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ABSTRACT 

 

Light alkenes, such as propene and butenes, are important intermediates in the 
manufacture of fuel components and chemicals. The direct catalytic dehydrogenation of 
the corresponding alkanes is a selective way to produce these alkenes and is frequently 
carried out using chromia/alumina catalysts. The aim of this work was to obtain 
structure–activity information, which could be utilised in the optimisation of this 
catalytic system. The properties of chromia/alumina catalysts were investigated by 
advanced in situ and ex situ spectroscopic methods, and the activities were measured in 
the dehydrogenation of isobutane. 
 
The dehydrogenation activity of chromia/alumina was attributed to coordinatively 
unsaturated redox and non-redox Cr3+ ions at all chromium loadings. In addition, the 
oxygen ions in the catalyst appeared to participate in the reaction. The reduction of 
chromia/alumina resulted in formation of adsorbed surface species: hydroxyl groups 
bonded to chromia and alumina were formed in reduction by hydrogen and alkanes, and 
carbon-containing species in reduction by carbon monoxide and alkanes. Prereduction 
with hydrogen or carbon monoxide decreased the dehydrogenation activity. The effect 
by hydrogen was suggested to be related to the amount of OH/H species on the reduced 
surface affecting the number of coordinatively unsaturated chromium sites, and the 
effect by carbon monoxide to the formation of unselective chromium sites and carbon-
containing species.  
 
The chromia/alumina catalysts were deactivated with time on stream and in cycles of 
(pre)reduction–dehydrogenation–regeneration. The deactivation with time on stream 
was caused mainly by coke formation. The nature of the coke species changed during 
dehydrogenation. Carboxylates and aliphatic hydrocarbon species formed at the 
beginning of the reaction and unsaturated/aromatic hydrocarbons and graphite-like 
species with increasing time on stream. The deactivation in several dehydrogenation–
regeneration cycles was attributed to a decrease in the number of actives sites, which 
was possibly caused by clustering of the active phase into more three-dimensional 
structures. 
 
Acidic hydroxyl species of exposed alumina support may have contributed to the side 
reactions observed during dehydrogenation. Chromium catalysts prepared on 
unmodified alumina and on alumina modified with basic aluminium nitride-type species 
were compared in an attempt to increase the activity and selectivity in dehydrogenation. 
However, the presence of nitrogen in the catalyst was not beneficial for the 
dehydrogenation activity.  
 
A kinetic model was derived for the rate of dehydrogenation of isobutane on 
chromia/alumina. The dehydrogenation results were best described by a model with 
isobutane adsorption, possibly on a pair of chromium and oxygen ions, as the rate-
determining step. Satisfactory description of the reaction rate depended upon inclusion 
of the isobutene and hydrogen adsorption parameters in the mathematical model. The 
activation energy of the rate-determining step was estimated to be 137±5 kJ/mol. 
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1 INTRODUCTION 

 

1.1 Industrial dehydrogenation in production of light alkenes 

 

Light alkenes, propene and butenes, are important intermediates in the manufacture of 

polymers, chemicals and fuel components. Propene and butenes are primarily produced 

as coproducts in catalytic and steam cracking processes. For example, 67% of the total 

amount of propene produced in 2003 (57.6 million tons) was obtained as coproduct in 

ethene manufacture by steam cracking processes [1]. In 1997, butenes were produced in 

the amount of 31 million tons principally by catalytic cracking and steam cracking [2]. 

Demand for propene is dominated by the polypropylene industry; other uses for propene 

include the production of acrylic acid, acrylonitrile, cumene, oxo-alcohols and 

propylene oxide [1]. Butenes are mainly used in the manufacture of fuel components 

such as alkylates and oxygenates [2]. 

 

In addition to the cracking processes, light alkenes can also be obtained by other 

methods. Catalytic dehydrogenation of alkanes is a selective way to produce alkenes, 

and was commercialised in the 1930s [3]. Recently, dehydrogenation has been used to 

produce propene for polypropylene manufacture and isobutene for methyl-tert-butyl 

ether (MTBE) synthesis [3], and the process accounts for about 3 [1] and 5% [2] of the 

total propene and butenes production, respectively. It has been estimated that the 

demand for propene will increase substantially in the future, about 5% annually [1], due 

to the growing use of polypropylene. Dehydrogenation is considered a viable option for 

increasing the supply of propene in areas such as the Middle East with cheap alkane 

feedstock available, and four new propane dehydrogenation projects are under 

development in this region [1, 4, 5]. MTBE production, on the other hand, will most 

likely decrease because of environmental reasons: MTBE has been found in the ground 

water due to leaking gasoline storage tanks. In parts of the United States its use as a fuel 

component has already been banned [6]. However, other uses for isobutene remain and 

technologies have been developed to convert the existing MTBE units to produce 

isooctane, another high quality fuel component [7, 8].  
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The dehydrogenation of alkanes, shown in general form in equation 1, is an 

endothermic equilibrium reaction. The reaction enthalpy for example in isobutane 

dehydrogenation is 122 kJ/mol at 550 °C [9]. 

 

CnH2n+2 ↔ CnH2n + H2    (1) 

 

At the moment, there are six industrial dehydrogenation processes, which are either in 

commercial operation or under development (Table 1).  

 

Table 1. Industrial dehydrogenation processes [3, 10–16]. 

 Catofin UOP 
Oleflex 

STARa FBDb Linde 
 

Statoil/ 
Sintef 

Licensor/ 
developer 
 

Süd Chemie/ 
ABB 
Lummus  
 

UOP Inc. Uhde Snamprogetti/ 
Yarsintez 

Linde 
(BASF) 
 

Statoil/ 
Sintef 

Reactor Adiabatic 
fixed-bed  
 

Adiabatic 
moving bed  
 

DH reactor + 
adiabatic 
oxyreactor 
 

Fluidised bed  Isothermal 
fixed-bed 
 

- 

Operation Cyclical Continuous  Cyclical 
 

Continuous Cyclical - 

Feed C3 or C4 C3 or C4 C3 or C4 
 

C3 or C4 C3 or C4 C3 

Catalyst CrOx/Al2O3 
with alkaline 
promoter 

Pt/Sn/Al2O3 
with 
alkaline 
promoter  

Pt/Sn on 
ZnAl2O4/ 
CaAl2O4 
 

CrOx/Al2O3 
with alkaline 
promoter 

CrOx/Al2O3 
 

Pt/hydro-
talcite 
Mg(Al)O 

Heat import Heat formed 
in catalyst 
regeneration 
 

Interstage 
heating  

Heating of 
the DH 
reactor 
 

Fuel added 
during 
regeneration 
  

Heating of 
the reactors 

- 

T (°C) 590–650 550–620 DH: 550–590 
ODH: <600 

550–600 - - 

p (bar) 0.3–0.5 2–5 DH: 5–6 
ODH: <6 

1.1–1.5 >1 - 

Cycle time 
 

15–30 min - 8 h - 9 h - 

Conversion 
(%) 

C3: 48–65 
C4: 60–65 

C3: 25 
C4: 35  

C3: 40 
 

C3: 40 
C4: 50 

C3: 30  
 

- 

Selectivity 
(%) 
 

C3: 82–87 
C4: 93 

C3: 89–91 
C4: 91–93 

C3: 89 
 

C3: 89   
C4: 91 

C3: 90   
 

- 

Note - - Combines 
DH+ODH 

- Pilot  
plant 

Pilot 
plant 
 

a STeam Active Reforming (STAR) 
b Fluidised Bed Dehydrogenation (FBD) 
DH = dehydrogenation, ODH = oxidative dehydrogenation 
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Most commercial dehydrogenation units use the Oleflex or the Catofin technology [4, 

10]. All six processes include a dehydrogenation stage and a catalyst regeneration stage. 

Moreover, the STAR process includes an “oxydehydrogenation” stage [14]. The 

catalysts used in the processes are based on supported chromium oxide (chromia) or 

platinum metal. The thermodynamic limitations of dehydrogenation require efficient 

heat supply to the reaction; high temperatures close to 600 °C are needed for the process 

to proceed at an acceptable conversion level. Different approaches are applied to 

achieve this. For example in the STAR process the reactors are heated directly whereas 

the Catofin and the FBD processes utilise heat generated in the exothermal coke 

combustion taking place during catalyst regeneration.  

 

1.2 Scope of the research 

 

The chromia- and the platinum-based catalysts used in the industrial dehydrogenation 

processes have their own disadvantages. One problem related to supported chromia is 

that carcinogenic Cr6+ is formed during the regeneration stage. Platinum catalysts, on 

the other hand, are sensitive to impurities in the feed. Supported molybdenum and 

vanadium oxides have been studied as alternatives [17]. However, the currently used 

catalysts still remain superior and there is continuous interest for their further 

development. 

 

The properties and dehydrogenation activity of supported chromia catalysts, mainly 

chromia on aluminium oxide (alumina), were investigated in this work. The aim was to 

obtain structure–activity data, which could be utilised in the optimisation of this 

catalytic system. The specific issues addressed in the research included the evaluation of 

chromium-based catalysts supported on different materials [I], the reduction and 

deactivation of chromia/alumina [II–V] and the mechanism of dehydrogenation [VI]. 

 

Transition aluminas are used extensively as catalyst supports due to several reasons. 

They are for example inexpensive and stable at relatively high temperatures [18]. 

However, alumina catalyses undesired side reactions, cracking and coke formation, 

which decrease selectivity and cause catalyst deactivation [19]. In industry, alumina-
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supported catalysts are often promoted by alkali metals to neutralise the sites 

responsible for the unwanted reactions. In the present study, an aluminium nitride-

modified alumina was tested as an alternative [I]. Platinum-based dehydrogenation 

catalysts have been found to benefit from a nitride-type support [20].  

 

Reduction and deactivation are characteristic features of the supported chromia catalysts 

used in dehydrogenation. The reduction of chromia/alumina was investigated with 

different gases with the two aims of identifying the surface species formed during 

reduction and of evaluating their effect on the dehydrogenation behaviour of the catalyst 

[II–IV]. This was done by in situ infrared (IR) and Raman spectroscopic methods, 

which allowed the simultaneous measurement of the catalyst’s surface characteristics 

and its activity.  

 

Deactivation by coke formation or by structural changes necessitates frequent 

regeneration and ultimate replacement of the chromia/alumina catalyst in industrial 

processes. The in situ techniques were used to characterise the deactivating coke species 

formed during dehydrogenation [III, IV]. In addition, deactivation was compared for 

two chromia/alumina catalysts with different properties [V]. 

 

The aim in publication VI was to clarify the mechanism of alkane dehydrogenation on 

chromia/alumina catalysts. For this purpose several reaction mechanisms and kinetic 

models were evaluated. A mathematical model suitable for process simulation purposes 

was developed as a result.  
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2 SUPPORTED CHROMIA CATALYSTS 

 

The structure and dehydrogenation behaviour of chromia catalysts have been studied 

extensively in an attempt to understand better how the properties of supported chromia 

affect the catalytic activity [21–32]. The system is complicated by the existence of 

chromium in several oxidation states and molecular structures [33]. These are 

influenced not only by the physical properties of the sample such as the support, the 

chromium loading and possible modifiers, but also by the conditions where the sample 

has been treated such as the calcination temperature. A short description is given below 

about the characteristics of oxidised and reduced chromia catalysts. Emphasis is given 

to the chromia/alumina system, which was investigated in this work. Other support 

materials that have been studied include silicon dioxide (silica) [28] and zirconium 

dioxide (zirconia) [34]. 

 

2.1 Oxidised chromia catalysts 

 

Oxidised chromia catalysts contain Cr3+, Cr5+ and Cr6+ [22]. The relative amounts of 

these oxidation states depend mainly on the support material, the total chromium 

loading and the heat treatment. The dominant oxidation states on chromia/alumina 

catalysts are Cr3+ and Cr6+; only traces of Cr5+ have been detected by electron spin 

resonance (ESR) spectroscopy [19]. Figure 1 shows the correlation between the total 

chromium loading (in atoms of chromium per square nanometre of support) and the 

Cr3+ and Cr6+ loadings as determined for different chromia/alumina catalysts by wet-

chemical methods [25–28]. The values were calculated from the data given in the 

respective reference and are trendsetting since the Cr6+ content depends on the catalyst 

calcination temperature [25] and the samples had been calcined at different 

temperatures (500 [27], 600 [25, 26] and 700 °C [28]). Two thirds of the possible Cr5+ 

in the catalyst is dissolved as Cr6+ in the wet-chemical determination [28]. 
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Figure 1. Correlation between the total chromium loading and the Cr3+ and Cr6+ loadings for 

different chromia/alumina catalysts as determined by Hakuli et al. [25], Cavani et al. [26], 

Grzybowska et al. [27] and De Rossi et al. [28]. 

 

At low chromium loading, mainly Cr6+ is present on chromia/alumina. Two types of 

Cr6+ have been detected by wet-chemical and spectroscopic methods [19, 22, 24–28]: (i) 

grafted Cr6+, which is in form of monochromates (CrO4
2–) and is insoluble in water and 

(ii) water-soluble Cr6+ in form of polychromates (Cr2+xO7+3x
2–). The grafted Cr6+ is 

chemically bonded to the support and its amount stabilises to about 0.8–1.1 atCr(VI)/nm2 

(~1 wt-% chromium, depending on the support surface area) [24–28]. The total amount 

of Cr6+ stabilises to about 2–3 atCr(VI)/nm2 (2–3 wt-%) for chromium loadings above 5 

atCr/nm2 (4–8 wt-%) [24–28]. Increasing catalyst calcination temperature [25] decreases 

the amount of Cr6+.  

 

Trivalent chromium is present at all chromium loadings and its amount increases with 

the total chromium content. The chromium(III) oxide phase is first dispersed on the 

support as an amorphous overlayer and then forms three-dimensional structures [24–

28]. Monolayer coverage of chromia on alumina is defined as the coverage above which 

the three-dimensional chromia phase starts to grow but does not imply that the support 

surface would be totally covered. The monolayer limit has been determined to be about 

0

2

4

6

8

10

12

14

0 2 4 6 8 10 12 14 16
Total Cr loading (atCr/nm2)

C
r3+

 o
r C

r6+
 lo

ad
in

g 
(a

t C
r/n

m
2 )

Cr(3+) Hakuli et al.  
Cr(3+) Cavani et al. 
Cr(3+) Grzybowska et al.
Cr(3+) De Rossi et al. 
Cr(6+) Hakuli et al. 
Cr(6+) Cavani et al. 
Cr(6+) Grzybowska et al.
Cr(6+) De Rossi et al. 



 13

4–5 atCr/nm2 with for example low energy ion spectroscopy (LEIS) [24] and Raman 

spectroscopy [29, 35]. X-ray diffraction (XRD) is less sensitive to small crystals and 

does not reveal crystalline α-Cr2O3 until above 8–10 atCr/nm2 (6–16 wt-%) [25–28]. 

 

2.2 Reduced chromia catalysts 

 

The dehydrogenation reactions take place in a reductive atmosphere where Cr6+ and 

Cr5+ present after oxidation are not stable but reduce to Cr3+ and possibly to Cr2+ [19, 

21, 28]. Therefore, the involvement of Cr6+ and Cr5+ in dehydrogenation has been ruled 

out. The dehydrogenation activity of chromia catalysts is most often attributed to 

coordinatively unsaturated (c.u.s.) Cr3+ ions [19, 21] although some authors have 

suggested that both Cr2+ and Cr3+ are active in dehydrogenation or that only Cr2+ is 

active [36]. On reduced chromia/silica Cr2+ has been detected for example by UV-Vis 

diffuse reflectance spectroscopy (DRS) [22]. On chromia/alumina its presence is not 

probable [19, 22] although temperature-programmed reduction (TPR) studies have 

suggested that the reduction may proceed below Cr3+, especially on catalysts with high 

chromium loading [37]. 

 

Varying with the sample properties and treatment conditions, several types of Cr3+ exist 

on reduced catalysts [19, 21]: (i) redox Cr3+ formed in the reduction of Cr6+ and Cr5+, 

(ii) non-redox Cr3+ in amorphous chromia phase, which is present both in reduced and 

oxidised samples and (iii) Cr3+ present in crystalline chromia. In a broader sense redox 

Cr3+ refers to chromium ions that have the potential to undergo reduction–oxidation 

cycles depending on the reaction environment. At low chromium loadings the redox and 

non-redox Cr3+ sites can be in form of isolated ions but at high loadings they are located 

in clusters with other chromium ions. ESR spectroscopy reveals the presence of isolated 

(δ-signal) and clustered Cr3+ (β-signal) [22]. The dehydrogenation activity of chromia 

catalysts increases with the chromium loading [24–28] and the maximum activity of 

chromia/alumina has been reached with samples containing chromium about 8–9 

atCr/nm2 [25, 26]. Above this the activity decreases most likely due to the formation of 

the XRD-detectable crystalline α-Cr2O3 [25, 26].  
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It is evident that both redox and non-redox Cr3+ are active in dehydrogenation [25, 26] 

and that crystalline α-Cr2O3 is the least active of the Cr3+ phases [26]. Otherwise it 

remains undecided whether the origin and the environment of the Cr3+ affect its activity. 

Hakuli et al. [25] and De Rossi et al. [28] proposed that the redox Cr3+ ions are the 

active sites at low chromium loadings, and at high loadings both redox and non-redox 

sites are active. On the other hand, Cavani et al. [26] suggested that non-redox Cr3+ in 

the amorphous chromia phase is more active than Cr3+ formed by reduction. Both 

mononuclear (isolated) [28] and multinuclear (clustered) [31] chromium ions have been 

indicated as the most active sites. However, it has also been concluded that the size of 

the Cr3+ oxide cluster does not affect the activity of the Cr3+ ions in dehydrogenation 

[25] or in octane aromatisation [38].  

 

In addition to the Cr3+ ions, the surface oxygen ions have been proposed to be involved 

in the dehydrogenation reaction [19, 39–41]. The dehydrogenation may proceed via 

dissociation of the alkane molecule to an alkyl group bonded to surface chromium and a 

hydrogen atom bonded to surface oxygen, as shown in equation 2.  

 

▒Cr–O▒ + R–H → ▒Cr–R + ▒O–H   (2) 

 

In the equation, symbol ▒ denotes the surface. In this case the active site would be a 

pair of c.u.s. chromium and oxygen ions regardless of the quality of the Cr3+. 
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3 EXPERIMENTAL 

 

The experimental procedures are described in detail in publications I–VI and only a 

short summary is given here. 

 

3.1 Preparation and characterisation of catalysts 

 

Most of the catalysts investigated in this study were prepared by the atomic layer 

deposition (ALD) method with chromium(III) acetylacetonate (Cr(acac)3; Cr(C5O2H7)3) 

as the chromium precursor [I–V]. In addition, two alumina-supported chromia catalysts 

developed for fluidised-bed operation, FB1 [V] and FB2 [VI], were used. Because the 

FB samples were obtained from a commercial source the details of their preparation are 

unknown.  

 

The ALD method, or earlier known as the atomic layer epitaxy (ALE) method, relies on 

separate, saturating reactions of gaseous precursor compounds on solid materials [42]. 

Chromia/alumina catalysts active in the dehydrogenation of light alkanes have been 

prepared earlier by this technique by Kytökivi et al. [24] and Hakuli et al. [25]. The 

ALD preparation of chromia catalysts consists of three steps [21, 42]: (i) pretreatment of 

the support, (ii) chemisorption of gaseous Cr(acac)3 on the solid support at 200 °C and 

(iii) removal of the acac ligands at elevated temperature. The amount of chromium in 

the catalyst can be increased by repeating in cycles steps (ii) and (iii). Three sets of 

ALD-prepared samples were used in this study. Information about the preparation and 

the properties of the catalysts can be found below and in Table 2. 

 

Set 1: Samples prepared on Akzo Nobel 000-1.5E γ-alumina by use of air as the ligand 

removal agent (alumina particle size specified in Table 2, calcined in air at 600 °C for 

16 h, final catalyst calcination in air at 600 °C for 4 h) [II–V]. These are referred to in 

the text as XCr/Al, with X indicating the chromium content of the sample.  

 

Set 2: Samples prepared on Akzo Nobel 001-1.5E γ-alumina by use of air, water or 

ammonia as the ligand removal agent (alumina particle size 0.25–0.50 mm, calcined in 
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air at 800 °C for 16 h and in vacuum at 560 °C for 3 h) [I]. These are referred to in the 

text as Cr/Al-Y, with Y indicating the ligand removal agent.  

 

Set 3: Samples prepared on aluminium nitride-modified Akzo Nobel 001-1.5E γ-

alumina by use of ammonia as the ligand removal agent [I]. The modification of the 

alumina support (pretreated as in Set 2) is described in publication I and in detail by 

Puurunen [42]. In short, it consisted of repeating in cycles the separate reactions of 

gaseous trimethylaluminium (TMA) and ammonia on the bare γ-alumina support to 

yield AlN/Al2O3-type materials containing different amounts of nitrogen. The samples 

are denoted as Cr/n⋅AlN-NH3, with n indicating the number of TMA and ammonia 

cycles, and NH3 the acac ligand removal agent.  

 

Pure chromia (α-Cr2O3, Aldrich, 98+) and the alumina supports were used as reference 

materials.  
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Table 2. Information about the samples used in the study. 

Content  
(wt-%) 

Sample 

Cr Cr6+ 

Support Preparation Ref. 

1.2Cr/Al 1.2 0.9 Akzo 000,  
0.2–0.4 mm 
 

1 cycle of Cr(acac)3 and air [IV] 

7.5Cr/Al 7.5 2.9 Akzo 000, 
0.7–1.0 mm 
 

6 cycles of Cr(acac)3 and air [IV] 

13.5Cr/Al 13.5  
  

3.0 
 

Akzo 000, 
0.25–0.50 mm 
 

12 cycles of Cr(acac)3 and air [II–V] 

Cr/Al-O2 1.0 n.a. Akzo 001 
 

1 cycle of Cr(acac)3 and air [I] 

Cr/Al-H2O 1.0 n.a. Akzo 001 
 

1 cycle of Cr(acac)3 and H2O [I] 

Cr/Al-NH3 1.1 n.a. Akzo 001 
 

1 cycle of Cr(acac)3 and NH3 [I] 

Cr/2⋅AlN-NH3 1.1 n.a. AlN-modified 
Akzo 001 
 

Support:  
2 cycles of TMA and NH3,  
Catalyst:  
1 cycle of Cr(acac)3 and NH3 
 

[I] 

Cr/6⋅AlN-NH3 1.1 n.a. AlN-modified 
Akzo 001 
 

Support:  
6 cycles of TMA and NH3,  
Catalyst:  
1 cycle of Cr(acac)3 and NH3 
 

[I] 

FB1 12 
 

1.0 
 

Alumina Unknown [V] 

FB2 
 

12 1.3 Alumina Unknown, catalyst contained a 
modifying component 
 

[VI] 

Chromia 
 

- 0.1 - - [II–IV] 

n.a. not analysed 
 

The chromium contents of the catalysts were measured by atomic absorption 

spectroscopy (AAS) or by instrumental neutron activation analysis (INAA). The carbon 

contents of some samples were determined either by Ströhlein CS-5500 analyser or by 

LECO CHN-600 analyser, which was also used for nitrogen content analyses. Surface 

area measurements were done by the Brunauer–Emmett–Teller method (BET) and 

crystalline species were detected by XRD spectroscopy.  
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Cr6+ contents were measured by UV-Vis spectrophotometry after dissolution of the Cr6+ 

in a basic aqueous solution as described elsewhere [43]. In the determination, Cr5+ 

possibly present in the catalyst is partly dissolved with the Cr6+ [28]. Chromium 

oxidation states were probed by X-ray photoelectron spectroscopy (XPS) and ESR 

spectroscopy. The local atomic structure of chromium was studied by X-ray absorption 

spectroscopy (XAS). Ex situ diffuse reflectance Fourier transform infrared (DRIFT) 

spectra were recorded for some samples to investigate the type of species formed in the 

chemisorption of Cr(acac)3. Temperature-programmed reduction with hydrogen (H2-

TPR) was used to study the reduction of the catalysts.  

 

3.2 In situ spectroscopic measurements 

 

The reduction of the catalysts and the formation of adsorbed surface species during 

reduction and dehydrogenation were investigated by in situ DRIFTS [II–IV] and by in 

situ Raman spectroscopy [II, III]. Experiments were done as a function of temperature 

from 25 to 580 °C, and as a function of time on stream at 580 °C as described in the 

publications.  

 

The in situ DRIFTS measurements were performed with a Nicolet Nexus Fourier 

transform infrared (FTIR) spectrometer equipped with a Spectra-Tech reaction chamber. 

Gaseous products were monitored by an Omnistar mass spectrometer (MS). 

Measurements were done with hydrogen [II–IV], carbon monoxide [II, IV], propane 

[III], isobutane [IV] and isobutene [IV]. In hydrocarbon experiments the reaction 

chamber was flushed with inert gas periodically. Gaseous hydrocarbons have strong IR 

bands at 3100–2800 cm–1 and their removal was necessary for the detection of adsorbed 

species on the samples. 

 

The in situ Raman spectrometric measurements were done with a Renishaw Micro-

Raman System-1000 equipped either with a Linkam TS-1500 in situ sample treatment 

chamber [II] or with a homemade fixed bed reactor [III] described in detail by Guerrero-

Pérez et al. [44]. Gaseous products were analysed by a Varian 3800 gas chromatograph 

(GC) equipped with a thermal conductivity detector. Measurements were done with 
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hydrogen [II, III], carbon monoxide (unpublished) and propane [III]. To enable 

comparison with the DRIFTS results, the samples were flushed periodically with inert 

gas during the experiments with propane.  

 

3.3 Dehydrogenation activity measurements 

 

The dehydrogenation activity measurements were done in a fixed bed microreactor 

system equipped with a Gasmet FTIR gas analyser (Temet Instruments Ltd.) and an HP 

6890 GC for product analysis.  

 

The activities of the catalysts were studied in cycles of (pre)reduction–

dehydrogenation–regeneration. The reduction of the catalyst was accomplished either 

with hydrogen or carbon monoxide before the dehydrogenation, or with alkane during 

the first minutes on alkane stream. Isobutane dehydrogenation activities were measured 

under atmospheric pressure at 520–580 °C [I, IV–VI]. After the dehydrogenation, the 

samples were regenerated with diluted air.  

 

The reduction products (carbon monoxide, carbon dioxide and water) were measured by 

FTIR, the dehydrogenation products by FTIR and GC, and the regeneration products 

(carbon monoxide, carbon dioxide and water) by FTIR. The amount of coke deposited 

on the catalyst during dehydrogenation was calculated from the amounts of carbon 

oxides measured during regeneration. Further details of the FTIR gas analysis method 

and of the determination of the product distribution based on the measured spectra can 

be found elsewhere [VI, 45]. The conversions, selectivities and yields were calculated 

on molar basis as described in publication VI. 

 

3.4 Kinetic modelling of isobutane dehydrogenation  

 

In the kinetic modelling study [VI], different reaction rate equations were derived on the 

basis of four dehydrogenation mechanisms, assuming either adsorption of isobutane or 

abstraction of hydrogen from the adsorbed species as the rate-determining step. The 

modelling was done based on isobutane dehydrogenation activity measurements 
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performed for the FB2 catalyst at 520–580 °C under atmospheric pressure. The 

parameters of the derived equations were estimated by the Kinfit program [46] by 

minimising the sum of squares of the residuals (SSR) between the measured and 

calculated compositions of the product stream.  
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4 RESULTS AND DISCUSSION 

 

4.1 Chromium catalysts supported on aluminium nitride-modified alumina 

 

The effect of modifying the alumina support with a basic material was studied for   

chromium catalysts prepared on aluminium nitride-modified alumina [I]. The aim was 

to increase the activity and selectivity in dehydrogenation compared to chromia 

supported on alumina.  

 

The industrial chromia/alumina catalysts are generally promoted with alkali metals [11]. 

The promoters have been suggested to affect the catalysts by two ways: by increasing 

the number of active sites [26] and by decreasing the acidity of the alumina support 

which causes cracking and coke formation [11, 19]. The use of a basic aluminium 

nitride-type support might also be beneficial. If the active site in dehydrogenation is a 

cation–anion pair, the replacement of the oxygen ions with more basic nitrogen could 

increase the dehydrogenation activity of the site. Furthermore, the basic aluminium 

nitride might decrease the acidity of the alumina support. It has been found that 

mesoporous vanadium nitrides are active in the dehydrogenation of n-alkane with high 

selectivity to n-alkenes [47], and the dehydrogenation activity of Pt/AlPO(N) catalysts 

increases with the nitrogen content and, thus, basicity of the support [20].  

 

4.1.1 Chemisorption of Cr(acac)3 

 

Chromium catalysts have earlier been prepared by the ALD method on oxide supports 

[24, 25]. In this work, the chemisorption of Cr(acac)3 on unmodified aluminas 

pretreated at 200–800 °C and on the aluminium nitride-modified supports was 

compared. Samples with acac ligands intact were investigated for this purpose.  

 

When Cr(acac)3 chemisorbs on alumina, it binds to surface OH groups and c.u.s. Al–O 

sites [24, 25]. In the present study a combination of a ligand exchange reaction with 

surface OH groups (equation 3) [24, 25] and readsorption of the released Hacac 

(equation 4 and/or 5) [48] seemed to take place during the chemisorption of Cr(acac)3 
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on the unmodified alumina supports. Dissociative adsorption of Cr(acac)3 on alumina 

Al–O pairs (equation 6) [25] may have occurred, too. 

 

▒O–H + Cr(acac)3(g) → ▒O–Cr(acac)2 + Hacac(g)   (3) 

▒Al–O▒ + Hacac(g) → ▒Al–acac + ▒O–H    (4) 

▒Al–OH + Hacac(g) → ▒Al–acac + H2O(g)    (5) 

▒Al–O▒ + Cr(acac)3(g) → ▒Al–acac + ▒O–Cr(acac)2  (6) 

 

Similar reactions can probably take place with Al–NHx sites and c.u.s. Al–N sites on the 

AlN/Al2O3 supports.  

 

The acac ligand density on the surface settled at a more or less constant value (about 1.9 

acac/nm2) in the chemisorption of Cr(acac)3 on the unmodified and modified aluminas. 

The factor determining the surface saturation of the chemisorbed Cr(acac)3 can be a 

shortage of suitable bonding sites, for example OH groups, or steric hindrance imposed 

by the acac ligands. Because the acac ligand density did not depend on the OH group 

content of the supports, it was concluded that the steric hindrance by the acac ligands 

determined the saturation not only on alumina [24, 25] but also on the aluminium 

nitride-modified aluminas.   

 

4.1.2 Activity in dehydrogenation 

 

The effect of the aluminium nitride modification on the dehydrogenation behaviour was 

evaluated after acac ligand removal for the Cr/2⋅AlN-NH3 and Cr/6⋅AlN-NH3 catalysts 

with 0.8 and 3.1 wt-% nitrogen, respectively. Due to the easy oxidation and hydrolysis 

of the aluminium nitride material, ammonia was used for the ligand removal. Because 

chromium catalysts have generally been prepared by use of air [24, 25], catalysts 

prepared on unmodified alumina by use of ammonia, water and air were compared. 

Ammonia was not as efficient as air or water in removing the acac ligands but left 

behind some carbon residue in an amount that increased with the nitrogen content of the 

sample. All catalysts contained chromium about 1 wt-% (Table 2). 
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The activities of the Cr/Al-Y and Cr/n⋅AlN-NH3 catalysts were measured in the 

dehydrogenation of isobutane at 580 °C under atmospheric pressure, without any 

prereduction. The highest activity was obtained with the catalyst prepared on 

unmodified alumina by use of air for ligand removal (Figure 2). No clear differences 

were observed between the selectivities of the samples. The Cr/Al-O2 catalyst was the 

only one that contained any significant amounts of reduced chromium species in the 

first dehydrogenation stage. In the second stage, after the oxidative regeneration, all five 

samples contained Cr3+ formed by reduction in addition to non-redox Cr3+. 

Figure 2. Yield of isobutene at 10 min on isobutane stream with the Cr/Al-Y and Cr/n⋅AlN-NH3 

catalysts as measured by GC at 580 °C, 1.03 bar, WHSV=15 h–1 and nitrogen dilution 3 mol/7 

mol. [I] 

 

Aluminium nitride modification of the alumina support increased neither the conversion 

of isobutane nor the selectivity to isobutene contrary to what was sought for. However, 

the main side reaction, cracking of isobutane was mainly a thermal reaction and 

therefore it was not possible to observe significant differences between the selectivities 

of the samples. The decrease in activity with increasing nitrogen content of the catalyst 

could not be explained by the residual carbon left behind in the ligand removal with 

ammonia. Instead, it appeared that the presence of nitrogen on the surface was not 

beneficial. If the active site is a cation–anion pair, as has been proposed [39–41], it 

seems that Cr–N pairs are not as active as Cr–O pairs in the dehydrogenation of 

isobutane. The activity increase observed in the second cycle for the Cr/6⋅AlN-NH3 

catalyst after oxidative regeneration, which destroyed the nitride phase at least partly, 

supports this proposal.  
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For the catalysts prepared on unmodified alumina, ligand removal with water or 

ammonia decreased the dehydrogenation activity. Water removed the acac ligands as 

efficiently as air. Therefore, the decrease in activity was probably not due to residual 

carbon from any unremoved acac ligands. Instead, it was most likely caused by a lower 

number of exposed chromium sites present on the water- or ammonia-treated catalysts: 

the Cr/Al-O2 sample had higher surface area than the water-treated one, and higher 

surface Cr/Al ratio (unpublished XPS results) than either the water- or the ammonia-

treated sample, both results suggesting that water and ammonia had sintered the catalyst 

more than air. Furthermore, the fresh Cr/Al-O2 catalyst contained the highest amount of 

Cr6+ before the first dehydrogenation stage, which may have contributed to its activity. 

Cr6+ is more mobile than Cr3+ [49] and it is possible that more multinuclear (clustered) 

chromium species, which have been proposed to be more active than isolated Cr3+ ions 

[31, 34], were formed on this catalyst.  

 

It is notable that all the samples were active in the first dehydrogenation stage 

irrespective of whether they contained Cr3+ formed by reduction. Furthermore, the 

activities of the Cr/Al-H2O, Cr/Al-NH3 and Cr/2⋅AlN-NH3 catalysts did not increase 

markedly after the first regeneration, which oxidised some of the chromium. Therefore, 

the activity of Cr3+ seems to be determined mainly by its structural environment and not 

by whether it has been formed through reduction. Earlier, it has been proposed that the 

redox sites are the only active sites at low chromium loadings [24, 25, 28]. It is probable 

though that non-redox Cr3+ sites are also active in accordance with Cavani et al. [26] 

who suggested that Cr3+ ions in the amorphous chromia phase are more active than the 

redox Cr3+ sites. 

 

4.2 Reduction of chromia/alumina 

 

The reduction of chromia/alumina was studied to identify the surface species formed 

during reduction and to clarify the significance of these species to the behaviour of the 

catalyst during dehydrogenation. When oxidised chromia/alumina catalysts are 

contacted with alkane, the reduction of Cr6+ (and Cr5+) results in release of carbon 

oxides and water. Thereafter, dehydrogenation products start to form. The initial 
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combustion period can be avoided if the catalyst is prereduced before the 

dehydrogenation stage with for example hydrogen, carbon monoxide or methane; 

prereduction is used for example in the Catofin process [3].  

 

However, in some cases prereduction with hydrogen or carbon monoxide results in a 

lower activity in dehydrogenation compared to reduction with the alkane feed [17, 21, 

23, 32]. Furthermore, carbon monoxide may increase side reactions—cracking and coke 

formation—during dehydrogenation [21, 23]. These effects may be related to the 

surface species formed during reduction [21]: indirect measurements have indicated that 

reduction by hydrogen and alkanes leads to retainment of water on the catalyst, and 

reduction by carbon monoxide to deposition of carbonaceous material [17, 21].  

 

4.2.1 Reduction measurements 

 

The reduction of chromia/alumina by hydrogen, carbon monoxide, propane and 

isobutane was investigated in detail for the 13.5Cr/Al catalyst by ex situ and in situ 

spectroscopic methods [II–IV, 50]. This sample was chosen for closer examination 

primarily for two reasons: (i) the chromium content of the sample (8.0 atCr/nm2
support; 9.4 

atCr/nm2
sample) coincided with the range where the highest activity in dehydrogenation 

has been observed, 8–9 atCr/nm2 [25, 26] and (ii) the catalyst had been prepared by the 

ALD method, which produces well-dispersed surface species [24, 25]. Additional 

measurements were done for the pure chromia and alumina samples [II–IV] and for the 

1.2Cr/Al (unpublished results, IV) and 7.5Cr/Al catalysts [IV]. The reduction behaviour 

of the 13.5Cr/Al and FB1 catalysts [V] is compared in a later section. 

 

4.2.2 Structural changes during reduction 

 

The structure of the 13.5Cr/Al catalyst after calcination and reduction [II–IV] 

corresponded to that generally reported for chromia/alumina catalysts with high 

chromium loading [19, 21, 26]. After calcination, chromium was present mainly as 

octahedrally coordinated Cr3+ and tetrahedrally coordinated Cr6+, which were in form of 

amorphous Cr3+ oxide and polymeric chromates, respectively. Crystalline Cr2O3 was not 
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found by XRD or Raman spectroscopy indicating that the ALD method was able to 

produce well-dispersed chromia species even at this level of loading.  

 

The reduced chromium oxidation state was probed spectroscopically by XPS and XAS 

[II], and indirectly by FTIR gas analysis of the gaseous products released in reduction at 

580 °C [IV]. The oxidation state of chromium appeared to be the same, about +3, after 

reduction by hydrogen, carbon monoxide or alkane, which agrees with findings by 

others [17, 19, 21]. The Cr3+ was in octahedral configuration at least after hydrogen 

reduction [II]. No clear evidence for Cr2+ was found, but its presence was not ruled out 

completely. Cr2+ has generally not been detected on chromia/alumina [19], although it 

has been speculated [37] that, at high chromium loadings, chromium reducible to Cr2+ 

could exist as supported on microcrystalline or amorphous chromia and, therefore, 

without direct contact with the alumina support. The formation of Cr2+ has been 

observed on crystalline chromia [51] and on chromia/silica [39, 52], which contains 

crystalline chromia species even at low chromium loadings [21]. 

 

Clustering of the chromia phase has been suggested to take place during reduction of 

chromia/alumina [21] and chromia/zirconia [38]. Some indication that clustering may 

have happened on the 13.5Cr/Al catalyst was found by Raman spectroscopy, XPS and 

DRIFTS [II, III]. Raman spectroscopic measurements suggested formation of more 

crystalline chromia during reduction by hydrogen [II] and carbon monoxide 

(unpublished results). Moreover, XPS measurements indicated a decrease in the Cr/Al 

ratio and DRIFTS measurements the formation of Al–OH species with reduction, both 

results suggesting that more alumina surface was exposed. Thus, the well-dispersed 

chromia phase obtained by the ALD technique was not stable under the reduction 

conditions.  

 

4.2.3 Surface species formed during reduction 

 

The formation of hydroxyl groups and carbon-containing species during reduction was 

investigated by in situ DRIFT and Raman spectroscopies at 580 °C and as a function of 

temperature from 25 to 580 °C [II–IV, 50]. Figure 3 shows DRIFT spectra measured for 
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the 13.5Cr/Al catalyst after calcination and after reduction at 580 °C. The chromate 

band disappeared within the first minutes on gas stream, indicating that the catalyst was 

reduced in the in situ chamber. Hydroxyl species were formed from hydrogen and the 

alkanes, and carbon-containing species from carbon monoxide and the alkanes. The 

1.2Cr/Al catalyst showed similar behaviour (unpublished results, IV). 

 

Figure 3. DRIFT spectra measured for the 13.5Cr/Al catalyst after (a) calcination, and reduction 

by (b) H2, (c) CO, (d) propane and (e) isobutane at 580 °C. Spectra were measured under inert 

gas after a 15 min reduction (b and c) or after 3 min on alkane stream (d and e). 

 

The reduction of chromia/alumina by hydrogen released gaseous water. For the 

13.5Cr/Al catalyst, the amount of water detected by FTIR gas analysis at 580 °C was 

lower than the amount calculated assuming reduction of Cr6+ to Cr3+ [IV]. It has been 

estimated that about 30–50% [17, 23, 39, 53] of the total amount of water produced 

remains on the reduced surface. This water was present as isolated hydroxyl groups 

bonded to the chromia and alumina phases and as associated hydrogen-bonded 
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hydroxyls, shown schematically in Figure 4 with their IR band positions at ~200–580 

°C. The isolated hydroxyl species were most likely terminal and bridging on both 

chromia [54] and on alumina [55, 56]. The (Cr)n–OH bands were observed as one peak 

at high temperatures due to thermal effects. (Cr)n–OH species at similar wavenumbers 

formed on bulk chromia. The formation of (Cr)n–OH species on chromia/alumina 

indicated that some of the c.u.s. chromium ions formed in the reduction were saturated 

by hydroxyl groups. This most likely decreased the potential activity of the catalyst in 

dehydrogenation. No Cr–H species, which should appear at 1714 and 1697 cm–1 [57], 

were detected but their presence is not ruled out.  

 

Figure 4. Hydroxyl species formed on chromia/alumina during hydrogen reduction [II]. 

Approximate structures based on [54, 58]. Band positions are in units of cm–1 and depended on 

the measurement temperature; values at room temperature were ca. 20 cm–1 higher than those 

given in the figure. n=3, M=Al or Cr. 

 

Reduction of chromia/alumina at 580 °C by carbon monoxide resulted in formation of 

gaseous carbon dioxide and surface carbonates, which were most likely monodentate 

[IV]. Bicarbonates, adsorbed carbon monoxide, formates, carbonates and possibly 

inorganic carboxylates (Figure 5) were detected during temperature-programmed 

DRIFTS measurements with carbon monoxide [II]. Bulk chromia showed similar 

behaviour. The peaks due to monodentate carbonates at about 1530 and 1310 cm–1 were 

attributed to formates in publication II because carbonates and formates have 

overlapping bands in this region. The presence of formates bonded to chromia and 

alumina was evident, though, from their characteristic bands at the C–H region.  
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Figure 5. Carbon-containing species formed on chromia/alumina during carbon monoxide 

reduction [II, IV]. Approximate structures based on [59, 60]. Wavenumber values are in units of 

cm–1. *Species possibly present. n=3 (and possibly 2). 

 

Reduction of chromia/silica by carbon monoxide has been proposed to occur through 

formation of intermediate bicarbonate species, which is transformed into carboxylate 

(formate) in the reduction [61]. Reduction of Cr6+ on oxidised chromia, on the other 

hand, has been suggested to occur during the formation of the bicarbonate and carbonate 

species [62]. The present results supported the involvement of bicarbonates in the 

reduction. Further reactions of the bicarbonates probably resulted in the formates, 

carboxylates and carbonates. In addition, bicarbonates may have formed in reaction 

between the chromia surface and carbon dioxide released in the reduction, and formates 

in reaction of surface hydroxyls with gaseous/adsorbed carbon monoxide [62]. 

Adsorbed carbon monoxide indicated the presence of c.u.s. Cr3+ (and possibly Cr2+). 

Bands due to hydroxyl species increased during the reduction. Since water cannot form 

from carbon monoxide, the hydroxyls were present already on the calcined surface or 

formed from feed impurities. Therefore, their amount was most likely very low. 

 

Interaction of propane and isobutane with calcined chromia/alumina and bulk chromia 

released gaseous carbon oxides and resulted in formation of surface acetone, formates, 

acetates/carboxylates and hydroxyls in temperature-programmed DRIFTS 

measurements with propane and isobutane [III, IV, 50]. Comparison of the results with 

literature [63] suggested that the reactions presented in Figure 6 took place on the 

samples, with Cr6+ reducing simultaneously with the formation of the alkoxide groups. 

At higher temperatures where dehydrogenation of alkanes took place aliphatic and 

unsaturated/aromatic hydrocarbon species were detected by DRIFTS and Raman 
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spectroscopy [III, IV] and graphite-like deposits by Raman spectroscopy [III], but these 

were most likely formed as a result of dehydrogenation. 

 

 

Figure 6. Formation of oxygen-containing carbon species during reduction of chromia/alumina 

with (A) propane and (B) isobutane [III, IV, 50]. Approximate structures based on [63]. 

Wavenumber values are in units of cm–1. The scheme does not reflect the real stoichiometries of 

the reactions. *The species was not detected but was assumed to form in accordance with [63]. 

 

Some of the water formed in the reduction with alkanes was retained on the catalysts 

and was present as hydroxyl species [IV]. The hydroxyl peaks were observed at similar 

wavenumbers as after hydrogen reduction. Thus, similar alumina- and chromia-bonded 

hydroxyls and hydrogen-bonded hydroxyls were formed as shown in Figure 4 [III, IV].  

 

Some similarities and differences between the surfaces reduced by hydrogen, carbon 

monoxide and the alkanes were concluded from the DRIFTS results [IV]. Similar 

hydroxyl species formed from hydrogen and the alkanes. The carbon monoxide-reduced 

surface contained the lowest number of hydroxyl groups, and therefore most likely the 

highest number of c.u.s. sites able to participate in hydrocarbon reactions. On the other 

hand, the carbon monoxide- and the alkane-reduced surfaces contained carbonaceous 

deposits, which may have covered part of the active chromia phase. 
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4.3 Calcined and prereduced chromia/alumina in dehydrogenation  

 

4.3.1 Activity in dehydrogenation 

 

The effect of the species formed during reduction on the behaviour of chromia/alumina 

in alkane dehydrogenation was investigated by activity measurements [IV] and by in 

situ spectroscopic techniques at 580 °C [III, IV, 50]. Another aim was to identify 

carbon-containing species formed during dehydrogenation, which cause deactivation. 

Figure 7 shows the activity of the 13.5Cr/Al catalyst in dehydrogenation of isobutane at 

580 °C after calcination, and after prereduction by hydrogen or carbon monoxide.  

 

             

Figure 7.  (A) The conversion of isobutane (X) and selectivity to isobutene (S), and (B) the 

yield of isobutene (Y) for the 13.5Cr/Al catalyst after calcination and after H2 or CO 

prereduction at 580 °C, 1.03 bar, WHSV=5 h–1 and nitrogen dilution 1 mol/9 mol. [IV] 

 

The highest initial conversion of isobutane was obtained with the carbon monoxide-

prereduced surface. However, the yield of isobutene was decreased by high initial 

cracking activity to C1–C3 hydrocarbons. Hydrogen prereduction decreased the activity 

in dehydrogenation, too. Thus, the highest yield of isobutene was obtained after 

calcination, in agreement with other studies [17, 21]. The dehydrogenation activity 

decreased rapidly with time on stream with increase in selectivity although hydrogen 
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prereduction seemed to inhibit the deactivation slightly. The coke contents of the 

calcined, hydrogen- and carbon monoxide-prereduced catalysts after the 15 min 

dehydrogenation were 2.9, 2.3 and 3.6 mmol/gcat, respectively. The amount of coke on 

the catalyst increased fairly linearly with time on stream with a decrease in the H/C ratio 

[IV]. 

 

4.3.2 Surface species formed during dehydrogenation 

 

The surface species formed during propane and isobutane dehydrogenation were 

investigated by in situ spectroscopic methods. Propane dehydrogenation was followed 

after calcination and hydrogen prereduction for the 13.5Cr/Al catalyst by DRIFT and 

Raman spectroscopies [III], and isobutane dehydrogenation for the calcined and 

hydrogen- or carbon monoxide-prereduced 1.2Cr/Al (unpublished results) and 

13.5Cr/Al [IV] catalysts by DRIFTS. Additional measurements were done for the 

calcined 7.5Cr/Al catalyst and for the pure chromia and alumina samples. Figure 8 

shows DRIFT spectra measured for the calcined or prereduced 13.5Cr/Al catalyst 

during isobutane dehydrogenation, and Figure 9 the Raman spectra measured for the 

calcined 13.5Cr/Al catalyst during propane dehydrogenation. The dehydrogenated 

alkane did not influence the type of species formed. 

 

During the first minutes on alkane stream, formates and carboxylates formed after 

calcination with simultaneous disappearance of the chromate band, and carboxylates 

formed after hydrogen or carbon monoxide prereduction, although less rapidly than 

after calcination. The carbon-containing species present on the carbon monoxide-

prereduced surface were not stable under the alkane atmosphere [IV]. For calcined 

catalysts, the carboxylates changed with increasing chromium content of the sample 

from alumina-bonded species to mostly chromia-bonded [IV]. The results suggested 

that the carboxylates were formed by at least two reactions: the reduction of Cr6+ (and 

Cr5+) on the calcined catalyst by the alkane, and probably the reaction of gaseous 

hydrocarbons with surface hydroxyl groups [III, IV, 64, 65]. 
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Hydrocarbon-type deposits formed gradually with simultaneous decrease in the 

dehydrogenation activity suggesting that these species contributed to the deactivation. 

Aliphatic species were formed first and unsaturated/aromatic and graphite-like species 

with increasing time on stream [III, IV, 50]. The gradual change to coke deposits that 

contained less hydrogen was in accordance with the decrease in the H/C ratio of coke 

with time on stream observed in the activity measurements [IV]. Prereduction of the 

chromia/alumina catalyst influenced the quantity but not the quality of the hydrocarbon-

type species formed. Hydrogen decreased the formation of the aliphatic species but did 

not influence the unsaturated/aromatic or graphite-like species notably, whereas carbon 

monoxide increased the formation of the aliphatic and the unsaturated/aromatic species. 

This was in accordance with the activity measurements at 580 °C, where the carbon 

monoxide-prereduced surface contained the highest amount of coke.  

 

The hydrocarbon-type deposits were most likely formed from adsorbed 

dehydrogenation intermediates or products (alkenes) [III, IV, 50, 66], which agrees with 

the general notion that alkenes are more reactive to coke formation than alkanes [67]. 

Based on the gradual change observed in the nature of the carbon-containing deposits, 

polymerisation, cyclisation and dehydrogenation reactions of these species took place 

with increasing amount and age of the coke. The chromia and the alumina phases were 

both involved in coke formation [IV, 32]. Active sites for coke formation may have 

been Lewis acidic cations [68] or Brønsted acidic hydroxyl species [67]. On the Lewis 

acid sites the formation of coke from alkenes has been proposed to take place via allylic 

intermediate species [68]. However, in general the formation of carbonaceous deposits 

on oxide catalysts is thought to occur on Brønsted acid sites as a result of cracking 

reactions involving coke precursors [67]: carbocation intermediates are formed on the 

acid sites and undergo dehydrogenation (polymerisation) and cyclisation reactions 

leading to aromatic species, which react further to higher molecular weight polynuclear 

aromatics and condense as coke. The alumina-bonded hydroxyls detected by DRIFTS 

during dehydrogenation, although weakly acidic, possibly contributed to the cracking of 

the alkanes [64], also, observed as another side reaction. 
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Figure 8. DRIFT spectra measured for (A) calcined, (B) H2-prereduced and (C) CO-prereduced 

13.5Cr/Al catalyst at 580 °C (a) after calcination, (b) after H2 or CO prereduction, and during 

the isobutane dehydrogenation measurement after (c) 10 s, (d) 1 min 10 s, (e) 3, (f) 6, (g) 10 and 

(h) 15 min on isobutane stream. Spectra (c) and (d) measured under isobutane flow and spectra 

(e)–(h) after nitrogen flush. *Gaseous isobutane. [IV] 
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Figure 9. Raman spectra measured for the calcined 13.5Cr/Al catalyst at 580 °C (a) after 

calcination, and during the propane dehydrogenation measurement after (c) 10, (d) 20, (e) 30 

and (f) 40 min on propane stream. Spectra measured after helium flush. [III] 

 

4.3.3. Considerations on the effect of prereduction  

 

The lower dehydrogenation activity after hydrogen prereduction has been suggested to 

be related to a different structure or concentration of the OH/H groups formed during 

hydrogen prereduction compared to those on the alkane-reduced surface [21]. The 

quality of the hydroxyl groups is not the primary cause for the different activities 

because similar isolated and associated hydroxyl species were present on the hydrogen- 

and the alkane-reduced surfaces. The quantities of the different hydroxyl groups, or the 

presence of adsorbed hydrogen molecules or ions is probably more important, but exact 

comparison of the amounts of the different species is difficult. The total amount of 

“water” on the reduced surfaces can be estimated from the difference between the 

calculated and the detected amount of water produced during reduction of Cr6+ to Cr3+. 

It is more difficult to determine the number of the individual hydroxyl species since the 

DRIFTS results do not allow their quantitative determination, and, moreover, on the 

alkane-reduced surface some of the hydrogen ions may be in the acetate and the 

aliphatic species instead of the hydroxyls. 
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On the other hand, the main difference observed by DRIFTS between the hydrogen- and 

the alkane-reduced surfaces was the more rapid formation of carboxylates and aliphatic 

species after calcination. This, combined with the higher activity after alkane reduction, 

could suggest the involvement of these species in the dehydrogenation reaction. 

However, they were not active sites for dehydrogenation since carboxylates formed also 

on the pure chromia and alumina samples, which had negligible dehydrogenation 

activities. Nijhuis et al. [66] suggested that the coke layer formed on chromia/alumina 

during propane dehydrogenation could facilitate the adsorption of alkane on the catalyst 

and, in this way, explain the increase in activity they observed with increasing amount 

of coke with time on stream. However, this explanation seems intuitively less probable 

than the OH/H proposal discussed above: in the present experiments the activity of the 

catalysts decreased continuously with time on stream. Furthermore, the less extensive 

coke formation observed for the hydrogen-prereduced surface and, thus, its slower 

deactivation may simply have been related to the lower initial dehydrogenation activity 

of the surface. 

 

Several explanations have been proposed for the difference in the dehydrogenation 

behaviour between the alkane-reduced and the carbon monoxide-prereduced surfaces. 

The absence of OH/H species and presence of carbonaceous deposits on the carbon 

monoxide-prereduced surface have been postulated as possible causes, as has also 

reduction of Cr6+ or Cr5+ by carbon monoxide to Cr2+, unselective in dehydrogenation 

[21]. The involvement of Cr2+ cannot be confirmed or ruled out based on the present 

results. However, it seems acceptable that both the higher number of c.u.s. chromium 

sites and the carbon-containing species present on the carbon monoxide-prereduced 

surface contributed to the lower activity in dehydrogenation and the more extensive 

coke formation. The additional c.u.s. sites were possibly more selective for the side 

reactions than for dehydrogenation, and the carbonate and formate species may have 

acted as coke precursors. 

 

Clustering of the chromia phase during reduction might also influence the catalytic 

activity of chromia/alumina. This could take place by two ways: (i) by the decrease in 

the number of active sites with increase in the size of three-dimensional chromia 
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clusters, or (ii) by the more significant contribution of the alumina support to cracking 

and coke formation with increase in the area of exposed alumina surface. These 

phenomena might contribute to the different behaviour of the reduced samples in 

dehydrogenation if the extent of clustering was different. According to the results, 

clustering may have taken place during reduction of the 13.5Cr/Al catalyst. However, it 

is unclear whether the extent of clustering varied on the samples reduced with different 

gases.  

 

4.4 Deactivation of ALD-prepared and fluidised bed chromia/alumina  

 

The dehydrogenation behaviour of the ALD-prepared 13.5Cr/Al catalyst was compared 

with the FB1 catalyst developed for fluidised bed operation [V]. The samples were 

studied in cycles of (pre)reduction–dehydrogenation–regeneration and by repeated 

oxidation–H2-TPR experiments to investigate differences in activity and deactivation. In 

industrial operation, the deactivation of chromia/alumina takes place in three time scales 

[69]. In short time scale the catalyst deactivates during a single dehydrogenation stage 

with time on stream due to coke formation. In longer time scale, the deactivation takes 

place in cycles of dehydrogenation–regeneration: in medium term as the activity of a 

fresh catalyst decreases to a stable operating level, and in long term during several 

months as more extensive structural changes occur. The changes investigated here refer 

to the “short” and “medium” term deactivation. 

 

4.4.1 Behaviour with time on alkane stream 

 

The activities of the samples were investigated in 12 cycles of (prereduction)–

dehydrogenation–regeneration. Cycles 7–11 included a prereduction stage with 

hydrogen whereas cycles 1–6 and 12 did not. Figure 10 shows the activities of the 

samples during one 15 min isobutane dehydrogenation stage after prereduction by 

hydrogen (data from cycle 7). The overall behaviour was similar after calcination.  
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Figure 10. Conversion of isobutane (X) and selectivity to isobutene (S) for the 13.5Cr/Al and 

FB1 catalysts in dehydrogenation of isobutane at 580 °C, 1.03 bar, WHSV 15 h–1 and nitrogen 

dilution 1 mol/1 mol. [V] 

 

The 13.5Cr/Al catalyst was more active than the FB1 catalyst but the initial selectivity 

to isobutene was lower due to high cracking activity. In addition, the 13.5Cr/Al catalyst 

deactivated more rapidly with increase in selectivity to isobutene. The coke contents of 

the 13.5Cr/Al and FB1 samples were 3.8 and 0.7 mmolC/gcat, respectively, after the 

dehydrogenation stage.  

 

It was suggested in publication V that the high dehydrogenation and coking activity of 

the 13.5Cr/Al sample was due to its higher redox Cr3+ site content, implying that redox 

Cr3+ would be more active in dehydrogenation but less selective than non-redox Cr3+. 

However, the surface areas of the catalysts were not considered. Taking these into 

account—166 and 63 m2/g for the 13.5Cr/Al and FB1 samples, respectively—the 

corresponding chromium atom loadings per sample unit surface area were 9.4 and 22.1 

atCr/nm2
sample, and the Cr6+ contents were 2.0 and 1.8 atCr/nm2

sample. Thus, the surface 

density of Cr6+ was quite similar for the two samples, as would be expected on the basis 

of Figure 1. The difference in the initial dehydrogenation activity was most likely 

related to the total chromium densities. For the 13.5Cr/Al catalyst this coincided with 

the range where the highest activity in dehydrogenation occurs, 8–9 atCr/nm2, whereas 

for the FB1 catalyst it was significantly higher. Therefore, the FB1 catalyst most likely 
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contained a higher number of unexposed Cr3+ sites inactive in dehydrogenation. This 

would explain why this catalyst was less active in dehydrogenation than the 13.5Cr/Al 

catalyst, even though their chromium contents were comparable in weight percent 

(Table 2). Moreover, the supports of the catalysts may have contributed to the different 

dehydrogenation behaviours. Although the alumina used in the FB1 catalyst was 

unknown, it is likely it was not the same as the one used in the 13.5Cr/Al catalyst. 

 

The in situ spectroscopic measurements indicated that hydrocarbon-type coke is formed 

during alkane dehydrogenation primarily from adsorbed dehydrogenation 

intermediates/products and deactivates the catalyst [III, IV]. Therefore, it seems that the 

more pronounced coke formation, and thus the rapid deactivation of the 13.5Cr/Al 

catalyst compared to the FB1 catalyst was related to the high initial activity of the ALD-

prepared catalyst. Its higher cracking activity may have increased coke formation also. 

The exposed alumina surface present under dehydrogenation conditions indicated by the 

reduction measurements most likely contributed to both side reactions.  

 

The DRIFTS results and those described above support the suggestion that a high 

chromium surface density is beneficial for the dehydrogenation stability, although it 

decreases the initial activity. It seems that uncovered alumina support decreases the 

selectivity stability of chromia/alumina in dehydrogenation. Potassium used as promoter 

in these catalysts has been claimed to neutralise the unselective alumina acid sites. 

Another approach would be to cover the alumina with the chromia phase. Even though 

the 13.5Cr/Al catalyst contained chromium twice the amount required for the so-called 

monolayer coverage, 8.0 atCr/nm2
support compared to about 4–5 atCr/nm2, some of the 

alumina surface was still exposed. Apparently, significantly more chromium is required 

to keep the surface of the support fully covered under reaction conditions. At the same 

time the chromia phase should remain amorphous since crystalline α-Cr2O3 is known to 

lower the dehydrogenation activity. 
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4.4.2 Behaviour in cycles of (pre)reduction–dehydrogenation–regeneration 

 

The deactivation and the structural changes of the chromia/alumina catalysts in longer 

time scale was investigated with the 12 isobutane dehydrogenation–regeneration cycles 

(Figure 11) and with the repeated oxidation–H2-TPR measurements (Figure 12).  

 

Figure 11. Yield of isobutene in 12 consecutive isobutane dehydrogenation stages for the 

13.5Cr/Al and FB1 catalysts after calcination or H2 prereduction at 10 min on isobutane stream 

at 580 °C, 1.03 bar, WHSV 15 h–1 and nitrogen dilution 1 mol/1 mol. [V] 

 

 

Figure 12. TPR profiles for the 13.5Cr/Al and FB1 catalysts in repeated oxidation–H2-TPR 

cycles. [V] 
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During the 12 cycles the two catalysts showed almost similar deactivation behaviour, 

the FB1 catalyst deactivating slightly faster. FTIR gas analysis measurements and the 

repeated H2-TPR experiments indicated a decrease in the amount of reducible Cr6+ sites 

with cycling with the decrease being more significant for the 13.5Cr/Al than for the FB1 

catalyst.  

 

Examination of the TPR results revealed differences between the properties of the 

reducible sites and, thus in the structures of the catalysts. The single-peak shape of the 

TPR profiles indicated that one dominant reduction process was occurring on both 

catalysts, most likely Cr6+ reducing to Cr3+. Otherwise, the TPR studies suggested 

differences between the catalysts. First, the reducible sites on the FB1 sample were on 

average more difficult to reduce, indicating that they were in stronger interaction with 

their surroundings. Second, the sites on the FB1 catalyst appeared to be more 

homogeneous in nature, whereas the 13.5Cr/Al catalyst contained a more heterogeneous 

mixture of chromium species with different reducibilities [37]. The kinetic modelling of 

the TPR patterns [V, 37] suggested further differences between the catalysts. In the 

modelling of TPR patterns, the reduction process is assumed to take place through two 

stages: formation of germ nuclei and the growth of these nuclei [70]. The nucleation 

seemed to occur less readily on the FB1 catalyst than on the 13.5Cr/Al catalyst.  

 

In the repeated H2-TPR experiments the temperature at which the reduction rate reached 

its maximum (Tmax) increased with cycling for the 13.5Cr/Al catalyst, whereas for the 

FB1 catalyst it remained practically constant. This suggested that the structure of the 

reducible sites was less stable on the ALD-prepared catalyst. It is possible that on the 

FB1 catalyst mainly the number of these sites decreased, whereas on the 13.5Cr/Al 

catalyst not only the number but also the average structure changed. Taking into account 

the TPR results and the significantly different surface chromium loadings of these 

samples, it is clear that the surface structures of these catalysts were different. For 

example, the FB1 catalyst most likely contained more Cr6+ located on top of the 

chromia phase, whereas on the ALD catalyst some Cr6+ may still have been interacting 

with the alumina support, which would explain their more heterogeneous nature.  
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The deactivation of the catalysts was attributed to the decrease in the number of redox 

Cr3+ sites with cycling [V], in accordance with Hakuli et al. [25]. However, since also 

non-redox Cr3+ is active in dehydrogenation [I, 25, 26], a decrease in the total number of 

redox and non-redox sites must have contributed to the deactivation. Three possible 

phenomena may have contributed to the loss of active chromium: (i) clustering 

(sintering) of the active phase to three-dimensional structures during 

reduction/dehydrogenation [25, 71, 72], (ii) migration of Cr3+ into the alumina lattice 

[19] and (iii) encapsulation of chromium inside the alumina support as the surface of the 

alumina collapses [31].  

 

Hakuli et al. [25] attributed the decrease in the number of active sites (according to them 

mainly redox Cr3+) rather to the irreversible clustering of the chromium species during 

reduction than to the migration of the active sites into the alumina lattice. Investigations 

on the reduction of the 13.5Cr/Al catalyst suggested that chromia species might indeed 

cluster during reduction [II–IV]. The increase in the amount of reducible chromium 

observed after longer oxidation times may support this; it is possible that clustered 

species were better redispersed if oxidised for a longer time. In addition, the Tmax shift 

in the TPR measurements with the 13.5Cr/Al catalyst possibly indicates that the 

reducible species were more mobile on this catalyst and, thus, more susceptible to the 

clustering. It has been proposed by Buonomo et al. [73] that a stable structure of the 

active phase is beneficial for dehydrogenation behaviour. The authors described a 

potassium-promoted chromia/alumina dehydrogenation catalyst where the active phase 

had high dispersion and homogeneous distribution, and had been fixed in this position 

by a lattice of oligomeric silicon dioxide. They proposed the fixing to prevent the active 

phase from crystallising and to ensure high activity, mechanical strength and stability.  

 

Other causes for the irreversible deactivation include the migration or the encapsulation 

of the chromium species inside alumina. Chromium has been detected to migrate into 

the alumina framework when chromia/alumina samples are treated at high temperatures, 

generally above 800 °C [19, 31]. This process takes place in industrial conditions over 

several months, where during regeneration the temperature increases significantly due 

to the exothermal coke combustion, leading to formation of a solid solution of chromia 
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and alumina [11]. The encapsulation, on the other hand, occurs as the surface structure 

of alumina collapses [31] and, presumably, also requires elevated temperatures to occur 

extensively. It seems unlikely that either of these processes took place in a significant 

degree in the time scale and reaction conditions used in publication V. The highest 

temperature increase observed during reduction or regeneration was 15 °C meaning that 

the temperature did not exceed 610 °C at any point.  

 

It remains of interest why the two catalysts appeared to deactivate at almost similar 

rates—or the FB1 catalyst even slightly faster—even though the number of redox Cr3+ 

sites on the 13.5Cr/Al catalyst decreased faster and the catalyst was more unstable. The 

first point is explained by the activity of both redox and non-redox Cr3+ in 

dehydrogenation. Regarding the difference in the stabilities of the catalysts, it might be 

that on the ALD-prepared catalyst the active species not only clustered but also 

redispersed more easily. In this case, even though the number of redox sites would have 

decreased faster, the irreversible decrease in the number of all active sites could have 

been less extensive. This might have occurred, also, if some of the former redox sites 

remaining in oxidation state +3 formed active non-redox species. Moreover, it is likely 

that on the FB1 sample the surface stabilisation process took place on a smaller scale 

and was rapid at first but then slowed down. With the FB2 catalyst, which was similar 

to the FB1 sample, the number of redox Cr3+ sites and the activity in isobutane 

dehydrogenation stabilised after about 16 cycles of (pre)reduction–dehydrogenation–

regeneration [VI]. With the ALD-prepared catalyst the stabilisation of the mobile 

surface species probably would have taken a longer time.  

 

4.5 Kinetic model for isobutane dehydrogenation 

 

A kinetic model was derived for the dehydrogenation reaction [VI]. For modelling 

purposes, the activity of the FB2 catalyst was measured under different reaction 

conditions at 520–580 °C and 1.03 bar. After an initial deactivation period the activity 

of the catalyst stabilised both with time on isobutane stream and also in series of several 

(pre)reduction–dehydrogenation–regeneration cycles. Therefore, it was not necessary to 

include deactivation factors into the kinetic models. 
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Twelve kinetic models were evaluated to describe the dehydrogenation reaction: a 

simple power law model, eight models derived from four different dehydrogenation 

mechanisms and three models proposed earlier by other authors [74–76]. In the 

derivation of the mechanism-based models, the reaction rate-determining step (RDS) 

was assumed to be either the adsorption of isobutane or the surface reaction, that is the 

abstraction of hydrogen from the adsorbed species. The mechanisms described in detail 

in publication VI had two main variables: (i) the active site, which was assumed to be 

either a chromium ion or a pair of chromium and oxygen ions, and (ii) the total number 

of chromium ions required by the reaction, which varied between one and three. 

 

The best fit between the measured and estimated compositions of the product stream 

was obtained with three mechanism-based models: one based on mechanism II 

(publication VI) assuming the adsorption of isobutane as the RDS, and two based on 

mechanism III assuming either the adsorption or the surface reaction as the RDS. Due to 

the similarities between the mathematical forms of the models and the results obtained, 

the equations could be simplified to the form presented in (7).  
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However, the three best models described the reaction only slightly better than most of 

the other models tested. Based on the results it was possible to conclude which 

parameters were required in the rate equations for a satisfactory description. Usually the 

adsorption parameter of isobutane had a very low value or was less well determined 

than the other adsorption parameters, and could be omitted from the equations. On the 

other hand, the isobutene and hydrogen adsorption parameters were both required. 

Squaring the denominator of the equation, corresponding to the rate-determining step 

with two active sites, was not necessary. The simplest model studied to fulfil these 

requirements and to describe the reaction with a good accuracy is presented in equation 

(8). This model, with adsorption as the RDS, was proposed earlier by Happel et al. [74] 

for isobutane dehydrogenation on chromia/alumina. 
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The difference between the results obtained with the models presented in equations (7) 

and (8) was negligible (Figure 13). The parameter values estimated with the models 

were physically meaningful. The activation energy of the RDS was estimated to be 

141±3 kJ/mol with equation (7) and 142±3 kJ/mol with equation (8). In general, the 

estimated activation energy was between 133 and 142 kJ/mol with the models assuming 

isobutane adsorption as the rate-determining step. 

 

Figure 13. Correlation between the measured and estimated weight fractions in the product 

stream with equations (7) and (8). [VI] 

 

The most descriptive mechanism of the four tested ones could not be determined 

conclusively. Intuitively the most probable one is presented below.  

 

i-C4H10(g) + Cr–O  ↔  i-C4H9 ⋅ Cr–O ⋅ H  (9a) 

i-C4H9 ⋅ Cr–O ⋅ H  ↔  i-C4H8(g) + H ⋅ Cr–O ⋅ H (9b) 

H ⋅ Cr–O ⋅ H  ↔  H2(g) + Cr–O   (9c) 
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The mechanism takes into account the findings that the dehydrogenation activity 

increases linearly with the chromium content of the catalyst [19, 24–26], suggesting that 

only one chromium ion is needed for the reaction to occur, and that oxygen ions on the 

surface may take part in the reaction [I, 19, 39]. A similar reaction pathway for alkane 

dehydrogenation was earlier proposed by Weckhuysen and Schoonheydt [19]. However, 

the results did not support this mechanism better than the other three.  

 

To conclude, kinetic modelling is a useful tool for obtaining models for the purposes of 

activity prediction and reactor design and scale-up. Fundamental mechanistic studies 

would, however, benefit from combining kinetic modelling with for example isotopic 

tracer or adsorption studies. Nevertheless, some general suggestions could be made 

about the mechanism for dehydrogenation. Since the isobutane adsorption term was not 

required in the models, the results supported the adsorption of isobutane as the rate-

determining step. Furthermore, the rate-determining step seemed to require only one 

chromium ion, which agrees with the idea that the adsorption could occur by 

dissociation on a pair of chromium and oxygen ions. The involvement of surface 

oxygen ions in the reaction was supported also by the results obtained with the 

aluminium nitride-modified catalysts [I]. 
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5 SUMMARY 

 

The aim of this work was to obtain structure–activity information, which could be 

utilised in the optimisation of the dehydrogenation properties of chromia/alumina 

catalysts. Catalysts prepared by the atomic layer deposition method and those developed 

for fluidised bed operation were characterised by advanced ex situ and in situ 

techniques and their activities were measured in the dehydrogenation of light alkanes. 

The reduction, dehydrogenation behaviour and deactivation of chromia/alumina were 

investigated, including the mechanism of dehydrogenation, and a comparison was made 

between chromium catalysts prepared on alumina and aluminium nitride-modified 

alumina. 

 

The common factor in all parts of the work was the active site for dehydrogenation; its 

structure and behaviour in the reaction. The dehydrogenation activity of chromia 

catalysts was attributed to coordinatively unsaturated redox and non-redox Cr3+ ions 

even at low chromium loadings. The reduction of the high oxidation state chromium 

ions by hydrogen and alkanes resulted in formation of hydroxyl groups bonded to 

chromia and alumina, and by carbon monoxide and alkanes in deposition of carbon-

containing species. Prereduction of chromia/alumina affected its activity in 

dehydrogenation. The decrease in dehydrogenation activity caused by hydrogen 

prereduction was suggested to be related to the amount of OH/H species on the catalyst 

surface. Prereduction with carbon monoxide decreased the selectivity to 

dehydrogenation products, which was possibly caused by a higher number of 

unselective chromium sites on the reduced surface and by the carbonaceous species 

formed during prereduction.  

 

The results obtained with the catalysts prepared on aluminium nitride-modified alumina 

suggested that the oxygen ions on the surface of chromia also participate in 

dehydrogenation. The reaction may start with a step where the isobutane molecule 

dissociates to a pair of chromium and oxygen ions. In the kinetic modelling of isobutane 

dehydrogenation, activity results were best described by a model assuming isobutane 
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adsorption, possibly on a Cr–O pair, as the rate-determining step. The activation energy 

for the reaction was estimated to be 133–142 kJ/mol. 

 

The chromia/alumina catalysts deactivated with time on stream and in cycles of 

(pre)reduction–dehydrogenation–regeneration. The deactivation with time on stream 

was mainly caused by coke formation. The nature of the carbon-containing species 

depended on the time on stream. Carboxylates and aliphatic hydrocarbon species were 

formed during the initial stages of the reaction, and unsaturated/aromatic hydrocarbons 

and graphite-like deposits with increasing time on stream. The carboxylates were most 

likely formed in reduction of the catalyst and in reactions of gaseous hydrocarbons with 

surface hydroxyl species, and the hydrocarbon-type deposits from adsorbed 

dehydrogenation intermediates/products by polymerisation, cyclisation and 

dehydrogenation reactions. The deactivation in several dehydrogenation–regeneration 

cycles was caused by a decrease in the number of actives sites. This decrease was most 

likely due to the clustering of the active phase into more three-dimensional structures. 

 

Hydroxyl species of exposed alumina support may have contributed to the side reactions 

observed during dehydrogenation. Catalysts prepared on aluminium nitride-modified 

alumina were investigated as alternatives. However, the activity and selectivity increase 

sought for by this approach was not observed, as the catalysts were less active than 

those prepared on unmodified alumina due to the unfavourable effect of nitrogen. 

 

Based on the results of this work and on earlier literature some properties of the optimal 

chromia/alumina catalysts and their active sites can be summarised. The active site for 

dehydrogenation seems to be a coordinatively unsaturated pair of chromium and oxygen 

ions. Both redox and non-redox Cr3+ are active at all chromium loadings, provided that 

the chromium ions are exposed on the surface and not present inside the alumina 

support or a large chromia crystal. Furthermore, the activities of the two sites are not 

necessarily different. It remains unclear, though, whether the activity of the chromium 

ion is influenced by its nuclearity, that is whether the Cr3+ exists as an isolated ion or in 

a cluster of chromium ions. However, at the optimal chromium loading level, 8–9 

atCr/nm2, most of the active chromium sites are probably located in clusters in close 
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interaction with other chromium ions. At the optimal loading some alumina still remains 

uncovered during dehydrogenation and may contribute to the side reactions taking place 

during dehydrogenation. Therefore, attention should be paid to the properties of the 

alumina support. Either the alumina should be modified or the chromium content should 

be increased so that the alumina surface would be totally covered. In the latter case the 

chromia phase should remain amorphous. When the chromia/alumina catalyst is 

prereduced before dehydrogenation, no alkane is consumed in the reduction. 

Prereduction of chromia/alumina with hydrogen appears to be more beneficial for the 

dehydrogenation behaviour than prereduction with carbon monoxide: the surface is 

more selective to dehydrogenation and deactivates less rapidly. 
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NOMENCLATURE 

 

Symbols and abbreviations 

AAS   atomic absorption spectroscopy 

acac    acetyl acetonate ion, C5O2H7
– 

ALD   atomic layer deposition 

ALE   atomic layer epitaxy 

alumina  aluminium oxide, Al2O3 

a.u.   arbitrary unit 

BET   Brunauer–Emmett–Teller 

chromia  chromium oxide, CrOx (in catalysts), Cr2O3 (bulk chromia) 

c.u.s.   coordinatively unsaturated 

DH   dehydrogenation 

DRIFT   diffuse reflectance Fourier transform infrared (spectroscopy) 

DRS   diffuse reflectance spectroscopy 

ESR   electron spin resonance (spectroscopy) 

FB, FBD  fluidised bed 

FTIR   Fourier transform infrared (spectroscopy) 

GC   gas chromatograph(y) 

INAA   instrumental neutron activation analysis 

IR   infrared 

isobutane  2-methylpropane 

isobutene  2-methylpropene 

isooctane  2,2,4-trimethylpentane 

k’   (apparent) reaction rate constant, mol/(kgcat×s×bar) 

K   reaction equilibrium constant, bar 

Ki   adsorption equilibrium constant of component i, bar–1 

K’   combined adsorption equilibrium constant 

LEIS   low energy ion spectroscopy 

MS   mass spectrometry, mass spectrometer 

MTBE   methyl-tert-butyl ether (2-methoxy-2-methylpropane) 

n-alkenes  1-butene, cis-2-butene, trans-2-butene 
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ODH   oxidative dehydrogenation 

pi   partial pressure of component i, bar 

-r’A   reaction rate of isobutane, mol/(kgcat×s) 

RDS   rate-determining step 

S   selectivity, mol-% 

silica   silicon dioxide, SiO2 

SSR   sum of squares of the residuals 

T   temperature 

TMA   trimethylaluminium, Al(CH3)3 

TP   temperature-programmed 

TPR   temperature-programmed reduction 

WHSV   weight hourly space velocity, h–1 

X   conversion, mol-% 

XAS   X-ray absorption spectroscopy 

XPS   X-ray photoelectron spectroscopy 

XRD   X-ray diffraction 

Y   yield, mol-% 

zirconia  zirconium dioxide, ZrO2 

 

Subscripts 

A   isobutane  

E   isobutene 

max   maximum 
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