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Figure S1.  CO selectivity as a function of propane conversion at different temperatures for 

(a) 4V/0Ti/SBA-15 (b) 6V/6Ti/SBA-15 (c) 4V/13Ti/SBA15 . Catalyst mass: 2 – 150 mg, total 

flow rates: 120 – 20 ml*min-1, and C3H8:O2=2. 
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Figure S2.  CO2 selectivity as a function of propane conversion at different temperatures for 
(a) 4V/0Ti/SBA-15 (b) 6V/6Ti/SBA-15 (c) 4V/13Ti/SBA15 . Catalyst mass: 2 – 150 mg, total 

flow rates: 120 – 20 ml*min-1, and C3H8:O2=2.  

 

Figure S3. Molar ratio of CO to CO2 at three different temperatures for 4V/13Ti/SBA-15 
catalyst. 
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Kinetic Investigations 

Experimental runs were carried out at temperatures between 673 and 773 K using u-shaped 

fixed bed quartz reactors  (i.d. 6 mm) at atmospheric pressure. For the measurements, catalyst 

sample amounts between 200 - 900 mg were portioned to the reactor. Using synthetic air as 

oxygen source, propane and oxygen were fed in the ratio 1:1 (C3H8/O2/N2 = 16.9/16.9/67.5), 

2:1 (C3H8/O2/N2 = 29.1/14.5/56.4) and 4:1 (C3H8/O2/N2 = 45/11.3/45) with a gas hourly 

space velocity (GHSV) of 6.6 102 – 6.6 103 h-1. For initial rate determination the propane 

conversion was kept below 10 %, which enables isothermal and differential conditions. Mass 

transfer limitations were avoided by working with particle sizes of 200 to 300 µm. This is 

described in more details elsewhere [B. Frank et. al. Appl. Catal. 323 (2007) 66]. In addition, 

to check for diffusional limitations the Weisz modulus Ψ’ considering propane as the limiting 

reactant was estimated. The Weisz modulus describes the ratio of reaction rate to reactant 

diffusion rate and is defined by eq. 1 

                             

 

(1) 

 

L  : Characteristic length of catalyst particle  = 10-4 m 

m  : Reaction order of propane   = 1 

reff  : Measured reaction rate    = 6x10-3 mol s-1 kg-1 

ρ  : Catalyst density    = 2x103 kg m-³ 

Deff  : Effective diffusivity     = 10-5 m²∙ s-1 

c  : Concentration    = 8 mol m-³ 

 

With an effective rate of 6x10-3 mol s-1kg-1 estimated for 500 °C, 10 % propane conversion 

and the data given above a Weisz modulus of 0.15 is calculated indicating that the reaction 

proceeds much slower than the propane diffusion and no mass transfer limitation needs to be 

considered at 500 °C or lower temperatures.  

Concentrations of the individual components were calculated from a GC analysis of the 

product gas and expressed in mol m-3. 

 

3 8 3 8,

1' ²
2

eff cat

eff C H C H

rmL
D c

ρ⋅+
Ψ = ⋅ ⋅

⋅
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Parameter determination 

Propane conversion X and propene selectivity S as functions of the respective concentration ci 

were calculated from eqs. (2) and (3) 

0,83

831
HC

HC

c
cX −=           (2) 

830,83

63

HCHC

HC

cc
cS
−

=           (3) 

Initial reaction rates at low propane conversions were calculated according to eq. 4 

                               (4) 

with 

r0 being the initial reaction rate, c0 the respective initial reactant concentration and τ the 

modified residence time calculated from catalyst mass and gas flow rate mcat/F. The material 

balances for the stable reactants and products in the applied tube reactor is given by 

 

                                  dc C3H8/dτ = -r1     (5) 
 
   

dc C3H6/dτ = r1 - r2                         (6) 
 
 

          dc CO2/dτ = 3r2           (7) 
 

 
     dc O2/dτ = 0.5r1 - 3.5r2                         
(8) 

 

Rate expressions for ODH and consecutive propene combustion r1 and r2, respectively, are: 

 
                             r1= k∞,1 exp(-EA1/RT) 𝐶𝐶3𝐻8

𝑚1   𝐶𝑂2
𝑚2           (9) 

 
                                           

 r2= k∞,2  exp(-EA2/RT)  𝐶𝐶3𝐻6
𝑚3   𝐶𝑂2

𝑚4                 (10) 

 

The rate constants k1,eff and k2,eff are effective rate constants combining the rate constants of 

the reaction (A) and (C) (see ODP reaction network in page 6) with the binding constant of 

3 80 0,C H

dXr c
dτ

= ⋅
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the substrates and the catalyst concentration. Numerical integration for data evaluation was 

done by using “Presto Kinetics” Version 4.0 which uses the least square method for fitting. 

Estimation of reaction orders 

Reactions rates were determined from conversions of less than 10% in order to assure 

differential conditions with the reactor. The partial pressures of oxygen and propane were 

varied at a constant partial pressure of the other reactant by adjusting to partial pressure of the 

inert gas N2. From a plot of the logarithmic rates at initial feed composition against the log 

creactants the reaction orders were estimated and used as starting values for the fitting 

procedures described below.  

 

Figure S4.  Determination of reaction orders for oxygen and propane in the dehydrogenation 
step at 400°C.  

 

Determination of kinetic parameters 

For the determination of the kinetic parameters the oxidative dehydrogenation was carried out 

at six different temperatures, six different residence times and eight different feed 

compositions. Two different strategies were applied for parameter fitting. First single 

dependencies were studied in order to determine the reaction order for the composition 

variation and  the rate constants for individual temperatures from the residence time variation. 

The apparent activation energies were subsequently calculated from an Arrhenius plot. Finally 

a multi parameter fit for all parameters, namely reaction orders, apparent activation energies 
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and pre-exponential factors was performed fitting all data sets simultaneously using the 

previously determined parameters as starting values. 

The formation of both by-products is lumped in reaction rate law 2 because both products are 

formed simultaneously during the catalytic total oxidation of propene, as seen in experiments 

with propene as feed, see Figure S3. This mechanism and the almost constant ratio of the two 

products do not allow a further resolution of the kinetic model without monitoring further 

intermediates of this combustion reaction. The weak increase in CO/CO2 ratio is most likely 

caused by the depletion of oxygen. 

The total oxidation of propane contributes less than 8% to the conversion of propane in the 

absence of propene. As soon propene is produced its higher reactivity will compete with the 

propane for the oxygen and will further reduce the fraction of propane that is directly oxidized 

to COx. The introduction of this minor contribution into the evaluation of the kinetic data 

causes large errors on all kinetic parameters, due to the insignificant contribution of this 

reaction. 

The obtained parameter were validated on the basis of the "Condition" of the mathematical 

problem.This is an automatic subroutine of the tool "Presto Kinetcs" applied for the data 

analysis. The condition of the problem is a reference number for assessment of the actual 

parameter estimation’s run. The higher the condition the worse-posed is the problem, leading 

automatically to problems for the algorithm. The condition’s optimal value is close to one. 

Mathematically the condition is defined as the ratio of the biggest to the smallest Eigenvalue 

of the Fisher matrix. If one or several of the Eigenvalues are much smaller than the biggest 

Eigenvalue this indicates arbitrary insensitivity of the corresponding parameters. This 

phenomenon may find its cause in dependencies between parameters and/or insufficient 

experimental values. If the condition goes up to values larger than 1000 (red bitmap) the 

selected coefficients should be checked. It is recommended to discard the coefficient with the 

highest index and perform the analysis again. 

 

Electronic Supplementary Material (ESI) for Catalysis Science & Technology
This journal is © The Royal Society of Chemistry 2013



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles false

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.6

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJDFFile false

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends false

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage false

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile (Color Management Off)

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 150

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 150

  /ColorImageDepth 8

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /FlateEncode

  /AutoFilterColorImages false

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 150

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 150

  /GrayImageDepth 8

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /FlateEncode

  /AutoFilterGrayImages false

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /FlateEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /FRA <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

    /ENG ()

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.276 779.528]

>> setpagedevice



