
Introduction

The ignition – extinction of catalytic reactions is an

important problem for the understanding of catalytic

surface reactions such as the oxidations of hydrocarbons

or other substances [1–8]. Ethanol can be catalytically

oxidized either in steady state or in an oscillatory

regime [9–12].

Oscillations in heterogeneous catalytic systems

are normally observed on macroscopic scale either as

product oscillations in the outlet of the flow reactor or

as oscillations of a quantity which is dependent on the

conversion i.e. as temperature oscillations.

The highly exothermic catalytic oxidation of

ethanol on Pd/Al2O3 was monitored by recording the

catalyst temperature T vs. the temperature of the

reactor TR·�T=T–TR corresponds either to a steady

state rate of reaction or to the dynamic behavior of the

system, e.g. in the case of oscillations [9–12].

In this paper, we try to obtain more information

related to the ignition of the observed oscillations by

focusing our attention to the minimum values of the

temperature oscillations that can be reliably determined.

With these values it was possible to obtain the

activation energy of ignition for the oxidation of

ethanol in the oscillatory regime. This approach will

be demonstrated by analyzing temperature oscillations

during the heterogeneously catalyzed oxidation of

ethanol on a Pd/Al2O3 catalyst.

Experimental

The reactor was a continuous-flow calorimeter made of

glass improved after a model which was developed by

Kral [13]. The catalyst, an amorphous 5 mass% Pd-Al2O3

(Fluka) with a grain size of 80–100 �m, was placed on a

silver plate of 8 mm diameter connected to a NiCr–Ni

thermocouple. The difference in temperature (�T) be-

tween the silver plate and the reaction gas was a mea-

sure for the reaction rate of the complete combustion of

ethanol and was continuously registered.

Ethanol was oxidized with a synthetic dried air

(Messer–Grieshein) and the stream was regulated by

thermal mass flow controllers. The total gas flow used

was 43.2 mL min–1.

The reaction products were analyzed by gas

chromatography (Carlo Erba Fractovap 2350) and by

quadrupole mass spectrometry (MS Leybold – Heraeus,

Quadruvac 200) [9, 10].

Problems concerning the role of injection

velocity on the spatial localization of a mixture,

including the modeling of this effect were recently

discussed [14, 15].

It must be mentioned that our dynamic calorimeter

was used only far solid-gas oscillatory systems. For

liquid oscillatory reactions a mini-calorimeter was

developed [16].

Results and discussion

One period of a temperature oscillation is characterized

by two points: a minimum point where the oscillations

start and where the temperature is Tmin and the

maximum of the amplitude where the temperature is

Tmax (Fig. 1) [11, 17].

As pointed out [12] in temperature oscillations

Tmin plays an important role because at this temperature
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the chemical reaction attains the critical conditions

for an oscillation to start.

In order to obtain the activation energy E of ignition

of the oscillatory reaction of ethanol oxidation on

Pd/Al2O3 catalyst we have used a formula given by

Hiam et al. [18]:
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where, Tig is the temperature of ignition according to

Fig. 1, Tig=Tmin, T0=TR and n=reaction order in Et–OH

or O2, Q=reaction enthalpy, �=heat transfer coefficient,

A=pre-exponential coefficient.

Due to the experimental conditions in which in

the oxidation reaction either the concentration of ethanol

(Et–OH) or of oxygen has been changed, the other

component of the feed remaining constant [10–12] n
can be taken as 1.

Thus a plot ln
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vs. 1/Tig should lead

to a straight line of slope E/R. The ignition temper-

ature of oscillations was obtained from the bifurcation

diagrams [11, 12]. A bifurcation diagram records

qualitatively changes in the dynamic behavior of the

system depending upon the experimental parameters

which could be the bifurcation parameters. The bi-

furcation diagram represents the transformation of a

steady state into an oscillatory one.

The bifurcation diagrams were obtained in two

separate experimental conditions in which either the

influence of oxygen or the ethanol concentrations upon

the reaction rate were observed via the difference in

temperature �T. The minimum temperature where

oscillation starts Tig and the maximum temperature

attain by the oscillation Tmax were determined inde-

pendently of the sense of increasing or decreasing the

oxygen or the ethanol contents in the feed, the other

reactant, ethanol or oxygen concentrations respec-

tively, remaining constant. The results of these

measurements were analyzed graphically in Figs 2

and 3. From the slope of these lines the activation

energy for the catalytic ignition of the oscillations

was computed.

In case when the ethanol concentration was changed

at a constant value of the oxygen concentration the

activation energy was 59.6±1.2 kJ mol–1 (Fig. 2).

When the oxygen concentration was changed at a

constant concentration of ethanol, the activation

energy was 57.6±1.4 kJ mol–1(Fig. 3). These very

close values suggest that the necessary activation

energy of ignition for a temperature oscillation to start

is the same, independent of the changing parameter

ethanol or oxygen.

The results could be qualitatively explained by

assuming a redox cycle as proposed in [19, 20]. In the

high temperature range the hot surface of the Pd clusters

of the catalyst becomes progressively oxidized to

PdOx with 0<x<1. Due to oxidation of the metal

surface, the reactivity drops, the temperature

decreases and reaches the lowest point Tmin. On the

oxidized surface the oxygen sticking coefficient

should be very small. At this point the oxide surface
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Fig. 2 Determination of ignition activation energy in case of

constant oxygen concentration. Experimental condi-

tions: TR=146°C, 27.8 mg catalyst, 14.7 vol% oxygen,

between 3 and 6 vol% ethanol
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Fig. 3 Determination of ignition activation energy in case of

constant ethanol concentration: TR=146°C, 27.6 mg

catalyst, 4.01 vol% ethanol, between 9 and 18 vol%

oxygen. Each point represents two very narrow points



will be reduced by the alcohol until enough Pd empty

sites become available and the dissociative adsorption

of alcohol as the first step of the reaction becomes

possible. The total oxidation of ethanol to CO2 and

H2O [12, 17] can ignite, again. As a result of surface

reactions the concentration of ethanol and oxygen

diminishes on the surface. The temperature increases

during this stage and the high temperature point Tmax

is reached again. This model represents a nonisothermal

surface blocking/reactivating mechanism assuming a

Langmuir – Hinshelwood type reaction kinetics. The

oxidation (blocking) – reduction (reactivating) process is

assumed to be the driving force for oscillations [21–24].

The obtained values are approximately two times

greater than the activation energies of oscillations,

which were around 35 kJ mol–1 in both cases and were

determined using a nonisothermal kinetics [12, 17].

The ethanol adsorption on Pd takes place in the

manner known for the C1–C4 alcohols on platinum

metals [25]. The ethanol molecule contains two carbon

atoms and can be split at several bonds, depending on

the type of interaction with the catalyst and the

reaction conditions. On palladium the first step of

reaction is a dissociative adsorption [25]. Through

several consecutive reactions of dehydrogenation and

oxidation, with CO and H2 as intermediates, as in case

of methanol [26–29] one obtains the final products

CO2 and H2O [19]. This happened in case of

oscillations too, where only CO2 and H2O are

determined [12, 17]. The determined energy of ignition

is needed for obtaining the critical concentration of

reactants and for the ignition of two oxidation

reactions, namely the oxidations of CO and of H2 with

as long as free sites for the dissociative adsorption of

oxygen are available. They disappear due to the

formation of PdOx [30] in the redox cycle.

These activation energies of ignition cannot be

attributed to a single rate-determining step, because

the processes of obtaining the reactants will be quite

complex. Only the combination of all reaction steps

yields an overall activation energy of ignition for a

lumped system that we are not able to model at the

present time.

This fact is an indication that the beginning of an

oscillation needs more energy to start than for it to

develop, the ignition of the surface reaction in the

oscillatory regime being an essential requirement in

these catalytic processes.

Our results indicate that in the case of thermokinetic

oscillations there are two types of activation energies

one that is necessary to begin the processes and

another that is necessary to develop the oscillation.

Conclusions

The overall activation energy of ignition for the

catalytic oxidation of ethanol on a palladium

supported catalyst in oscillatory regime was deter-

mined using the minimum values of temperature

oscillations. The obtained values are greater than the

overall activation energies of the corresponding

thermokinetic oscillations. These results could be an

indication that there are two types of activation

energies in case of thermokinetic oscillations: one

that is necessary to start the process of dissociative

adsorption and another to develop the oscillation.

Acknowledgements

The authors thank Prof. M. A. Liauw (RTWH Aachen), for

helpful discussions.

References

1 D. L. Trimm, Appl. Catalysis, 7 (1983) 249.

2 T. A. Griffin and L. D. Pferfferle, AIChE J.,

36 (1990) 861.

3 T. A. Griffin and L. D. Pferfferle, M. J. Dyer and

D. R. Crosley, Combust. Sci. Technol., 65 (1989) 19.

4 M. P. Harold and D. Luss, Ind. Eng. Chem. Res.,

26 (1987) 2092.

5 C. K. Law and S. H. Chung, Combust. Sci. Technol.,

32 (1983) 307.

6 A. Lilian and F. A. Williams, SIAM J. Appl. Math.,

40 (1981) 261.

7 J. F. Griffits and S. K. Scott, Prog. Energy Combust.,

13 (1987) 161.

8 G. Veser and L. D. Schmidt, AIChE J., 42 (1996) 1077.

9 N. I. Jaeger, R. Ottensmeyer and P. J. Plath,

Ber. Bunsen-Ges. Phys. Chem., 90 (1986) 1075.

10 N. I. Jaeger, R. Ottensmeyer, P. J. Plath and H. Engel-

Herbert, Chem. Sci. Eng., 45 (1990) 947.

11 N. I. Ionescu, N. I. Jaeger, P. J. Plath and M. A. Liauw,

J. Therm. Anal. Cal., 61 (2000) 995.

12 H. Engel-Herbert, P. J. Plath, R. Ottensmeyer,

Th. Schnekke and F. Kaldash, Chem Sci. Eng.,

45 (1990) 995.

13 H. Kral, G-I-T Fachztg. Lab., 11 (1967) 699.

14 F. Socorro and M. R. de Rivera, J. Therm. Anal. Cal.,

80 (2005) 763.

15 F. Socorro and M. R. de Rivera, J. Therm. Anal. Cal.,

84 (2006) 285.

16 J. Sempere, R. Nomen, E. Serra and J. Sales, J. Therm.

Anal. Cal., 72 (2003) 65.

17 N. I. Ionescu, N. I. Jaeger, P. J. Plath, M. A. Liauw and

C. Hornoiu, Rev. Roum. Chim., 50 (2005) 663.

18 L. Hiam, H. Wise and S. Chaikin, J. Catal.,

9–10 (1968) 272.

19 N. I. Ionescu, N. I. Jaeger, P. J. Plath, M. A. Liauw and

C. Hornoiu, J. Therm. Anal. Cal., 73 (2003) 851.

J. Therm. Anal. Cal., 91, 2008 383

CATALYTIC OXIDATION OF ETHANOL



20 B. C. Sales, J. E. Turner and M. B. Maple, Surf. Sci.,

114 (1982) 381.

21 N. I. Jaeger, M. Liauw and P. J. Plath, in ‘Nonlinear Wave

Processes in Excitable Media’, A. Holden Ed., Plenum

Press, New York, 1989, p. 469.

22 M. M. Slinko, N. I. Jaeger and P. Svensson, J. Catal., 118

(1989) 349.

23 F. Schüth, B. E. Henry and L. D. Schmidt, Adv. Catalysis,

39 (1993) 51.

24 Th. Ressler, M. Hagelstein, U. Hatje and W. Metz,

J. Phys. Chem. B, 101 (1997) 6680.

25 H. Idriss, Platinum Metals Rev., 48 (2004) 105.

26 B. A. Sexton, K. D. Rendulic and A. F. Hughues, Surf.

Sci., 121 (1982) 181.

27 J. L. Davis and M. A. Barteau, Surf. Sci., 235 (1990) 235.

28 H. Luth, G. W. Rubloff and W. D. Grobman, Surf. Sci.,

63 (1977) 325.

29 H. Herzel, P. J. Plath and P. Svensson, Physica D,

48 (1991) 340.

30 H. Gabasch, A. Knop-Gericke, R. Schlögl, M. Borasio,

C. Weilach, G. Rupprechter, S. Penner, B. Jenewein,

K. Hayek and B. Klötzer, Phys. Chem. Chem. Phys.,

9 (2007) 533.

Received: March 21, 2007

Accepted: June 12, 2007

OnlineFirst: October 13, 2007

DOI: 10.1007/s10973-007-8465-1

384 J. Therm. Anal. Cal., 91, 2008

IONESCU et al.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /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 <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


