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Diffusion – what is that? 



Diffusion – what is that? 

From G. Gamow „One, Two, Three…Infinity“ 

The Viking Press, New York, 1955. 

Dresden, Frauenkirche 2010 



Diffusion – application to societies 

in: 



Diffusion – application to societies 



Diffusion – first experiment 

Robert Brown 

Robert Brown,  (1773-1958)  

 

“Scottish botanist best known for his 

description of the natural 

continuous motion of minute particles in 

solution, which came to be 

called Brownian movement.” 

http://www.britannica.com/EBchecked/topic/81618/Robert-Brown 

http://www.britannica.com/EBchecked/topic/394061/
http://www.britannica.com/EBchecked/topic/81815/Brownian-motion
http://www.britannica.com/EBchecked/topic/81618/Robert-Brown
http://www.britannica.com/EBchecked/topic/81618/Robert-Brown
http://www.britannica.com/EBchecked/topic/81618/Robert-Brown


Diffusion – first experiment 

http://en.wikipedia.org/wiki/Robert_Brown_(botanist) 

“In 1827, while examining grains of pollen 

of the plant Clarkia pulchella suspended in 

water under a microscope, Brown 

observed minute particles, now known to 

be amyloplasts (starch organelles) and 

spherosomes (lipid organelles), ejected 

from the pollen grains, executing a 

continuous jittery motion. He then 

observed the same motion in particles of 

inorganic matter, enabling him to rule out 

the hypothesis that the effect was life-

related…..” 

Robert Brown 

http://en.wikipedia.org/wiki/Robert_Brown_(botanist)
http://en.wikipedia.org/wiki/Clarkia_pulchella
http://en.wikipedia.org/wiki/Clarkia_pulchella
http://en.wikipedia.org/wiki/Microscope


http://www.uni-leipzig.de/diffusion/pdf/volume4/diff_fund_4(2006)6.pdf 

Diffusion – short history 

http://www.uni-leipzig.de/diffusion/pdf/volume4/diff_fund_4(2006)6.pdf
http://www.uni-leipzig.de/diffusion/pdf/volume4/diff_fund_4(2006)6.pdf
http://www.uni-leipzig.de/diffusion/pdf/volume4/diff_fund_4(2006)6.pdf


Diffusion – short history 

  A. E. Fick 

“Adolf Eugen Fick (1829-1901) was 

a German physiologist. He started to study 

mathematics and physics, but then realized 

he was more interested in medicine. He 

earned his doctorate in medicine 

at Marburg in 1851.” 

“In 1855 he introduced Fick's law of 

diffusion, which governs the diffusion of 

a gas across a fluid membrane.” 

http://en.wikipedia.org/wiki/Adolf_Fick 

http://en.wikipedia.org/wiki/Germany
http://en.wikipedia.org/wiki/Physiology
http://en.wikipedia.org/wiki/Doctorate
http://en.wikipedia.org/wiki/Marburg
http://en.wikipedia.org/wiki/Fick's_law_of_diffusion
http://en.wikipedia.org/wiki/Fick's_law_of_diffusion
http://en.wikipedia.org/wiki/Diffusion
http://en.wikipedia.org/wiki/Gas
http://en.wikipedia.org/wiki/Adolf_Fick


Diffusion – short history 

Marian von Smoluchowski (1872-1917 

was a phyiscist. 

http://de.wikipedia.org/wiki/Marian_Smoluchowski 

Albert Einstein (1879-1955) 

http://de.wikipedia.org/wiki/Albert_Einstein 

http://de.wikipedia.org/wiki/Marian_Smoluchowski
http://de.wikipedia.org/wiki/Albert_Einstein


Diffusion – short history 

In physics (namely, in kinetic theory) the Einstein relation (also known 

as Einstein– relation) is a previously unexpected connection revealed 

independently by Albert Einstein in 1905 and by Marian Smoluchowski (1906) in 

their papers on Brownian motion.  

Two important special cases of the relation are: 

 

                                            (diffusion of charged particles) 

 

 

 

 

("Einstein–Stokes equation", for diffusion of spherical 

particles through liquid with low Reynolds number) 

The more general form of the equation is: 

   

where the "mobility" μ is the ratio of the particle's terminal drift velocity to an 

applied force, μ = vd / F. 

This equation is an early example of a fluctuation-dissipation relation. It is frequently 

used in the electrodiffusion phenomena. 

http://en.wikipedia.org/wiki/Einstein_relation_(kinetic_theory) 

A. Einstein, M.Smoluchowski 

http://en.wikipedia.org/wiki/Physics
http://en.wikipedia.org/wiki/Kinetic_theory
http://en.wikipedia.org/wiki/Albert_Einstein
http://en.wikipedia.org/wiki/Marian_Smoluchowski
http://en.wikipedia.org/wiki/Marian_Smoluchowski
http://en.wikipedia.org/wiki/Brownian_motion
http://en.wikipedia.org/wiki/Electric_charge
http://en.wikipedia.org/wiki/Reynolds_number
http://en.wikipedia.org/wiki/Drift_velocity
http://en.wikipedia.org/wiki/Force
http://en.wikipedia.org/wiki/Fluctuation_dissipation_theorem
http://en.wikipedia.org/wiki/Fluctuation_dissipation_theorem
http://en.wikipedia.org/wiki/Fluctuation_dissipation_theorem
http://en.wikipedia.org/wiki/Einstein_relation_(kinetic_theory)


Importance of transport for catalysis 

• Material and energy balances are required for both the fluid, which occupies 

the interstitial region between catalyst particles, and the catalyst particles, in 

which the reactions occur 

 

• Determination of rate limiting steps to ensure which step acts to influence 

the overall rate of reaction in the pellet 

Interaction of chemical reaction and transport processes 

 

MACROKINETICS 



What ?  

 Introduction to porosity, diffusion 

 Overview to methods for diffusion in porous (and other) systems  

 General aspects of pulse methods  

 Frequency Response approach  

 Temporal Analysis of Products 

 Literature recommendations 



Porosity  



Porous materials in nature and industry 

• porous materials: sand stone, porous rock,                                        

filter paper, nano tubes… 

 

• main feature: cavities in a solid matrix 

• cavities can be partly or fully connected 

• accessible for probe molecules 

 

• porosities are often desired and of importance in medicine, 

membranes, sorbents, ceramics, and catalysts 

 



Pore types 

• pressing of support material leads to a network of micro-/meso- and 

macroporous areas: powder particles are micro-/mesoporous, pores 

between particles build up a macroporous network 

 

• types of pores 

– open pores: surface ~, column ~, hollow ~ 

– isolated pores: inclusion ~ 

– see IUPAC 



IUPAC - Definitions 

• Porous solid: a solid with pores, i.e. cavities, channels or interstices, 
which are deeper than they are wide 

 

• Pore size: (generally pore width): the distance between two opposite 
walls of the pore  

– Micropores (< 2 nm),  

– Mesopores (2-50 nm)   

– Macropores (> 50 nm) 

 

• Porosity : ratio of the total pore volume VP to the apparent volume V of 
the particle or powder (excluding interparticle voids) 

 

 



Types of porosity 

• bed porosity and particle porosity have to be differentiated ! 

• bed porosity (or void fraction) B is defined as the volume of voids per 

volume of reactor 

• porosity (or pellet void fraction)  is defined as   = P * Vg                     
(P effective particle density, Vg  pore volume) 

Jakubith 



Diffusion – Background 



Diffusion – in general … 

• …is the transport of mass in gases, liquids and solids under the 

influence of a concentration gradient 

 

• …proceeds spontaneously due to microscopic movement of mass 

 

• … is an irreversible process which leads to an increase in entropy and 

is only reversible by supply of work (see textbooks of thermodynamics) 



Diffusion – in special … 

• …mechanisms differ for gases/liquids and solids 

 

• …for gases/liquids: statistical movement according to T 

 

• …for solids: different mechanisms possible:  

  i) direct exchange of lattice places 

  ii) movement via interstitial lattice sites 

  iii) movement via lattice vacancies 

  iv) movement via lattice defects or on the grain surface 

 v) exchange of sites on the crystal surface  



Examples - Diffusion in technical solids 

• High temperature inorganic reactions 

 

TC Anorg. Chemie 



Diffusion - quantitatively 

• …generally increases with temperature  

 

• …generally decreases with increasing density 

 

• …the equilibration takes  

– minutes for gases 

– days/weeks for liquids 

– with measurable rate only close to the melting point for solids 

 

• …characteristic quantity: diffusion coefficient 

 

• …can be described as molecular transport quantity or as effective quantity  



Examples - Diffusion coefficients 

Lexikon Chemie 

D [cm2/s] T [K] 

H2 in O2 0.78 298 

N2 in O2 0.19 298 

H2O vapour in air 0.23 298 

CH3OH in water 1.2*10-5 298 

Sugar in water 0.5*10-5 298 

Au in Cu 2.1*10-11 1023 

Fe in Al 6.2*10-14 623 

36Cl- in AgCl 3.2*10-16 623 



From „Transport Phenomena“ 



Transport by Diffusion 



General view to transport equations for gases 

Transport 

Mass Heat Energy 
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Atkins 

General view to transport equations for gases 





Diffusion mechanisms 

Transport mechanisms in porous solids  

Pore diffusion depending 

on pore diameter 

 

 

  



Diffusion - Special diffusion phenomena 

• Molecular diffusion 

 

• Knudsen diffusion 

 

• Surface diffusion  

– lateral diffusion 

– not of technical importance 

 

• Configurational diffusion 

– pore diameter within molecular dimensions (0.3-1 nm) as for 

zeolites 

– diffusion coefficients are smaller by some orders of magnitude  



  

Molecular diffusion 

Atkins 



  

Molecular diffusion 

• mixture of two components A and B, 

  concentration gradient (in one dimension y):  

  under steady-state conditions the diffusional flow of one 

  component is described by 1. Fick law 

 

 

 

 

 

 

• DAB ...binary molecular diffusion coefficient of component A  

  diffusing through B  

 

• DAB = f( molecular properties of A and B, T, c or p) 
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Molecular diffusion coefficient  

• Molecular diffusion coefficient for gases  

 

 

 

 

 

 

 

 

 

 

• DM during catalytic process nearly constant;  

 reaction rate constant changes exponentially ! 
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Molecular diffusion coefficient 

• Kinetic gas theory delivers only inaccurate values for transport coefficients 

 

• Binary diffusion coefficients          for mixtures of gases (up to p ≈ 2.5*106 Pa) 

(Hirschfelder/Curtiss/Bird) 
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• under low pressure conditions and/or for small pores: 

  collision of gas with pore wall > collision of gas with gas 

 

• mean free path length of molecule > pore diameter 

     

     …mean free path length 

    2…molecular cross-section 

    V… gas molar volume at p  

 

  

• NA/V at 298 K :  cges  3.1019 *p (molecules/cm3)  

  (dimension of p 105 Pa) 

 

• mean free path length with typical  (9-20*10-16 cm2) 
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Knudsen diffusion 



Knudsen diffusion 
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102
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• Conditions for Knudsen diffusion 

 

  dpore [nm] <1000  <100  <10  <2 

  p      [bar]   0.1                           1                             10                            50 



  

• Knudsen flow through one zylindrical pore  

 

 

 

 

 

• for porous solids, the relative pore volume b and the 

  tortuousity factor K have to be considered 

 

 

 

 

 

• estimation of  is a complex procedure (see literature) 
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Knudsen diffusion 

effective diffusion coefficient 



Effective diffusion coefficients 

• diffusional flow in the pores may be described by  

  an effective diffusion coefficient 

 

• relation to surface: surface of pore mouths is representing 

  only a part of the outer surface of a particle     

 

 

 

• pores are not ideally cylindrical 

 

• pores are connected by a network            

  

 



Diffusion in porous solids 

 Characteristic value to characterize the influence of internal 

transport phenomena of heterogeneous reactions on the surface 

between a fluid phase and a porous solid is DaII (see textbooks) 

 

 DaII = f (k, cexternal, lcharacteristic, Deff) 

 

 if fluid is gaseous: diffusion in pores depends on dimensions of pore 

system 

 

 

 



  

• for heterogeneous reactions in a porous solid, the conditions of pressure  

  or pore diameter may be such that the system is between Knudsen and  

  molecular diffusion 

 

• mean free path length ≈ pore diameter 

 

• both equations for DM and DKn apply 

Transition region of diffusion 

KnM
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Effective diffusivities 

• Use of porosity and tortuosity factor 

 

Fixed-bed Catal. 

DDeff







Diffusion – Measuring techniques 



Diffuison – measuring techniques 

J. Kärger, University Leipzig 

Vasenkov & Kärger. Magn. Res. Imag. 23 (2005) 139. 



Diffusion – overview according to exper. conditions  

Non-equilibrium 
conditions 

 

Macroscopic scale of 
observation 

Frequency response 

Zero length 
chromatography 

Gravimetry 

Equilibrium 
conditions 

 

Microscopic scale of  
observation 

PFG NMR 

QENS 

Quasi-equilibrium 

Macroscopic 

Isotope-exchange 
technique 

Non-equilibrium 

Microscopic 

Interference 
microscopy 



PFG NMR 

PFG NMR  Pulsed field gradient NMR 

      (PGSE Pulsed gradient spin echo technique) 

 

- PFG NMR …measures directly the probability distribution of molecular 

displacements of the probe molecules within the sample, averaged over each 

individual starting point 

 

- PFG NMR …is sensitive to the mean molecular displacements within the 

sample in the direction of the field gradients applied, measured in the time 

interval between the field gradient pulses 

 

- PFG NMR …is a non-invasive technique 

 

- PFG NMR …time variation allows a distinction between individual and different 

ranges of molecular transport in complex systems 



PFG NMR 

- PFG NMR…enables to measure diffusion in materials from 100 nm….100 µm  

intracrystalline and long-range diffusion 

 

- PFG NMR…has a lower limit for measurement of D ~ 10-14 m2/s 

 



PFG NMR and terms of diffusion 

xxx 



QUENS 

QUENS Quasi-elastic neutron scattering 

       

- QUENS…is a sensitive probe for studying the structure and dynamics of 

materials on the atomic and molecular level 

 

- QUENS…is working in the submicroscopic scale  

 

- QUENS…studies the dynamics of the framework and of the adsorbed 

molecules 

 

- QUENS…allows to follow the location of cations, water, adsorbed moelcules 

thus visualizing the elementary processes of diffusion 

 

- QUENS…has a lower limit for measurement of D ~ 10-14 m2/s  

 

- QUENS…is applying mainly hydrogenated probe molecules (large neutron 

cross section of H2) 



IR imaging 

xxx 



IR microscopy and IR imaging (IRM) 

xxx 



Diffusion – measurement in solids 

xxx 

From: H. Mehrer, Diffusion in Solids. Springer 2007. S. 209 



Diffusion – solid diffusion 

Neutron scattering 

X-ray scattering 

-absorption 

NMR 

Mössbauer spectroscopy 

…further reading 



General aspects of pulse methods  

(adsorption and diffusion)  



Pulse methods 

• response to pertubations  describe mathematically the transient behaviour  

 

•  evaluation of rate parameters from response measurements such as mass transfer    

   coefficients, diffusivities, and chemical kinetic constants 

 

• use of:  - fixed-bed (column) chromatography 

 - isotope technique 

 - slurry adsorber 

 - single-pellet 



Pulse methods 



Signals 

     

 Interpretation of signals depends on linearity or non-linearity 

 of the investigated system 

      ! Variation in composition excites all frequencies of the 

system 

 

 

Linear system 

(e.g. without reaction)  
output frequency 

Infer to exciting frequency possible 

Non-linear system 

(e.g. with reaction)  
output frequency 

Infer to exciting frequency possible …or not that easy 

…chemical reactors without any reaction may be regarded as linear 



Frequency Response Method 



 

Application background – sorption, diffusion 

 
 

o Zeolites and microporous solids as adsorbents in gas separation processes 

• separation factors depend on differences in standard free energies of 

adsorption of the components  

• when sizes between adsorbates and channels are similar – diffusion also 

influences separation 

 

o Commercial separation units contain pellets - + inert binder  

  

 intercrystalline and intracrystalline diffusion may be important  

 in combination with adsorption 

 



Application background – sorption, diffusion 

Methods for determination of inter- and intracrystalline diffusion  

 

o Measure of uptake rates of an adsorbate molecule from the gas phase into the 

zeolite pellet 

 ! often spurious diffusion coefficients because of complex interplay with 

 heats of adsorption and bed-depth mass transport effects  

o Several methods try to eliminate these problems: 

 Pulsed field gradient NMR 

 Tracer desorption NMR 

 Zero bed-depth chromatography 

 Single-crystal membrane 

 Frequency response 

 TAP 

 



Frequency response 

Provide opportunities to 

 

o determine rate processes within porous systems by measuring the 

pressure response of a closed system to a small fluctuation in its volume 

 

o obtain kinetic parameters for chemical reactions and adsorption-

desorption steps on surfaces 

 

o measure effective diffusivities within microporous solids 

 



Frequency response 

Provide opportunities to 

 

o study coupled adsorption and diffusion processes with different characteristic time 

scales 

 ! These rate processes cannot be adequately resolved by pulse  

 or step transient methods, by TPD or by elution chromatography. 

 

o determine coupling of adsorption and transport particularly for high surface area 

materials  

(number of exchanging molecules inside > number of exchanging molecules outside) 

 



Frequency response  

Principle 

 

o FR exploits the change in amplitude and phase produced by a dynamic system 

that is pertubed periodically around its equilibrium point 

o amplitude change (attenuation) and phase shift (lag) are directly related to the 

dynamics and capacities of the processes (sorption and diffusion) governing the 

return to the equilibrium 

 

 Example:     processes 

    

   diffusion  coupled sorption and diffusion  

  dynamics = effective diffusivity = + kinetics of sorption 

  capacity   = pore volume = + changes in surface coverage 

 

 



Frequency response 

Graphical description of the frequency modulation approach 

 at each frequency , the system volume is pertubed sinusoidally with 

amplitude  (solid line)  

 the system pressure responds in a sinusoidal manner with a fluctuation 

amplitude p (dotted line)  

 The fluctuation amplitude p is lower than  and is delayed  by an angle  

 

 



Frequency response 

Extraction of rate parameters 

 capacities and dynamics of underlying processes are obtained by fitting of 

the experimental transfer function H(, p,  ) to the theoretical transfer 

function H(i ) 

 measured quantities , p,   

 transfer function: analytical expression in frequency domain which 

contains parameters 

 magnitude of function measures the ratio of the pressure response to the 

volume pertubation:    H  = p/ 

 quantifies phase lag :   = tan-1 […..] 

 



Frequency response 

Experimental apparatus 

 Pertubation frequencies between 0.05 – 10 Hz 

 System volume V = 141,91 cm3 can be modulated by 1,38 % (V = 1,96 cm3) 

 Modulation by metal bellow  

 System volume at T = 223-400 K (pretreatment e.g. heating before experiment 

via resistive heating device) 

 



Frequency response 

Experimental apparatus 

 geometry of system volume minimizes hydrodynamic delays that are not 

related to dynamics of intraparticle processes 

 volume = sample cell, steel bellow and pressure gauge (MKS model 223 BD, 0-130 Pa) 

 steel bellow driven by a rotary motor with an acentric cam 

 dynamic system pressures of 10-9 Pa by pump system (turbo+mechanical) 

 



Frequency response 

Experimental apparatus 

 position of bellow is determined by linear variable differential transformer 

 Data aquisition: input voltage of motor, phase lags, amplitude attenuations 

 Typical sample amount: mesoporous silica spheres (Shell S980B, 204 m2/g)  16 g  



Frequency response 

        Theoretical contributions 

 

               Adsorption      Diffusion                  Adsorption and diffusion 

 - all responses can be divided into an real and an imaginary part 

 - real response function = RRF, imaginary response function = IRF 

  

 

 

 

 

 

 

 



Frequency response 

           Theoretical contributions 

 

               Adsorption        Diffusion                  Adsorption and diffusion 

 - all responses can be divided into a real and an imaginary part 

 - real response function = RRF, imaginary response function = IRF 

 

Application to  

N2,    Xe,    iso-butane  

 

 

 

 

 

 



Frequency response 

Advantages  

 

o FR allows to apply an additional degree of freedom in choosing                     

   frequencies to  decouple multiple dynamic processes 

o FR delivers a high accuracy in realizing a smooth forcing function 

o FR is able to conduct experiments at mean operating conditions 

o FR anaylsis is relatively easy 

o FR enables to discriminate between different rate-limiting steps 

o FR weights all parts of response uniformly (no error build up in data analysis) 



Frequency response 

Evaluation  

o Bode plot is a graph of the transfer function of a linear, time-invariant system 

versus frequency, plotted with a log-frequency axis, to show the system's frequency 

response 



 

Anomalities in adsorption of hydrocarbons in 

zeolites  

 
Anomalous adsorption properties can be attributed to entropic or enthalpic effects or 

combination of both effects 

 to energetically heterogeneous adsorption sites 

  to strong sorbate-sorbate interactions 

 

How and when to realize such effects  

 like heterogeneity of sites? 

 complex profiles of isosteric heat of adsorption in calorimetry 

 computer simulations of adsorption complexes 

 

 sorbate-sorbate interactions 

 more to consider for aromatics than for alkanes in zeolites 

 will lead to redistribution and /or reorientation of sorbed molecules 



 

Anomalities in diffusion of hydrocarbons in 

zeolites  

 
Anomalous diffusion properties can be also attributed to entropic or enthalpic effects 

or combination of both effects and depend (next to T, p) on 

 characteristics of sorbate 

 structure of zeolite channel 

 

How and when to realize such effects  

 characteristic of sorbate (channel) 

 bimodal FR spectra for C1-C6 which results from dissipation of heat of 

adsorption between sorbent and surrounding 

 at low loadings: pure single diffusion 

 at high loadings: effect of heat of adsorption on diffusion 

 chain-length dependence of intracrystalline diffusion coefficients 

 Saturated cyclic hc diffuse more slowly than their aromatic equivalents 



 

Anomalities in adsorption and diffusion of 

hydrocarbons in zeolites  

 



TAP – method and modeling 



Unsteady-state experiments 

     

o Transient conditions can be achieved by introducing 

different input signals into the reactor   

  variety of methods 

 

 - variation of residence time  

 - variation of temperature T 

 - variation of feed composition c, p 

 - combination of variation of , T, c or p 

 

o Changes in composition show clearest deviation from 

steady-state – therefore used quite often 

 

o Signals may be introduced as step or square wave 

 

 

 



Steady-state and transient methods 

• measure overall performance 

• give integrated picture of reaction system 

• have minimum reactor residence time of 1 s 

Steady-state methods 

Transient methods 

• give information on individual steps 

• operate in millisecond time regime; resolution increase 



TAP – A transient technique 

     

• The key feature which distinguishes it from other pulse experiments is 

that no carrier gas is used and, gas transport is the result of a pressure 

gradient.  

 

• At low pulse intensities the total gas pressure is very small, and gas 

transport occurs via  Knudsen diffusion only.  

 

• Pulse residence time under vacuum conditions is much shorter than in 

conventional pulse experiments. Thus a high time resolution is 

achievable. 



TAP – Features 

     

• Extraction of kinetic parameters differs compared to steady-state and 

surface science experiments 

 

- Steady-state: kinetic information is extracted from the transport-kinetics data 

by experimentally eliminating effects of transport 

 

- Surface science: gas phase is eliminated 

 

- In TAP pulse experiments gas transport is not eliminated. The pulse 

response data provides in-formation on the transport and kinetic parameters.  



     

• TAP pulse experiments are state-defining 

 

- Typical pulse contains    1013 – 1014 molecules  

    or  1010 - 109 moles 

- Example:  

 

- Sulfated zirconia: 100 m2/g with 3 wt.% sulfur  5*1018 S/m2 

- 1 pulse of n-butane: 1*1014 molecules 

- per pulse 1/50000 of surface addressed  

TAP – Features 



TAP – System hardware 

• Injection of a narrow gas pulse into an evacuated 

microreactor 

• Gas pulses travel through the reactor 

• Gas molecules (reactant and product) are monitored as a 

function of time and produce a transient response at the MS 

Reaction zone 
Gas pulse 

Detector 

Simplified schematic of a TAP pulse response experiment 



TAP – System hardware 



TAP – System hardware 

1) High speed pulse valve 

2) Pulse valve manifold 

3) Microreactor 

4) Mass spectrometer 

5) Vacuum valve 

6) Manual flow valve 

7) Mosfet switch 



TAP – Response curves 

Characteristic pulse response experimental outputs 



TAP – Multipulse experiment 

• Key features of input: 

- typical pulse intensity range from 

1013 to 1017 molecules/pulse 

- pulse width 150-250 µs 

- pulse rates 1-50 s-1 

• Key features of output: 

- different products have different 

responses 

- individual product response can 

change with pulse number 



TAP – Pump probe experiment 

• Key features of input: 

- different reaction mixtures  are 

introduced sequentially from 

separate pulse valves 

• Key features of output: 

- output transient response 

spectrum coincides with both valve 

inputs 



TAP – Transient response data 

In contrast to traditional kinetic methods, that measure concentrations, the observable 

quantity in TAP pulse response experiments is the time dependent gas flow escaping 

from the outlet of the microreactor. 

 

The outlet flow is measured with a MS (QMS) that detects individual components of 

the flow with great sensitivity. 

 

The composition of the flow provides information on the types of chemical 

transformation in the microreactor. 

 

The time dependence of the flow contains information on gas transport and kinetics. 



TAP – Theory 

Goal 
 

• Interpretation of pulse response data 

- determine typical processes 

- find parameters for these processes 

- develop a model  

 

• Analysis of experiments that provide parameters of diffusion,   

  irreversible adsorption or reaction and reversible reaction 



TAP –  General models 

 

The mathematical framework for the one-zone-model was first 

published in 1988 (Gleaves). 

 

Basic assumptions of one-zone-model: 

 

 - catalyst and inert particle bed is uniform 

 - no radial gradient of concentration in the bed 

 - no temperature gradient (axial or radial) 

 - diffusivity of each gas is constant 



TAP – Gas transport model 

The gas transport is the result of Knudsen diffusion. 

 

An important characteristic of this tranport process is that the diffusivities 

of the individual components of a gas mixture are independent of the 

presssure or the composition of the mixture. 
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De,i …effective Knudsen diffusivity 

Mi   …molecular weight  

Ti    …temperature  

1,2 …gas 1, gas 2 

 



TAP – Transport model 
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(1) Diffusion only case –  

 

 Mass balance for a non-reacting gas A transported by  

 Knudsen diffusion 

CA  … concentration of gas A (mol/cm3) 

DeA …  effective Knudsen diffusivity of 

 gas A (cm2/s) 

t     …  time (s) 

z    …  axial coordinate (cm) 

b     …  fractional voidage of the packed  

 bed in the reactor 



TAP – Transport model 

a) Standard diffusion curve showing key time characteristics and the criterion for 

Knudsen diffusion 

b) Comparison of standard curve with experimental inert gas curve over inert 

packed bed 

Characteristic fingerprints for response curves 



TAP – Transport + adsorption model 
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(2)  Diffusion + irreversible adsorption   

 (adsorption is first order in gas concentration) 

as …  surface concentration of active sites  

 (mol/cm2 of catalyst) 

ka …  adsorption rate constant (cm3 of gas/mol s) 

Sv …  surface area of catalyst per volume of catalyst (cm-1) 

A …  fractional surface coverage of A 

Aa
A Ck

t








TAP - Transport + adsorption model 

Exit flow curve for the diffusion+irreversible adsorption case 

Comparison of irreversible adsorption curves 

with standard diffusion curve 

(A) ka=0 (SDC), (B) ka=3 (C) ka=10 



(3)  Diffusion + reversible adsorption  

Mass balances 

 - for component A in gas phase 
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- for component A on the catalyst surface 

kd …desorption rate constant (s-1) 

TAP – Transport and adsorption model 



TAP - Transport + adsorption model 

Exit flow curve for the diffusion+reversible adsorption case 

Comparison of reversible adsorption curves with 

standard diffusion curve 

(A) ka=0 (SDC), (B) ka=20, kd=20, (C) ka=20, kd=5  



Applications 



Sulfated zirconias - catalysts and  

       porous model systems 

A transient TAP study of the adsorption of C4-hydrocarbons on sulfated zirconias 

C. Breitkopf. J. Mol. Catal. A: Chem. 226 (2005) 269. 

 

Improvement of the catalytic isomerization performance for sulfated zirconias by use of templating techniques 

M. Lutecki, C. Breitkopf, Appl. Catal. A: General  (2009),  352(1-2),  171-178.   

 

An Integrated Catalytic and Transient Study of Sulfated Zirconias:  

Investigation of the Reaction Mechanism and the Role of Acidic Sites  in n-Butane Isomerization 

C. Breitkopf.  ChemCatChem 1(2) 2009. 

 

Diffusion and reaction in hierarchical structured metal oxides - a transient TAP study 

Galinsky, M.; Lutecki, M.; Breitkopf, C.: 

Diffusion and Defect Data--Solid State Data, Pt. A: Defect and Diffusion Forum (2010), 297-301 

 

Synthesis and characterization of nanostructured sulfated zirconias 

Lutecki, M.; Solcova, O.; Werner, St.; Breitkopf, C.: 

Journal of Sol-Gel Science and Technology (2010), 53(1), 13-20 

 

Sorption of Alkanes on Sulfated Zirconias - Modeling of TAP Response Curves  

Matthias Galinsky, Michal Lutecki; Jürgen Böhm; Helmut Papp; Cornelia Breitkopf 

accepted for publication in Chem. Eng. Sci.  

 



Kinetic modeling 



Thank you for your attention! 
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