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1 Introduction 
 

The industrial application of porous solids is quite widespread. Porous 
heterogeneous catalysts, adsorbents and membranes are used in chemical 
industry and in biotechnology, porous materials are common in building 
engineering, porous catalysts form the basis of mufflers in cars, etc. The rates 
of processes which take place in the pore structure of these materials are 
affected or determined by the transport resistance of the pore structure. 
Inclusion of transport processes into description of the whole process is 
essential when reliable simulations/predictions have to be made. Trends, in 
modern chemical/biochemical reaction engineering, point to utilisation of 
more sophisticated and therefore more reliable models of processes. The basic 
idea is that the better the description of individual steps of the whole process 
the better its description and, perhaps, even extrapolation. Dependable process 
description forms the basis of process control and process optimisation. For 
example optimum pore structure of adsorbents, membranes, enzyme/cell 
supports or heterogeneous catalysts can be suggested which will guarantee 
best activity or selectivity. Similarly, optimum operation conditions can be 
found when the process description is based on as full as possible knowledge 
of process steps. 

Because of the unique nature of pore structure of various materials, the 
pore structure characteristics relevant to transport in pores have to be 
determined experimentally. Two approaches have been used in this respect: i) 
textural analysis of the porous solid, ii) evaluation of simple transport 
processes taking place in the porous solid in question. The advantage of the 
first approach derives from the complexity of available experimental methods 
and evaluation procedures (physical adsorption of gases, high-pressure 
mercury porosimetry, liquid expulsion permporometry, permporometry with 
pores blocked by capillary condensation, etc.). The relevance of the second 
approach stems from the possibility to use the same pore-structure model as 
used in description of the process in question (counter-current (isobaric) 
diffusion of simple gases, permeation of simple gases under steady-state or 
dynamic conditions, combined diffusion and permeation of gases under 
dynamic conditions, etc.). 
The aim of this study is summarization of knowledge of the experimental 
methods suitable for material characteristics relevant to the gas transport in 
porous solids with respect to the chemical engineering aspects. Evaluation of 
various unique methods is described including their mutual correlations in 
connection with their practical use. The chromatographic method with special 
evaluation system based on the developed interpolation equations that enables 
determination of the effective diffusion coefficients as well as transport 
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parameters for any shape of porous materials is also introduce. Finally the 
applications of individual methods for practical use are shown. 
 The thesis summarized research concerning the experimental methods 
suitable for obtaining material characteristics relevant to chemical engineering 
aspects of the gas transport in porous solids that was done since 1991. The 
thesis is based on my 30 articles and chapters in books (indicated O (own) and 
number) and five doctoral theses (two defended, three before defense; all 
supervised by author). Research summarized in the Thesis was supported by 
twelve projects in which I acted as the principal scientist from various grant 
agencies (EU, GA CR, GA AV, AV CR, TA CR, MIT).  

2 Texture of porous solids 
 The topic of the chapter has been solved in the scope of projects 
A4072915 (Complex Textural Characterization of Porous Solids Regarding 
the Mutual Relationship of Different Methods), GA104/04/0963 
(Nanostructured Materials – Texture from Physical Adsorption), 
KAN400720701 (Hierarchic Nanosystems for Microelectronics) and 
GA104/09/0694 (Advanced Photocatalytic Processes- Nanotechnology for 
Environment) and is based on results summarized in articles O26, O37, O38, 
O44, O45, O49, O66 and doctoral thesis (L. Matějová, Nanostructure 
materials, texture from physical adsorption, 2008). 

Knowledge of porous material texture belongs to basic information 
inevitable for their applications. Nowadays, there are a number of chemical or 
physical methods that have been used for the pore structure characterization as 
SAXS, XRD, TEM, SEM, FTIR, NMR studies etc. Nevertheless, two methods 
are applied routinely for the analysis of texture of porous solids; physical 
adsorption of inert gases (e.g. nitrogen, argon, krypton) and high-pressure 
mercury porosimetry. Both methods are nearly exclusively performed on the 
automatic commercial instruments that differ mainly in the highest operative 
pressure (for mercury porosimetry measurement) or in the lowest relative 
pressure used for evaluation of physisorption isotherms.  

2.1 Classic texture methods 
Recent years are characterized by a huge progress in preparation of 

novel materials [1-4]. These materials possess unique structure (ordered or 
disordered mesoporous structure with and/or without micropores – see Fig 1 
for the better imagination), which significantly influences their properties [5-
9]. Therefore, the detailed information on material texture (pore-size 
distribution (PSD), specific surface area (BET), micropore volume, surface 
area of mesopores etc) is inevitable for their possible application. Thus a great 
attention has been paid to improvement of data evaluation. 

A number of models can be used for obtaining PSD’s for cylindrical 
pore geometry from physical adsorption data; different dependences for 
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adsorbed thickness as well as diverse evaluation algorithms can be applied 
[10-22]. All models simplify the real structure of any new materials rather 
drastically, which can produce significant differences in evaluated textural 
properties and may cause problems in further utilization of these materials. 
[O38] 

 

 
 
Fig. 1 Two titania powders prepared by various routes with the significantly 
different amount of micropores [O49]. 
 

The other complication is the presence of micropores that makes the 
textural analysis based on transformation of adsorption isotherms much less 
straightforward than in the case of porous solids with mesopores only. The 
simple BET analysis [24] is, nevertheless, usually (and incorrectly) performed. 
The reason is that the simple BET isotherm was developed explicitly for non-
microporous (i.e. mesoporous) solids and in the relative pressure range, xBET, 
which guarantees no capillary condensation in pores (e.g. 0.25 > xBET >0.05). 
The correct way is to use the comparative plots (t-plots, -plots) which can 
supply the micropore volume, a, as well as the mesopore surface area, Sm, or 
the three-parameter BET [25, O45].  

The other possibility is the application of experimentally determined 
standard (master) isotherms, which show the physical adsorption of an inert 
gas on a nonporous sample of the same/similar chemical composition as the 
porous sample being analyzed [O44]. In textural analysis the standard (master) 
isotherms appear in two places; for the construction of pore-size distributions 
(PSD’s) from physical adsorption data and for determination of volume of 
micropores and area of mesopores by t-plot orplotmethods.  

It can be summarized that regardless of a huge progress in the texture 
properties evaluation situation seems to be rather more complicated. From that 
reasons the advantages and disadvantages of various models commonly used 
for obtaining PSD’s from physical adsorption data were compared for sixteen 
combinations of models and evaluation algorithms including the Nonlinear 

A B
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Density Functional Theory (NLDFT). The significant differences in evaluated 
textural properties by individual models were found between several to more 
then thirty percent (with the worth results evaluated by the NLDFT method). 
The failure of the classic BET analysis for microporous-mesoporous samples 
was also shown together with the correct approach to the texture evaluation of 
samples which include micropores. To enable the evaluation of more precise 
texture properties of the significant types of materials the experimentally 
determined standard (master) isotherms (inaccessible in literature) were 
measured, evaluated and published [O44] for nitrogen as well as for argon. 
Simultaneously, it was determined that comparison of results from nitrogen 
adsorption at 77 K and argon adsorption at 87 K is rather limited. 

Despite of this effort the information on material texture must be 
correlated and applied with respect to data acquisition. It is also necessary to 
consider if information on texture properties evaluated by classic texture 
analysis that perform analyses over the sufficient amount of sample (usually 
0.2 – 1 g), but take into account all pores (blind as well through pores) are 
suitable as the material description for the process optimization. Both 
mentioned texture methods are frequently used, but they are far from being the 
best choice; intrusion of a liquid metal into pores or multilayer physical 
adsorption and condensation e.g. of nitrogen at 77 K are governed by 
completely different laws than gas transport.  

2.2 Liquid expulsion permporometry 
 There are existed methods, the permporometry methods, which enable 
determination of the pore-size distribution of the flow-through pores in a 
porous medium which is significant for a majority of processes/applications. 
Perporometry methods gained a fresh impetus with the advance of porous 
membranes. They have been frequently used for structural characterization of 
membranes [29,30]. It allows detection of nano-size membrane pores [31] and 
checking the quality of synthesized membranes [32]. Similarly, the effect of 
filter filler particle size distribution can be established [33,34]. Generally, 
materials routinely tested by permporometry (membranes, filters, fibers, 
textiles, etc.) have one common feature – a very low thickness, always under 
one millimeter and usually about tens or hundreds of microns. The basic idea 
of this method is to block pores of some sizes by a wettable liquid and 
measure either permeation or diffusion through the open pores. 
 In the liquid-expulsion permporometry, LEPP, [O26], the porous solid 
is saturated with a liquid and by application of a pressure difference across the 
sample the liquid is forced out of the largest pores. The rate of gas permeating 
through these pores is then measured. Then, the pressure difference is 
increased which frees another pores, etc. As a result, pore-size distribution is 
obtained. 
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  Nevertheless, for evaluation of the pore-size distribution of flow-
through pores for pelleted porous catalysts, adsorbents and similar solids with 
larger thicknesses (about 5 mm) the more realistic description of the gas 
permeation process was necessary to suggest. Not only pellet thickness is far 
larger, but also pores are much narrower than in porous membranes, filters, 
fibers or textiles. Thus Knudsen transport (significant for narrow pores) must 
be takes into account besides viscous transport (significant for larger pores) In 
articles [O26, O37] the newly design, constructed and tested experimental 
laboratory set-up is applied for verification of two evaluated measurement 
modes based on Darcy’s constitutive equation with permeability coefficient 
given by the Weber equation.  

For better imagination in Fig 2 the pore-size distribution curves 
obtained from mercury porosimetry are compared with distribution curves 
obtained by LEPP method for three various samples. PSD’s from LEPP are 
narrower than from mercury porosimetry and shifted to smaller pores. This is 
caused by blind pores that are only detected by mercury porosimetry. 

r (nm)

100 1000

r (nm)

100 1000

r (nm)

100 1000

A5 G1 G4

 
Fig. 2 Comparison of the pore-size distribution curves obtained from mercury 
porosimetry (blue line) with distribution curves obtained by LEPP method 
(red line with experimental points) [O26] 
 
 It can be summarized that in our laboratory the new permporometry 
method that enables evaluation of the pore-size distribution of the flow-
through pores was developed. The special laboratory apparatus was designed 
and constructed. Applicability of this method was tested on various types of 
porous materials and verified for the wide range of pore-sizes (10 nm - 20 
m).  
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3 Transport parameter evaluation  
The subject of this chapter has been solved in the scope of projects 

A4072915 (Complex Textural Characterization of Porous Solids Regarding 
the Mutual Relationship of Different Methods), A4072706 (Permeation of 
Gases in Porous Solids), P1-010-601 (Physical and Chemical Properties of 
Surfaces and Catalysis), P204/11/1206 (Use of PFG NMR, stochastic 
reconstruction and molecular simulation to estimate transport-related texture 
characteristics of advanced porous materials) and it is based on results 
summarized in articles O9, O12, O16, O19, O24, O25, O46, O47, O75 and 
doctoral thesis (K. Soukup, Multiphase diffusion in pores and validity of 
Graham law, 2006). 

Any prediction or simulation of gas transport in porous solids is based 
on mass balances. The balance equations incorporate inevitable constitutive 
equations, which relate the intensity of mass flux to mass flux driving forces. 
Constitutive equations comprise information of three kinds [O75]: 
1) Properties of components of the gas mixture: bulk diffusion coefficients of 
all pairs of components of the gas mixture, component viscosities and their 
mean speeds. Such properties are, usually, readily available. 
2) The physical laws, which describe the gas transport, with idealized units of 
the porous medium. Usually, cylindrical capillaries are utilized because of the 
availability and simplicity of the laws. 
3) Characteristics of the porous medium. Since the diverse complicated nature 
of the porous medium is usually unknown it must be modeled. Modeling of 
the porous structure is based on idealized geometrical units for which the 
description of gas transport follows from physical laws and thus the evaluated 
texture properties do not correspond to the real pore networks. Fig. 3 
illustrates the variability of the porous structure of some porous materials. 
 

 
Fig. 3 variability of the porous structure, a – iron pellets produce by powder 
metallurgy, b –silica SBA-15, c – catalyst SA-6873, Norton, England 

 

There are existed only few models which describe combined (diffusion 
and permeation) transport of multicomponent gas mixtures through the porous 
medium [35-37], nevertheless only two models seem to be the most relevant 

10 μm 
30 μm1 μm

a b c
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and usually used for description of combined transport of multicomponent gas 
mixtures: the Mean Transport-Pore Model (MTPM) [38,39] and the Dusty Gas 
Model (DGM) [40,41].  

Mean Transport-Pore Model (MTPM) assumes that the decisive part of 
the gas transport takes place in transport-pores that are visualized as 
cylindrical capillaries with radii distributed around the integral mean value 
<r> (first model parameter). The width of this distribution is characterized by 
the integral mean value of the squared transport-pore radii, < r2> (second 
model parameter). The third model parameter is the ratio of porosity, t, and 

tortuosity of transport-pores, qt,  = t/qt  [34,42].  
Dusty Gas Model (DGM) visualizes the porous medium as a collection of 

giant spherical molecules (dust particles) kept in space by external force. The 
movement of gas molecules in the spaces between dust particles is described 
by the kinetic theory of gases. Formally, two of MTPM transport parameters, 
<r> and < r2>, can be used also in DGM. The third MTPM parameter, , 
characterizes the effective porosity of transport-pores, t, and accounts also for 
their tortuosity, qt (  t/qt). The third DGM transport parameter, B0, 
characterizes the viscous (Poiseuille) gas flow in pores and can be, formally, 
replaced by <r2>/8.  

 
3.1 Constitutive equation 
 The net molar flux density of component i in a n-component gas 
mixture per unit total cross-section of the porous solid, Ni, due to the 
combined influence of composition gradients and total pressure gradient in a 
porous solids is given as the sum of the permeation molar flux density of 
component i, p

iN , and the diffusion molar flux density of this component, d
iN , 

[43]: 
 p d

i i iN N N       i=1,..., n   (1) 
For the net mixture molar flux density, N, it follows 

 p dN N N       i=1,..., n   (2) 

where Nd is the mixture net molar diffusion flux density (
n

d d
i

i 1

N N


  ) and Np is 

the mixture net molar permeation flux density (
n

p p
i

i 1

N N


  ). 

In MTPM and DGM the steady-state isothermal diffusion transport in 
multicomponent gas mixtures, for cylindrical pores with diameter <r> and the 
transition region (i.e. when the pore diameter, 2 <r>, is comparable with the 
mean free-path length of gas molecules, ; 2<r>  ), is described by the 
modified Maxwell-Stefan equation [44]: 

 
d dd n

j i i ji
ik m

j 1i ij
j i

y N yNN
(df)       i=1,..., n

D D
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(df) is the driving force, yi the mole fraction of component i, m
ijD  is the 

effective diffusion coefficient of the pair i-j in the bulk diffusion region:  
 m

ijD   m
ijD  (4) 

and k
iD ,is the effective Knudsen diffusion coefficient of component i: 
 k

i iD r K   (5) 

with the Knudsen coefficient Ki 

 g
i

i

8R T2
K

3 M



 (6) 

The driving force term (df)i differs for MTPM and DGM: 

MTPM i
i T

dy
(df) c

dx
   (7) 

DGM 
 T i

i

d c y
(df)

dxi
   (8) 

cT is the total molar concentration of the gas mixture and x is the length 
coordinate in the transport direction. For pure (isobaric) diffusion, where 
dcT/dx=0, both driving forces (7), (8) are identical:  -d(cTyi)/dx = -cTdyi/dx. 
The (rather small) difference starts to appear in combined diffusion and 
permeation cases. 
By summing modified Maxwell-Stefan isobaric diffusion equations (3) for all 
gas mixture components the generalized Graham’s law appears 

 
n

d
i i

i 1

N M 0


  (9) 

which is the condition that must be fulfilled in order to have pure diffusion 
mass transport. 

The MTPM permeation molar flux density of gas mixture component i, Np
i, in 

porous solids is described by the Darcy equation: 

 p T
i i i

dc
N yB             i=1,..., n

dx
   (10) 

Bi is the effective permeability coefficient of mixture component i [34]: 

 i

2
i

i i
i

r pKn
B r K    i=1,.., n

1 Kn 8

 
   

 
 (11) 

which includes the MTPM transport parameters, , <r>, < r2>. The numerical 
coefficient  depends on the details of the wall-slip description ( = 0,9, /4, 
3/16, etc.; see [34]); i is the square root of the relative molecular weight of 
the gas mixture component i: 

 
nj

i i j j
j 1

M / y M


    (12) 
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 is the gas mixture viscosity and Kni is the Knudsen number of component i 

(Kni    i/ 2<r>) based on mean free-path length of component i in the gas 
mixture. 

The DGM permeation molar flux density of component i, Nip, is described by 
Darcy law 

 p T
i i

dc
N yB             i=1,..., n

dx
   (13) 

with identical effective permeability coefficients, B, for all gas mixture 
components: 

  oB B p/              i=1,..., n (14) 
Bo is the third DGM transport parameter that can be, formally, replaced by 

<r2>/8.  

3.2 Transport parameters 
The unknown real pore structure makes an a priori determination of 

transport characteristics unfeasible. The pore structure characteristics relevant 
to transport in pores have to be determined experimentally. Two approaches 
can be used in this respect: (i) textural analysis of the porous solid and (ii) 
evaluation of simple transport processes taking place in the porous solid in 
question. 

The advantage of textural analysis of the porous solid derives from the 
wealth of available experimental methods and evaluation procedures (physical 
adsorption of gases, high-pressure mercury porosimetry, etc.). These methods 
are frequently used, but they are far from being the best choice (as was shown 
in Chapter 2.1), for as much as that used methods are governed by completely 
different laws than gas transport. [38].   

The relevance of evaluation of transport parameters from simple 
transport processes which take place in the porous solid in question stems 
from the possibility to use the same pore-structure model both for evaluation 
of transport parameters and for description of the process in question. It is a 
good idea to use a mass transfer process, which is similar to the gas transport 
process under consideration. It is of advantage to choose for determination of 
transport parameters a (simple) process that can be easily followed at near-
laboratory conditions and does not require sophisticated instrumentation. 
Various choices can be made: 

 pure counter-current diffusion of gas mixtures under steady-state 
conditions;  

 binary diffusion under dynamic conditions;  
 dynamic or steady-state permeation of individual gases;  
 combined diffusion and permeation gas transport. 
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At the same time it is a good choice to use inert (i.e. nonadsorbable) 
gases; this eliminates transport of adsorbed gas along the surface of pores 
(surface diffusion) the nature of which is not very well understood.  
 The best way for experimental evaluation of transport parameters 
(material constants that are independent on pressure, temperature as well as 
the composition of used gases) are the following simple transport processes. 
At least four combinations of transport processes can be used. 

3.3 Steady-state counter-current diffusion 
 Binary and multicomponent counter-current diffusion of pure gases has 

been the standard way for studying isobaric diffusion in porous solids [O19]. 
Wicke and Kallenbach [45] developed their classic cell for steady-state 
measurements of this type and since that time diffusion has been frequently 
studied. To determinate transport characteristics (transport parameters) of 
porous solids Dogu and Smith [46] developed the dynamic version of the 
Wicke-Kallenbach diffusion cell; for data evaluation the moment method was 
applied. The effect of combined steady-state diffusion- and convection 
transport in a porous medium on the catalytic reaction rate was studied by 
Haynes [47]. Krishna [48,49] focused on a similar problem. Results on 
dynamics of combined diffusive and viscous transport in capillaries for 
multicomponent gas mixtures were reported by Do and Do [50]. Krishna and 
Wesselingh [51] reviewed the Maxwell-Stefan approach to mass transfer. 
Diffusion in zeolites and porous membranes is another rapidly growing area of 
application of Stefan-Maxwell approach (e.g. [52-54]. 

3.3.1 Wicke-Kallenbach diffusion cell 
The classic Wicke-Kallenbach cell consists of upper and lower 

compartment and a metallic disc with cylindrical holes sandwiched between 
both compartments. A porous pellet is forced into undersized rubber tubing 
and the pellet-tubing assemblies are then forced into holes of the metallic disc. 
The absence of gaps between porous pellets and rubber tubes as well as 
between rubber tubes and metallic surfaces of disc holes can be verified by 
replacing porous pellets by identically sized metallic cylinders. One gas flows 
steadily through one cell compartment and another gas through the other cell 
compartment; both chambers are kept at the constant temperature and at the 
precisely same pressure. The outlet gas streams from both compartments are 
analyzed for the content of the gas from the opposing compartment (mole 
fractions yB

U, yA
L). Gases in both cell compartments should be ideally mixed, 

i.e. composition in the compartment have to be the same as at the 
compartment outlets.  
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Fig. 4 Detail of the Wicke-Kallenbach cell [O46] 
 

The main disadvantage of the classic Wicke – Kallenbach cell (see Fig. 4) 
besides the necessity to monitor composition of the two outlet gas streams is 
the strict requirement of equal pressure in both cell compartments (even small 
pressure differences between compartments can cause large errors due to the 
intrusion of the viscous flow). 

3.3.2 Graham diffusion cell 
 The two-component version of the general Graham’s law (Eq. (9)) reads 

 
d
A B
d

AB

N M

MN
   (15) 

where MA and MB are molecular weights of A and B. Thus, in binary 
countercurrent diffusion the diffusion fluxes are not equimolar as is often 
assumed. The minus sign in Eq.(15) reflects the opposite directions of the 
molar diffusion flux densities. For gases with different molecular weight this 
ratio is far from unity. Thus, the net diffusion flux, Nd = Nd

A + Nd
B, is nonzero. 

This offers a simple way for determination of flux densities of individual 
gases simply by following the net diffusion flux, Nd.  

Thus, it is not necessary to monitor the composition of both gas streams 
at the outlets of cell compartments and the main disadvantage of the Wicke-
Kallenbach cell (viz. equality of pressure in both compartments) is removed 
because both compartments are open to atmosphere and, hence, no special 
pressure regulation is required. Disadvantage of this cell stems from the fact, 
that the more different the molecular weights of both gases the higher the net 
molar diffusion flux density, Nd, and the more accurate is its determination. 
However, gases with high molecular weights tend to adsorb, which can cause 
(unwanted) surface diffusion to occur. This restricts the choice of suitable gas 
pairs to nonadsorbable inerts (e.g. H2, He, N2, Ar). The volume of 
experimental information can be increased by replacing one of the gases (say 
A) by a binary mixture with gas B (gas system (A+B) vers. B) or with another 
gas C (gas system (A+C) vers. B) in order to increase the confidence of 
evaluated transport parameters. In Fig 11 the excellent agreement of 
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experimental and calculated net volumetric diffusion flux densities is easily 
seen. Equations corresponding to the use of more than two gases can be found 
elsewhere [O19].  

If net diffusion flux densities, Nd, are experimentally determined for 
different gas pairs A – B, then it is possible to obtain the corresponding 
transport parameters <r> and [O25]. Fig. 5 shows 95% confidence regions 
of transport parameters for several commercial and laboratory-prepared 
porous catalyst pellets evaluated from an equivalent for three-component gas 
systems ((A+B) vers. B and (A+C) vers. B). The optimum parameter sets are 
marked as circles. It is interesting that the shape of the confidence region is 
intimately connected with the region in which the diffusion process takes 
place. There are two limiting diffusion mechanisms: the Knudsen diffusion, 
which appears only in narrow pores and the bulk diffusion mechanisms, which 
takes place in wide pores. In the transition diffusion region both mechanisms 
play a role and the contribution of each mechanism can be seen from the shape 
of the confidence region.  
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Fig. 5  95% confidence regions of transport parameters for porous 
pellets with various pore-size distributions; red points – the evaluated 
transport parameters [O25] 
 
Comparison of the Wicke-Kallenbach and Graham diffusion cells for 

transport characteristics of porous solid determination is shown in next study 
[O46] on a  series of porous samples with a broad range of pore radii (from 78 
nm up to 10 m). Differences between diffusion fluxes from both diffusion 
cells were always bellow 5 % and did not exceed the experimental error in the 
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whole range of tested pore radii. Also the experimental and calculated 
diffusion fluxes agreed perfectly, but only for porous materials with pore radii 
smaller than several micrometers. For materials with larger pore radii (above 7 
m) significant deviations appear due to intruding permeation transport 
caused by the very small pressure difference between compartments of the 
Wicke-Kallenbach as well as Graham’s diffusion cells. These tiny pressure 
differences (about several Pascals) are unavoidably present even under 
cautious experimental conditions [O47] and become significant for samples 
with pore radii above 7 m. Moreover the error caused by permeation flux 
significantly rises with the pore radius increase; for 7m the error is about 5% 
and for 21m is about 50%! The only possibility is the independent 
determination of permeation characteristics and consequent “purification” of 
diffusion fluxes. Without that the diffusion fluxes can not be used for further 
calculations of, e.g. effective diffusion coefficients inevitable for chemical 
engineering calculations, process development and design. 
 It is necessary to stress that in the Wicke –Kallenbach and Graham 
diffusion cell binary and multicomponent counter-current diffusion of pure 
gases can be studied. Both cells allow determination of the net diffusion flux 
densities through the pelleted porous solids and, thus, to obtain the 
corresponding transport parameters <r> and <r> . Connection of these 
parameters to the region, in which the diffusion process takes predominately 
place, was shown in article O25. In the mentioned article there is also 
noticeable that the contribution of each mechanism can be evaluated from the 
shape of the 95% confidence regions of transport parameters. Verification of 
the Graham’s law together with the applicability of evaluated effective 
diffusion coefficients (in Wicke-Kallenbach as well as Graham’s diffusion 
cells) for materials with the wide range of porous structure were published in 
articles O46 and O47. Material structure and all transports through the porous 
medium must be taken into account before chemical engineering calculations, 
process development as well as design. 

3.4 Pseudo-stationary and dynamic permeation 
Transport parameters <r> and <r2> can be evaluated from permeation 

measurements (single gas flow-rate under controlled pressure gradient) 
performed with pure gases [O75]. The corresponding permeation cells can be 
designed for measurements under steady state as well under dynamic 
conditions. To gather sufficient experimental information measurements must 
be repeated for different pressures and different gases. The steady-state 
permeation requires control of pressures and determination of flow-rates at 
these pressures. The last task is by no means simple. It is therefore reasonable 
to use pseudo-stationary or dynamic permeation cells. 
 Both the pseudo-stationary and dynamic cells consist of upper and 
lower compartments and a metallic disc with cylindrical holes filled by pellets 
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of porous solid, similar as in the Wicke-Kallenbach and Graham diffusion 
cells. The cells differ mainly in compartment volumes, inlet and outlet gas 
lines (with valves) and the attached pressure- /differential pressure- 
transducers. The number of pellets in the metallic disc and the volumes of cell 
compartments affect the permeation rate. Thus, their change can be used for 
obtaining pressure responses compatible with capabilities of the used pressure 
transducer. [O24]. 

3.4.1 Pseudo-stationary cell 
 Identical compartment volumes V = VL

 =VU are the basic precondition. 
After evacuation both compartments are filled with permeation gas up to 
initial pressure Po. At run start the gas pressure in the upper cell compartment 
is increased by a small amount (usually 500-900 Pa), Po, and the gas inlet is 
closed. The time-change of the pressure difference between compartments, 
P(t), is followed by the differential pressure transducer. 

The exponential decay of P(t) is obtained. The obtained effective 
permeation coefficients, B , for each gas, change linearly with the mean 
pressure P . It also follows that in coordinates B/K  versus p /(8K )  points for 
different permeation gases should fall on the same straight line with intercept 
<r> and slope <r2>. 
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Fig. 6 Comparison of of B /K  on p /(8K )  dependences for two porous 
samples with different pore-size distribution [O16] 
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In Fig 6, the dependence of B /K  on p /(8K ) is shown for two porous 
samples with different pore-size distribution. It is seen that experimental data 
comply very well equation (16). 

 

3.4.2 Dynamic cell 
 After evacuation both compartments are filled with permeation gas up 
to initial pressure Po. At run start the gas pressure in the upper cell 
compartment is increased to pressure PU and kept constant. The pressure 
transducer in the lower compartment follows the increase of pressure P(t) up 
to Po. The procedure is repeated for several pressures Po and for other 
permeating gases. There are existed two solutions; simplified and full 
solutions [O16]. 

The very satisfactory agreement of fit for full- and simplified solutions 
is illustrated in Fig. 7 (for clarity the plot of simplified solution is shifted along 
the t-axis of the 100 s forwards). It affirms the excellence of data acquisition, 
reproducibility as well evaluation [O24]. 
 Pure gas flow-rate under a controlled pressure gradient through the 
pelleted porous material can be studied in the pseudo-stationary cell as well as 
the dynamic permeation cell. Both arrangements allow evaluation of the two 
transport parameters <r> and <r2> together with the effective permeation 
coefficients. 

 t  [s]

  p
 [

kP
a]

0

50

100

0 500 1000

simplified solution

full solution

Ar/Cherox

 
Fig. 7 Agreement of fit for full- and simplified solutions (for clarity the 

plot of simplified solution is shifted along the t-axis of the 100 s 
forwards) [O24]. 
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3.5 Combined diffusion and permeation gas transport. 
 It is often believed that when a porous solid filled with a gas or a gas 
mixture is suddenly placed in another gas or gas mixture environment the gas 
transport in the pores is purely diffusional, i.e. the situation in pores is 
isobaric. Similarly, isobaric conditions in pores are assumed during e.g. a 
catalytic reaction taking place on pore walls under steady-state conditions. In 
general this is, however, not true. Isobaric diffusion in pores is possible only 
when the conditions of the Graham law are fulfilled. Nevertheless, this law is 
violated during the dynamic process of changing the composition of the gas 
(gas mixture) surrounding the porous solid. During a catalytic reaction the 
molar flux densities of gas mixture components are, obviously, related by the 
reaction(s) stoichiometry and not by the Graham law. Violation of the Graham 
law is reflected by a spontaneous change (increase/decrease) of the total 
pressure in different places of pores. Under dynamic conditions this pressure 
change is also time dependent. This was first experimentally verified by 
Asaeda et al. [59] in their study of inert gas transport (H2/N2/Ar) in a bed 
packed with fine glass powder.  
 We experimentally confirmed [O9] that under dynamic conditions the 
countercurrent transport of binary and multicomponent gas mixtures through a 
porous medium is accompanied by a spontaneous temporary build-up of 
pressure inside the porous medium. If a lighter gas replaces a heavier gas the 
pressure increases and vice versa. The larger the difference between molecular 
weights of the transported gases the larger the change of the pressure. If one of 
the gases in the binary case is replaced by a binary mixture (i.e. transport in a 
ternary gas mixture) the pressure extremes smoothly interpolate between the 
limiting binary cases. Thus, in addition to the diffusion transport (with mole 
fraction (i.e. composition) gradient as the driving force, dyi/dx) the permeation 
transport (with totals pressure gradient as driving force, dp/dx) starts to 
operate and has to be taken into account. Possible solution seems to be the 
determination of diffusion or permeation transport (transport parameters) by 
independent diffusion or permeation measurement, e.g. by chromatographic 
method which guarantees pure dynamic diffusion. 
 The more complicated seems to be situation when also adsorbable gases 
are applied [O12]. In such cases the agreement between calculations and 
experiments is not satisfying. It can be caused, among other things, by 
capillary condensation of adsorbable gas in pores. Therefore the acceptable 
simulation of pressure responses can be achieved when adsorption kinetics is 
taken into account. Probably inclusion of surface diffusion of the adsorbable 
component would predict more marked pressure changes than experimentally 
determination. 
 Investigation of the dynamics of gas transport in porous solids has an 
impact on many chemical engineering situations. Start-up and shut down 
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conditions of switch-off catalytic reactors, adsorption processes on porous 
adsorbents and random steady-state fluctuations in these stages of processes 
can be named as examples. The knowledge of the qualitative features of the 
combined transport and the ability to describe its dynamics is of basic 
importance for the process design and choice of optimum reactor and/or 
adsorber regimes. 
 We confirmed O12 that under dynamic conditions the countercurrent 
transport of binary and multicomponent gas mixtures through a porous 
medium is accompanied by a spontaneous temporary build-up of pressure 
inside the porous medium. This fact must be taken into account in the many 
chemical engineering processes. Possible solution can be the independent 
determination of the diffusion and permeation transport. 

4 Chromatographic methods – dynamic diffusion 
 The subject of this chapter has been solved in the scope of projects 
A4072404 (Diffusion Coefficients and Other Transport Characteristics of 
Specially Shaped Porous Supports and Catalysts) and P1-010-912 (Physical 
Background of Modern Technologies), and is based on results summarized in 
articles O6, O8, O29, O33, O39. 

Mass transport resistance in the pore structure has been one of the 
important research fields for many years [60-64], because for modern 
chemical and biochemical research knowledge of effective diffusion 
coefficients, textural properties as well as transport characteristics is 
indispensable. 
 The majority of these studies, including all above described systems, 
deal with porous materials of well defined shapes (cylindrical pellets, 
membrane discs, etc.). This results from the fact that the porous material must 
be mounted into the measuring cells. In order to increase the outer surface to 
volume ratio of porous particles a new generation of porous (catalyst, 
adsorbents, etc.) particle shapes was introduced in chemical industry. Particles 
are shaped as starcat, starrings, trilobes, polylobes, quatrolobes, irregular 
spheres, lumps, cylindrical extrudates, Rashog rings, spheroids etc. Such 
porous particles cannot be mounted in permeation and/or diffusion cells and 
the only possible way to determine transport parameters is to use a method 
that can work with ensembles of porous pellets. The only method is the 
chromatographic technique, well established by [65,66], which permits to 
study diffusion under dynamic conditions. Porous particles can be packed in 
the column either as a wide bed (with the ratio of column to particle diameter 
at least 1:20) or randomly, one by one, with column diameter only slightly 
larger then particle diameter. This arrangement is known as Single Pellet 
String Column (SPSC) [67] and has the following advantages: low carrier gas 
consumption; diffusivities are averaged over many pellets; simple equipment; 
quick data acquisition. Therefore, the chromatographic technique can be used 
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for determination of the transport parameter and/or intraparticle effective 
diffusivities [O75,68-74]. 

4.1 Single Pellet String Column 
In SPSC arrangement high linear carrier-gas velocities - which suppress 

the mass transfer resistance of the laminar film around particles and tracer 
peak broadening due to axial dispersion – can be easily attained. This is 
significant when inert (nonadsorbable) gases are used as tracers, which move 
through the column with the high carrier-gas velocity. The use of inert tracers 
prevents their adsorption and the possible surface diffusion, which obscures 
the effective diffusion coefficients [75] and transport characteristics. Another 
advantage of the SPSC arrangement is the averaging of obtained transport 
characteristics over many pellets present in the column. In addition: SPSC 
guarantees low carrier gas consumption. SPSC set-up is schematically shown 
in Fig. 8. 
Today the Kubín–Kučera model [76,77] ] is applied almost exclusively for the 
description of processes taking place in a column packed with the tested 
porous material after the pulse of a tracer-gas (T) is injected into the carrier-
gas (C), which flows steadily through the column. Effective diffusivities and 
other transport parameters are then evaluated from tracer response curves at 
the column outlet. Instead of the frequently used matching of moments of the 
tracer response, the time-domain matching [O29, O33, 78,79], i.e. finding 
parameters for which the calculated tracer response best agrees with the 
experimental response curve. 

 

 
Fig. 8  SPSC set-up, 1 – gas source, 2 - six-ways valves, 3 – column,  
           4 – data logger ,C – carrier gas, T – tracer gas [O29] 

 
Model parameters are as follows:  
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Pe is the Peclet number (Pe = vL/E and E is the axial dispersion coefficient),  
tdif denotes the diffusion time of the tracer in the pore structure of a pellet, tdif = 
R 2/DTC (with the radius of the pellet equivalent sphere, R),  
o is the tracer adsorption parameter o = (1 + KT), and  =  (1-)/,  
 is the pellet porosity and  is the column void fraction (interstitial void 
volume/column volume),.  
, is the pore volume per unit interstitial volume. For an inert tracer KT= 0 and 
o = .  
Q is a normalization constant defined so that at the calculated SPSC response 
maximum tracer concentration equals unity, c(tmax) = 1. The intracolumn 
processes are described correctly but the effects of processes upstream and 
downstream of the column (extra column effects - ECE) are neglected. ECE 
were firstly defined in article [O6]. For their evaluation a new special 
experimental set-up and measurement method were designed, constructed and 
applied. Thus, peak distortion because of the sampling valve, tube connections 
between sampling valve, column and detector, detector itself is not accounted 
for. Obviously, the usual neglect of these effects significantly biases the 
obtained tc and Pe parameters.  

The chromatographic technique in the Single Pellet String arrangement 
(SPSR) seems to be a suitable technique for determination of the transport 
parameter and/or intraparticle effective diffusivities for a new generation of 
porous particles with irregular shapes which have been introduced in chemical 
industry. The carrier-gas flows steadily through the packed chromatographic 
column and into this stream the tracer-gas is injected. Processes taking place 
in the chromatographic column which influence the peak shape can be 
described by the model parameters.  

4.2 Data evaluation by convolution theorem 
 In the time-domain matching it is possible to include these effects 
through the application of the convolution theorem. This requires, besides the 
knowledge of the experimental system response, also the knowledge of the 
ECE response. The ECE response can be replaced by experimental system 
responses for two columns with different length. The convolution theorem 
states that the column response, c(t), is given by the convolution integral 

 
t

0

c(t) g(t u) h(u) du  , where h(t) is the column impulse response and 

g(t) describes the shape of the signal entering the column instead of the Dirac 
delta function impulse. In linear systems it is immaterial if the ECE are 
distributed in different places of the system or if they are concentrated in one 
place and in what order they are arranged. Therefore, it is possible to use the 
experimental responses for the shorter column as g(t).  
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Fig. 9  The application of convolution method; 1 - the experimental 

response of a shorter column (0.5 m), 2 - the experimental response of a 
longer column (1 m) and 3 is the calculated impulse response for a column 
with length 0.5 m [O29] 

 
The application of convolution integral is demonstrated in Fig. 9, where 

1 is the experimental response of a shorter column (0.5 m), 2 is the 
experimental response of a longer column (1 m) and 3 is the calculated 
impulse response for a column with length: 1 m – 0.5m = 0.5 m. Because the 
length of longer column is double of the length of shorter column, the 
difference between peaks 2 and 3 belongs to extra column effects. 

4.3 Axial dispersion evaluation 
In original evaluation system used in [O8] the parameter tc was obtained 

from the SPSC volume, Vc, bed porosity, , and the carrier gas flow-rate, v, as 
tc =  Vc/v. Thus, only tdif, Pe and o had to be obtained by matching. 
Unfortunatelly, the Peclet numbers obtained by three parameters matching 
agreed with the Peclet numbers from matching of responses of SPSC packed 
with nonporous cylindrical pellets only at low carrier gas velocities. At higher 
carrier velocities the Peclet numbers in SPSC packed with porous pellets were 
significantly higher than in SPSC packed with nonporous particles. Thus, 
matching of three parameters together causes high uncertainty in parameters 
determination. 

From that reason a new unique system of parameter evaluation was 
formulated [O75]. Axial dispersion (Peclett number) was evaluated firstly for 
nonporous pellets, thus parameter tdif was eliminated. Moreover, the strict 
application of nonadsorbable gases eliminated also adsorption parameter o. 
For nonporous packing (nonporous particles with the same shape as porous 
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ones) the only two unknown parameters remain, Pe and tc, which are not 
correlated and their matching is quick and straightforward.  

In order to remove the column length, Lc, from Pe, Pe = v Lc/ETC, it is 
possible to use the Bodenstein number, Bo, which contains the packing 
particle size, dp, as the characteristic dimension Bo = v dp/ETC instead of the 
Peclet number. Hence Bo = Pe (dp/Lc). For spherical pellets the sphere 
diameter and for cylindrical pellets the equivalent sphere diameter (sphere 
diameter with the same volume/surface ratio) can be used [see O29]. The 
product of Reynolds and Schmidt numbers, ReSc, was used as the measure of 
carrier-gas velocity ReSc = vdp/D

m
TC.  

 It was also verified that for packing pellets placed into the column one 
by one, quite regular and reproducible column packing was obtained. For 
spherical pellets with dp > dc/2 the packing pattern is, obviously, unique. With 
cylindrical pellets different packing patterns can be obtained, depending on the 
ratio of pellets height and diameter, H/D, as well as on the equivalent sphere 
diameter dp. The void volume of the packed column is, nevertheless, quite 
reproducible. As we reported in [O29] six fold repacking a column with 
cylindrical pellets (H/D = 1, dp/dc = 0.63) resulted in the column void fraction 
 = 0.60 with the relative standard deviation of only 0.4 %.)  
 For spherical pellets the Bo - ReSc dependence is affected by the 
pellet/column diameter ratio, dp/dc. For cylindrical pellets their 
height/diameter ratio, H/D, plays an additional role. To characterize more 
complicated particle geometries it is possible to use the sphericity, , defined 
as the ratio of the surface area of the sphere of the same volume as the particle 
and the surface area of particle. Thus, for spherical particles  = 1 and for 
cylindrical pellet cylinder is given as  

 
 

 

1/32

3

18 H /D

1 2(H / D)

 
  
  

 (17) 

 
Edwards and Richardson [81] correlated axial dispersion results for packed 
beds from numerous sources by an equation of the form 

 1 ReSc

Bo ReSc ReSc

 
 

 
 (18) 

To correlate SPSC data for spherical and cylindrical pellets in [O66] we 
modified this correlation by introduction of a term for the ratio dp/dc and 
another term for cylinder sphericity from equation (17) 

 
 o 1 p c 21 (d / d ) 1 1 ReSc1

Bo ReSc ReSc

             
 

  (19) 

Naturally, for spherical pellets for which  = 1, this equation simplifies to 
Equation (20)  
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1 (d / d ) ReSco 1 p c1

Bo ReSc ReSc

     
  (20) 

Equation (20) was verified for dp/dc   (0.56, 0.8) and the reasonable quality of 
fit was obtained. Nevertheless for spheres with diameters approaching the 
column diameter (dp/dc →1) problems arising during recording of SPSC 
responses was detected. The reason is probably the more complicated 
hydrodynamics of gas flow through the very narrow gap between packing and 
inner column wall. 

 

  
Fig. 10 Shapes of used porous materials [O33] 
 

To verify validity of  Eq. 19, evaluated for cylindrical pellets for a wide 
range of non-standard pellet shapes and sizes [O66], it was necessary to obtain 
non-porous twins of unusually shaped porous pellets (stars, lumps, irregular 
spheres, cylindrical extrudates, trilobes etc.) that could be used for 
independent determined of axial dispersion characteristics. The special liquid 
(Porofil) was used for pore blocking [O33] to hinder the access of tracer- and 
carrier-gases into pores and, thus, to remove the intraparticle pore-diffusion 
process. In this way, the soaked-up pellets behave as non-porous ones. 
Comparison of experimental and calculated Bo-ReSc dependences for 6 types 
of non-porous cylindrical pellets and 9 types of porous pellets with pores 
blocked by Porofil (shapes see in Fig 10) are shown in Fig 11. Similarly as for 
spherical pellets the fit which covers the intervals dp/dc  (0.35, 0.87) and   
(0.42, 0.89) is reasonable good. 
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Fig. 11  Bo – ReSc dependences for cylindrical and irregular pellets;  

                  points –  experimental; lines - calculated [O33] 
 
 It is easily seen that all dependences Bo(ReSc) pass through a maximum 
at ReScopt, which is the great of importance fact. Hence, there exist carrier-gas 
linear velocities, v= (DTC/dp) ReScopt, for which the axial dispersion, ETC, is 
the lowest. This velocity is then suitable for determination of pore-diffusion, 
since the pore-diffusion parameter is least affected and it is determined with 
highest confidence.  
 The corresponding ReScopt product follows from the condition 
d(Bo)/d(ReSc) = 0, Equation (19), i.e.  

 
   opt

o 1 p c 2

ReSc
1 d / d 1 1 /




              
 (21) 

 Use of the obtained correlations for axial dispersion in the SPSC 
arrangement can improve significantly the confidence of pore-diffusion 
characteristic evaluated from responses of SPSC packed with porous pellets of 
unusual shapes. Pellets of these shapes manifest now growing practical 
importance and it is very difficult to obtain for them effective diffusion 
coefficient and/or transport characteristics by other experimental procedures. 
 For evaluation of effective diffusion coefficients and/or transport 
characteristics of porous materials packed in the chromatographic column the 
time-domain matching was applied. The convolution theorem was employed 
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to include effects (characterized by the model parameters), which influence 
the chromatographic peak, into the evaluation process. To increase the 
accuracy of estimated parameters the axial dispersion was evaluated first for 
nonporous pellets by the application of nonadsorbable gases. Next, an 
equation for evaluation of the axial dispersion was formulated based on the 
experimental results. Its validity was confirmed not only for spherical and 
cylindrical pellets but also for a wide range of non-standard pellet shapes and 
sizes. Moreover, it was also confirmed that for any pellets the carrier-gas 
linear velocity for which the axial dispersion is the lowest exists. Thus, this 
velocity is then the best for determination of pore-diffusion characteristics.  

4.4 Effective diffusion coefficients 
 Using the independently obtained Peclet number decreases the number 
of parameters for matching of the porous packing response from four (tdif, Pe, 
o, tc) to three (tdif, o, tc). The tracer adsorption parameter, o, can be 
determined from the difference of first absolute peak moments for two column 
lengths, (’1)col1, (’1)col2. Thus, only tdif and tc have to be determined by the 
time-domain matching; and these parameters are not correlated [O8]. 
 The convection- , tc, and diffusion-, tdif, times followed from the time-
domain fitting. The effective diffusivity coefficient, DTC, that includes 
contributions from the Knudsen diffusion mechanism and molecular diffusion 
mechanism, can be obtained from tdif = (dp/2)2/DTC. MTPM parameters, <r> 
and , are then determined from the Bosanquet formula (22)  

 
m

TC T TC

1 1 1

D r K
 
   D

 (22) 

which includes the molecular diffusion coefficient of the pair C-T, m
TCD , and 

the tracer Knudsen constant KT = (2/3)(8RgT/MT) with the universal gas 
constant, Rg, temperature, T, and tracer molecular weight, MT. Equation (51) 
can be rearranged into the form (23), which permits data evaluation, e.g. by 
the easy graphical method.  
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The obtained diffusion times, tdif, are plotted in co-ordinates tdifKT versus 
m

T TCK / D . Transport parameters, <r> and , are evaluated from the straight-
line slope and intercept. Furthermore, it is possible to determine the ratio of 
contributions of Knudsen and bulk diffusion mechanisms.  
 Thanks to the independently obtained Peclet numbers the diffusion 
parameter could be determined with high accuracy from the time-domain 
fitting. Then, the effective diffusivity coefficient together with transport 
parameters, <r> and were evaluated and the ratio of contributions from the 
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Knudsen diffusion mechanism and molecular diffusion mechanism was 
determined. The significant decrease of the Knudsen diffusion flux with 
growing pore sizes was confirmed for porous material with various structures. 

5 Comparison of methods for characterization of porous solids 
The subject of the following chapter has been solved in the scope of 

projects A4072915 (Complex Textural Characterization of Porous Solids 
Regarding the Mutual Relationship of Different Methods) and 
GA104/01/0546 (Correct Characterization of Porous Solids for Mass 
Transport in Pores) it is based on results summarized in articles O7, O13, O22, 
O25, O40, O75 and doctoral thesis (K. Soukup, Multiphase diffusion in pores 
and validity of Graham law, 2006). 

All the above described methods provide results on textural and 
transport characteristics relevant to chemical/biochemical processes. 
Nevertheless, one of the important aspects is determination of the mutual 
correlation of individual methods as well as evaluation of their validity with 
respect to the complicated material structure. Based on this knowledge it is 
possible to make reliable predictions and the described material characteristics 
can built the necessary chemical-reaction-engineering background for 
complex description of transport-affected chemical/biochemical processes. 
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Fig. 12 Comparison of the pore-size distributions from mercury porosimetry 

(solid lines) with mean pore-radii from diffusion measurements (red 
arrows) [O25] 

 
Firstly, the basic comparison between textural and transport 

characteristics has been done [O39]. The mean pore radii for porous materials 
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with the various bidisperse pore structures (obtained from diffusion 
measurements) are compared with pore-size distributions (PSD) from mercury 
porosimetry and permporometry, see data given in Fig 12. For all samples (for 
description see Table 1) the mean pore radii are either positioned between 
peaks of mercury pore-size distributions closer to the peak of wider pores or 
agree with the peak for wider pores. It follows then, that the gas transport 
takes place predominantly through wider pores and the role of narrower pores 
depends on their size and number. This fact was corroborated in all our other 
studies [O13,O15,O34]. 

It is obvious that although the classic textural analysis methods (e.g. 
high pressure mercury porosimetry, physical adsorption of inert gases) provide 
consistent information on texture characteristics, they take into account all 
pores and partition into transport-pores (pores through which the decisive part 
of mass transport takes place) and blind pores (which contain the surface area 
but are not active in mass transport) is not feasible. Therefore, information on 
pore-size distributions (PSD) obtained from classic textural analyses cannot, 
in general, be used for rational prediction of mass (e.g. gas) transport in any 
processes where only the transport-pores are significant and knowledge of 
transport-pore size distribution is essential.  

Thus, the liquid-expulsion permporometry is the only standard method 
that can give the transport pore PSD curves. This method can provide reliable 
data [O34], however, it is necessary to take into account its limitations; the 
necessity of filling pores by suitable liquid, the long stabilization period for 
thicker materials, or the application very high pressures to expel liquid from 
pores under 50 nm. 

Comparison of transport parameters obtained by the dynamic diffusion 
(the dynamic chromatographic technique) with transport parameters obtained 
by the steady- state diffusion (the steady-state binary/multicomponent gas 
counter-current diffusion) was also thoroughly studied. One would expect that 
transport parameters evaluated by both diffusion methods could be in a good 
agreement. It is mostly true for the evaluated mean transport-pore radii [O34]. 
Nevertheless, the transport parameter,  from counter-current diffusion is 
approximately three times higher then from the chromatographic technique. 
The explanation might partly lie in the definition of this parameter:  is 
defined as the ratio of transport-pore porosity to transport-pore tortuosity. The 
transport-pore tortuosity depends on the actual length of diffusion trajectory 
through the pellet, which differs in counter-current diffusion and the 
chromatographic technique. While in the (steady-state) diffusion method pores 
branching from transport-pores are of no significance, in the (dynamic) 
chromatographic technique they effectively lengthen the diffusion pathway. 
Another effect that can play partly/in addition a role is the fact that in the 
SPSC the whole external surface is available for transport inside and outside 
of the porous pellet. This is not true for cylindrical pellets mounted into the 
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diffusion cell; here only the cylindrical pellet bases are exposed to diffusing 
gases. It is noticeable that transport parameters are effective values, which 
incorporate all details not explicitly defined in the model. The unincorporated 
details, obviously, differ for both types of processes. 

For comparison of transport parameters obtained from diffusion and 
permeation measurements porous materials with various pore structures were 
used. To exclude the influence of material geometry the same pellets mounted 
into the discs were used for both measurements. Deviations between transport 
parameters (<r>d and (<r>p (index “d” stands for diffusion and “p” for 
permeation) lay between 0 - 10% rel. However, the mean transport-pore radii 
from permeation measurements, (<r>)p, were nearly in all cases slightly higher 
than from diffusion measurements, (<r>)d. The reason could lie in the method 
used for (<r>)p determination. From directly evaluated (<r>)p (<r>)p was 
calculated with the use of (p, which followed from (<r2>)p and (<r>)p. 
This approach assumes that <r>2 = <r2> which is true only for (infinitely) thin 
transport-pore radii distributions. Therefore, values of (<r>)p and, 
consequently, of (p have to be looked upon with substantial caution. 
Moreover, the uncertainty of (<r>)p and (<r2>)p depends on the relative 
role of Knudsen transport and molecular transport. 

All our studies point to the main conclusion that the best way for 
determination of relevant characteristics for the chemical-reaction-engineering 
background is the combination of techniques. Of course, sufficient view from 
above on the material characteristics evaluation and judgment is 
indispensable. 

6 Chemical engineering applications of results 
 The topics of this chapter have been solved in the scope of projects 
RFCR-CT-2007-00006 (Hydrogen Oriented Underground Coal Gasification 
for Europe), RFCR-CT-2010-00002 (Hydrogen Oriented Underground Coal 
Gasification for Europe - Environmental and Safety Aspects), FR-TI1/059 
(Utilization of combined thermal desorption and catalytic oxidation methods 
for the solid waste decontamination), TA01020804 (Removal of endocrine 
disruptors from wastewater and drinking water using photocatalytic and 
biological processes) and it is based on results summarized in articles O36, 
O51, O60 and O76 and results obtained thanks to three PhD themes (not 
defended yet; S. Krejčíková, Preparation and characterization of the metal 
oxide thin layers, M. Morozová, Photochemical processes on the titania thin 
layers and L. Spáčilová, Water purification by photocatalytic processes).  
 The last chapter is devoted to the practical utilization of describe 
methods. To show their wide practical impact six examples from different 
areas of chemical engineering are presented. 
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6.1  Determination of effective diffusion coefficients of exhaust 
gases in automotive catalyst 

 Structured catalyst supports are widely used in automotive exhaust gas 
converters [O36]. Small sized channels are contained in monoliths to provide 
large surface area of the car catalytic convertors. Typically both metal and 
ceramic monoliths are used [83,84]. Ceramic monoliths made from cordierite 
with square cross-section channels are employed quite extensively because of 
relatively low production costs [85,86]. The active catalyst is supported 
(washcoated) onto the monolith by dipping it into slurry containing the 
catalyst precursors. A commonly used washcoat material is -Al2O3 with a 
typical surface area of 100 – 200 m2/g. The excess of the deposited material 
(washcoat) is then blown out with hot air and monolith is calcined to obtain 
the finished catalyst [84,86,87]. This process gives thin washcoat layer; 
however, it also results in a variation in thickness around the channel 
perimeter. Although the washcoat layer is thin, pore diffusion can affect 
monolith performance [88-92], and thus need to be included in any realistic 
mathematical model. Therefore, it is necessary to have reliable information on 
the mass transport rate in the porous medium as well as the effective 
diffusivities of exhaust gases in the washcoat layer. 

To obtain the effective diffusion coefficients with relatively high 
accuracy the chromatographic method was employed. True densities of 
washcoat samples ( which were cut from different positions around the 
monolith perimeter) vary more then 10%. The chromatographic technique 
suppressed this problem since the results were averaged over many pellets 
(more then two hundred pellets were packed in columns). The obtained 
transport characteristics [O36] were used for estimation of effective diffusion 
coefficients for CO-N2, CH4-N2 and C3H6-N2 pairs, which are of interest 
world-wide. Such coefficients are only rarely found in the literature. 

6.2 Description of gas transport in strata during underground 
coal gasification 

 The underground coal gasification (UCG) is a method for in-situ coal 
conversion into a combustible gas with a high-energy value [O51].UCG 
minimizes the environmental damages in comparison with the traditional coal 
mining techniques [93]. Several modifications of UCG [94-96] were 
suggested and tested for in-situ production of hydrogen through gasification of 
the unmineable coal seams not feasible by the modern classic mining 
technologies. Especially for the deep coal seams this method seems to be very 
promising.  
During UCG the injected oxidizing mixture (oxygen, air, steam/oxygen or 
steam/air) reacts with coal to form a product gas which is subsequently 
brought to the surface, then cleaned and used as a syngas both for power and 
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fuels production (e.g. hydrogen, synthetic natural gas or liquid fuels) [93]. In 
any case the gases produced in the reaction zones could leak through 
overburden strata. Therefore, the knowledge of the gas transport rates through 
porous layers is essential for project applicability to a wide range of geological 
conditions. Moreover, the coal seams are often situated near the densely 
populated areas which could cause a serious problem during UCG without 
precise appraisal of the gas transport front in time. 
 The direct proportionality of the effective permeability coefficient to the 
effective squared mean pore radius was confirmed. At the same time the effect 
of evaluated pore sizes on rate of gas front movement was lower than the 
effect of the pressure increase. It was also found that the movement of the gas 
front for individual gases corresponds to gas viscosities; the higher the gas 
viscosity the lower the gas transports rate. The front of individual gases will 
move in the order hydrogen > ammonia > methane > hydrogen sulfide > 
carbon dioxide > carbon monoxide. The rate of the hydrogen front movement 
is approximately only twice higher than the movement of CO2 front; 
nevertheless, H2 front appears at the distance lower than one kilometer for the 
highest evaluated pressure after some years. 

6.3 Evaluation of gas transport through nanofiber membranes 
prepared by electrospinning 

 In recent years the practical application (e.g. catalysis, filtration, tissue 
engineering, wound care) of nanofiber membranes has increased tremendously 
[O60]. By electrospinning process, that is the most common technology used 
for nanofiber preparation [97-101], the prepared nonwoven mats include the 
submicron fibers with large surface area per unit mass and also very high 
macroporosity. Density of these materials is usually very low (commonly 
0.01–0.1 g/cm3). Especially, in heterogeneous catalysis nanofiber systems 
(membranes) seem to be promising porous carriers for immobilization of 
homogeneous catalysts based on the biopolymer compounds [97,102,103]. 
Immobilization on the nonwoven mats allows an accurate controlling of the 
catalytic activity and accessibility of the catalyst as well as its recovery from 
the reaction mixture. Sufficiently high specific surface area (ranging from 1–
35 m2/g in dependence on the fibers diameter) together with generally low 
transport resistance of nanofibrous membranes competes with traditionally 
supported porous catalysts. Nanofibrous membranes (Fig. 13) seems to be 
promising supports owing to their fine porous structure, a good pores 
interconnectivity, a high specific surface area and appropriate transport 
properties (generally low diffusion resistance). It must be noted that 
membranes prepared from the layered nanofibers reveal enhanced transport 
properties useful for catalytic processes as well as various separation systems. 
These parameters depend on the fiber diameter, thickness of a membrane, 
weight per a unit area, etc. 



 32

 

  
 

Fig. 13  Nanofiber polystyrene membrane; the thickness is defined 
    by the yellow arrows 

 
Study was focused on optimization of preparation of polystyrene (PS), 

polyurethane (PU) as well sandwich PU-PS-PU nanofiber membranes based 
on knowledge of their structural description and diffusion characteristics. 
Thus, properties of individual prepared membranes can be optimized with 
respect to requirements for individual practical utilization. It was found that 
the diffusion resistance of the polyurethane membrane was much higher than 
that of the polystyrene membranes of the same thickness. The diffusion flow 
resistance increased with the membrane thickness in the whole range of areal 
weights (in kg/m2) for the polyurethane membranes. On the other hand, it 
remained nearly unchanged for the polystyrene membranes with three times 
lower area weight. The diffusion resistance of the sandwich membrane 
correlates well with the diffusion resistance of the pure PU membrane and the 
diffusion transport through the PU membrane is the rate determining step. 
Thus, alternation of PU, PS membrane components together with the PU 
membrane thicknesses can control adjustment of the PS-PU sandwich 
membrane permeability. 

6.4 Preparation and microstructure optimization of iron oxide 
pellets for hydrogen storage 

 There exists a long known approach for hydrogen storage based on the 
steam iron process. By this method, hydrogen storage can be described as a 
reduction of iron oxides to metallic iron by hydrogen [O76, 104-106] (Fe3O4 + 
4H2 → 3Fe + 4H2O) and hydrogen production is achieved through the 
oxidation of iron by steam water (3Fe + 4H2O → Fe3O4 + 4H2). The redox 
cycle of iron oxides can be applied as a new method of storage and supply of 
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hydrogen. In this method hydrogen is not stored directly, because redox cycle 
of iron/iron oxides works apparently as a medium for hydrogen storage. 
Theoretical amount of hydrogen stored as Fe metal is 4.8 wt. %. At high 
temperature and pressure the reaction equilibrium is shifted to the right (i.e. 
hydrogen storage), at lower temperature and pressure the equilibrium is shifted 
to the left (i.e. hydrogen recovery). High repeatability of these cycles can be 
achieved by addition of various additives (e.g. Al2O3) to iron. 
 The iron oxides are prepared by precipitation of aqueous ferric nitrate. 
The addition of aluminium oxide into iron oxides prevents the sintering of 
metal iron and/or iron oxides during repeated redox cycles. Chromatographic 
technique together with classic texture analyses were employed to find the 
optimal porous structure based on the amounts of alumina additive together 
with the optimal calcination temperature for pellets preparation. It was found 
that pellet stability that is essential for repetition of redox reaction and thus, 
process successfulness, depends on the material sintering during process (and 
thus on its texture properties) and can be crucially effected by initial 
calcination temperature. 

6.5 Tailoring of porous materials for environmental applications 
The necessity to find alternative solutions for environmental protection 

leads to the development and use of new technologies. Photo-catalysis using 
semiconductor particles have found increasing concern in the solution of 
global pollution problems [107-109]. Compared to other photocatalysts, TiO2 
and/or doped TiO2 appear to be the most promising material not only in 
advanced oxidation photo-catalytic processes (AOP) [110-112].  

 

 
 

Fig. 14 TEM micro-photograph of the TiO2 crystallite structure 
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It is well established that in the presence of UV light titanium oxide and 
related nanostructure materials can create very active species that are able to 
restore and preserve a clean environment by decomposing harmful organics, 
killing bacteria and viruses and being easily self-cleaned [113-115].Recent 
investigation is focused on the preparation of the specially designed 
photoactive materials and their modified versions with a tailored structure 
suitable for photo-processes carried out upon illumination in the visible and 
UV regions of the light. Tailoring of similar materials must be based on the 
perfect knowledge of material texture. 

A set of doped titania photocatalysts (see Fig. 14) with tailored structure 
was prepared for activity testing in photocatalytic oxidation of 4-Chlorophenol 
(4-CP ) water solution [O72] and photocatalytic reduction of CO2 [O49, O56, 
O78]. The important effect of the catalyst composition and structure on the 
catalytic efficiency was confirmed for both reactions.  

Photocatalytic reduction was carried out in the stirred batch annular 
reactor with suspended catalyst in 0.2 M NaOH solution saturated by CO2 
before irradiation by an 8 W Hg lamp. Dependence of the methane yields 
(after 24 hours of irradiation) on the particle size in the range 4.5 – 29 nm 
during photocatalytic reduction of CO2 was evaluated. The observed optimum 
particle size was a result of competing effects of specific surface area, charge–
carrier dynamics and light absorption efficiency. 

Ag doped TiO2 photocatalysts revealed significantly higher 
photocatalytic activity than pure TiO2 or commercial Degussa catalyst. The 
concentration of 4-CP fell down quickly except for the Degussa catalyst. It 
was verified that degradation of 4-CP over tailored catalysts can run quickly 
under so mild conditions (room temperature, pH 7). Thus, the tested reaction 
system could be promising as the environmentally friendly alternative for 
wastewater purification.  
 

7 Summary 
The thesis summarized research concerning the experimental methods 

suitable for obtaining material characteristics relevant to chemical engineering 
aspects of the gas transport in porous solids that was done since 1991. The 
thesis is based on 78 articles and chapters in books and was supported by 
seventeen projects from various grant agencies. Evaluation of the individual 
unique methods together with their theoretical background and the special set-
up constructions is described including their mutual correlations in connection 
with their practical use.  

The correct evaluation of texture properties from physical adsorption 
measurements for nitrogen as well as argon together with the appreciation of 
individual methods was evaluated and described. The developed unique 
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permporometry method that enables evaluation of the pore-size distribution of 
the flow-through pores was also introduced.  

Evaluation of transport characteristic relevant to transport in pores 
inevitable for any prediction or simulation of gas transport in porous solids, is 
thoroughly discussed. The constitutive equations of two models; the Mean 
Transport-Pore Model (MTPM) and the Dusty Gas Model (DGM), which 
describe combined (diffusion and permeation) transport through the porous 
medium, are collected. Application of Wicke-Kallenbach and Graham 
diffusion cells as well as the pseudo-stationary and dynamic permeation cells 
for the transport characteristics and the effective diffusion and permeation 
coefficient evaluation is shown. 

Advantages and disadvantages of the individual methods with respect to 
their application for chemical engineering calculations, process development 
and design are described together with their possible impact. Besides that the 
chromatographic method with the special evaluation system based on the 
developed interpolation equations that enables determination of the effective 
diffusion coefficients as well as transport parameters for any shape of porous 
materials is also introduced, discussed and evaluated together with its impact 
in the practical use. Finally, the wide impact of the individual methods for the 
practical application is shown for selected examples from different areas of the 
chemical engineering. 
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