operando UV-Vis spectra of industrial-like CrOx/Al2O3 catalyst 

extrudates, obtained with the probe at the top (top graphs) and middle (second set of 

graphs), as well as operando Raman spectra obtained with the bottom probe during 

the combustion of the coke deposits formed during the dehydrogenation reaction. The 

first oxidation step is shown at the left, and second oxidation step to the right. 

 

combustion of propane. The values of conversion and selectivity obtained during the 

second cycle, as well as the temperature profile of the catalyst bed closely resemble 

the first cycle. 
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In Figure 6.5, the operando UV-Vis and Raman spectra obtained during the two 

dehydrogenation steps of the first experiment are shown. With the two operando UV-

Vis probes installed, the absorption bands corresponding with the d-d transitions of 

Cr3+ (300, 450 and 620 nm) are observed at the start of the dehydrogenation step. 

Over the course of the propane dehydrogenation cycle, the absorption increases 

gradually as the bands of the Cr3+ species become obfuscated by coke species. This 

darkening takes place rapidly during the first hour of reaction, after which no 

additional darkening was observed, possibly because the catalyst is already 

completely black at this point. This process of darkening starts with a delay of 20 min 

at the top of the catalyst bed, but otherwise takes place similar to the middle of the 

reactor. During these first 20 min, the temperature at the top of the reactor has 

dropped below 550 °C, while  remaining at 550 °C at the middle. Possibly coke is not 

formed, or at least at a much lower rate, below 550 °C. Operando Raman spectra were 

obtained of the bottom of the catalyst bed. Two bands corresponding with coke at 

1320 (D1) and 1590 cm-1 (G) start forming a few minutes into the dehydrogenation 

cycle. The intensity of the two bands increases during the first 20 min of reaction, 

after which their intensity starts dropping due to catalyst darkening.   

The spectra collected during the two regeneration steps, which were applied after 

running the propane dehydrogenation steps, are shown in Figure 6.6. The catalyst 

darkening, as measured by UV-Vis spectroscopy, as well as the coke bands in the 

Raman spectra disappear rapidly as the coke is combusted during the regeneration 

step. The time where coke is combusted is dependent on the height of the catalyst bed. 

Indeed, the spectral features corresponding with coke deposits disappear after 80 min 

at the top, 120 min in the middle and 180 min at the bottom of the catalyst bed. In 

other words, coke combustion gradually travels as a front from the top to the bottom 

of the reactor bed. 

 

 

6.3.2 Dehydrogenation Experiment with the Raman probe located at the Top 

of the Reactor 

A second experiment was performed with exactly the same experimental settings, 

with the exception that the operando Raman probe is now inserted in the top slot of 

the pilot-scale setup, while the two operando UV-Vis probes are inserted at the second 

and third slot. In Figure 6.7, the conversion, selectivity and temperature profiles are 
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shown. As can be expected, the same fluctuations in the propane conversion, 

propylene selectivity and local temperature of the catalyst bed are observed as during 

the first dehydrogenation experiment, which is shown in Figure 6.4. 

In Figure 6.8, the operando Raman spectra obtained of the top of the catalyst bed and 

the operando UV-Vis obtained of the in the middle and bottom of the catalyst bed are 

shown. By operando Raman spectroscopy it was observed, that coke deposition 

started after 20 min at the top of the reactor bed. Indeed, the two characteristic 

 

Figure 6.7. The top two graphs show the conversion (black) and selectivity (red) 

measured during the first and second dehydrogenation cycle during the second 

experiment of industrial-like CrOx/Al2O3 catalyst extrudates. The second set of graphs 

show the temperature profiles at the top (black), middle (red) and bottom (blue) of the 

catalyst bed, as measured by the three thermocouples inserted in the thermowell. 
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Figure 6.8. Operando Raman and UV-Vis spectra of industrial-like CrOx/Al2O3 

catalyst extrudates collected at 550 °C during the second propane dehydrogenation 

experiment at the top, middle and bottom of the catalyst bed. In each grahph, the 

formation of coke deposits is clearly visible. The data obtained during the first cycle 

are shown to the left, and data obtained during the second cycle are shown to the 

right. 
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Raman bands corresponding with coke at 1320 (D1) and 1590 cm-1 (G), appear after 

20 min on steam, and then gradually increase while reacting a maximum 

approximately 60 min into the dehydrogenation step. The operando UV-Vis probes 

inserted at the middle and bottom socket of the pilot-scale reactor revealed that 

catalyst darkening took place during the first hour of the dehydrogenation steps, after 

which the overall UV-Vis spectral intensities remained the same. These trends are 

identical to those shown in Figure 6.5 for the first dehydrogenation experiment. 

Similarly, the regeneration of the coke deposits (not shown) after the first and second 

propane dehydrogenation step shows the same trends as those shown in Figure 6.6.  

 
 

6.3.3 Quantitative Coke Analysis 

As the trends observed during the two experiments are so similar, the absorbance 

measured by operando UV-Vis spectroscopy in one experiment can be used to correct 

the operando Raman spectra collected in the other experiment. In other words, as both 

operando UV-Vis and Raman spectroscopic data are collected at the top and bottom 

of the reactor, the deposition of coke can be analyzed quantitatively at these two 

positions of the catalyst bed. This analysis was performed by determining the average 

absorption between 566.5 and 586.6 nm, which is the energy range of the Raman 

scattered photons of the carbon deposits (the laser has a wavelength of 532 nm, which 

equals 18800 cm-1; the Raman bands of coke are located between 1150 and 1750 cm-1, 

which is 17650 and 17050 cm-1, or 566.5 and 586.6 nm, respectively). The average 

value for absorption in this region of the operando UV-Vis spectra is determined and 

converted into reflectance, which is used to calculate G(R∞) using Equation 6.2. The 

averaged absorption is used to minimize effects due to noise in the spectra.  

The values of G(R∞) are shown in the top graphs of Figure 6.9 for both propane 

dehydrogenation cycles at the top and bottom of the catalyst bed. G(R∞) drops rapidly 

during the first 30-40 min of the dehydrogenation reaction to reach a stable value 

close to 0, meaning that after 40 min almost no light is reflected back from the 

catalyst sample and that additional darkening is not measured any more. At this point, 

the catalyst has become very dark and no further coke deposition can be measured by 

operando UV-Vis spectroscopy. Therefore, the correction of the operando Raman 

spectra for catalyst darkening by making use of Equation 6.1, is only valid during the  
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Figure 6.9. In the top two graphs, the G(R∞) is plotted as a function of time for the 

first (black) and second dehydrogenation cycle (red). The second row of graphs shows 

the corrected operando Raman spectra for the first hour of the first propane 

dehydrogenation cycle, and the bottom two graphs shows the intensity corrected 

operando Raman spectra for the first hour of the second propane dehydrogenation 

cycle. The data acquired at the top of the reactor is shown at the left, while the data 

obtained when the Raman probe was located at the bottom slot is shown to the right. 
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Figure 6.10. In the graphs the (corrected) intensity of the G band (blue) and the 

temperature of the catalyst bed (black) are plotted versus time for the first hour for the 

top and bottom of catalyst bed, for both cycles.  

 

first hour of the propane dehydrogenation reaction. The results of this spectral 

correction approach are summarized in Figure 6.9 for the first and second 

dehydrogenation cycle at the top and bottom of the catalyst bed. 

For the top probe (graphs to the left) the D1 and G band start appearing 20 min into 

the dehydrogenation reaction, which rapidly increase in intensity during the following 

30 min. For the bottom probe (graphs to the left) the intensity of the Raman bands 

starts to increase almost immediately and gradually continue to do so for the 

following 55 min. It is important to mention here that this quantitative analysis could 

not be used to study the combustion of coke deposits, since the darkening cannot be 

determined accurately at the start of the regeneration step. Furthermore, the 

combustion of coke is a relatively rapid process, taking place in a few minutes, during 

which only a few operando Raman spectra are collected.  

In Figure 6.10 the corrected intensity of the G Raman band measured at the top and 

bottom of the catalyst bed as function of time is shown for both dehydrogenation 
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cycles. The actual values of the intensity of the Raman band cannot be compared 

directly. For each experiment, the probe will be positioned somewhat differently 

relative to the catalyst extrudate, which results in differences in the quality of the 

spectra, including the intensity of the Raman bands. However, the relative rate at 

which the intensity of the G Raman band increases during the different experiments 

can be compared. In Figure 6.10 it is shown that the rate of coke deposition is 

different for the top and bottom of the pilot-scale reactor. For the top no coke is 

deposited during the first 20 min, after which the amount of coke rapidly increases; at 

the bottom of the reactor the intensity of the G Raman band increases almost linearly 

in time during the first 50 min. The temperature of the catalyst bed as measured by the 

thermocouples at the top and bottom of the catalyst bed are shown. During the first 20 

min, the temperature of the catalyst bed is significantly lower at the top of the reactor 

compared to the bottom and at the same time the coke deposition is faster at the 

bottom. Between 20 and 40 min into the dehydrogenation reaction, the temperature at 

the top of the catalyst bed is higher compared to the bottom; now the coke deposition 

is faster at the top of the catalyst bed. In addition, at the bottom both the temperature 

 

Figure 6.11. To the left, a deconvoluted Raman spectrum showing four coke bands, 

similarly to those reported in Chapter 2 and by Sadezky et al. is shown.13 This 

deconvolution was used to determine the ratio between the D1 and G Raman bands, 

which is a measure of the chemical nature of the coke deposits. These D1/G ratios are 

shown for all the operando Raman spectra collected, both at the top (black) and 

bottom (red) of the catalyst bed and both for the first (square) and second (circle) 

dehydrogenation cycle. This analysis has been performed on the uncorrected Raman 

spectra. 
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and the rate of coke deposition remain stable throughout the experiment. This clearly 

suggests a link between the temperature of the catalyst bed and the rate of coke 

deposition. 

Finally, the ratio of the intensity of the D1 and G bands of the Raman spectra shown in 

Figure 6.5 are determined by deconvoluting the Raman spectra in the same fashion as 

discussed in Chapter 2, taking the approach developed by Sadezky and co-workers.13 

The results are shown in Figure 6.11. Here, it is clear that the absolute D1/G values 

vary a lot in the consecutively measured operando Raman spectra, both at the top and 

bottom of the reactor. As a consequence, there is no clear difference in the chemical 

nature of the coke deposits formed at the top and bottom of the catalyst bed. On 

average, the D1/G ratio is 0.84. This means that the chemical nature of the coke 

deposits formed on an industrial-like CrOx/Al2O3 catalyst extrudate is independent on 

its location of the catalyst bed, or the time it is exposed to propane.  

 
 

6.4  Conclusions 

 
In this Chapter we have described the design, construction and testing of an operando 

Raman probe, which could be inserted in a pilot-scale reactor to study the process of 

coke deposition on a CrOx/Al2O3 extrudate during the dehydrogenation of propane. 

The probe is designed as such, that a flow of N2 can be used to cool the probe and 

keep the tip clear of coke deposits. Furthermore, the probe can be moved with respect 

to the catalyst bed for focusing purposes. In addition to the Raman probe, two 

operando UV-Vis probes were used to study the catalyst bed during two consecutive 

propane dehydrogenation-regeneration cycles. By combining the information gathered 

from the operando Raman and UV-Vis spectra from the two cycles it was possible to 

determine the type and amount of coke deposits formed along the reactor bed during 

the first hour of propane dehydrogenation. Differences in the rate of coke deposition 

were observed as a function of catalyst bed height, which are related to differences in 

the local catalyst bed temperature. A higher reaction temperature would result in 

faster coke deposition, while the chemical nature of the coke deposits, as expressed as 

the D1/G ratio, is independent of catalyst bed height and time-on-stream. In addition, 

the combustion of the coke deposits could be visualized by the operando 
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spectroscopic probes, and it took place as a reacting front, travelling down the length 

of the catalyst bed.  
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Chapter 7 

 

 

 

Summary, Concluding Remarks and Future 

Prospects 
 

 

 

 

 

 

 

 

In this Chapter, a summary of the PhD work will be given. Furthermore, a more 

distant view on the results obtained leads to new insights into the differences in 

propane dehydrogenation performance and coke formation of metal and metal oxide 

catalysts. In the future prospects part, the commercial potential of the highly active 

stable and selective Pt-Ga propane dehydrogenation system developed, and of the 

operando spectroscopic probes for on-line analysis of coke deposition will be 

discussed. Finally, new avenues for studying these catalyst systems will be proposed. 
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7.1  Summary 

 

In this PhD thesis, we have studied the catalytic performance and deactivation of 

different metal and metal oxide catalysts for the selective dehydrogenation of 

propane. With the current market situation, the catalytic dehydrogenation of propane 

is becoming of increasing importance for the petrochemical industry to meet the 

worldwide demand of propylene.  

In Chapter 1, a critical assessment is made of the three main systems for the 

dehydrogenation of propane that have been reported in literature, namely supported 

GaOx, CrOx and Pt-Sn catalysts. By comparing the typical values for the initial yield 

versus the deactivation rate and space velocity, it was concluded that Pt-Sn provides 

the most active and stable catalyst. The mechanism of coke deposition on these 

catalysts is also discussed in this Chapter, and the deep dehydrogenation and 

polymerization of strongly adsorbed reaction intermediates is believed to be of key 

importance in this process.  

As we have shown in Chapter 2, the chemical nature and amount of the coke deposits 

formed on Pt and Pt-Sn/Al2O3 catalyst materials is strongly dependent on the partial 

pressures of propane, propylene and hydrogen in the feed. By operando Raman 

spectroscopy, trends in the position, width and intensity of the Raman bands were 

observed. These trends indicated that the increase in hydrogen partial pressure 

resulted in the formation of less coke, which had a more graphitic nature. At the same 

time, the addition of hydrogen increases the activity and stability of the catalyst 

material. The positive effect of hydrogen is attributed to the competitive adsorption of 

hydrogen on the surface of the Pt catalyst, lowering the concentration of adsorbed 

hydrocarbon species and therefore decreasing the likelihood that these species 

polymerize into coke. 

In addition to the feed composition, the type of metal used for the dehydrogenation 

catalyst has a profound influence on the chemical nature of the coke species formed. 

This is discussed in Chapter 3, where scanning transmission X-ray microscopy 

(STXM), thermogravimetric analysis (TGA) and Raman spectroscopy are used to 

study the coke deposits formed not only on the Pt and Pt-Sn/Al2O3, but also on Pt-Ga 

and Ga/Al2O3 propane dehydrogenation catalysts. Relatively more coke is formed on 
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the latter two materials, as revealed by TGA, which additionally has a more graphitic 

nature, as was revealed by STXM and Raman spectroscopy. As STXM is a 

microscopy technique, it allows for the investigation of individual catalyst particles. 

Although coke was uniformly distributed on the catalyst particle, and no differences 

in the chemical nature of coke deposits could be observed, the XANES spectra of 

coke formed on the outside of the catalyst material was clearly different from coke 

formed in the interior of the catalyst particle. This highlights that next to bulk 

characterization techniques, single catalyst particle analysis is also necessary to gain a 

full understanding of the physicochemical processes taking place.    

In Chapter 4, a novel catalyst system for the dehydrogenation of propane, based on 

1000 ppm Pt and 1.5-3 wt% of GaOx on an alumina support, is discussed. The 

combination of these two metals results in a highly active, selective and stable 

formulation for the catalytic dehydrogenation of propane, which can rival 

commercially applied systems, such as CrOx/Al2O3 and Pt-Sn/Al2O3. A clear 

synergistic effect is observed between both metals, and a combination of structural, 

morphological and surface characterization techniques was utilized to understand this 

synergy. Lewis acid Ga3+ species were believed to be the active sites responsible for 

C-H bond activation, mainly because CO chemisorption revealed that there was no 

correlation between Pt dispersion and catalyst activity, and that a catalyst containing 

solely Pt was inactive. Pt is believed to have a promoting function, possibly assisting 

in the rate limiting step of propane dehydrogenation on GaOx catalysts, which is the 

recombination of hydrogen adatoms.    

In the Chapters discussed above, operando Raman and UV-Vis spectroscopy was used 

to study the formation of coke deposits on propane dehydrogenation catalysts. By this 

method, information on the rate of coke deposition and the type of coke formed can 

be obtained during continuous cycling operations. Furthermore, as was discussed 

before in the work of Tinnemans, Nijhuis and Bennici,1–3 quantitative analysis of coke 

deposition is possible by using the absorption measured by UV-Vis spectroscopy to 

correct for the effect of self-absorption of the Raman signal by the catalyst material. 

In an industrial dehydrogenation reactor, such an approach is highly desirable, as 

careful control of the coke deposition is required to prevent irreversible catalyst 

deactivation during the regeneration step. For this reason, Chapter 5 describes the 

design, construction and testing of a pilot scale reactor in which specially designed 

UV-Vis probes could be inserted at different heights, relative to the catalyst bed. The 
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UV-Vis probes are designed and constructed to be able to withstand the harsh 

conditions of the propane dehydrogenation reaction. The reactor was filled with 0.5 

kg of commercial CrOx/Al2O3 extrudates, and by measuring the darkening of these 

extrudates at different heights of the catalyst bed, it was observed that coke deposition 

was more rapid at the top of the reactor, compared to the bottom. Combustion of the 

formed coke deposits takes place as a front, which travels down the length of the 

reactor. The next step was to design, construct and test an operando Raman probe, 

which is described in Chapter 6. Here, by combining the operando spectroscopic data 

obtained by operando UV-Vis and Raman spectroscopy, the formation of coke 

deposits could be followed quantitatively in time. Differences in the rate of coke 

deposition were again observed, and were attributed to fluctuations in temperature of 

the catalyst bed. The process of coke deposition was faster when the temperature of 

the catalyst bed was higher.  

 

 

7.2  Concluding Remarks 

 

In this PhD Thesis, the dehydrogenation of propane on Pt, GaOx and CrOx catalysts 

was investigated, with the deactivation by coke deposition on these materials being of 

special interest. In Chapter 1, the mechanisms behind these processes are discussed, 

based on findings reported in literature. By combining the experimental results 

described in this PhD with these general literature trends, the coking process on metal 

and metal oxide-based dehydrogenation catalysts can be compared.  

Secondly, in Chapter 4 we have reported a new catalytic system based on a Pt-

promoted Ga/Al2O3 catalyst, whose performance could rival commercial 

dehydrogenation catalysts. Therefore, we will discuss the opportunities to apply this 

catalyst system commercially. Finally, novel approaches on the characterization of 

coke deposits formed on propane dehydrogenation catalysts are reported. Scanning 

Transmission X-ray microscopy proved to be an excellent technique to study the 

chemical nature of individual catalyst particles. In addition, the design, construction 

and testing of operando UV-Vis and Raman probes, and using these to quantitatively 

follow the deposition of coke species on CrOx/Al2O3 extrudates, clearly proves that 

such spectroscopic techniques may be applied in an industrial setting.  
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7.2.1 Coke Deposition on Metals and Metal Oxides 

In Chapter 1, the proposed reaction mechanisms including potential energy plots are 

shown for Pt-, CrOx- and GaOx-based dehydrogenation catalysts (Figure 1.22 – 1.24 

and Scheme 1.2 – 1.4). Although the energy barriers reported in these Figures can 

explain the differences in the specific activity reported in literature very well, the 

results are based on DFT calculations on either very small clusters (CrOx), or ideal 

crystal planes (GaOx and Pt), which do not closely resemble actual dehydrogenation 

catalysts.4–7 In addition, the model and methods used to calculate the reaction 

intermediates are different for each metal. In case of the CrOx catalyst systems, a 

larger cluster where the interaction with more neighboring Cr or support atoms is 

taken into account, should be used. In the case of supported GaOx dehydrogenation 

catalysts, the presence of highly ordered GaOx crystal planes are highly unlikely. As 

was shown in Chapter 4, a mixed Ga-Al oxide support is formed instead, so 

performing calculations on clusters that resemble this ternary oxide are more realistic. 

Although the trends reported in the literature support the conclusions of Chapter 1, 

an elaborate study, where the same method is used to study the dehydrogenation of 

propane on more realistic models of each of these catalyst materials, is highly 

desirable.  

In the experimental data presented in this PhD thesis, several trends are observed 

which affect the process of coke deposition on propane dehydrogenation catalysts. 

First of all, in Chapter 2 we have clearly shown that the composition of the feed has a 

profound influence on the chemical nature of the coke deposits formed on Pt and Pt-

Sn/Al2O3. With the addition of H2, the catalysts performance would increase and a 

lower amount of coke which had a more graphitic nature was formed on the catalyst. 

These trends were explained by the competitive adsorption of hydrogen on the active 

sites of the catalyst material, which would make the polymerization of adsorbed 

hydrocarbons less likely, hampering the rapid formation of coke deposits. On the 

contrary, increasing the partial pressure of propylene significantly increased the 

amount of coke deposited. 

In Chapter 5 and 6, while studying CrOx/Al2O3 extrudates in a pilot scale reactor, it 

was observed that the actual dehydrogenation reaction takes place, at least initially, at 

the top of the catalyst bed of the pilot-scale reactor. After all, a drop in temperature 

due to the endothermic nature of the dehydrogenation reaction is clearly observed 
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during the first minutes of the reaction at this location of the reactor bed, which is not 

observed for the middle and bottom of the catalyst bed. This implies that the 

composition of the gas flow is distinctly different at the top of the catalyst bed (100% 

propane) from the bottom of the bed (mixture of hydrogen, propane, propylene and 

cracking products). Nevertheless, as was observed with operando Raman 

spectroscopy, the coke species formed at the top are very similar to those formed at 

the bottom of the reactor bed. This suggests that on Pt-based dehydrogenation 

catalysts, the effects of feed composition are different compared to CrOx-based 

dehydrogenation catalysts. Note however, that a more complete study, similar as 

described in Chapter 2, is required to fully understand the effects of feed composition 

on the coke deposition on CrOx propane dehydrogenation catalysts. 

Another instance where differences were observed in the process of coke formation 

on metals and metal oxide propane dehydrogenation catalysts are reported in Chapter 

3. Here, Raman spectroscopy, TGA and STXM were used to study the coke formation 

on Pt, Pt-Sn, Pt-Ga and Ga/Al2O3 propane dehydrogenation catalysts. On the first two 

catalysts, the coke deposits were somewhat more disordered than coke formed on the 

latter two materials. Significant amounts of coke were deposited on these catalyst 

materials (~5 wt% for Pt and Pt-Sn and ~9 wt% on Ga and Pt-Ga). A connection was 

found between the nature of the coke deposits, as measured by Raman spectroscopy, 

and the amount of coke formed, determined by TGA. With increasing amounts of 

coke, the D1/G ratio increased and the G band became more narrow, and shifted to 

higher wavenumbers. These trends indicate the formation smaller, more ordered 

graphitic crystals, when the total amount of coke is increased.  

These trends are in strong contrast with the operando Raman spectra reported in 

Figure 4.4 on coke species formed on Pt-Ga catalysts and their Ga analogs, since 

these spectra reveal that coke formed on the Pt-containing catalysts was markedly 

more graphitic. In addition, very low amounts of coke are deposited on these catalyst 

materials (0.2-0.5 wt%). 

It is not straightforward to rationalize why coke formation is different on Pt-based 

catalysts on one hand and GaOx and CrOx propane dehydrogenation catalysts on the 

other hand. A problematic factor is that the process of coke formation during propane 

dehydrogenation, as is described in Chapter 1, has been researched almost 

exclusively on Pt surfaces. Therefore, much less information is available on the type 

of coke precursors and intermediates that are formed on metal oxides. This means we 
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are limited to educated guesses why the process of coke deposition is different on 

these materials. 

First we have to consider that the active sites of Pt- are distinctly different from CrOx-

based propane dehydrogenation catalysts. Propane can be dehydrogenated by any 

surface Pt atom, and the adsorbed hydrocarbon species can migrate over the surface of 

the nanoparticle. Hydrogen can also adsorb, dissociate and migrate over the Pt 

surface. As was shown in Scheme 1.4, the adsorbed propane and propylene can be 

further dehydrogenated, forming strongly adsorbed species which can merge into 

larger hydrocarbons and eventually coke. Many of the intermediates shown in Scheme 

1.4 have multiple interactions with the catalyst, which will likely require several Pt 

atoms. These larger hydrocarbons continue to be dehydrogenated when in proximity 

of a Pt nanoparticle, eventually resulting in the formation of highly graphitic coke 

species. The exact orientation of the adsorbed hydrocarbon in respect to the Pt surface 

is not crucial for deep dehydrogenation to occur, since several active sites are directly 

adjacent to each other. 

On the contrary, during the dehydrogenation of propane on metal oxides, the 

aforementioned mechanisms cannot be used to describe the process of coke 

formation. The active sites of the metal oxides consists of coordinately unsaturated 

Lewis acid sites, where also the neighboring oxygen atoms play an important role in 

the dehydrogenation mechanism. It is reasonable to assume that instead of being 

clustered into nanoparticles like the Pt-based dehydrogenation catalysts, the active 

sites are spread homogeneously over the catalyst surface. Since the active sites are not 

in direct proximity of each other, and the fact that the migration of the adsorbed 

hydrocarbons over the surface of the metal oxide catalyst likely more problematic 

compared to migration over a Pt surface, the formation of coke precursors by the 

merger of adsorbed hydrocarbon species is relatively more difficult on metal oxide 

catalysts compared to the Pt nanoparticles. Furthermore, it is difficult to envision how 

the adsorbed propane species form multiple bonds with these Lewis acid sites 

required for deep dehydrogenation to occur. Finally, when larger hydrocarbons are 

formed, it is more unlikely for these molecules to orient in a way where the relatively 

isolated Lewis acid sites can dehydrogenate the molecule further. This means, that the 

process of coke deposition will likely follow a different mechanism on the metal 

oxide catalysts, compared to Pt-based materials.  
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As was observed by operando Raman spectroscopy in Chapter 4, coke formed on Pt-

Ga had a more graphitic nature compared to their Ga analogs. This can be explained 

by the fact that further dehydrogenation of larger hydrocarbon molecules is more 

facile on Pt-based catalysts compared to  the metal oxide catalysts. The reason why 

this effect is not observed for the catalyst materials discussed in Chapter 3, is that 

such large amounts of coke are formed, that the vast majority of the coke will not be 

present in the proximity of the active species, making the further dehydrogenation of 

the coke deposits very difficult.  

The feed composition, especially the presence of hydrogen, has a more profound 

influence on the process of coke deposition on the Pt catalysts, compared to the metal 

oxide catalysts. Hydrogen can competitively adsorb on the Pt nanoparticles, 

decreasing the surface coverage of the adsorbed propane species. This makes the 

process where these precursors merge into larger hydrocarbons less likely. The 

agglomeration of adsorbed propane species to form coke is already less likely on 

metal oxide catalysts, as the active sites are much more isolated, and the migration of 

such adsorbed hydrocarbons over the surface of the catalyst is arguably more difficult. 

Furthermore, considering the high energy barrier for the recombination of hydrogen 

on the metal oxide catalysts, the competitive of hydrogen on the active sites on these 

metal oxide catalysts is energetically unfavorable. Hence, hydrogen may merely act as 

a spectator species during the dehydrogenation reaction over metal oxide catalysts, 

not affecting the process of coke deposition. A summary of the experimental results 

on coke deposition, and their interpretation is given in Table 7.1. 

 

7.1.1 Industrial Application of the Pt-Ga Propane Dehydrogenation Catalyst 

In Chapter 4, a novel catalyst for the dehydrogenation of propane is presented, based 

on a Ga/Al2O3 material promoted with 1000 ppm of Pt. The material was tested for 

relative short dehydrogenation cycles of 15 min, during which the material exhibited 

an excellent and stable performance. After each cycle, the material was regenerated in 

air at 750 °C, which was necessary for the material to remain highly active. In 

addition, the minute amounts of coke that have formed during the dehydrogenation 

step are combusted. In Figure 7.1, the excellent performance of the Pt3GaK catalyst is 

highlighted, when the material is compared with propane dehydrogenation catalysts 

reported in the open literature. 
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Table 7.1. Summary of the trends in coke deposition obtained by experiments 

reported in this PhD thesis. Effects of the feed, the type of catalyst and the amount of 

coke formed are explained. For this comparison only the experimental data from 

Chapters 2-4 have been used, as the same reactor was used and the reaction condition 

were similar.  

 

 

 Chapter 2 

Effect feed 

Chapter 4 

Effect catalyst material 

Chapter 3 

Effect amount of coke 

Observation 1 - In the presence of 

hydrogen, less coke is 

deposited, the D1/G ratio is 

increased and Raman 

bands become more 

narrow and change 

position. 

2 - Increased partial 

pressures of propylene 

result in more coke being 

deposited. 

3 - The addition of steam 

results in less coke being 

formed, which has a lower 

D1/G ratio. 

Coke formed on Pt-Ga 

catalysts was found to be 

more graphitic in nature 

compared to coke formed 

on catalysts that contain 

only Ga. In these cases, 

relatively low amounts of 

coke were formed ( < 1 

wt%). 

It is observed that the D1/G 

ratio increases, the G band 

shifts to higher 

wavenumbers and becomes 

more narrow as more coke 

is formed on the catalyst 

material. 

Explanation 1 - Smaller, more ordered 

graphite crystallites are 

formed. 

2 - Propylene is more 

reactive than propane, and 

readily polymerizes to 

form coke. 

3 - Steam inhibits the 

formation of coke. 

Deep dehydrogenation of 

coke deposits is more 

likely on Pt-based 

catalysts, which is 

highlighted by the higher 

graphicity of the coke, 

compared to their Ga-

based dehydrogenation 

catalysts. 

As excessive amounts of 

coke are formed, the effect 

of the catalyst becomes less 

as most of the coke is not in 

proximity of the active 

phase. More coke therefore, 

results in the formation of 

smaller, more ordered 

graphite crystallites. 
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Currently, two commercial processes for the dehydrogenation of propane are 

available, namely Catofin® and Oleflex™ processes, which were discussed in 

Chapter 1.2. In the experiments discussed in Chapter 4, a fixed bed reactor was 

used, just as is the case for the Catofin® process. The Catofin® process uses a series of 

parallel fixed bed reactors, in which alternatively short dehydrogenation and 

regeneration steps are performed. The heat required to run the dehydrogenation 

reaction is provided by the combustion of coke deposits formed on the CrOx/Al2O3 

catalyst. Since so little coke is formed on the Pt-Ga catalyst, the combustion would 

only provide a fraction of the heat required to run the dehydrogenation reaction, 

meaning that an alternate source of heat will be required. Secondly, when starting the 

regeneration, the catalyst bed needs to be heated from 620 to 750 °C and 

consecutively needs to be cooled again for the next dehydrogenation step. This would 

take a significant amount of time and energy, making a fixed bed system an 

unattractive option for the commercial application of this catalyst system.  

 

Figure 7.1. To the left, the yield of propylene is plotted versus the weight hourly 

space velocity (WHSV) and to the right the yield is plotted versus the deactivation 

rate. The graphs are identical to those shown in Figures 1.25 and 1.26, with the 

addition of the Pt3GaK catalyst. Black squares are used for the Pt-based catalysts and 

blue triangles for Ga-based catalysts reported in literature. 

 

When comparing the Pt-Ga catalyst with the Pt-Sn/Al2O3 system used for the 

Oleflex™ process, some similarities can be observed. The Oleflex™ process utilizes a 

series of fluidized bed reactors and a catalyst regeneration unit to perform the 
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dehydrogenation reaction. The heat required to run the endothermic dehydrogenation 

process is provided by heating the gas flow, instead of the combustion of the coke 

deposits. The catalyst material moves through the reactors and regeneration unit, 

completing a cycle every 5 to 10 days. For the regeneration of the Pt-Sn/Al2O3 

catalyst, a chlorine-air mixture is used to redisperse the Pt nanoparticles. The 

dehydrogenation of propane on the novel Pt-Ga catalyst can be performed on a similar 

process, with the exception that the cycles need to be significantly shorter. In the 14-

day dehydrogenation experiment, shown in Figure 4.2, the high conversion of 46% 

drops over a 2-day period to ~32%. The reason for this deactivation is not known, but 

could be related to either the sintering of the Pt, sintering of the alumina support or 

leaching of the Ga species by to the formation of volatile Ga species. Since it is not 

known at this time which of these processes are responsible for this deactivation, it is 

questionable if the Pt-Ga would retain its high initial activity when chlorine is added 

during the regeneration step. Since the dehydrogenation reaction (620 °C) takes place 

at a different temperature then the regeneration (750 °C), it is advantageous to have 

separate sections for both processes which is the case for the fluidized catalyst bed 

system. For these reasons, an adapted version of the Oleflex™ process seems the most 

promising option for the commercial application of this novel Pt-Ga propane 

dehydrogenation system.  

 

7.1.2 Novel methodologies for the study of coke deposits 

In Chapter 3, the coke deposits formed on Pt, Pt-Sn, Ga and Pt-Ga catalysts are 

investigated by scanning transmission X-ray microscopy (STXM). To the best of our 

knowledge, this was the first time this technique was used to study deactivated 

propane dehydrogenation catalysts. By this method, valuable insights on the process 

of coke deposition on individual catalyst particles is obtained. This analysis can be 

taken a step further, for example by investigating the X-ray absorption edges of the 

metals present on the catalyst. Some limitations apply however, as the technique 

requires a significant amount of the element under study in order to obtain X-ray 

absorption spectra of a good quality. STXM has also been used to study catalyst 

systems at reaction conditions. As an example, in-situ STXM was used to study phase 

changes of a Fe-based Fischer-Tropsch catalyst at reaction conditions, while the 

formation of coke species could also be followed over time.8 Clearly, it would be very 

interesting to study the deposition of coke on propane dehydrogenation catalysts at 
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reaction conditions. However, since the dehydrogenation of propane takes place at 

considerably different reaction conditions, the reactor cells used by de Smit et al. will 

need to be adjusted. Summarizing, gaining in-situ chemical information on individual 

catalyst particles during the dehydrogenation of propane would provide valuable 

insights on the process of coke deposition on these type of materials.  

The use of operando spectroscopy in a pilot-scale reactor was highlighted in Chapter 

5 and 6. By combining operando UV-Vis and Raman spectroscopy, the amount of 

coke can be determined quantitatively during the dehydrogenation of propane. An 

expert reactor control system can use the spectral information obtained by both 

operando probes to automatically regulate the regeneration of the catalyst bed. 

However, the operando spectroscopic probes will need to be improved further before 

they can be used in a real industrial dehydrogenation reactor. First of all, separate UV-

Vis and Raman probes are needed in order to acquire quantitative information on the 

coke deposition. This is not ideal, as each separate probe may collect information 

from a slightly different section of the catalyst bed. As will be discussed in further in 

this Chapter, both spectroscopic techniques can potentially be combined a single 

probe, averting that issue.  

As described in Chapter 6, using the current method of using a lens to focus a bundle 

of laser light on a single catalyst extrudate, is not the perfect way to collect Raman 

spectra. Movement of the extrudate may result in a loss of focus, making the 

collection of spectral data impossible. Another method however, would be to use a 

parallel beam instead of a focused beam to illuminate the sample, which is basically 

measuring the sample without focusing the laser beam. In this way a significant part 

of the laser light is wasted as it does not hit the sample, which means much less 

Raman photons are generated. This downside can be overcome by using a much 

stronger laser source. Although this method would prove more costly, it probes a 

larger area of the catalyst bed and therefore does not just rely on a single, fixated 

extrudate.  

It is also important to consider the shortcomings of this procedure of combining 

Raman and UV-Vis spectroscopy. This approach, first reported by Kuba and 

Knözinger, is based on the Kubelka-Munk theory to which some limitations apply.9 

At high values for absorption, the assumption that the scattering coefficient s is 

independent of the absorption coefficient (R∞) breaks down. This implies that this 

approach would work better on (yellow, white) Pt-Sn or GaOx catalyst compared to 
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(green) CrOx catalysts. Furthermore, as was shown in Chapter 6, this approach loses 

validity when the catalyst turns very dark due to very high amounts of coke.  

 

 

7.2  Outlook 

 

Several promising avenues have not been investigated during this PhD research, but 

deserve to be mentioned. First of all, in Chapter 4 a synergy effect was observed 

between highly dispersed Pt and Lewis acid GaOx species, resulting in a highly active 

propane dehydrogenation catalyst. The results reported in the Chapter imply that 

Lewis acid Ga3+ species were providing the dehydrogenation activity of the catalyst, 

while Pt acted as a promoter. We hypothesized, that the role of the Pt was to assist 

with the recombination of the hydrogen adatoms, since theoretical calculations show 

this is the rate limiting step of propane dehydrogenation on GaOx-based 

dehydrogenation catalysts. It would be very interesting to perform additional 

quantum-chemical calculations on this system to investigate whether the 

recombination of hydrogen is really energetically more favorable on Pt. Furthermore, 

the hydrogen adatoms will need to diffuse from the Ga3+ active sites to the Pt atoms 

for this recombination to occur, and it would be worthwhile to investigate how facile 

this diffusion is. In a similar fashion, the diffusion of adsorbed hydrocarbons on metal 

oxide-based propane dehydrogenation catalysts can be investigated.  

Secondly, as was mentioned before, it would be desirable to integrate operando UV-

Vis and Raman spectroscopy in a single probe. This can be done in multiple ways. 

First of all, the optics of both techniques can be placed next to each other in a single 

probe. The Raman and UV-Vis spectra should be collected alternately, since 

otherwise the scattered Raman light would interfere with the collection of the UV-Vis 

spectra. Since the collection of a UV-Vis spectrum only takes a few seconds this is 

not problematic. 

A second method would be to use a probe in which the optics are made as such that 

you can alternate between both techniques. For example, as was described previously, 

a parallel beam of laser light is used to generate Raman scattered photons. By adding 

a switch and a system of mirrors inside the probe, one could alternate between the 

Raman and UV-Vis light source to illuminate the catalyst sample, while the 
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backscattered light would alternately be collected by a Raman and UV-Vis 

spectroscope.  

A third option would be to use the Raleigh scattered light to correct the operando 

Raman spectra for the effect of darkening. By adjusting the long-pass filter to allow a 

fixed amount of Raleigh light to pass through, the decrease in intensity of this signal 

can be used instead of the UV-Vis spectra for correcting the Raman spectra. A 

downside of using this method however is that the absorption of light is not uniform 

over the entire Raman spectra, which means an error is made when using the Raleigh 

scattered light is used for the quantification of coke deposition.   

Finally, the Raman probe discussed in Chapter 6 can only measure coke deposits 

formed on the outer microns of the CrOx/Al2O3 extrudates. As was shown in Chapter 

3 by STXM analysis, even in micron-sized catalyst bodies, coke deposits on the 

exterior and interior of the catalyst particles were different. Therefore, it is important 

to investigate how homogeneously coke is deposited on these CrOx/Al2O3 extrudates, 

specifically in the interior of these particles. Surface offset Raman spectroscopy 

(SORS) is a technique, where Raman spectroscopic data can collected from the bulk 

of the material in addition to the surface.10–12 Two Raman spectra are collected 

simultaneously with this technique; one of the surface where the incident light hits the 

sample and one at an offset position which is located a few millimeters away. The 

incident light scatters throughout the interior of the sample, before it is collected at the 

offset position. Some of this light collected by the second probe will be scattered 

inelastically during this process and therefore will contain chemical information of the 

bulk. By continuously collecting spectra, while adjusting the relative position of the 

sample and the offset where these spectra are collected, a 3-dimensional map 

consisting of Raman spectra can be obtained by performing a PCA analysis. This 

method has been used to study catalyst extrudates, for example the spatial distribution 

of molybdenum oxide species in an alumina extrudate.13 Such an approach could also 

be used to study the chemical nature and distribution of coke deposits in CrOx/Al2O3 

extrudates.  
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7.3 Nederlandse Samenvatting 

 

Olefines, zoals ethyleen en propyleen, zijn de meest gebruikte platform moleculen in 

de petrochemische industrie. De belangrijkste manier om deze moleculen te 

produceren, is via het kraken van olie en nafta, maar door de steeds stijgende vraag 

naar olefines gecombineerd met de hoge olie prijzen, heeft ertoe geleid dat de 

petrochemische industrie naar alternatieve bronnen zoekt, zoals schaliegas en 

biomassa, om deze olefines te produceren. In schaliegas bronnen zit niet alleen 

methaan, maar ook ethaan en propaan, welke via de dehydrogenatie reactie omgezet 

kunnen worden naar olefines. Voor de omzetting van propaan naar propyleen 

bijvoorbeeld, zijn hoge temperaturen (600 °C) en een katalysator nodig. 

Een katalysator is een materiaal die een chemische reactie versnelt, zonder zelf 

verbruikt te worden. In het geval van propaan dehydrogenatie, biedt de katalysator 

een oppervlak waar de propaan moleculen op kunnen adsorberen. De vorming van 

bepaalde reactie intermediaren die nodig zijn om propyleen te vormen (zoals degene 

getoond in Schema 1.2 en 1.3), wordt zo gefaciliteerd. Verschillende metalen 

vertonen katalytische activiteit voor dehydrogenatie, waarvan platinum, chroom-oxide 

en gallium-oxide de belangrijkste zijn. Om een katalysator zo efficiënt mogelijk te 

maken, moet deze een zo’n groot mogelijk oppervlak hebben. Door het actieve metaal 

als nanodeeltjes af te zetten op een drager materiaal, wordt dit doel bereikt. 

In Hoofdstuk 1 worden de drie belangrijkste katalysatoren voor de dehydrogenatie 

van propaan, namelijk Pt, CrOx en GaOx, vergeleken op basis van wat gepubliceerd is 

in de literatuur. Specifiek wordt de initiale opbrengst en de snelheid van de deactivatie 

vergeleken ten opzichte van de zgn. space velocity (wat een maat is voor de 

hoeveelheid reactant ten opzichte van de hoeveelheid katalysator is). Hieruit blijkt dat 

de platinum katalysatoren een stuk actiever en stabieler zijn dan de gallium en chroom 

oxide katalysatoren. Verder wordt het dehydrogenatie reactie mechanisme en 

deactivatie van deze materialen besproken.  

De deactivatie kan plaats vinden op verschillende manieren. Ten eerste kunnen de 

katalytische nanodeeltjes onstabiel zijn tijdens de reactie, waardoor ze 

samenklonteren (zgn. sinteren). Hierdoor neemt het metaal oppervlak af wat de 

katalysator minder efficiënt maakt. Een tweede deactivatie mechanisme is de zgn. 

coke formatie, wat min of meer neerkomt op de polymerisatie van geadsorbeerde 
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koolstofmoleculen. Op deze manier wordt er grafeen-achtig materiaal gevormd op het 

oppervlak van de katalysator. Doordat het oppervlak bedekt is, kan de katalysator zijn 

werk niet meer doen. Hierom wordt de katalysator in de industrie regelmatig 

behandeld met zuurstof bij hoge temperatuur, om deze koolstof (coke) afzetting weg 

te branden. 

In Hoofdstuk 2 wordt dit proces op een Pt katalysator bestudeerd met in-situ Raman 

spectroscopie, wat betekend dat er spectroscopische informatie verzameld wordt van 

de coke deposities tijdens de dehydrogenatie reactie. Hiermee wordt de formatie van 

de koolstof afzetting gevolgd over tijd, zoals te zien is in Figuren 2.5 en 2.6. Kleine 

veranderingen in de spectra, zoals de positie de breedte van, en de ratio tussen de 

pieken, onthullen chemische informatie over de grapheen-achtige species. Als 

voorbeeld, wanneer waterstofgas wordt toegevoegd tijdens de propaan dehydrogenatie 

reactie, worden de pieken in het Raman spectrum nauwer en veranderen van positie. 

Dit betekend dat er kleinere en meer geordende coke deeltjes gevormd worden. 

Tegelijkertijd neemt de activiteit en de stabiliteit van de katalysator toe. Dit positieve 

effect van waterstofgas wordt veroorzaakt door de competitieve adsorptie van het 

waterstof op de katalysator, waardoor de vorming van de coke deeltjes wordt 

gehinderd. 

In Hoofdstuk 3 worden de coke afzettingen op verschillende soorten propaan 

dehydrogenatie katalysatoren vergeleken door middel van Scanning Transmission X-

ray Microscopy (STXM). Dit is een microscopie techniek, waar gebruik gemaakt 

wordt van Röntgen staling om plaatjes van individuele katalysator deeltjes te maken, 

waar elke pixel een X-ray absorptie spectrum bevat. Uit deze analyse bleek dat coke 

uniform gevormd wordt op het oppervlak van de katalysator, maar dat coke buiten het 

deeltje anders is. Ook bleek dat coke gevormd op gallium dehydrogenatie 

katalysatoren meer geordend was dan coke gevormd op platinum katalysatoren.  

Een nieuwe katalysator voor de dehydrogenatie van propaan, gebaseerd op platinum 

en galliumoxide afgezet op een aluminum drager word besproken in Hoofdstuk 4. Het 

gedrag van deze katalysator is uniek, vanwege de hoge activiteit, selectiviteit en 

stabiliteit, welke gelijk is aan industriële dehydrogenatie katalysatoren, terwijl de 

samenstelling heel anders is. De concentratie van platinum op de katalysator is zeer 

laag is (0.1 gewichtsprocent), maar toch zijn beide metalen nodig om propaan 

effectief om te zetten. Het unieke karakter van deze katalysatoren is onderzocht met 

verschillende technieken, waaruit bleek dat het platinum functioneert als een 
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promotor, terwijl het gallium oxide de dehydrogenatie verzorgd. Het platinum is 

(gedeeltelijk) aanwezig als individuele atomen, en is belangrijk om de energetisch 

meest ongunstige reactiestap op het gallium oxide te versnellen.  

Twee belangrijke technieken om de vorming van de coke afzetting te volgen tijdens 

de dehydrogenatie reactie zijn UV-Vis en Raman spectroscopie. Deze technieken zijn 

tot dusver alleen in een lab gebruikt om dit proces te bestuderen. Daarbij is het 

mogelijk om de spectroscopische informatie verzameld met deze twee technieken te 

combineren, om zo exact te bepalen hoeveel koolstof er is afgezet op de katalysator. 

Deze methode kan ook toegepast worden in industriële reactoren, om precies te 

bepalen wanneer de katalysator geregenereerd moeten worden. Om deze reden wordt 

in Hoofdstuk 5 en 6 het design en de constructie van een zgn. pilot scale reactor 

besproken, waarin 0.5 kg katalysator past. Verder worden nieuwe UV-Vis en Raman 

probes getest, die in deze reactor gestoken kunnen worden om de katalysator te 

bestuderen bij reactie condities. Meerdere probes worden geplaatst in de reactor, 

waardoor spectroscopische informatie wordt verzameld op verschillende locaties in 

het katalysator bed. De snelheid waar coke formatie plaatsvindt, bleek afhankelijk van 

de temperatuur van de katalysator, waar een hogere temperatuur leid tot snellere coke 

formatie. Inderdaad bleek het mogelijk om in situ de hoeveelheid koolstof afzetting te 

kunnen bepalen, wat de industriële potentie van deze benadering aantoond.  
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Table S1.1. Summary of the catalytic data of the Pt-based dehydrogenation catalysts 

reported in literature. Values of conversion and selectivity of the end and start of each 

catalytic run are shown. From the articles considered, only the best performing 

catalyst is included. 

Catalyst Reaction 

temperat

ure (⁰C) 

Space 

velocity 

(h
-1

) 

Feed 

composi

tion 

Convers

ion (%)
a
  

Selectivi

ty (%)
a 

Specific 

activity 

(s
-1

)
b
 

kd (h
-1

) Catalyst 

life
c
 (h) 

Refere

nce 

 

1) 0.1 wt% 
Pt-Na-[Fe] 
/ ZSM-5 

520 WHSV 
= 15.1; 

WHSV 
= 18.1  

C3H8 = 
25, He = 
75; 

iC4 = 33, 
H2 = 7, 
He = 60 

33-13 

20-10 

98.3-
99.8 

96.5-
98.6 

1.51; 

1.08 

0.0080; 

0.0041  

166 1 

2) 2 wt% 
Pt – 1wt% 
Sn / CeO2 / 
C 

520 WHSV 
= 24.8  

iC4 = 33, 
H2 = 7, 
He = 60 

37-20 90-100 1.27*10-

1 
0.0051  140  2 

3) 0.35 
wt% Pt – 
1.26 wt% 
Sn / Al2O3 

519 WHSV 
= 3.5  

C3H8 = 
30 kPa, 
N2 = 70 

 

31-20 95-98 1.09*10-

1 
0.29  5  3 

4) 0.5 wt% 
Pt – 0.6 
wt% Sn / 
MgAl2O4 

550 WHSV 
= 36.6  

C3H8 = 
50, H2 = 
50 

 

12-11 92-95 4.97*10-

1 
0.028  3.5  4 

5) 0.6 wt% 
Pt – 5 wt% 
Ga / 
MgAl2O4 

605 WHSV 
= 3.9  

C3H8 = 
73; H2 = 
27 

31-30 97-98 1.76*10-

1 
0.024  2  5 

6) 0.5 wt% 
Pt / Zn / 
Silicalite 

555 WHSV 
= 2.8  

C3H8 = 
95; C2H6 
= 4.5, 
iC4H8 = 
0.5 

27-25 99-100 1.75*10-

1 
0.0010  100  6  

7) 0.58 
wt% Pt-Sn 
/ K-L 

600 WHSV 
= 13.2  

iC4 = 33, 
H2 = 67 

61-46 92-99.8 3.94*10-

1 
0.0048  126  7 
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a: First value is obtained at the start of the cycle, second at the end. 

b: Specific activity is defined as "#$ #$%&'( &#)"%*

"#$ +,∗,�.�

.  

c: Catalyst life = total time single cycle/experiment 
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8) 1.0 wt% 
Pt-Sn / 
SiO2 

500 WHSV 
= 248  

iC4 = 50, 
H2 = 50 

19-15 95-96 2.090 0.14  2  8 

9) 0.5 wt% 
Pt / Zn-
Beta 

555 WHSV 
= 2.6  

C3H8 = 
100 

 

40-29 55-90 1.41*10-

1 
0.04  12  9 

10) 0.5 
wt% Pt-Na 
/ Sn-ZSM-
5 

590 WHSV 
= 3  

C3H8 = 
75, H2 = 
25  

41.7-
39.1 

95.3-98 2.20*10-

1 
0.012  9 10 

11) 0.5 
wt% Pt-Zn 
/ Na-Y 

555 WHSV 
= 2.6  

C3H8 = 
100  

 

24.8-
15.7 

91.6-
90.6 

1.45*10-

1 
0.048  12  9

 

 

12) 0.5 
wt% Pt-Sn-
Na / Al-
SBA-15 

590 WHSV 
= 3.0  

C3H8 = 
75, H2 = 
25  

27.5-
12.6 

∼ 94 1.43*10-

1 
0.024  40 11

 

 

13) 0.9 
wt% Pt / 
Mg(Ga)(Al
)O 

600 WHSV 
= 2.6  

C3H8 = 
20, H2 = 
25, He = 
55 

16-11.4 99.2 1.13*10-

2 
0.20  2 12

 

 

14) 0.7 
wt% Pt / 
Mg(In)(Al)
O 

600 WHSV 
= 2.6  

C3H8 = 
20, H2 = 
25, He = 
55 

20.4-
16.3 

98 1.83*10-

2 
0.14  2 13 
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Table S1.2. Summary of the catalytic data of the CrOx-based dehydrogenation 

catalysts reported in literature. Values of conversion and selectivity of the end and 

start of each catalytic run are shown. From the articles considered, only the best 

performing catalyst is included. 

Catalyst Reaction 

temperat

ure (⁰C) 

Space 

velocit

y (h
-1

) 

Feed 

composi

tion 

Convers

ion (%)
a
  

Selectivi

ty (%)
a 

Specific 

activity 

(s
-1

)
b
 

kd (h
-1

) Catalyst 

life
c
 (h) 

Refer

ence 

 

1) 
Mesoporous 
9wt% CrOx / 
Al2O3 

580 (-) C3H8 = 
5, He = 
95 

15.7-
10.0 

 

98 

 

(-) 0.52  1  1 

2) Mixed 
oxide 40% 
Cr2O3 / 60% 
Al2O3 

588+/-2 WHSV 
= 3.3  

iC4H10 = 
100 

~23-14 99.4 6.87*10-4 0.48  1.25  2 

3) 73 wt% 
Cr2O3-pillared 
α-ZrP 

550 WHSV 
= 1.7  

C3H8 = 
7, He = 
93 

18.1-6.3 87.1 1.23*10-5 0.24 5  3 
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4) Ga-Cr 
mixed oxide 
on α-ZrP 
(20.1 wt% Cr, 
9.3 wt% Ga) 

550 WHSV 
= 2  

C3H8 = 
7, He = 
93 

27.6-4.4 80 5.05*10-5 0.42  5  4 

5) 14-16 wt% 
CrOx / Al2O3 

540 WHSV 
= 46.6  

iC4H10 = 
10, N2 = 
90 

16 (start 
1st 
cycle) 

8 (30th 
cycle) 

98 +/- 1 1.21*10-3 0.026  30  5 

6) 5 wt% 
CrOx / SBA-1 

 

550 WHSV 
= 1.2  

C3H8 = 
6.67, 
CO2 = 
33.3, He 
= 60 

37-26 85-92 1.66*10-4 0.14  3.75  6 

7) 4 wt% 
CrOx / ZrO2 

550 WHSV 
= 0.3  

C3H8 = 
2.5, N2 
= 97.5 

60.9-
24.3 

76.2-
87.0 

2.86*10-5 0.26  6  7 

8) (1% wt% 
Cr) Cr-Si-Zr 
Xerogel 

450 WHSV 
= 0.86  

C3H8 = 
1.9, N2= 
0.2, He 
= 97.1 

 

37.8-
22.7 
(35m 
and 
400m) 

91.1-
94.7 

1.85*10-4 0.12  6.08  8 

9) 
Cr(2)Mg(12)
Al(4)Ox 
(mixed metal 
oxide) 

700 WHSV 
= 3.2  

C2H6 = 
28.6, N2 
= 71.4 

29.6 71 6.54*10-4 (-) 1  9 

10) 5 wt% Cr, 
10 wt% Ce / 
SBA-15 

700 GHSV 
= 3600  

C2H6 = 
25, CO2 
= 75 

55-46 96-97 (-) 0.059  5 10 

11) 20wt% Cr 
1wt% Na / 
Al2O3 

550 WHSV 
= 0.12  

C3H8 = 
10, N2 = 
90 

47-37 80-89 7.41*10-6 0.069  6  11 

 

a: First value is obtained at the start of the cycle, second at the end. 

b: Specific activity is defined as "#$ #$%&'( &#)"%*

"#$ /)∗,�.�

. 

c: Catalyst life = total time single cycle/experiment 
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Table S1.3. Summary of the catalytic data of the GaOx-based dehydrogenation 

catalysts reported in literature. Values of conversion and selectivity of the end and 

start of each catalytic run are shown. From the articles considered, only the best 

performing catalyst is included. 

Catalyst Reaction 

temperat

ure (⁰C) 

Space 

velocit

y (h
-1

) 

Feed 

composition 

Convers

ion (%)
a
  

Selectivi

ty (%)
a 

Specific 

activity 

(s
-1

)
b 

kd (h
-1

) Catalyst 

life
c
 (h) 

Refere

nce 

 

1) 1.7 wt% 
Ga2O3 / 
SiO2 

550 WHSV 
= 0.97 
h-1 

C3H8 = 10 

Ar = 90 

 

23-20 86-80 4.97*10-4 0.036  5  1 

2) Ga2O3 / 
MTS 

550 WHSV 
= 0.33 

i-C4H10 = 10, 46-40 58.3 to 5.52*10-5 0.092 2.67  2 
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(mesoporou
s silica) 
Ratio Ga/Si 
= 0.05 

h-1  He = 90 

 

i-C4H8 

3) β-Ga2O3 500 WHSV 
= 0.15 
h-1 

C3H8 = 2.5, 
N2 = 97.5 

33-12 95-95 6.95*10-7 0.21  6  3 

4) Ga2O3 600 WHSV 
= 1.2 h-

1 

C3H8 = 17, 
CO2 = 83 

31-3 95-82 3.55*10-5 0.67  4  4 

5) 5 wt% 
Ga2O3 / 
ZrO2; 

6) 5 wt% 
Ga2O3 / 
TiO2 

600 WHSV 
= 0.3 h-

1 

C3H8 = 2.5, 
N2 = 97.5; 

C3H8 = 2.5, 
CO2 = 5, N2 
= 92.5 

39-6; 

32-8 

74; 

73 

1.90*10-

5; 

1.54*10-5
 

0.77 

0.56  

3  5 

7) 
Ga8Al2O15 

500 WHSV 
= 0.3 h-

1 

a) C3H8 = 
2.5, N2 = 
97.5; 

b) C3H8 = 
2.5, CO2 = 5, 
N2 = 92.5 

51.7-
22.5;  

49.7-
33.1d  

91.6-
98.2;  

91.7-
98.0d 

2.39*10-

6; 

2.30*10-6 

0.168;  

0.089  

8  6 

9) 5 wt% 
Ga2O3 / H-
ZSM-5 (w 
Si / Al=97) 

650 WHSV 
= 0.36 
h-1 

C2H6 = 3, 
CO2 = 15, Ar 
= 82 

23.7-
14.5 

85.9-
93.7 

2.84*10-5 0.0086  70  7 

10) 0.001 
wt% Pt, 1.2 
wt% Ga / 
Al2O3 

590 GHSV 
= 400 
h-1  

C3H8 = 100 39 86 (-) (-) 0.25  8 

 

a: First value is obtained at the start of the cycle, second at the end. 

b: Specific activity is defined as "#$ #$%&'( &#)"%*

"#$ 01∗,�.�
 

c: Catalyst life = total time single cycle/experiment  
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List of Abbreviations 

 

avg.    average 

BET surface area  Brunauer-Emmett-Teller surface area 

CCR    continuous catalyst regeneration 

CVD    chemical vapor deposition 

DRIFTS diffuse reflectance infrared Fourier transform 

spectroscopy 

DFT    density functional theory 

DH    dehydrogenation 

EELS    electron energy loss spectroscopy 

FBD    fluidized bed dehydrogenation 

FID    flame ionization detector 

FTO    Fischer-Tropsch to olefins 

HERFD-XANES high energy resolution fluorescence detection x-ray 

absorption near edge structure 

HWHM half width half maximum 

GC gas chromatography 

GHSV gas hourly space velocity 

IR    infrared 

LDH    layered double hydroxide 

MTBE    methyl tertiary butyl ether 

MTO    methanol to olefins 

MTH    methanol to hydrocarbons  

NGL    natural gas liquids 

NMR    nuclear magnetic resonance 

ODH    oxidative dehydrogenation 

PCA    principle component analysis 

PDH    propane dehydrogenation 

regen.    regeneration 

RWGS    reverse water gas shift 

SFGIR    sum frequency generation infra-red 
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SHC    selective hydrogen combustion 

SIMS    secondary ion mass spectrometry 

SORS    Surface offset Raman spectroscopy 

STAR    steam active reforming 

STXM    scanning transmission X-ray microscopy 

STEM    scanning transmission electron microscopy 

TCD    thermal conductivity detector 

TEM    transmission electron microscopy 

TEOM    tapered element oscillating microbalance 

TGA    thermal gravimetric analysis 

TOF    turn-over frequency 

TOS    time-on-stream 

TPR    temperature programmed reduction 

TPD    temperature programmed desorption 

UPS    ultraviolet photoelectron spectroscopy 

UV-Vis   ultra violet and visible 
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XAS    X-ray absorption spectroscopy 
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XPS    X-ray photoelectron spectroscopy 

XRD    X-ray diffraction 
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