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Diffusion is a fundamental irreversible 
transport process and often the rate 
determining step in many industrial and 
natural processes. The backbone of diffusion 
is the precise measurement of diffusion 
coefficients. Still, experimental diffusion 
coefficients are often lacking. There was a 
need for tracer diffusion measurement data 
in ternary system to test the theoretical 
Onsager limiting law and also need for 
diffusion coefficients in porous media to be 
used in a simulation program to predict 
moisture and salt concentration profiles 
under different environmental conditions. 
The diffusion coefficients of common salts 
were measured in porous fired bricks as a 
function of concentration and temperature 
with the numerical computer simulation 
and data analysis. A mathematical model 
was presented. The Diaphragm Cell and the 
Closed Capillary methods developed in this 
thesis are both excellent techniques for the 
diffusion coefficient measurements in 
porous materials. The Onsager limiting law 
was verified for the first time for a 2:1 
electrolyte. 
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   There was a need for tracer diffusion measurement data in ternary MgCl2-NaCl-H2O system
to test theoretical models of electrolytes and also need for interdiffusion coefficients in porous
ceramic materials to be used in a simulation program to predict moisture and concentration
profiles under different environmental conditions. In this work diffusion in aqueous solutions
in absence and presence of porous ceramic brick medium was investigated with the Closed
Capillary (CCM) and Diaphragm Cell Methods (DM). The measuring techniques, the apparatus 
as well the calculation method of diffusion coefficients were developed and optimized. The 
tracer diffusion coefficients of 22NaCl were determined as a function of MgCl2 concentration 
in aqueous solutions at 298.15 K in a large concentration region. The Onsager limiting law 
was verified for the first time for a 2:1 electrolyte. The ionization effect of water was taken into 
account by resolving the relevant Nernst-Planck equations.

   The interdiffusion coefficients of NaCl were measured in ceramic bricks new red brick
(NRB), old light brick (OLB) and old dark brick (ODB). The effect of concentration and
temperature and the salts NaCl, KCl, NaNO3, CaCl2, Na2SO4, MgCl2, Na2CO3 for diffusion
coefficients were investigated. Numerical computer simulation and data analysis were carried
out together to obtain both analytical and numerical solutions. For salt diffusion in fully
saturated brick under isothermals condition a mathematical model was developed.

   In this thesis the CCM was for the first time applied to the measurement of the diffusion
coefficients in a porous medium. By taking the experimentally shown sorbed part of the salt flux
into account, a Freundlich-like adsorption isotherm could be determined with the help of the
calculated adsorption capacity function of NaCl in NRB at 298.15 K. Overall the main  
conclusion of this experimental thesis is that the methods of DM and CCM developed and
optimized here are both excellent techniques for the salt diffusion coefficient measurements
in porous ceramic media. In CCM as an absolute method the porosity of the medium can even
be unknown.
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    Väitöskirjan lähtökohtana oli tarve kokeellisille diffuusiokertoimille ternäärisissä MgCl2-
NaCl-H2O liuoksissa ja binäärisissä yleisissä suolaliuoksissa huokoisissa väliaineissa. Näitä
spesifisiä tracer- ja interdiffuusiokertoimia tarvitaan teoreettisten mallien testaamiseen
elektrolyyteissä sekä parametreinä kosteus- ja suolakonsentraatioprofiileja huokoisessa
väliaineessa erilaisissa ympäristöolosuhteissa ennustavissa simulaatio-ohjelmissa. Näiden 
haluttujen diffuusiokertoimien mittaamiseksi kehitettiin ja optimoitiin suljetun kapillaarin 
(CCM) ja diafragmakennon (DM) laskenta- ja mittausmenetelmiä sekä laitteistoa. 

    22NaCl:n tracerdiffuusiokertoimet määritettiin MgCl2:n vesiliuoksissa konsentraation 
funktiona lämpötilassa 298,15 K. Teoreettinen Onsagerin rajalaki (OLL) todistettiin kokeel-
lisesti ensimmäistä kertaa 2:1 elektrolyytille. Veden ionitulon vaikutus diffuusiokertoimiin 
hyvin laimeissa liuoksissa rajalakialueella osoitettiin sekä kokeellisesti että teoreettisesti 
ratkaisemalla Nernst-Planck -yhtälöt veden ionisaatio huomioon ottaen. Väitöskirjassa 
CCM menetelmää sovellettiin myös ensimmäistä kertaa diffuusiokertoimien määrittämiseen 
huokoisessa väliaineessa.

    NaCl:n interdiffuusiokertoimet mitattiin keraamisissa väliaineissa: uusi suomalainen
punatiili (NRB), vanha vaalea tiili (OLB) ja vanha tumma tiili (ODB). Elektrolyyttien NaCl, 
KCl, NaNO3, CaCl2, Na2SO4, MgCl2, Na2CO3 diffuusiokertoimet sekä konsentraation ja lämpö- 
tilan vaikutus mitattiin. Kokeellisten diffuusiokertoimien, numeerisen analyysin ja
tietokonesimulaation avulla esitettiin matemaattinen malli täysin elektrolyytillä kyllästetyssä
tiiliväliaineessa vakiolämpötilassa. Loppupäätelmänä voidaan todeta, että sekä DM että CCM
ovat kumpikin hyviä ja tarkkoja menetelmiä suolojen diffuusiokertoimien määrityksiin myös
huokoisessa keraamisessa materiaalissa. Absoluuttisena menetelmänä CCM:ssä väliaineen
huokoisuutta ei edes tarvitse tietää.
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1 INTRODUCTION 
 
The term tracer diffusion refers to the diffusion of one species (e.g., atom, ion or 
molecule, which may be radioactive) which has a very low concentration in an 
otherwise uniform solution. Under these conditions, the diffusion of a tracer 
species depends only on its own concentration gradient. In the history of diffusion 
studies, the measurement of tracer diffusion coefficients is a relatively new field. 
The first diffusion coefficient measurements were performed by Graham [1, 2] 
and Fick [3, 4] between 1829-1855, whereas the first tracer diffusion 
measurements only date from 1947-1952 (Adamson, Anderson, Saddington, 
Stokes, Nielsen, Cobble) [5-8]. This research was also preceded by Onsager’s 
pioneering works concerning the microscopic and macroscopic theories of 
diffusion [9-12]. Although subsequently there have been a number of excellent 
studies within the literature concerning tracer diffusion [13-16], data relating to 
thermodynamic and transport properties of electrolyte solutions are insufficient 
[17, 18]. The first critical examination of tracer diffusion data compiled from the 
literature was by Mills and Lobo in 1989 [19], but it is worth noting however even 
in this compilation that the values of tracer diffusion coefficients measured under 
0.1 mol/dm3 are lacking for many salt ions in general electrolytes, whilst values 
under 10 3 mol/dm3 are almost totally absent. 
 
Furthermore, there has been a need for systematic studies of multicomponent 
transport properties experimentally. In particular there have been very few mixed 
electrolyte systems for which all the necessary transport data over a wide range of 
concentration was available [20]. These experimental and numerical values are 
required for the understanding and modeling a wide variety of chemical, 
geochemical, and industrial processes [20, 21]. In addition, the same data is also 
essential in order to be able to calculate and test the theoretical models of 
statistical mechanical electrolytes [22-26]. Experimental mutual diffusion data are 
part of the input information required for calculation of the generalized transport 
coefficients of irreversible thermodynamics [27, 28] such as the ionic Onsager lij 
coefficients [29-31], the Rij friction coefficients [29, 31], and also velocity 
correlation coefficients [32-35]. Numerical values for the generalized transport 
coefficients can, in turn, be used as a guide for extending and refining available 
basic theories and as test systems for developing more accurate approximation 
methods [36, 37]. 
 
In 1984 the NaCl-MgCl2-H2O electrolyte system at 25°C was chosen as a suitable 
ternary aqueous mixture at a temperature of as part of an international 
collaboration between leading laboratories [19, 38]. This higher valence mixture 
provided a more severe test of the then current theories and as a ternary system it 
was also important as a model of seawater, its evaporates and concentrated brines, 
as a typical seawater composition corresponds to a 9.6:1 ratio (0.489 mol/dm3 
NaCl and 0.051 mol/dm3 MgCl2) [39]. Multivalent cations, like Mg2+, also have a 
substantial influence on water structure and dynamics within an aqueous salt 
solution [40] and as a result a number transport property studies in the ternary 
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NaCl-MgCl2-H2O have been performed [19, 39, 41-46]. In contrast, there have 
been only two publications, by Mills et al. [39] and Albright et al. [47], 
concerning tracer diffusion measurements of the Na+ ion in a ternary NaCl-
MgCl2-H2O system. These measurements were done only in the strong supporting 
electrolyte region ([MgCl2] > 0.5 mol/dm3, where the brackets denote molar 
concentration).  
 
One of the aims of this work was to measure the tracer diffusion coefficients of 
Na+ ion in the ternary NaCl-MgCl2-H2O system over a large concentration region 

and to test the Onsager limiting law for 2:1 electrolyte for first time [publication 
I]. In order to explain the tracer diffusion results obtained in the very dilute region 
under 10 4 mol/dm3 of MgCl2 additional binary diffusion measurements were 
performed and the measured binary diffusion coefficients for NaCl at a salt 
concentration of 10 6 mol/dm3 in the NaCl-H2O system were compared to the 
values calculated from the Nernst-Planck equations when taking into account the 
ionization of water. 
 
Over the years a number of different experimental methods have been utilized for 
the determination of the tracer diffusion coefficient. These include: electro 
analytical methods e.g. polarographic and voltammetric methods [18], diaphragm 
techniques, the two capillary techniques, the optical refraction techniques based 
on the Gouy and Rayleigh interference phenomena [48-50] and the NMR spin 
echo method [51-53]. In particular, the latter has been confined to nuclei with 
suitable magnetic moments and it has been used mainly for diffusion experiments 
in inorganic and organic compounds [51, 54] or in electrolyte solutions [18]. In 
electrolyte solutions the Diaphragm Cell [5,55], the Open-Ended Capillary [6,56] 
and the Closed Capillary [57,58] methods have, in the main, been used in the 
determination of the radioactive ion diffusion coefficient. 
 
Nevertheless these techniques have their drawbacks as, both the diaphragm and 
open-ended capillary methods always have a systematic error due to either the 
calibration of diaphragm, (also known as the immersion effect) or the flow of 
inactive solution over the open end of the capillary, the so called L effect [59-
62]. Unlike the previous two methods the set-up of the Closed Capillary Method 
(CCM) means its primary source of error results from the statistical nature of 
radioactive decay [63, 64]. 
 
The first part of the thesis is based on the closed capillary technique developed by 
Passiniemi, Liukkonen, Noszticzius and Rastas [65-69]. In publication I, the CCM 
was further developed and tested. A whole new diffusion cell was designed with 
better temperature control, cell geometry, lead shields and particular emphasis 
was placed on how to calculate the tracer diffusion coefficient from the 
experimental dependence of the pulse counts versus time. The previously used 
calculation based on the Guggenheim Method from reaction kinetics suffered 
statistical problems due to the decreasing pulse counts differences as a function of 
time [70]. Three different methods including the Guggenheim were statistically 
tested with F- and t-tests. Statistical and fittings errors related to these calculation 
methods were evaluated and the method leading to the most exact diffusion 
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coefficient values was determined. The calculation method that provided the most 
reliable diffusion coefficient values was then applied to the tracer diffusion 
measurements of 22NaCl in aqueous MgCl2 (publication I) and also in a study by 
Ahl and Liukkonen [71]. This calculation method was also applied to the 
interdiffusion measurements of 22NaCl in the aqueous NaCl (unpublished data).  
 
The second part of this thesis deals with salt diffusion measurements in a porous 
brick matrix. In the capillaries within brick, aqueous electrolyte solutions can 
cause brick wall deterioration due to changing climatic conditions. The movement 
of salts within brick depending on its water content and these salts may be 
precipitated on the outer wall as efflorescence or concentrated under the paint 
layer covering brick as subfflorescence. This white, powdery crust of crystallized 
salts and other different types of surface damage may appear in brick walls as a 
result of these concentrating salting out phenomena. The effects of temperature, 
moisture and different salt types on the deterioration of brickwork have been 
investigated using salt stress tests on brick samples [72]. In addition, the 
distribution of different salts and their deteriorating effects in bricks have been 
studied [72, 73]. A number of theories of different decay mechanisms in porous 
building materials due to salts and moisture action have been proposed [72-75] 
and the possible sources of efflorescent salts, measures needed to control 
efflorescence, means to remove salting out from the brick wall have also been 
presented. In summary the phenomenon of salt deterioration in porous materials is 
a complicated subject but it is well known and has been reported by many 
researchers [76-81]. 
 
Structure durability determination is an important calculation in building science 
and environmental engineering as porous materials like bricks are commonly used 
in building industry their deterioration by the action of water and salt should be 
predictable. In order to reach this goal, the salt transport process needs to be 
modeled and this requires appropriate experimental transport data. As diffusion is 
an important transport mechanism in porous materials the ability to be able to 
precisely estimate diffusion coefficients is important [82]. However from a study 
of the salt behavior in brick literature, it can be concluded that research in this 
area is minimal.  
 
Most of the related studies in the field of civil engineering are limited primarily to 
specific applications with regard to chloride ion behavior and transport in concrete 
[83-86]. In particular the diffusion coefficients of different salts measured in a 
brick medium as a function of concentration and temperature are needed as these 
coefficients may be used in simulation programs to predict moisture and 
concentration profiles in brick under different environmental conditions. The 
mechanism of salt transport in porous material can be further complicated as in 
addition to diffusion convection, thermal convection, migration, capillary suction 
accompanied by physical and chemical binding of salts on the pore walls and 
possible surface diffusion can also play a role. In order to measure the effect of 
one particular transport process all other transport processes must be excluded 
experimentally or mathematically as in all practical situations - at normal 
pressures - diffusion contributes both to the transport of salts into and within the 

3



brick structures. In publications II and III the diffusion of salt and the diffusion 
measuring techniques in porous brick media are developed and studied. 
 
In publication II a method for measuring the diffusion rate of salt in ceramic 
material is presented and tested with different thicknesses of brick samples and 
different initial salt concentrations. The method is based on the principle of 
porous diaphragm technique first introduced by Northrop and Anson [87] and 
developed by McBain [88], Hartley [89] and Stokes [7]. Originally this method 
was used for measurements of salt diffusion coefficients in aqueous solutions and 
the diffusion cell developed as part of this work is based on equipment designed 
to measure the diffusion coefficient of salt through polymer membranes [90], 
diffusion coefficient of the chloride ion in cementitious materials [91, 93], and 
through bricks [94-99]. During the design of the new diffusion cell emphasis was 
placed on optimizing the geometrical structure, mechanical vibrations and 
temperature control of the cell. In addition polarization effects on the electrodes 
and the leakage of electrolyte over specimen were strictly controlled. By using 
this new cell the interdiffusion coefficient was determined for NaCl in three 
different ceramic brick materials of NRB, OLB and ODB. 
 
In publication III the developed Diffusion Cell Method (DM) was used to 
measure the interdiffusion coefficients for other common water-soluble salts 
found in porous brick media. The interdiffusion coefficients were measured for 
seven different aqueous electrolyte solutions: NaCl, KCl, NaNO3, CaCl2, Na2SO4, 
MgCl2 and Na2CO3. The effect of temperature and concentration on the diffusion 
coefficient in a porous brick medium were investigated by determining the 
diffusivity change of NaCl in new Finnish red brick. The mutual relation between 
the diffusion coefficient in porous brick and the viscosity of the aqueous salt 
solution was analyzed. The concept of salt diffusion coefficient and diffusion 
mechanism inside the isotropic macro-porous brick matrix with a continuous pore 
space is discussed in terms of the pore space characteristics: porosity, a tortuosity 
and a constrictivity factor. 
 
In publication IV more measurements were carried out and measurement data 
with different parameters were studied in a more systematic way. The diffusion of 
salt was studied under isothermal conditions and constant concentration by means 
of diffusion cell measurements and mathematical methods. NaCl was chosen as 
the major salt type, as it is one of the main salt components found in building 
materials. When completely saturated at constant pressure, the convective 
transport can be neglected; hence a pure diffusion mechanism by concentration 
gradient is established. The diffusion coefficient is a fundamental parameter from 
which the transport rate and the depth of salt as a function of time can be 
predicted and calculated. The mathematical methods involve analytical and 
numerical calculations of the diffusion process in combination with measurement 
data. Mathematical model was constructed and its analytical solution was 
obtained. The analytical and numerical data were compared with the measurement 
data and showed a good correlation. 
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Publication V extends the previous work to include more salts commonly found in 
ceramic engineering bricks. As a representative sample a new red brick (NRB) 
manufactured commercially for buildings was selected. Dependence of the 
interdiffusion coefficient on temperature, concentration and other factors was 
evaluated from the measurements. Starting from the previously verified 
mathematical model, the diffusion coefficients for different types of salts and 
effect of temperature and ambient salt concentration on diffusion coefficient are 
presented. Once again analytical and numerical data corresponded with the 
measurements. 
 
Prior to publications II-V, we also applied the analytical and numerical methods 
to study the diffusion of salts in porous brick [100]. However, the measurements 
were performed with the first generation diffusion cell, which had some 
systematic errors and resulted in incorrect diffusion coefficients values.  
 
The diffusion coefficients measured in the presence of a fully saturated 
homogeneous porous brick medium and in the absence of a porous medium in 
free water were compared and discussed with the help of the measured and 
estimated parameters of porosity , constrictivity  and tortuosity . A material 
parameter explaining the relation of diffusion coefficients in the presence and 
absence of porous brick were obtained for the different porous brick media 
investigated. The ranking for the effective diffusion coefficients measured for 
different salts were demonstrated to depend on the solution viscosity ( ) and the 
apparent hydration number (ha) of the salt in porous brick medium. 
 
In the third - yet unpublished - part of this thesis, the CCM was for the first time 
applied to the measurement of an electrolyte diffusion coefficient in a porous 
matrix. The appropriate diffusion cell for porous brick samples with a variable 
counting efficiency was developed using an optimized counting efficiency 
function measured with a two dimensional radioactive 22NaCl plane source. The 
new linear least-square calculation method developed in publication I was applied 
to the measured intensity data I = I(t) and the apparent differential and integral 
interdiffusion and tracer diffusion coefficients of 22NaCl were measured as a 
function of concentration. The apparent integral interdiffusion coefficients 
obtained with this non-stationary-state CCM were compared with the effective 
interdiffusion coefficients measured with the stationary-state DM. It was found 
that both of these integral diffusion coefficients described the binary diffusion of 
NaCl inside porous NRB under the same conditions (c, T, p) and by taking the 
binding of part of the salt flux into account a Freundlich-like adsorption isotherm 
could be determined.  
 

5



2 DIFFUSION PHENOMENA IN 
ELECTROLYTES

 
There is currently a lot of confusion in the diffusion terminology used throughout 
the published literature as the same terms are used interchangeably to mean 
different things resulting in a lack of clarity as to what kind of diffusion has been 
measured. In order to simplify the ambiguous nomenclature the diffusion systems 
in this work are divided into either binary or multicomponent diffusion systems. 
In the binary diffusion system the concepts of self-diffusion and interdiffusion can 
be distinguished, whereas for the multicomponent diffusion system involves 
multicomponent diffusion, tracer diffusion and intradiffusion models.  
 

2.1 Binary diffusion  
 
The term self-diffusion has always been related to diffusion in pure one-
component liquids, i.e. the translational motions of species due to their thermal 
energy. As a result the self-diffusion coefficient is, in effect, a measure of how 
fast molecules diffuse among themselves in a one component system, for example 
the diffusion of water in water. In order to measure a diffusion coefficient in 
practice one has to select particles by labeling in a way that does not change any 
of the associated physical or chemical properties. For self-diffusion measurements 
this typically involves using different enantiomers or isotopes of molecules for 
which the dynamic properties are approximately the same, for instance the 
enantiomers of some organic molecules differ from each other only by their 
optical rotation or in the case of isomers by their mass. In general, one is 
concerned with the effect of isotopic mass on the diffusion process. For ions, the 
effect of the difference in mass of the labeled and unlabeled species is usually 
very small (e.g. 22Na+, 23Na+ and 24Na+) and is not normally measurable within the 
precision of diffusion experiments [101]. Experimental evidence indicates that 
this assumption is reasonable for most systems where the isotopic masses of the 
diffusing components differ by less than 5 % as for greater mass differences, the 
possibility of isotope effects cannot be excluded [13]. In particular there are clear 
differences between the self-diffusion rates of the various isotopic forms of water 
which, in addition to the differences in molecular weight, moments of inertia and 
strength of the hydrogen bonds are significantly altered (e.g. HDO, D2O, HTO, 
H2

18O) and corrections have to be applied to obtain the value for H2O [102, 103].  
 
In essence such labeling results in a binary diffusion system and in principle, any 
system composed of labeled and unlabeled species has to be considered as a 
binary system. According to Weingärtner, only if the labeled species are present 
in trace amounts does the diffusion coefficient become equal to self-diffusion 
coefficient. If the diffusion coefficient measured depends solely on the 
concentration of the labeled species then the term mutual diffusion should be used 
[103]. Longsworth’s [104, 105] measurements on H2O-D2O mixtures indicated 
measurable effects for the ratio of D2O in H2O. In this case the self-diffusion 
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coefficient of water is found by an extrapolation of D2O concentration to zero as 
the real self-diffusion coefficient must be concentration independent.  
 
The other form of diffusion present is the interdiffusion, which occurs between 
the two chemically distinct species within the binary system. There are numerous 
synonyms for interdiffusion coefficients used in the literature including binary 
diffusion, mutual diffusion, salt diffusion, electrolyte diffusion, hetero diffusion, 
chemical diffusion, isothermal diffusion and concentration diffusion coefficients 
depending on the publication and the binary system studied. All of these 
coefficients describe the diffusion of a substance or electrolyte as a whole. If there 
is a salt concentration gradient in a binary electrolyte system then the constraint of 
maintaining electrical neutrality ensures that positive and negative ions move 
from the region of higher to lower concentration at the same speed, hence there is 
only one interdiffusion coefficient in this type of system. Due to the concentration 
dependence of diffusion coefficient, the expressions integral and differential are 
sometimes added as a prefix [106]. The term integral interdiffusion coefficient is 
related to the average value when a large concentration difference involved, 
whereas the differential interdiffusion coefficient term is used when there is a 
much smaller concentration difference. However, the boundary value for when 
concentration difference results in either integral or differential interdiffusion is 
somewhat arbitrary [36, 104].  
 

2.2 Multicomponent diffusion  
 
The most common form of diffusion found in nature and many practical diffusion 
applications is multicomponent diffusion. In the multicomponent diffusion system 
there are more than two components and diffusion processes may involve the 
simultaneous diffusion of many solutes. For example, two electrolytes with a 
common ion in an essentially non-ionized solvent like H2O form a ternary system, 
whereas two electrolytes without a common ion in H2O form a quaternary 
solution for diffusion [36]. In multicomponent diffusion systems the electrostatic 
interaction can cause complex multicomponent effects as instead of a single 
electrostatic interaction trapping one anion and one cation as in a binary case, 
there now is a myriad interactions binding together all the ions in the system. 
 
In addition the concentration gradient of one component can have an influence on 
the diffusion flow of another component as the ion which is the highest mobility 
can either accelerate the movement of oppositely charged ions, or inhibit diffusion 
of similarly charge ions. In some cases such mobile ions can also cause another 
ion to move against its concentration gradient from a region of low into a region 
of high concentration. These resulting multicomponent or ternary effects are 
caused by coupled diffusion with non-zero cross-term diffusion coefficients. For 
example, the use of the solvent mixture water-acetone increases significantly the 
diffusion rate of Na2SO4 when compared to binary case without acetone [107].  
 
The multicomponent diffusion system changes to the tracer multicomponent 
diffusion system as the concentration of one component is allowed to approach 
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zero. In the case of a three-component system, which may be composed both of 
electrolytes and nonelectrolytes, the term ternary tracer system is used. In these 
ternary tracer systems the experiments are easier to perform than in the case of a 
ternary electrolyte system, for example, where four diffusion coefficients are 
required to determine the diffusion. In tracer diffusion experiments a very small 
amount of tracer (which is usually radioactive or somehow possible to identify) is 
added to part of the liquid system that is in equilibrium prior to the addition and it 
is essential that the labeled species is in trace amounts and not isotopic to any of 
the other species in the solution [108]. In the literature for the tracer diffusion 
coefficient is also referred to as the trace ion, single ion and ionic diffusion 
coefficient [19].  
 
In tracer diffusion, the influence of the diffusion potential on the flux of the tracer 
ions is negligible. The species (ions and solvent) in tracer systems have 
independent diffusion coefficients that differ from those of electrolyte diffusion of 
the whole in binary systems. It should also be noted that the tracer diffusion 
coefficients essentially do not depend on the reference frame like cell-fixed or 
Fick's reference frame. Furthermore, since the activity coefficient of the tracer ion 
does not change in a virtually uniform solution, the thermodynamic factor 

, which appears in the equations describing mutual diffusion, 
becomes unity. In tracer ion diffusion the electrophoretic effect is either zero or 
negligible so the relaxation effect is the only long-range interionic force to 
consider due to the extremely low concentration of the diffusing radioactive 
species and the movement of the tracer ion relative to a background of non-
diffusing ions [12, 13, 18, 109].  
 
The third diffusion form in the multicomponent diffusion system is intradiffusion, 
a term first introduced by Albright and Mills [13] to facilitate the description of 
diffusion in certain multicomponent systems. It is defined as the mutual diffusion 
between two chemically equivalent components within a multicomponent system. 
In this context chemically equivalent relates to the negligible differences in 
diffusion between these two components in the system. Usually this is done by 
replacing a portion of one component present by an isotopically labeled form of 
the same component (e.g. NaCl with 22NaCl) and hence the movement of the new 
component maybe followed separately. In some cases the intradiffusion 
coefficient will be numerically equal to the tracer diffusion, however, it should be 
emphasized that the meanings of the two terms differ significantly. In tracer 
diffusion, attention is focused on a diffusing component which may or may not 
have a chemically equivalent component in the system and which is in very low 
concentration in an essentially homogeneous environment. In contrast, in an 
intradiffusion process the intradiffusion coefficient is independent of the ratio of 
the concentrations of the two components and depends only on the sum of their 
concentrations and the concentrations of the other components of the system. 
Moreover, in intradiffusion, the labeled component does not have to be present in 
trace amounts as is essential in tracer diffusion. The term intradiffusion is also 
related to the term self-diffusion, which can be defined as a special case of 
intradiffusion in a two-component binary system [110].  
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3 TRACER ELECTROLYTE SYSTEM 
 
The diffusion phenomena (other than self-diffusion) are caused by a movement of 
substances under concentration gradients in a mixture with respect to each other. 
This movement at a microscopic level in a uniform liquid or solution is caused by 
the rapid random thermal motion of the ions and molecules, whereas 
macroscopically it can be observed indirectly as a Brownian motion. In 
experimental terms in order to measure the diffusion phenomenon a gradient of 
some kind is needed as the driving force for diffusion is the gradient of the 
chemical potential arising from the maximization of mixing entropy. The 
chemical potential is a function of the activity coefficient and the concentration 
and it can be determined by experiments (the activity coefficient usually 
considered to be unity) with respect to the standard chemical potential. However, 
the diffusion flow (flux) of a component cannot be determined directly but rather 
its divergence can be measured from the change in concentration with respect to 
time, . 
 
In purely macroscopic terms substances are treated either as components or ionic 
constituents. A component is a substance which amount can be varied 
independently according to Gibbs phase rule, whereas ionic constituents or ionic 
species (ions) are the charged parts of a component. They are able to move with 
respect to each other although their concentrations cannot be varied against the 
electroneutrality condition. 
 

3.1 Transport equations  
 
The diffusion flow in a fluid mixture of n thermodynamic components can be 
described by using the linear phenomenological transport equations of irreversible 
thermodynamics [10,28,29,111]. It is also possible to use the empirical or 
practical flow equations which are extensions of Fick’s law and involve the 
concentration gradients of the diffusing components and their diffusion 
coefficients Dij. In this thesis the latter formalism has been chosen. 
 
Diffusion is always measured relative to a reference frame and there are a variety 
of reference velocities e.g. number fixed velocity, solvent velocity (Hittorf’s 
reference system) and volume-average velocity (Fick’s reference system) [29]. At 
constant pressure and temperature the diffusion process in a multicomponent 
system can be described by the empirical Fick’s equation generalized to a 
reference frame velocity  [112]: 
 

(1)

 
where  and  are the flux density, concentration and velocity of 
component i, the reference velocity, the main-term diffusion coefficient of 
component i and the cross–term diffusion coefficient, respectively. In this thesis 
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we study diffusion processes in the absence of convection, so that the cell-fixed 
and the Hittorf reference frames become essentially equivalent. For the sake of 
clarity, no superscripts are then used on the flux densities to indicate the reference 
frame. Furthermore, no overhead arrows are written on vector quantities like flux 
densities or velocities. 
 
The Nernst-Planck equations [113-115] are often applied to study electrolyte 
diffusion. They can be derived from the general phenomenological transport 
equations using certain assumptions which are reasonable in the dilute 
concentration range. The Nernst-Planck equations for the ionic flux densities are: 
 

(2)
 
where  and  are the electric mobility and charge number of the 
ionic species i, the universal gas constant, the absolute temperature, the Faraday 
constant, and the electric potential, respectively. The number m of ionic species is 
different from the number of n of components. 
 
The electric potential gradient  includes, in addition to the term caused by the 
external electric field, also the term caused by the internal electrical fields 
produced by the motion of oppositely charged ions (diffusion potential). The 
gradient  can be determined from the local electroneutrality condition and the 
relationship between ionic fluxes and electric current  : 
 

(3)
 

(4)
 
In an infinitely dilute solution (as indicated by a superscript 0) the electrical and 
diffusional ionic conductivities are equal and the Nernst-Einstein equation: 
 

(5)

 
is applicable [115]. The Nernst-Planck equations can then be presented as: 
 

(6)
 
This remarkable fact that the diffusion coefficients of electrolytes can be predicted 
from their electrical properties was first recognized by Nernst [113, 114]. In 
Eq. (5), , and  are the diffusion coefficient and the molar conductivity of the 
ionic species i at infinite dilution, respectively. The limiting molar conductivity  
can be found by extrapolation to the infinite dilution from mobility (the moving-
boundary method) or transport number measurements (the Hittorf method) [116]. 
 

10



3.2 Moderate dilution: MgCl2-NaCl-H2O
 
In the ternary electrolyte system MgCl2-NaCl-H2O, there are n = 3 components 
identified as 0, 1 and 2. Since the concentrations of the two electrolytes can be 
varied independently (at constant temperature and pressure), there are n  1 = 2 
independent electrolyte diffusion fluxes and (n  1)2 = 4 independent electrolyte 
diffusion coefficients. In the finite dilution concentration range considered in this 
section, 10 4 mol/dm3  C  10 2 mol/dm3, the dissociation of water does not need 
to be taken into account.  
 
The Fick diffusion equations for the system MgCl2(1)-NaCl(2)-H2O(0) are: 
 

(7)
 

(8)
 
where , ,  and  are the flux densities and molar concentrations of MgCl2 
and NaCl, respectively. The following relations are deduced between the limiting 
ternary interdiffusion coefficients for the components and the ionic limiting molar 
conductivities and the ionic diffusion coefficients [112]: 
 

(9)
 

(10)
 

(11)
 

(12)
 
where 
 

(13)
 

(14)
 
are the transport numbers of Mg2+ and Na+. Notice that the subscripts 1 and 2 in 
the concentrations refer to the components MgCl2 and NaCl, respectively, and the 
subscripts 1, 2 and 3 in the ionic conductivities and the ionic diffusion coefficients 
refer to the ionic species Mg2+, Na+ and Cl , respectively. Although these relations 
are strictly valid only in dilute solutions, for the sake of clarity no superscripts are 
used on the diffusion coefficients.  
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The ternary system MgCl2-NaCl-H2O becomes a tracer system when the 
concentration of one component vanishes. By allowing C2 to approach zero the 
diffusion coefficients Dij become gradually independent of the concentrations and 
consequently the diffusion coefficients in Eqs. (9)-(12) at C2 = 0 become:  
 

(15)
 

(16)

 
(17)

 
(18)

 
The theoretical diffusion coefficients can be calculated from the values of the 
ionic molar conductivities using Eqs. (15)-(18). With the literature values  = 
106.8 S cm2/mol (literature values vary between 106.1-107.4 S cm2/mol) [117-
120],  = 50.1 S cm2/mol [116] and  = 76.4 S cm2/mol [120] the calculated 
diffusion coefficients are = 1.255×10 5 cm2/s, = 0.144×10 5 cm2/s, and 

= 1.334×10 5 cm2/s. The main term diffusion coefficients  and  are the 
values of the interdiffusion coefficient of MgCl2 and that of the tracer diffusion 
coefficient of the Na+ ion at infinite dilution. In general, the cross-term diffusion 
coefficients are not symmetric i.e.  as shown here with  and  
[108].  
 
The ternary system MgCl2(1)-NaCl(2)-H2O was studied experimentally in 
publication I. Radioactive, -emitting 22NaCl was used as the tracer electrolyte 
and MgCl2 as supporting electrolyte. The cross-term  describes the 
contribution of the concentration gradient of MgCl2 to the diffusion flow of NaCl. 
Since the concentration gradient of MgCl2 cannot drive a coupled flow of NaCl in 
a solution where there is no NaCl, Eq. (17) shows that  = 0 when C2 = 0. 
Therefore, Eq. (8) reduces to: 
 

(19)
 
that is, the diffusion flow  of the tracer NaCl depends only on its own 
concentration gradient  as there are no couplings with other component flows. 
It has also been shown that tracer flow does not depend on the choice of the 
reference system [15, 16]. At infinite dilution, where the ions are far enough apart 
to be without influence on one another, the tracer diffusion coefficient can be 
calculated from Eq. (18).  
 
At finite dilution, where the short-range ion-ion Coulombic interactions must be 
taken into account, the tracer diffusion coefficient  depends on the supporting 
electrolyte concentration C1 = C and there is at present no satisfactory 
fundamental theory for its evaluation [19]. The tracer diffusion coefficient 
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 could be either measured or approximated by using Eq. (12) with 
the  data, if available. Such data is rarely available and, in particular, is 
currently unavailable for the Na+ ion. Estimation of  can be done, for 
example, by applying the purely empirical linear equation, , first 
found by Kohlrausch [121] to describe the variation of the conductivity of strong 
electrolytes with concentration in dilute solutions. By replacing the concentration 
with the ionic strength for conductivity data of ions of higher than univalent type 
the modified Kohlrausch law can be given as [122]: 
 

(20)
 
where k 2 is a coefficient,  
 

(21)
 
is the ionic strength in molarity-scale, and ci and zi are the molar concentration 
and charge number of ionic species i. From Eqs. (12) and (20),  can then be 
presented as [122]: 
 

(22)
 
In 1927 Onsager derived, mainly from the data of Kohlrausch [123], a more 
precise and complicated theoretical equation for the limiting conductivity 
(improving the theory of Debye and Hückel [124, 125]) by including the 
electrophoretic effect in addition to the relaxation effect [11, 126, 127]. Later on 
Onsager also derived a limiting equation for the diffusion coefficient of an ion 
present in trace amounts in an otherwise uniform electrolyte solution [12]. 
Gosting and Harned [128] and Wang [59] subsequently showed that this formula 
could be applied to the case of concentration dependence in tracer- and self-
diffusion. The ionic diffusion theory of Onsager is essentially an extension of the 
Debye and Hückel interionic attractions and repulsions theory of strong 
electrolytes involving the relaxation and electrophoretic effects, which was well 
known from conductivity theory. In deriving the equations Onsager made a 
number of simplifying assumptions of a physical nature and mathematical 
approximations, such as taking only the first term of a mathematical series. This is 
equivalent to neglecting the cross-product of the electrophoretic and relaxation 
effects terms. The expressions of Onsager are therefore only strictly valid as 
limiting equations and may be expected to hold only for very dilute solutions. For 
symmetrical, singly charged 1-1 electrolytes the theory will restrict the molarity to 
C  10 2 mol/dm3 and unsymmetrical multi-charged electrolytes to even 
C  10 3 mol/dm3 [129], hence the theory is not extendable to concentrated 
solutions. 
 
In a tracer diffusion system the activity coefficient is practically constant, the 
diffusion potential and electrophoretic effects are negligible and the relaxation 
effect can be calculated. For example, in the case of an ion whose transport 
number is very small the Onsager general limiting law, which varies with 
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different types of electrolytes, can be expressed for the tracer ion in the form of 
[113]: 
 

(23)

 
where r, and  are the relative permittivity of the solvent and the mobility 
function. The prefactor of the brackets in the right hand side of this equation is the 
limiting value of the diffusion coefficient of the tracer ion. The second negative 
term express the time of the relaxation effect and the coefficient of the square root 
of the ionic strength is the theoretical limiting slope. The definition of the 
dimensionless mobility function  is rather complicated, especially in the 
general case of Onsager’s treatment as it is a function of the mobilities and 
valences of all the various ions present. Gosting and Harned [128] show that it can 
be expressed in the terms of the limiting molar conductivities  and charge 
numbers zi of the ions. Here the function is expressed with three kinds of ions 
present, Mg2+(1), Na+(2) and Cl (3), as:  
 

(24)

 
Using the previously given literature values for the ionic molar conductivities at 
infinite dilution, the value of the mobility function becomes = 0.433. 
 
The Onsager Limiting Law (OLL) can be given for the diffusion coefficient of the 
tracer ion Na+(2) in an aqueous MgCl2 solution at 25 °C in the form: 
    

(25)
  
where we have used that  = 3C1 is the ionic strength of the MgCl2 supporting 
electrolyte. 
 

3.3 Very dilute solutions: MgCl2-NaCl-HCl-H2O
 
In the concentration range C  10 4 mol/dm3, the concentration of the OH  and H+ 
ions (or more precisely H3O+ ions) may become comparable with that of the 
electrolyte ions in aqueous solutions. Here we study again the system MgCl2-
NaCl-H2O at 25 ºC, but now the dissociation of water 
 

(26)
 
is taken into account. Due to the high mobilities of the hydrogen and hydroxide 
ions their effect could be detectable at concentrations considerably higher than 
10 7 mol/dm3. Especially, if there is a spatial pH change from neutral to acidic or 
basic during the experiment, the cross-term contributions could become 
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significant. Usually the issue of water dissociation is neglected in diffusion 
measurements as they are rarely performed below concentrations of 10 2 to 10 3 

mol/dm3 [19].  However, Mills [130] made a series of experiments at 
concentration between 2 × 10 5 and 3 × 10 8 mol/dm3 and these comprised 
interdiffusion measurements of 22NaCl and Mg82Br2 electrolytes diffused out of a 
capillary into pure water. In both cases the effect of water ionization on the 
measured integral binary diffusion coefficients became noticeable at 
concentrations below 10 4 mol/dm3. These experimental results of binary 
diffusion measurements were then subsequently analyzed by Woolf et al. [131], 
Woolf [132] and Passiniemi et al. [133]. 
 
For two fully dissociated electrolytes in partially ionized water, the number of 
independent components is n = 4: MgCl2(1), NaCl(2), HCl(3) and H2O(0). Then, 
there are n  1 = 3 three fluxes and (n  1)2 = 9 diffusion coefficients. It is 
assumed that there exists no isotope effect, i.e., the difference between the 
diffusion coefficients of the radioactive 22NaCl tracer and the inactive 23NaCl is 
immeasurable within the precision of the experiments [101]. The Fick equations, 
Eq. (1), for this system are: 
 

(27)
 

 (28) 
 

(29)
 
The following relations between the component diffusion coefficients in Eqs. 
(27)-(29) and the ionic diffusion coefficients can be derived: 
 

(30)
 

(31)
 

(32)
 

(33)
 

(34)
 

(35)
 

(36)
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(37)
 

(38)
 
where the values i = 1, ..., 5 of the subscript in the ionic diffusion coefficients  
refer to the ionic species Mg2+, Na+, H+, Cl  and OH , respectively; the same 
applies below to the ionic molar conductivities . 
 
In addition, the Nernst-Einstein equation, Eq. (5), was used to relate the molar 
conductivity and the diffusion coefficient. The literature values used for the 
equivalent molar conductivity of hydrogen and hydroxide ions were:  
349.8 S cm2/mol and  = 197.6 S cm2/mol [134]. The nine theoretical diffusion 
coefficients calculated from Eqs. (30)-(38) at 298.15 K are given graphically in 
Fig. 1 for constant C2(NaCl) and C3(HCl) concentrations as a function of MgCl2 
concentration. The negative diffusion coefficients  and  are multiplied by 

1 and the diffusion coefficient  is divided by 5 in order to get them on the 
same scale with other diffusion coefficients. The ionic diffusion coefficient  of 
the hydrogen ion is relatively large value because of the rapid proton jump 
mechanism [108]. Since  and  are proportional to , they are also 
relatively large. The negative cross-term diffusion coefficients indicate the reverse 
coupling effect between the diffusion currents of salt ions and the hydrogen ions. 
 

 
Fig. 1. The nine diffusion coefficients Dij of the quaternary MgCl2-NaCl-HCl-H2O system 
calculated at 25 °C as a function of the concentration of the supporting electrolyte of 
C1(MgCl2). The concentrations of NaCl and HCl are held constant at a typical 
experimental values of C2 = 0.341×10 6 mol/dm3 and C3 = 1×10 7 mol/dm3. 
 
The diffusion flow of NaCl is , Eq.(27). 
Figure 2 shows the diffusion coefficients ,  and  calculated from the 
ionic diffusion coefficients and from the Onsager Limiting Law, Eq.(25), for 
MgCl2 concentrations lower than 10 4 mol/dm3. The coefficient  describes the 

D i
j

C
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effect of the concentration gradient of HCl on the flow of NaCl. Due to the large 
negative value of  this effect can be quite pronounced even with a small . 
The main-term diffusion coefficient, , which describes the contribution of the 
concentration gradient of NaCl to its flow, increases with decreasing MgCl2 
concentration.  
 

 
Fig. 2. The diffusion coefficients of the NaCl diffusion flow in the quaternary system 
MgCl2-NaCl-HCl-H2O calculated at 25 °C as a function of the supporting electrolyte 
concentration, C1(MgCl2). The concentrations of NaCl and HCl are held constant at 
typical values of C2 = 0.341×10 7 mol/dm3 and C3 = 1×10 7 mol/dm3.  
 
Let us consider the behavior of the Onsager Limiting Law at infinite dilution with 
the effect of water ionization. In Onsager’s general treatment [12] water is 
considered as a structureless solvent that acts as either a provider of the volume in 
which the solute particles move or conductor medium for the mobile ions with a 
dielectric constant r. The ambient electrolyte with all the ions present can still be 
taken into a consideration in the limiting equation with the mobility function 
Eq. (24) and with the ionic strength Eq. (21). Here the functions  
and  can be expressed with Mg2+(1), Na+(2), H+(3), Cl (4) and 
OH (5) ions and with Na+-ion tracer as follows:  
 

(39)

 
(40)

 
where  is ionic equivalent conductivity, and C1, C2, and C3 are the 
concentrations of the supporting electrolyte, the tracer electrolyte and HCl, 
respectively. In this case, the mobility function has a value of  = 0.240 
compared to a value of = 0.433 in the previous case, where the ionization 
effect of water is neglected. The value of the ionic strength is significantly 
dependent on the concentrations of ambient ions. At neutral or near neutral pH the 
ionization effect of water is greater for  than for . By using Eq. (39), the 
coefficient k in Eq. (25) for  when water dissociation is taken into account is k 
= 0.240×10 5 (cm2/s)(mol/dm3) 1/2, which is smaller than the value k = 

D i
j

C
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0.358×10 5 (cm2/s)(mol/dm3) 1/2 corresponding to no water dissociation. The ionic 
strength to be used in Eq. (22) when water dissociation is considered is that in 
Eq. (40), but it can be approximated by Ic  3C1 for 6 < pH < 8 just like in 
Eq. (25). The Onsager Limiting Law (OLL) with and without the effect of the 
water ionization is presented in Fig. 3 with the tracer diffusion coefficient D22 
plotted as a function of the ionic strength of the ambient electrolyte.  
 

 
Fig. 3. The diffusion coefficient D22 in the system MgCl2-NaCl-HCl-H2O calculated from 
Nernst-Planck equations as a function of the ionic strength. The concentrations of NaCl 
and HCl are C2 = 0.341×10 6 mol/dm3 and C3 = 10 7 mol/dm3. The straight lines are the 
OLL: DNa

+/(10 5 cm2/s) = 1.334  0.358 [Ic /(mol/dm3)]1/2 and the OLL with the effect of 
ionization of water (OLL2): DNa

+/(10 5 cm2/s) = 1.334  0.240 [Ic /(mol/dm3)]1/2 at 25 °C. 
 
The quaternary electrolyte system MgCl2(1)-NaCl(2)-HCl(3)-H2O(0) becomes a 
quaternary tracer system when the NaCl concentration C2 approaches zero. The 
cross-term diffusion coefficients D21 and D23 in Eqs. (33) and (35) tend then 
towards zero and Eq. (34) leads to , which calculated at 25°C as 

= 1.334×10 5 cm2/s using the Nernst-Einstein equation and the limiting 
conductivity of the Na+ ion = 50.1 S cm2/mol. Equation (28) reduces then to 

. This result is the same as seen previously in the ternary tracer 
electrolyte system, however the above quaternary tracer electrolyte system can 
only implemented theoretically by reducing C2 to zero mathematically. The 
challenge is to prove the OLL experimentally with measurements at infinite 
dilution. Nevertheless, it is not possible to measure the diffusion coefficient D22 
with zero tracer concentration and to prevent the effect of ionization of water at 
infinite dilution. In addition, the ratio C2/C1 increases with decreasing supporting 
electrolyte concentration and can cause couplings between diffusion flows due to 
the low specific activity available for the 22Na tracer. With lower tracer 
concentrations the measured pulse amounts are not high enough to satisfy the 
required levels of accuracy and precision. 
 
The ionic diffusion coefficients for the NaCl tracer flux density, Eq. (28), were 
calculated at different concentrations C1, C2 and C3 at C1  10 4 mol/dm3, using 
the relations with the ionic diffusion coefficients that can be derived from the 
Nernst-Planck equations. The calculated values of Dij are given in Table 1 and the 
main diffusion coefficient D22 is also displayed graphically in Fig. 4. 

D
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Fig. 4. Calculated diffusion coefficient D22 at 25 °C in the system MgCl2-NaCl-HCl-H2O 
as a function of the NaCl concentration. The HCl concentration is C3 = 10 7 mol/dm3. The 
straight line marked as OLL2 is D2/(10 5 cm2/s) = 1.334  0.240 [Ic /(mol/dm3)]1/2. 
 
As it can be seen from Table 1 and Fig. 4, the calculated  are higher than those 
given by OLL and the cross coefficients  and  deviate from zero. These 
changes from the ideal quaternary tracer electrolyte system increase as a function 
of decreasing C1(MgCl2) concentration. The possible difference between the 
calculated and measured values of  may result from measurement inaccuracies 
within the diffusion capillary system, which develops unknown concentration 
gradients of  and . These gradients then contribute with the non-zero 
diffusion coefficients of  and  to the NaCl tracer flow. The measurements 
presented in the following chapters are interpreted according to this theoretical 
background with the help of the Nernst-Planck equations applied to the ionic 
flows in the infinite dilute concentration. 
 
Table 1. Diffusion coefficients D21, D22 and D23 of the NaCl flow in the system of 
MgCl2-NaCl-HCl-H2O calculated at 25 °C at different concentrations of MgCl2 (C1), 
NaCl (C2) and HCl (C3). The units of the concentrations Ci are 10 6 mol/dm3 and those of 
the diffusion coefficients Dij are 10 5 cm2/s.

D21 C3 = 0.1    C3 = 1    C3 = 10    
 C2 = 0.1 0.5 1 5 C2 = 0.1 0.5 1 5 C2 = 0.1 0.5 1 5 

C1 = 0.1 0.142 0.460 0.640 0.929 0.028 0.128 0.229 0.610 0.003 0.015 0.030 0.135 
C1 = 1 0.041 0.176 0.301 0.700 0.019 0.088 0.162 0.502 0.003 0.014 0.029 0.129 

C1 = 10 0.005 0.024 0.048 0.202 0.004 0.021 0.042 0.181 0.002 0.010 0.019 0.088
C1 = 100 0.001 0.003 0.005 0.025 0.001 0.003 0.005 0.025 0.000 0.002 0.004 0.021 
D22 C3 = 0.1    C3 = 1    C3 = 10    

 C2 = 0.1 0.5 1 5 C2 = 0.1 0.5 1 5 C2 = 0.1 0.5 1 5 
C1 = 0.1 1.372 1.456 1.503 1.580 1.342 1.368 1.394 1.495 1.335 1.338 1.342 1.370 
C1 = 1 1.345 1.380 1.414 1.519 1.339 1.357 1.377 1.467 1.335 1.338 1.342 1.368 

C1 = 10 1.335 1.340 1.347 1.387 1.335 1.340 1.345 1.382 1.335 1.337 1.339 1.357 
C1 = 100 1.334 1.335 1.335 1.341 1.334 1.335 1.335 1.340 1.334 1.335 1.335 1.340 
D23 C3 = 0.1    C3 = 1    C3 = 10    
 C2 = 0.1 0.5 1 5 C2 = 0.1 0.5 1 5 C2 = 0.1 0.5 1 5 

C1 = 0.1 0.565 1.832 2.546 3.700 0.079 0.355 0.632 1.687 0.008 0.042 0.083 0.371 
C1 = 1 0.161 0.699 1.170 2.787 0.052 0.244 0.450 1.388 0.008 0.040 0.078 0.354 

C1 = 10 0.020 0.097 0.190 0.804 0.012 0.059 0.116 0.501 0.005 0.026 0.052 0.244 
C1 = 100 0.002 0.010 0.020 0.099 0.001 0.007 0.014 0.068 0.001 0.006 0.012 0.059 
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4 BINARY DIFFUSION IN POROUS 
BRICK MEDIA  

 
In this chapter the diffusion in a binary salt-H2O system in porous brick media is 
studied. The effect of brick material, its mineralogical composition and the 
geometry of the pore structure on porous brick media diffusion are discussed. The 
binding of ions on the surface of brick pores and the possible influence on the 
measured diffusion coefficient are examined. 
 

4.1 Fired brick materials 
 
One of the scopes of the present thesis was to develop measurement techniques 
for diffusion in bricks and to determine yet unknown salt diffusion coefficients in 
brick matrix under different environmental conditions. From the point of view of 
the diffusion coefficients measurement the brick matrix can be considered to be 
like a black box without any precise knowledge of its mechanical or chemical 
structure. However, to understand the diffusion mechanisms and to describe the 
salt diffusion processes inside the porous brick it is still necessary to look at the 
properties of the brick matrix.  
 
Historically brick making depended completely on manual labor, from quarrying 
the raw material through forming the brick to firing it, in contrast, modern brick 
making is a highly industrialized process raw materials, shaping techniques and 
firing cycles differ greatly in industrialized processes, but the quality is higher and 
the brick are more homogenous than ever before.  
 
The raw material for brickmaking is clay or shale. Shale is hard and rocklike 
material but when ground and mixed with water it reverts to the consistency of 
soft and plastic clay. The most important minerals in clay are quartz sand grains, 
aluminum and iron oxides/hydroxides and different clay minerals [75,135]. The 
iron oxides - FeO, Fe2O3, Fe3O4 - and hydroxides - Fe(OH)2, Fe(OH)3 - and 
related compounds are the main reason for the formation of different red colors 
during the firing process. Chemical analysis of Finnish clay shows that the most 
important components in Finnish brick raw materials are (mean values from 
literature): SiO2 (59%), Al2O3 (16%) and Fe2O3 (6%) with minor components 
including: FeO, MgO, CaO, Na2O, K2O and H2O (approximately 3 % of each) 
[72,136-138].  
 
Diffusion measurements were performed using 3 different ceramic brick materials 
including old dark brick (ODB) and the old light brick (OLB), which represent 
brick materials found in old masonry and the new Finnish red brick (NRB) as an 
example of modern brick material. The elemental analysis of the modern NRB is 
displayed in Fig. 5. Prior to analysis the bricks were purified and dried to a 
constant weight as outlined in the publication II. The concentration of elements on 
the surface prior to any experiment was analyzed by SEM-EDS (Scanning 
Electron Microscope - Energy-Dispersive X-ray Spectroscopy) using a 12 keV 
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beam energy at 5 mm intervals along the carbonated brick surface. The analysis 
beam area was about 0.5 mm2 at a magnification of x100 and duplicate points 
were measured to ensure reproducibility. Results of the main elements found are 
given as mean values based on three different specimens from the broken surface 
of the brick. The element analyses made for the brick specimen used in this work 
concur with chemical analyses of typical Finnish clay used as the raw material for 
brickmaking and there was no chloride contaminants e.g. as a form of NaCl 
detected prior to exposure to the electrolyte used in the diffusion experiments. 
 

 
Fig. 5. Concentrations of the main elements analyzed from the broken surface of NRB, 
expressed as mass fraction. Analysis was performed with SEM-EDS for three pure 
specimens with duplicate points at different locations. Mean value is given.  
 

 
 

Fig. 6. SEM microphotograph taken from the surface of the pure uncontaminated ceramic 
NRB. The scale bar is 30 m and magnification ×300. 
 
The SEM images obtained for NRB are presented in Figs. 6-9. In Fig. 6 the 
micrograph from the surface of pure and dry untreated brick is presented. Figure 7 
shows a brick surface, which has been soaked in concentrated NaCl solution and 
dried prior to the SEM micrograph. The effect of NaCl sorption (see Section 4.4 
below) on the surface structure of ceramic brick medium can be seen from the 
micrographs displayed in Figs. 8 and 9 at two different magnifications. Here the 
brick specimen was immersed in concentrated NaCl solution then rinsed with 
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water for 24 h in order to remove any soluble salt. Some NaCl salt residue was 
still detectable on the brick surface as can been seen from the NaCl crystal 
structure in Fig. 9 (at ×5000 magnification). The porosities of the NRB samples 
taken from the same brick featured in these images were about 0.23.  
 
The other structural characteristics of the porous brick materials used in this work 
are given in publication II. From these mean literature values it can be seen that 
porosity, the specific internal surface area and pore-size distribution are all 
interrelated. The smaller the pore-size of the brick medium, the larger the inner 
pore surface area and the porosity values are, respectively. This relationship is not 
universal but it is true of the brick materials examined in this thesis. 
 

 
 

Fig. 7. SEM microphotograph taken from the surface of ceramic NRB soaked in 
concentrated NaCl solution. The scale bar is 30 m and magnification ×300. 
 

 
 

Fig. 8. SEM microphotograph taken from the surface of ceramic NRB soaked in 
concentrated NaCl solution then rinsed with water for 24 h. The scale bar is 30 m and 
magnification ×300. 
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Fig. 9. Same material and conditions as in Fig. 8, at magnification ×5000. 

 

4.2 Porosity  
 
The most important physical features of the brick medium from the point of view 
of diffusion are the pore structure characteristics like porosity, pore-size 
distribution, pore geometry and connectivity between the pores [139]. The pore 
structure and morphology of brick is mainly formed during the drying process of 
the clay. The rest of the latent water and the OH  groups from the clay minerals 
are liberated and any organic material is burned during the firing process. 
Depending on how high this firing temperature is the porosity of dark fired bricks 
is smaller than the porosity of the normal or light fired bricks as with increasing 
firing temperature the pores become coarser and porosity decreases. 
 
The typical pore size distribution - determined by mercury intrusion porosimetry 
(MIP) [140] - for NRB varies within 95% between pore radius of 0.45–1.8 m 
(rmean =1 m). For OLB the pore radius was observed to be between 0.01-1 m 
(rmean =0.04 m) and for ODB between 0.1-30 m (rmean =8 m), respectively.  
Although MIP is a fast and easy technique, it can be inaccurate as it overestimates 
the fine pore volume and an underestimates the wide pore volume of the pores 
(the ink-bottle effect) [141, 142], however no other pore-size distribution 
determination for Finnish NRB was found. Previously Nielsen [75] has used both 
the digital image analyzing (DIA) techniques with the scanning electron 
micrographs and MIP-techniques to determine the pore-size distribution of new 
British red brick. The results showed that the pore-size distribution determined 
with DIA-techniques gave slightly higher pore radius values, as expected, but that 
the form of the distribution was unchanged. 
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The porosity  (also denoted as eff [93]) is defined as volume fraction accesible to 
the diffusing ions, i.e. the fraction of the brick volume that contains solution 
 

(41)
  
The approximation in Eq. (41) follows from the assumption of homogeneous 
mean pore structure. That is, the mean area fraction of the pores on any cross 
section is approximately independent of the x coordinate. In other words, in any 
thin slice along the diffusion direction, the tortuosity is approximated as unity. 
 
The porosity was determined for each brick material. The water saturation method 
was used where one end of the brick specimen under investigation was exposed to 
ion exchanged water at a temperature of 25 °C. The water soaked into the brick 
sample capillaries until fully saturated and then weighed. In order to ensure 
complete removal of all the air from the pores the sample was then placed 
connected to vacuum pump whilst immersed in ion exchanged water, then 
weighed again. Finally the sample was left immersed in the water for 24 h to 
ensure filling of any pores still containing entrapped air. After a constant weight 
was attained (which usually was reached even without using the vacuum pump for 
the more coarse porous materials NRB and ODB) the porosity of the individual 
sample was calculated from the volume and the mass change of the specimen. The 
porosities determined for NRB were usually between 0.21-0.26; for ODB between 
0.12-0.20 and for OLB between 0.28-0.31, respectively. 
 
The measured values of the water-saturation porosity show a good correlation to 
the results found by Nielsen [75]. Even though in this study the pore-size 
distributions measured with DIA techniques differed from that determined with 
the MIP techniques, the porosities measured by these two methods were similar to 
each other and also with the porosities determined by the water saturation method. 
Although this comparative investigation was performed using new British red 
brick (  = 0.28-0.29) the result is assumed to also apply to NRB. 
 
In principle with some materials both the MIP and DIA techniques could give 
higher values for the porosity due to the inclusion of possible dead end pores and 
enclosed cracks as it is difficult to discern between these through-pores. The 
advantage of the water saturation method is that it is immune to these usually air 
filled dead end pores with have no straight connection to the surface. This is 
critical as only the through-pores contribute to the transport properties of the 
diffusion in brick medium [143], therefore the open or the effective porosity eff 
determined by water saturation is the best way to measure the volume fraction of 
the brick specimen accessible to the diffusing ions. 
 

4.3 Tortuosity factor  
 
There has been a lot of discussion about how to relate the diffusion coefficient 
measured in the presence porous medium, Dp, to the diffusion coefficient 
measured in the absence of porous medium, Da. The empirical fact is that the 
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diffusion coefficient can be very different for different porous media and differ 
greatly to that measured in the absence of porous medium. This is a complicated 
subject and the discussion here will be restricted to bulk unidirectional binary salt 
diffusion in homogeneous, isotropic, macroporous and fully aqueous solution 
saturated media with a continuous pore space. Hoogschagen [144] denoted the 
ratio Q = Dp/Da as diffusibility. In order to predict the diffusibility many 
equations have been proposed most of which are based on pore space models or 
empirical correlations like giving Q as a unique function of the porosity . In 
addition, pore space characteristics like the constrictivity  and the tortuosity , as 
well as interaction parameters like the interaction coefficient , have been 
presented as parameters for the diffusibility equation. Many variants of this 
function Q = f( , , , ) are presented in the literature but so far no universally 
accepted material parameter or matrix factor function has been determined. 
 
The constrictivity  describes the form of the pores and accounts for the fact that 
the cross section of a segment varies over its length. The tortuosity  takes account 
of the length of the tortuous diffusion path in the porous medium. Usually  is 
defined as the ratio of the real diffusion path to the shortest distance between the 
end and start points of the path in the porous medium. However, throughout the 
literature there are a number of variations for tortuosity including the inversion of 
the previous definition and terms like apparent and real tortuosity are used [143-
147].  
 
The interaction coefficient  is thought to account for the influence of the 
overlapped interaction force field exerted by the pore walls on the diffusing ions 
and molecules in the pores. The effect of this kind of a parameter is diminished if 
the number of collisions between the ions and molecules is significantly greater 
than the number of collisions with the pore walls. The interaction coefficient  is 
therefore also dependent on the ratio of the pore size to the diffusing species and 
solvent molecules as well as the concentration and ionic charge dependent 
effective thickness of the surface layer (the Debye length 1).  
 
One commonly utilized form of diffusibility is Q =   2 as defined by Brakel 
and Heertjes [148]. This type of geometrical factor has been used in many 
diffusion coefficient measurements made, for example, in porous matrices like 
crushed rock, cementitious materials and concrete [149]. In the case of porous 
ceramic brick only one expression for the function of Q was found [94] and 
involved a comparison of the ratio of the diffusion coefficients measured in NRB 
and in bulk water Q =    for which a value of  1/7 was obtained. As there was 
no determination of the factors  and  in the article and based on the diffusion 
measurements outlined in this thesis the given relationship would seem to be 
incorrect. In addition, the equation also overestimates the interaction phenomena 
that are not a critical consideration in macro porous brick. 
 
As there was no possibility to determine the constrictivity factors or the 
interaction coefficients for the ceramic brick media (and no similar investigations 
in the literature) it was decided to evaluate the material in terms of tortuosity 
values instead. These tortuosity measurements were done by comparing the 
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conductivity of the solution in absence of the porous brick to the value measured 
in the presence of the brick medium. The hypothesis was that the parameters 
affecting the impedance or conductivity through the brick are the porosity and the 
tortuosity. By knowing the porosity and the conductivities, the tortuosity could be 
calculated by the equation [150]: 
 

(42)

 
where R is the impedance and  is the conductance. The subindices p and a refer 
to the presence or absence of porous brick, respectively. 
 
The cell constant k = L/A of the conductivity apparatus (Consort K320) measuring 
chamber was 3.720 cm-1 determined with 0.01 mol/dm3 KCl solution (  = 
1413 S/cm) at a constant measuring temperature of 25.00±0.05 °C. The 
calculated tortuosity values for the various bricks in different salt concentrations 
C are given in Figs. 10 and 11. The calculation involved measuring five points 
within the concentration region of 10 4 to 1 mol/dm3 and the results give a 
tortuosity value - via the least-square method with  as a linear function of lnC 
with correlation coefficients of 0.908-0.967 for different salts (Fig. 10) and 0.966-
0.997 for the different brick materials (Fig. 11). The plots of  vs. C1/2 show a 
sharp decay below C  0.01 mol/dm3 and the calculated tortuosity becomes less 
than unity at C  0.001 mol/dm3. 

 
Fig. 10. The tortuosity  of NRB in different electrolytes at 25 °C. The fitting curve, fit1 
is a nonlinear logarithmic regression fit with 5 measurement points in the concentration 
region of C = (10 4-1) mol/dm3. The fitting line, fit2 is a linear regression fit with only 3 
points in the concentrated region of C = (0.01-1) mol/dm3. The measurement points 
shown are mean values. 
 
This result implies that in more dilute solutions (  0.01 mol/dm3) charge 
increasingly passes through the surface double layer, which has smaller 
impedance when compared to bulk solution. The surface charge (negative in 
NRB) increases the electrical conductivity of porous material the more dilute the 
electrolyte solution in the pores [150]. This is possible because the Debye length 
increases sharply below an electrolyte concentration of 0.02 mol/dm3 and 
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moreover the Debye length for a 1:1 type of electrolyte is always larger than that 
of a 1:2 type of electrolyte. The smallest values for the tortuosity were calculated 
for the 1:1 type electrolytes KCl and NaCl, while the calculated tortuosity curve 
for CaCl2 was not so pronounced. The influence of the effective thickness of the 
double layer (the Debye length 1) in the dilute concentration region can also be 
seen in the calculated tortuosities in the different brick materials. The smallest 
values were calculated for the OLB with the smallest mean pore radius of rpore = 
40 nm and the largest surface to volume ratio (A/V = 2/rpore) whereas the highest 
values were calculated for the ODB with the largest rpore = 8000 nm and the 
smallest surface to volume ratio. 
 

 
Fig. 11. The tortuosity  of ODB, OLB and NRB as a function of NaCl concentration at 
25 °C. The fitting curve fit1 is a nonlinear logarithmic regression fit with five 
measurement points in the concentration region between 10 4 and 1 mol/dm3. The fitting 
line fit2 is a linear regression fit with only three points in the concentrated region between 
0.01 and 1 mol/dm3. The measurement points shown are mean values. 
 
Calculated tortuosity values  < 1 have been reported when surface diffusion has 
been significant [151, 152]. This demonstrates that there is a connection between 
the electrical and diffusional mobilities and the effective thickness of the double 
layer in dilute electrolyte concentrations as the unexpected surface diffusion may 
increase the measured diffusion coefficient in a porous medium, the surface 
conductivity may also increase the measured conductivity giving  < 1, see 
Eq. (42). In order to exclude the possible effect of the surface conductivity the 
tortuosities were finally calculated only with 3 points from a concentration 
between (10 2 - 1) mol/dm3 and the correlation coefficients with the linear least-
square method were 0.900-0.991 for different salts (Fig. 10) and 0.818-0.991 for 
different brick materials (Fig. 11), respectively. 
 
The mean value of the tortuosity calculated at 25 ºC by the conductivity method 
was taken from the linear fitting region and designated as apparent tortuosity, a. 
In the electrolyte concentration region between 0.01 and 1 mol/dm3, their 
measured values were: 2.9 for NaCl in ODB, 1.9 for NaCl in OLB, 1.7 for NaCl 
in NRB, 2.0 for CaCl2 in NRB, and 2.5 for KCl in NRB. There were only a few 
tortuosity determinations for brick media in the literature and of those only one 
determined by the conductivity method and only one for NRB (  = 0.24). The 
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following mean values for tortuosity as a function of salt and concentration in 
aqueous solution were found in the literature [140, 150]: in NaCl calculated 
tortuosities were  = 2.4 (0.01 mol/dm3),  = 3.8 (1 mol/dm3) and  = 5.2 
(6 mol/dm3); in KNO3 calculated were  = 2.5 (0.01 mol/dm3) and  = 4.0 
(1 mol/dm3) and in LiCl  = 4.0 (1 mol/dm3), respectively. These literature values 
for tortuosity are larger than those in this work but overall they follow the same 
trend as the calculated tortuosity decreases with the decreasing electrolyte 
concentrations in the pores. These results demonstrate that tortuosity in ceramic 
brick would require a more systematic study and also new methods of 
measurement in order to clarify the influence of the pore morphology tortuosity 
on the diffusibility, however this was beyond the scope of this thesis. 
 

4.4 Sorption effect  
 
Sorption is frequently involved when solid-liquid interfaces are present in 
experiments as an interface between a solid phase and solution tends to sorb 
solute in order to minimize the excess free energy of the surface and here the 
generic term sorption means either physical or chemical adsorption, absorption or 
ion exchange reactions. Additionally, it is often difficult to distinguish between 
these processes without careful experimental data of chemical and surface 
analyses, however these are rarely available for the system under investigation 
and interpretation of the data available is often complicated [153]. Sorption may 
occur also in the case when electrolyte solution is in contact with the surface of 
porous material and has previously been investigated (along with the diffusion of 
ions) in porous media like crushed rock and bentonite clay [154], sodium 
montmorillonite [155], compacted sodium bentonite [156], soils [157], 
membranes [115, 158, 159] and concrete [160-164]. Overall there is still a lack of 
published experimental data in the literature dealing with the sorption of salts on 
porous brick media, with only the work of Nielsen [75], who measured moisture 
sorption isotherms by hygroscopic water intake for bricks and calcareous 
sandstones, available.  
 
Most substances acquire a surface electric charge when brought into the contact 
with a polar solution and surfaces in contact with aqueous media are more often 
negatively charged than positively charged [153]. The surface charge of the 
porous fired brick has also been found to be negative, indicating cations sorption 
on the pore walls and possible cation-exchange properties. The magnitude of 
these surface charge densities, q, were determined with streaming potential 
measurements and found to be between 4.43  q  3.75 mC/m2 with the pore-
size area of 0.2-1.0 m [150]. The potential between the charged surface and the 
electrolyte solution is known as the electrokinetic or zeta potential according to 
the double-layer theory. Due to electroneutrality, anions will either remain in 
close proximity to the sorbed cations or form a second adsorption layer leading to 
a new cation layer and so on away from the surface. The electric double layer can 
be generally regarded as consisting of two regions: an inner region that may 
include adsorbed ions and a diffuse region in which ions are distributed according 
to the electrical forces and random thermal motion. The sorption effects in porous 
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materials tend to increase with decreasing pore size, which increases the porosity 
and the wall area and hence the pore wall interactions with aqueous solution [91].  
 
Some preliminary experiments carried out in this work indicated that sorption of 
NaCl occurred on the surface of brick specimens. This sorption was detected by -
ray counter which measured a high residual activity of 22NaCl sorbed on the used 
brick tube samples after thorough rinsing with portable water. The diameters of 
the investigated NRB tube samples were 11.70 mm with lengths of approximately 
40 mm (V  4.3 cm3,   0.23). Each of the specimens was measured separately 
and for example an experiment was performed where the initial equilibrium -
activity of 0.05 mol/dm3 22NaCl, A0 = 3.551×106 counts/0.5h, decreased to A 
=1.265×105 counts/0.5h after 3 months in the water rinsing treatment (as the outer 
surface was covered with lacquer the salt was only able to leave the brick cylinder 
from the ends). By taking the background activity and half-life period of decay 
into account, the residual 22NaCl amount were calculated to be on the average 
about 3 wt. % of the original amount. This average value determined from the 
activity measurements provided an estimation of the sorbed amount of NaCl on 
the pore walls inside brick tube. Similar brick tubes  were also subsequently used 
in the CCM diffusion measurements. 
 
In addition to these whole tube experiments flat surfaces were also exposed to 
NaCl solutions and involved immersing purified brick samples with broken 
surface into the salt solution under study and allowing it to soak into the matrix 
via capillary action. The surface was then dried and the amount of NaCl sorbed on 
the surface was analyzed by SEM-EDS. Parallel samples were also prepared but 
with the addition of 24 h rinsing of the brick surface with water after the salt 
solution exposure. The dimensions of the cracked NRB samples were 
approximately 33 mm × 12 mm × 5 mm (V  2.0 cm3,   0.23). The brick 
samples were sputter-coated with a thin carbon layer under vacuum. The SEM-
EDS measurements were performed 12 keV beam energy at 5 mm intervals along 
the brick surface with a beam area of about 0.5 mm2 at a magnification of ×100; 
duplicate points were measured to ensure reproducibility. 
 
From the results presented in Figs. 12 and 13 it can be presumed that NaCl 
sorption occurs on the brick surface with the physisorbed salt presumed to be 
mainly removed by the rinsing water step, while the chemisorbed salt remained on 
the surface (Figs. 8 and 9). The concentration of the salt solution soaked into the 
pores appeared not to have a remarkable effect on the residual amount of NaCl 
detected although the movement of the salt with the waterfront in the drying 
process was observable in the specimen with a electrolyte concentration C = 
0.6 mol/dm3. The low concentration of chlorine detected indicates that ion-
exchange reactions take place on the surface of brick as part of the chloride 
counter-ions appear to have been substituted with e.g. nitrate, carbonate or sulfate 
anions (not analyzed) of the rinsing water. An interesting phenomenon was 
detected in the last two samples where 0.1 mol/dm3 concentrations of two organic 
additives (2-hydroxy- and 2-methoxybenzaldehydes) were dissolved in the 
0.6 mol/dm3 NaCl solution resulting in the profound inhibition of NaCl sorption 
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Moreover, the additional 24 h water rinsing step did not seem to influence the 
residual concentration level of NaCl detected.  

    
Fig. 12. Elemental content of Na and Cl (as weight percent) on the surface of NRB 
analyzed with SEM-EDS. The diagram represents data from 5 specimens exposed to 
aqueous NaCl solutions of different concentrations and 5 equivalent surfaces that were 
subjected to an additional 24 hour rinsing with streaming water after the exposure. 
 

 
Fig. 13. Na content as a function of x coordinate along the surface of the NRB specimen 
as analyzed with SEM-EDS. The diagram represents 11 surfaces exposed to different 
treatments. The streaming water flowed in the x direction. 
 
In SEM images taken from the brick surface both after the salt solution treatment 
and after rinsing with water the areas of adsorbed organic layer can be seen 
(Figs.14 and 15). These two organic additives are known for their ability to adsorb 
onto the surfaces, influence on crystal growth rate and formation and ability to 
reduce the surface area [165]. These results highlights the possibility that new 
impregnating substances that influence the surface phenomena in porous brick 
could be developed to produce desirable surface properties. The effects of various 
additives on the process of structure formation at different stages of the ceramic 
heat treatment process have already been investigated [166] and similar sorption 
effects are present when salt solution is in contact with porous brick medium. The 
residual amount of salt that penetrated into the specimens was estimated to 
average about 2-3 wt. %. This amount can be thought to be the order of magnitude 
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of the NaCl sorption on the porous NRB. The effect of sorption on the diffusion 
measurements is discussed in the following sections.  
 

 
Fig. 14. SEM micrograph taken from the surface of NRB specimen after immersion in a 
solution of 0.6 mol/dm3 NaCl + 0.1 mol/dm3 2-hydroxybenzaldehyde in acetone + 5% 2-
methoxybenzaldehyde in water. The scale bar is 30 m and magnification ×300. 
 

 
Fig. 15. Same material and immersion conditions as in Fig. 14. After treatment the 
specimen was rinsed for 24 h and dried. The scale bar is 30 m and magnification ×300. 
 

4.5 Steady-state diffusion of NaCl-H2O in porous media 
 
Let us first consider the system NaCl-H2O in stationary state. As explained in 
section 4.4, sorption occurs when porous NRB is in contact with an aqueous NaCl 
solution. However, sorption is still assumed to have a negligible effect on the 
measured diffusion coefficient in concentrated solutions when using the 
stationary-state DM method. This means that the sorption equilibrium is assumed 
to be achieved prior to the onset of the steady state. Following immersion the 
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initial incoming salt flux may adsorb on the pore walls and these binding effects 
act as a NaCl sink, which in turn slows down the establishment of the stationary 
state. For the DM experiment, it took between 20-60 h to reach the steady state. 
 
The above consideration of the influence of the sorption effects applies only to the 
fully saturated porous system. In partially saturated hygroscopic capillary-porous 
materials with broad pore-size distribution like ceramic brick, the main 
mechanisms of moisture transfer are sorption phenomena and capillary effects. 
These types of moisture transfer include the simultaneous movement of water 
vapor and liquid salty water in the porous material and are therefore highly 
dependent on the moisture saturation level and the hysteresis phenomena between 
adsorption and desorption [168]. 
   
In a completely saturated brick medium in contact with the ambient solution 
phase, the sorbed NaCl is assumed to be immobile and the salt flux density only 
depends on the gradient of the concentration Cf of free NaCl in the pore: 
 

(43)
 
where Dss is the diffusion coefficient determined under steady-state conditions. 
The only movement is the very rapid reversible sorption and desorption processes 
in the immobile surface layer as any possible surface diffusion effect is 
considered to be negligible as it difficult to measure or separate its part from the 
total diffusion flux. Surface diffusion can be thought of as a part of the flux 
measured under the influence of . 
 
All the concentrations used in this thesis are referred to the pore volume. The flux 
density  in Eq. (43) is referred to the total brick area normal to the x 
direction, and not to the pore cross section area. The flux density referred to the 
pore cross section area is: 
 

(44)
 
where 
 

(45)

is the effective diffusion coefficient measured under steady-state conditions in a 
porous brick medium. Similar definitions have also been utilized by Tang [163], 
Nilsson [162,167] and Nilsson et al. [169] who used the term intrinsic diffusion 
coefficient for . Other terminologies have also been used. For example, 
Glass et al. [93] used the term intrinsic diffusion coefficient for  and the term 
pore-system diffusion coefficient for . Atkinson et al. [170] uses the term 
pore-solution diffusion coefficient for . Andrade et al. [171] and also Brakel 
et al. [148] have used the term effective diffusion coefficient for . Due to these 
differences in naming convention and definition in the diffusion measurements of 
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porous media, care should be taken when making comparisons between measured 
and published values. Numerous diffusion coefficients can be found in the 
literature but few have been clearly defined. Strict dimension analyzes for the 
diffusion coefficients in porous media have been performed by Nilsson [162, 167] 
and Tang [163].
 

4.6 Non steady-state diffusion of NaCl-H2O in porous media 
 
The diffusion of NaCl under non-stationary conditions is described by Fick’s 
second equation:  
 

(46)
 
which results from the combination of Fick’s first law and the equation of 
continuity describing the mass conservation. In Eq. (46) the adsorption effect has 
not been taken into account. This equation was used in the binary (unpublished) 
and tracer diffusion measurements in closed quartz capillaries (publication I). No 
adsorption effect was found when comparing the diffusion coefficients measured 
with different capillaries diameters of 0.70 and 1.40 mm at very low MgCl2 
concentrations ~10 5 mol/dm3 (unpublished). This contrast with the findings of 
Gosman et al. [172] who discovered an adsorption effect in commercial Pyrex 
glass capillaries when comparing the diffusion coefficients measured with 
different capillaries diameters of 1.000 and 1.904 mm at very low NaCl 
concentrations of about 10 5 mol/dm3.  
 
Possible sorption processes do have an influence on the measured diffusion 
coefficients in a non-steady-state system as sorption may occur when salt 
penetrates through the porous medium from the high concentration side to the low 
concentration side. The salt is believed to be captured by the pore walls especially 
on the low or zero concentration side where there are relatively more areas 
available for salt binding when compared to the high concentration side. The 
binding mechanisms, which retard the observed diffusion, have not been 
investigated but physical adsorption is assumed to be the main sorption process. 
Therefore, the effect of sorption must be taken into account when studying NaCl 
diffusion in brick with the CCM. 
 
The total salt concentration inside the pore, walls included, is the sum of the free 
and adsorbed salt concentration 
 

(47)
 
Under adsorption equilibrium conditions, the concentrations Cs and Cf are related 
by an adsorption isotherm. Since adsorption is fast compared to mass diffusion, it 
can be assumed that Cs and Cf are also related by the adsorption isotherm when 
studying mass transport and hence the ratio between their (time) variations can be 
described by the adsorption capacity: 
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(48)

 
Thus, when adsorption is taken into account, Eq. (46) must be modified to:  
 

(49)
 
The adsorption capacity describes the ability of a porous brick medium to adsorb 
further salt when the free salt concentration increases in the pore solution. It was 
denoted as binding capacity by Tang [163] and Nilsson et al. [162, 167, 169] in 
their studies with chloride transport in concrete. Olin [154] and Muurinen [156] 
derived a similar term, which they designated as the capacity factor term .  
 
Equation (49) can be transformed to: 
 

(50)
 
where  
 

(51)
 
is the apparent diffusion coefficient. While the effective diffusion coefficient  
depends on the influence of the porous structure of the brick medium (e.g. 
porosity, constrictivity, tortuosity) the apparent diffusion coefficient  in 
addition also depends on the adsorption effects in the porous brick medium. A 
similar definition has also been used by Andrade [173] and other researchers to 
calculate chloride diffusion coefficients in different types of concrete. While their 
effective diffusion coefficient in steady-state experiments [174-178] encounters 
only ionic transport, the apparent obtained from non-stationary experiments does 
also take into account binding of chlorides with cement phases [179-181]. 
 
Equations (50) and (51) were used in binary differential, binary integral and tracer 
diffusion measurements in closed brick tubes with the CCM (unpublished). In 
CCM the source of the NaCl is inside of the closed brick tube. 
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5 CLOSED CAPILLARY METHOD IN 
POROUS BRICK MEDIA 

 
As there were no reliable values measured for diffusion coefficients of salts in 
brick media within the literature, the Closed Capillary Method (CCM) was used 
for the salt diffusion coefficient measurements in porous fired brick media in 
order to allow the evaluation and comparison of the results obtained in 
publications II-V with the modified Diaphragm Cell Method (DM). In addition to 
obtaining comparable data via an independent method the idea was also to 
determine if this method would be applicable to other types of diffusion not 
previously studied. In this thesis the CCM was, for the first time, applied to the 
measurement of salt diffusion coefficients in pore solutions inside a porous 
medium and due to the cylinder structure of the brick specimens used in the 
experiments the method could also be called the closed cylinder method. The 
integral interdiffusion coefficients with the same concentration gradients of NaCl 
as measured with the DM were also measured with the CCM. Moreover, 
differential interdiffusion coefficients of NaCl and tracer diffusion coefficients for 
the Na+ ion were determined in the NRB-medium as a function of concentration at 
an ambient temperature of 25 °C. 
 
The very first experiments using the idea of closed capillary were performed by 
Harned et al. [191] who measured the interdiffusion coefficient of KCl in water 
with the conductometric method. Similar closed capillary concepts were utilized 
by both Timmerhaus et al. [57] and Zhukhovitskii et al. [192] for their studies of 
the self-diffusion of CO2 in the gas phase and self-diffusion experiments of silver 
isotope in solid silver, respectively. Some preliminary experiments in liquids with 
closed capillary were made by Noszticzius [58] prior to the development of the 
continuous CCM by Passiniemi, Liukkonen, Noszticzius and Rastas [65-69]. The 
CCM used by Passiniemi et al., was further developed by Ahl [193], Ahl and 
Liukkonen [publication I], Chakrabarti et al. [194] and all versions were applied 
to diffusion measurements of tracer-ions in aqueous electrolyte solutions. In 
addition to these measurements the method has also been applied to biological 
applications in aqueous solutions by Simonin et al. [195] who used modified 
CCM to measure the diffusion coefficient of large human blood lipoproteins. 
These macromolecules were indirectly labeled by the attachment a fatty acid 
molecule labeled with the –emitter 131I radioisotope. However CCM has not 
been previously used for the measurements of inter- or tracer diffusion 
coefficients in porous matrices. 
 

5.1 Measuring cell and apparatus  
 
In this work the CCM for the determination of diffusion coefficients in electrolyte 
solution - both in the absence and presence of a porous medium - employs the 
continuous monitoring of the radioactivity in the diffusion cell. The radiochemical 
used was gamma-active 22Na, which decays to 22Ne via positron emission (90%) 
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and with the competitive orbital electron capture mode (10%) [196]. The decay 
schemes are as follows [197]: 
 

(52)
 

(53)
 
where +, EC and  represent the positron emission, the electron capture and the 
electron neutrino, respectively. The 551 keV positron annihilation radiation and 
1275 keV positron emission peaks from the 22Na -spectrum were utilized from 
the 10 V voltage output of the gamma active detector system. The measured -
spectrum of 22Na is presented in Fig. 16. The half-life of the radioisotope is 
2.602 years and the value of the decay constant is 8.447×10 9 s 1. 
 

 
Fig. 16. Measured  ray spectrum of 22Na. The spectrum was obtained with a planar type 
thallium-activated sodium iodide scintillation counter coupled to a multichannel pulse-
height analyzer. The 551 keV and 1275 keV energy peaks were utilized for pulse 
counting via the multichannel scaling mode of the spectrometer. 
 
A schematic drawing of the apparatus for measuring the diffusion coefficient in a 
porous medium is shown in Fig. 17. The diffusion cell including the closed brick 
tube was thermostated in a water-bath at 298.15  0.01 K. The measuring system 
for -counting consists of a planar NaI(Tl) scintillator detector (2 in × 2 in), 
photomultiplier at the base (EG&G Ortec 266) and high voltage (650 V) source 
(EG&G Ortec ACE Mate 925-Scint). The multichannel analyzer (EG&G Ortec 
Adcam Analyst Model 100U) was in the multichannel scaling mode.  
 
The position of the closed brick tube with respect to the lead shields and NaI(Tl) 
scintillator was chosen on the basis of the counting efficiency function. This 
function, also called the registration function r(x), makes it possible to follow the 
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changes of the radioactivity during the diffusion experiment and was 
experimentally determined by using a two-dimensional radionuclide plane source 
of 22NaCl that was able to move horizontal to the radial (x) direction over the flat 
scintillator. The radioactive plane source was made by immersing a thin filter 
paper in the bulk 22NaCl solution, drying and attaching it to the end of a blank 
plastic cylinder with the same dimensions as the brick tube specimen. The optimal 
registration function was found through trial and error by varying the positions of 
the -detector and lead shields with respect to the radionuclide source and 
recording the counts. The registration function and the horizontal position of the 
brick tube in relation to this function are given in Fig. 18. The optimal vertical 
position of the brick tube with respect to the NaI(Tl) scintillator was discovered to 
be 108 mm and the optimal thickness of the lead-acryl piston in between the brick 
and the scintillator 86 mm. 

 
Fig. 17. Schematic drawing of the apparatus for measuring the diffusion coefficients with 
the closed capillary method in a porous medium. The whole apparatus was thermostated 
in water-bath at 25.00 ± 0.01 °C. The final vertical positions of the brick specimen, the 
lead-acrylic piston (  = 62 mm) and the planar NaI(Tl)-scintillator (2 in × 2 in) are not 
absolute as they were adjusted in order to optimize the gamma registration function. The 
thickness of the lead-acrylic piston was varied between 36-86 mm and could be rotated 
±20°. 
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Fig. 18. Measured registration function with a 22NaCl plane source and associated optimal 
horizontal position of the closed brick cylinder. The registration function r(x) is given as 
a relative dimensionless r(x)/r(x = 0) function, where r(x = 0) = 13335 Bq.  
 
 
The diffusion measurements were made with cleaned and inspected NRB-tubes 
with a lacquered outside and a uniform diameter of  = 11.64 mm and lengths 
between L = 39.88-40.12 mm. The length of each cylindrical brick specimen was 
precisely measured prior to the diffusion measurement with the calibrated digital 
measuring instrument at 25 °C. The calibration was done against an optical 
measuring microscope (Tesa Microhite) with an accuracy of 0.02 mm. Basic 
aqueous salt solutions (Merck, pro analyze) were prepared by first weighting out 
the appropriate salt and dissolving it in Milli-Q-water that had been degassed by 
boiling for 30 min. The radioactive solutions were made of a sample of carrier 
free 22NaCl solution produced by Amersham Radiochemical Center (UK) and 
also, as reference check, by Dupont (USA). A small amount (10 mm3) from 
1.00 mCi active solution of 22NaCl was placed in a 10 cm3 bottle and gently 
heated under the infrared lamp to remove the solvent water. The resulting solid of 
22NaCl was subsequently dissolved into aqueous salt solution of known 
concentration under investigation and this active solution was used to fill half of 
the brick cylinder. Both the active and the inactive solutions were kept in the same 
kind of measuring bottles under the same conditions (V = 10 cm3, t = 27 °C, 
Argon atmosphere) prior to filling the brick tube in order to prevent air bubble 
formation during the diffusion tests. A more detailed description of the 
preparation of the measuring solutions and the brick specimen, the equipment and 
the laboratory procedures related to these measurements are provided in 
publications I-III and in the author’s licentiate thesis [193].
 
All of the experiments were started with a check to ensure that the background 
activity level in the measuring chamber (  10 Bq) was less than 2% of the 
registered activity of the diffusion measurement. The brick specimen under 

r
x

r
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investigation was first gently immersed about 1 mm from one end under the 
surface of the inactive measuring solution. After the solution front, due to the 
capillary effect, had reach the halfway mark the solution was rapidly changed to 
the active one and the specimen remained immersed until the previously dry end 
of the brick specimen became fully moisten with the first inactive solution. A 
small drop of inactive solution was left on the end of the brick and the surface of 
the lacquered active cylinder end was gently wiped with moisten tissue paper. As 
the solution to the diffusion equation with CCM is based on a boundary value 
problem [publication I] there is no need for a sharp initial concentration 
distribution between the active and inactive solutions - a state which would 
difficult to achieve in the case of a porous brick medium. Although the formation 
of a three dimensional initial concentration distribution can be tolerated (as has 
been shown) from the viewpoint of optimal conditions the position of initial 
boundary at the middle of the brick cylinder is more favorable [66]. Nevertheless 
a series of experiments using the sliding cell technique (first introduced by 
Chakrabarti et al. [194]) were still performed using a combination of two brick 
cylinders of half size filled with inactive and active solution, respectively, 
however the results were less accurate and repeatability was poor. 
 
The diffusion brick tube specimen once filled with the experimental inactive and 
active solutions was closed tightly using Viton gaskets at both ends and put in a 
supporting measuring cell. The closed diffusion cell was screwed in to the 
movable bar and the whole assembly was placed in the previously determined 
optimal horizontal position (Fig. 18). Small turbulence at the interface of the 
liquids resulting from the filling process decayed quickly and was insignificant 
after the first half an hour of measuring but in order to ensure reliability the initial 
measuring point in each measurement was ignored. 
 

5.2 Tracer diffusion measurements  
 
In the tracer diffusion measurement a very small amount of tracer is added to part 
of the liquid system, which is in equilibrium prior to the addition. In practice with 
the porous brick system used in this work the upper half of the brick cylinder was 
filled at the beginning of the experiment with inactive solution and the lower half 
with the radioactive solution. Measurement of any change in the activity was 
based on the position dependent counting efficiency of the radioactivity detector 
system. As the concentration of the supporting NaCl electrolyte in both sides of 
the brick cylinder was the same and under isothermal and isobaric conditions the 
diffusion flow of the 22NaCl tracer only depended on its own concentration 
gradient, see Eq. (19). The ternary tracer diffusion system inside the porous brick 
tube was NaCl(1)- 22NaCl(2) in H2O(0). The mean concentration of 22NaCl tracer 
was of the order of 5×10 8 mol/dm3. The tracer diffusion coefficients were 
measured in the NaCl concentration region between 0.005 and 3.08 mol/dm3. 
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5.3 Interdiffusion measurements  
 
Interdiffusion occurs in binary systems and in the CCM data presented in this 
thesis the diffusion coefficient is calculated from the changes of the radioactivity 
during the diffusion. By adding some radioactive salt to the binary salt-H2O 
solution the diffusion system becomes either ternary or quaternary, unless the 
salts are isotopes of each other and the diffusive behavior of the two isotopes are 
interchangeable as is the case with the isotopes of 22NaCl and 23NaCl. The mass 
effect of the isotopes 22Na+, 23Na+ and 24Na+ on the diffusion processes has 
previously been shown to be very small and normally immeasurable [101]. 
Furthermore, the Cl  counter-ion is the same in both salt isotopes and its ionic 
diffusion coefficient,  provides half of the binary diffusion coefficient of the 
NaCl salt. In this work the isotope effect was therefore omitted and the diffusive 
behavior of 22NaCl and 23NaCl were presumed to be identical resulting in the 
diffusion system being treated as a binary system with only one diffusion 
coefficient  [68], which was measured as a function of concentration with 
the CCM. The binary diffusion system inside the porous brick tube was NaCl(12) 
in H2O(0), where NaCl(12) represents both 23NaCl and 22NaCl. The mean 
concentration of the radioisotope 22NaCl in the brick cylinder was ca. 
5×10 8 mol/dm3. 
 
In practice the upper half of the brick cylinder was filled at the beginning of the 
experiment with inactive NaCl solution (concentration C1) and the lower half with 
NaCl solution mixed with a very small amount of radioactive 22NaCl tracer 
(concentration C2); the subscripts 1 and 2 refer here to upper and lower half of the 
cylinder, respectively. These two different solutions were in total internal 
equilibrium prior to filling of the brick cylinder and the start of the experiment. In 
the differential interdiffusion experiments, the salt concentration difference C2  
C1 was small. The mean NaCl concentration, Cmean = 0.5(C2+C1), was varied 
between 0.05 and 3.08 mol/dm3. In the integral interdiffusion experiments, the 
concentration C1 was zero and Cmean = 0.5C2 was varied between 0.0005 and 
3.08 mol/dm3.  
 

5.4 Calculation of the diffusion coefficients 
 
In the case of tracer diffusion measurements in the system 23NaCl(1)- 22NaCl(2)-
H2O(0), where there is a concentration gradient with respect only to the 
radionuclide. This is because in tracer diffusion there are no gradients related to 
inactive components. Furthermore, in tracer diffusion  does not depend on 
tracer concentration but rather on the constant concentration of supporting 23NaCl 
electrolyte. 
 
The diffusion in porous brick medium in CCM is described by Eq. (50). In the 
case of a radioisotope as the diffusing species the half-life of the nuclide must be 
taken into account and the Fick’s second law is applied in the form:  
 

(54)
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where  is the apparent diffusion coefficient of the tracer ion 22Na+ or the 
tracer component 22NaCl present in the existing diffusion system [68], Cf is the 
concentration of the free tracer ion 22Na+ or component 22NaCl and  is the decay 
constant of 22Na, respectively. 
 
In the case of a interdiffusion measurement in NaCl(12)- H2O(0), where NaCl(12) 
represents both 23NaCl and 22NaCl, there is a concentration gradient with respect 
to the NaCl salt as a whole. Then, Cf is the sum of concentrations of free 23NaCl 
and 22NaCl. Without the isotope effects, diffusion proceeds as for a binary salt and 
the major contribution to Cf comes from the inactive 23NaCl, with the used salt 
concentrations of [23NaCl]  5×10 4 mol/dm3 and [22NaCl]  5×10 8 mol/dm3; 
note that the tracer concentration Cf needs not to be statistically small for Eq. (54) 
to be valid [15, 198, 199]. Furthermore, in interdiffusion Dapp does depend on Cf 
and the concentration gradient (integral and differential diffusion). 
 
Equation (54) may be solved in a closed cylinder using cylindrical coordinates in 
order to calculate the concentration as a function of position and time, c(r, , x, t) 
[200, 201]. In this thesis, the determination of the concentration changes was 
based on the use of radionuclides with any measured changes in the activity of the 
nuclides based on the position dependent counting efficiency, h(r, , x, t) of the 
nuclear detector system. Cylindrical factors caused by the disturbances in the 
filling process disappear after an induction period for capillaries and cylinders 
with small r/L ratio and it has been shown that only a one dimensional counting 
efficiency function, h(x), is adequate [67]. Thus the intensity I(t) can be given in 
the following form [65, 67, 71]: 
  

(55)
 
where I , Im, and km are the intensity of the equilibrium concentration (I  = I0), the 
constant intensity term and the eigenvalue km (which depend on diffusion cell 
geometry). The infinite sum of Eq. (55) always converges because of the negative 
arguments of the exponentials.  
 
The diffusion coefficient can be measured with any convenient specimen 
geometry and there are a number of possible diffusion geometries for which there 
already exist solutions including the commonly used cylinder geometry [200, 202, 
203]. For cylinders or capillaries with both ends and the surface of the rod closed, 
the condition 1.85/r > /L holds and the eigenvalues are km = (m /L)2 with m= 
1,2,3, … [67, 198]. For the brick tubes used in this work for the CCM (diameter 

 = 1.164 cm, length L = 4 cm) the values are 1.85/r = 3.179 cm 1 and /L = 
0.785. The intensity equation for the closed brick cylinder is then: 
 

(56)
 
After about 30-40 h from the beginning of the experiment only the first term in 
the series predominates and the other terms may be ignored. Then, Dapp was 
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calculated with the experimental results I = I(t) from the slope  of 
the equation: 
 

(57)
 
where the I  term was first solved with the initial nonlinear regression analysis 
from the start of the experiment with three sum terms of Eq. (56) using the 
Levenberg-Marquardt method [204]. 
 
Equation (57), with the iterated I  term, proved to be statistically the best equation 
for calculating the tracer and interdiffusion coefficients measured with the CCM 
in porous brick media. The method based on this equation was previously known 
as the linear least-square calculation method (publication I, [71], [193]). In 
practical diffusion experiments long time pulse counts coming from the diffusion 
cell during certain time intervals t are measured rather than short time intensities 
at time t. It is also important to correct the measured pulse counts against 
background activity, the half-life of the tracer and the dead-time of the pulse 
counter as have been done in this work. In the least-square regression method 
used the increasing uncertainty of the experimental data points as a function of 
time was also taken into account [205] by including the statistical error of the 
linear least-square calculation method to the minimized function. The aim was 
then to minimize the function SN, the sum of the squares of the ratio of each 
residual in  to the corresponding assessed error as:  
 

(58)
 
where the function SN to be minimized relates to all 240 data points , each of 
which is a pulse count collected in a 30 min interval over a measuring period of 
5 days. The term  is the least-square regression estimate for the term of 

.  
 
The optimization of the pulse counting intervals t and also the statistical reasons 
for using Eq. (57) are presented in more detail in the publication I and also in [71, 
193]. The mathematics used for solving the diffusion equation Eq. (54) and the 
above derivations are well known [200, 201, 204, 206] and the theoretical 
background for the important relation between the diffusion coefficient, the cell 
geometry and the counting efficiency function have been broadly interpreted 
previously in the works of Rastas and Kivalo [207], Liukkonen et al. [208] and 
Liukkonen, Noszticzius and Passiniemi et al. [65-67]. 
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6 RESULTS AND DISCUSSION 
 
This experimental work consists of three separate experimental parts concerning 
diffusion measurements. The first part deals with the tracer diffusion 
measurements with the CCM in pure salt-water solutions in the absence of porous 
media (Sections 6.1-6.3). The second part consists of the interdiffusion 
measurements of salts in porous brick media with the stationary-state DM 
(Sections 6.4-6.7) and the final part relates to the novel application of non-
stationary-state CCM for the measurement of the diffusion coefficients in porous 
brick media (Sections 6.8-6.10). 
 

6.1 Tracer diffusion: MgCl2-22NaCl-H2O
 
In publication I closed capillary measuring techniques, including apparatus and 
diffusion coefficient calculation method from an infinite series solution have been 
presented, further developed and tested. The diffusion coefficients were found to 
be most accurately determined by a new linear least-square calculation method 
that produced a standard error of  0.1%. The tracer diffusion coefficients of 22Na 
ions in the system MgCl2(1)-22NaCl(2)-H2O(0) were determined as a function of 
the MgCl2 concentration (C1) in aqueous solutions at 25 °C, over a large 
concentration region. The main results from concentrations between 1 and 
10 4 mol/dm3 were evaluated by the total differential method and are given in the 
Table 2. The measured diffusion coefficients are given as mean value ± mean 
standard deviation [209] in all tables in this thesis. The solution concentrations 
used were analyzed using atom absorption spectrophotometry. 
 
Table 2. Experimental tracer diffusion coefficients of 22Na ions in 10 5 cm2/s units 
calculated with the linear least-square method for a MgCl2 concentration C1 between 1 
and 0.0001 mol/dm3 at 298.15±0.01 K.  
 

C1(mol/dm3) 0.994 0.0997 0.00982 0.00101 0.000101 
single exp. 

D 
0.995±0.001 
0.993±0.002 
0.996±0.003 
0.994±0.002 
0.991±0.002 
0.995±0.002 

1.247±0.002 
1.245±0.003 
1.244±0.002 
1.247±0.002 
1.244±0.003 
1.244±0.002 

1.272±0.002 
1.274±0.002 
1.271±0.003 
1.270±0.002 
1.271±0.001 
1.272±0.002 
1.273±0.002 

1.314±0.003 
1.317±0.002 
1.313±0.002 
1.313±0.002 

1.328±0.002 
1.327±0.001 
1.329±0.002 
1.326±0.002 
1.329±0.002 

mean D 0.994±0.001 1.245±0.001 1.272±0.001 1.314±0.001 1.328±0.001 
 
This thesis reports the first diffusion coefficients measurements at dilute 
concentrations (C1 < 0.5 mol/dm3) for MgCl2 solutions. However, our 
measurements for a 1 mol/dm3 solution gave a value of (0.988±0.001)×10 5 cm2/s 
that agreed with values previously determined by Mills et al. (0.985±0.005) ×10 5 
cm2/s and Albright et al. (0.989±0.002)×10 5 cm2/s [39, 19] with a diaphragm cell 
and optical interferometry methods, respectively. The Onsager Limiting Law, Eq. 
(22), was verified to the tracer diffusion of 22NaCl at low concentrations of MgCl2 
- the first time for a 2:1 electrolyte. For the asymmetrical electrolyte MgCl2 the 
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limiting law was observed to hold true to molarities of C1  10 2 mol/dm3. This 
was demonstrated by comparing the measured tracer diffusion coefficients at 
concentrations between 10 2-10 4 mol/dm3 and fitting them with the Onsager 
Limiting Law by the least squares method. The regression line and the measuring 
points are presented in publication I (Fig. 8). The experimental  value for Na+ 
ion - from the intercept - was (1.334±0.002)×10 5 cm2/s and agreed with the 
Nernst limiting value  = 1.334×10 5 cm2/s, which should be equal for all types 
of supporting electrolytes.  
 
It is well known that in deriving the equations of the limiting law Onsager made a 
number of mathematical approximations like neglecting the cross product of the 
electrophoretic and relaxation effects terms. The expressions of Onsager are 
therefore only strictly valid as limiting equations and may be expected to hold 
only for very dilute solutions. This can be clearly seen by presenting both the 
relative tracer diffusion coefficients  and the reciprocals  of the 
relative viscosities as a function of the square root of the concentration. Both of 
the curves fall progressively in the order of KCl, NaCl, LiCl and MgCl2 (Figs. 9 
and 10 in publication I) indicating a significant mutual relation between the 
viscosity and the measured values of tracer diffusion coefficients. The marked 
change of the  from the Onsager Limiting Law at concentrations greater than 
0.01 mol/dm3 is certainly caused in part by the increase in viscosity of the 
supporting electrolyte as the rise in ionic strength increases viscous force, which 
influences the electrophoretic effect and retards the motion of ions [210].  
 
The relation between the size and the mobility of ion was first suggested by 
Stokes [211] who calculated frictional resistance in terms of the dimensions of the 
very large solid spherical particle and the viscosity of the ideal continuous 
medium. Another important equation first derived by Einstein [212] demonstrated 
that D = kT/f, where f is the frictional coefficient, showing the relationship 
between diffusion coefficient and viscosity. In this Stokes-Einstein formula the 
concept of viscous resisting force were applied to the motion of a colloidal 
particle, with a size significantly greater than the solvent molecules, through a 
fluid. The analogous relationship between the tracer diffusion coefficient and 
viscosity for individual smaller ions diffusing through larger solvent molecules 
had previously been recognized by Onsager, Fuoss, Gordon [213] and Broersma 
[214]. Moreover, an equation for concentrated solutions that calculates the 
viscosity effect on the electrophoretic term has also been proposed [215]. 
 

6.2 Tracer diffusion: MgCl2-22NaCl-HCl-H2O
 
For supporting electrolyte concentrations below 10 4 mol/dm3 the measured Na+ 
tracer diffusion coefficient exceeded the limiting value  = 1.334 × 10 5 cm2/s. 
A similar result was also found by both Passiniemi [68] and Wang et al. [63] who, 
using CCM, measured values of  = 1.338 × 10 5 cm2/s and = 
1.445 × 10 5 cm2/s, respectively, results that lie above the Onsager Limiting Law. 
Passiniemi used aqueous NaCl solutions and Wang et al. aqueous NaI solutions.  
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As explained in Section 3.3, in this concentration range we have to consider the 
components MgCl2(1), NaCl(2), HCl(3) and H2O(0). The experiments in very 
dilute solutions were complicated by the fact that the accuracy and precision 
degenerates as a result of the low concentrations of radioactive tracer used. In 
principle, we consider tracer concentrations C2 < 0.01C1. However, this level was 
not sufficient to produce good statistics when C1 < 10 4 mol/dm3 and the amount 
of tracer had to be increased. This increase tracer amount improved the statistics 
but lead to results that, at first, seemed contradictory. This increase in tracer 
concentrations also effects of the level of water ionization resulting in additional 
cross-term contributions (see Table 1). The main results for concentrations below 
10 4 mol/dm3 are given in Table 3. 
 
Table 3. Experimental diffusion coefficients of Na+ ions in 10 5 cm2/s units calculated at 
298.15±0.01 K with the linear least-square method for MgCl2(1) supporting electrolyte in 
the range 10 5-10 6 mol/dm3 and different NaCl(2) concentrations. The inner radius of the 
quartz capillaries was 0.70 mm; except for the set of six experiments at C2/C1 = 6.82%, 
C1 = 9.98×10 6 mol/dm3, where it was 0.35 mm. 
 

C1(10 6 mol/dm3) 9.98 (0.35 mm) 9.98 1.00 
C2/C1(%) 6.82 6.82 26.80 

single exp.  
D 

1.453±0.010 
1.468±0.004 
1.476±0.005 
1.486±0.006 
1.489±0.004 
1.476±0.006 

1.478±0.002 
1.495±0.002 
1.515±0.003 
1.502±0.003 

1.338±0.010 
1.351±0.013 
1.334±0.014 
1.351±0.009 

mean D 1.475±0.005 1.498±0.008 1.344±0.004 
 

C1(10 6 mol/dm3) 9.98 9.98 9.98 
C2/C1(%) 3.42 6.83 13.63 

single exp. 
D 

1.431±0.005 
1.429±0.005 
1.448±0.005 

1.493±0.004 
1.498±0.003 
1.482±0.004 
1.499±0.007 

1.559±0.004 
1.535±0.003 
1.520±0.003 

mean D 1.436±0.006 1.493±0.004 1.538±0.010 
 
Good statistics were not obtained until the proportion of the tracer concentration 
was raised significantly as shown by the high tracer concentrations measurements 
in Table 3 (C2/C1 = 26.80%, C1 = 1.00×10 6 mol/dm3). These measurements in a 
supporting electrolyte of 10 6 mol/dm3 gave a mean value for  of 1.344×10 5 
cm2/s that was a significant deviation from the Nernst limiting value as the pure 
tracer diffusion coefficients  and  should be zero or at least as small as 
possible. From the Nernst-Planck equations, Eqs. (33)-(35), under these 
conditions the calculated values Dij are compared to the tracer flow equation 

, Eq. (28), where the subscripts 1, 2 and 3 
denote MgCl2, NaCl and HCl, respectively. The component diffusion coefficients 
were calculated at three different pH (  log10C3) and the results in 10 5 cm2/s 
units were: (i) pH 6, D21 = 0.0493, D22 = 1.347, D23 = 0.136; (ii) pH 7, D21 = 
0.1020, D22 = 1.361, D23 = 0.406;  and (iii) pH 8, D21 = 0.0846, D22 = 1.356, D23 

= 10.636. The relatively large values of  indicate that this situation is not 
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exactly that of tracer diffusion, i.e. the approximation  cannot be 
used. The experimental accuracy of measured diffusion coefficients in the MgCl2 
solution of 10 6 mol/dm3 could not be evaluated because the actual concentration 
gradients  and , and hence the different contributions to the measured flow 

, are not known.  
 
For closed capillary measurements small capillary diameters are preferable in 
order to eliminate the possible convection currents caused by mechanical sources 
e.g. the thermostat stirrer motor. However, these smaller capillaries have a larger 
surface to volume relation 2/r which can result in surface phenomenon like 
surface diffusion that can increase the measured diffusion coefficient value. In 
order to exclude surface diffusion or any other microstructure surface effects a 
series of parallel measurements using capillaries with radius of r = 0.35 mm and r 
= 0.70 mm were performed (upper panel in Table 4). As can be seen the values 
measured in the narrower capillaries were smaller. Although the reason for this is 
still undetermined, it seems that surface diffusion for the r = 0.70 mm capillaries 
was negligible. Although no surface diffusion effects have been reported 
previously for quartz capillaries used in this work, a faster surface diffusion of 
Na+ ions has previously recorded in commercial Pyrex glass capillaries [172].  
 
Finally, in order to measure pure tracer diffusion coefficients a series of 
measurements was carried out with different tracer concentration (lower panel in 
Table 4). The limiting value was ascertained by plotting tracer diffusion 
coefficient against the square root of NaCl tracer concentration and extrapolating 
linearly to zero. The results are depicted graphically in Fig. 19. The equation of 
the least-squares fitted slope is (cm2/s) = 1.341×10 5 + 1.724×10 3 C2

1/2, 
where C2 denotes here the value of the NaCl concentration in mol/dm3 units, with 
a correlation coefficient of r = 0.986 and the intercept on the ordinate gives  
= (1.341 ± 0.008)×10 5 cm2/s.  
 
At this order of dilution the concentration of the tracer, the supporting electrolyte 
and the ions resulting from the water ionization become comparable and the 
extrapolated diffusion coefficient, which is higher than the Nernst limiting value 
1.334×10 5 cm2/s, obtained from the OLL will contain contributions from cross-
term coefficients. For dilute MgCl2 concentrations (C1  10 4 mol/dm3) the 
absolute values of  are greater than the values of  as can be seen from 
Table 1. As the value of 1.341×10 5 cm2/s was obtained by extrapolating to the 
zero concentration of NaCl the condition C2/C1 < 1% holds and the value can be 
considered as the pure tracer diffusion coefficient of the sodium ion at infinite 
dilution with respect to the supporting electrolyte. The component diffusion 
coefficients were calculated at three different pH and the results in 10 5 cm2/s 
units were: (i) pH 6, D21 = 0.004, D22 = 1.335, D23 = 0.012;  (ii) pH 7, D21 = 
0.005, D22 = 1.335, D23 = 0.020; and (iii)  pH 8, D21 = 0.005, D22 = 1.335, D23 = 

0.611. 
 
At the beginning of the experiment there is only a concentration gradient with 
respect to the NaCl and the concentrations of MgCl2 and HCl are constant within 
the diffusion capillary. As the possible development of other concentration 
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gradients during the measurement is unknown their possible influence on the 
diffusion flow of NaCl has to be evaluated from the cross-term coefficients. The 
coefficients of , which represent the effect of the concentration gradient of 
MgCl2 on the diffusion flow of NaCl, can be taken as zero when compared to the 
magnitude of the  coefficients. In contrast, the coefficients of , which 
represent the effect of the concentration gradient of HCl on the diffusion flow of 
NaCl, must be treated as non-zero as any spatial change in the pH from neutral to 
basic would probably effect the measured value of .  
 
In conclusion it can be stated that the Nernst limiting value for the Na+-ion in 
aqueous solutions is very challenging to measure with the CCM and it appears 
that this will also apply both to other ions and other supporting electrolytes 
measured with other methods [63, 68]. The use of higher specific activities than 
were obtainable in this work, would allow the use of smaller tracer amounts could 
help but the main problem with water ionization still remains. The best way to 
determine the Nernst limiting value at an infinite dilution is by extrapolation from 
the 10 2-10 4 mol/dm3 region to a supporting electrolyte concentration of zero; 
however an extrapolated value from a more dilute region may include cross-term 
coefficient contributions of hydrogen and hydroxide ions due to their high 
mobilities. 
 

   
Fig. 19. Determination of the limiting value  = 1.341×10 5 cm2/s at 298.15±0.01 K 
by extrapolation of the experimental tracer diffusion coefficients to zero. The MgCl2 
concentration was 9.98×10 6 mol/dm3 and C2 denotes the total concentration of 22NaCl 
and 23NaCl. 
 

6.3 Binary diffusion: 22NaCl-H2O at extreme dilution 
 
In order to examine the effect of the water ionization on the diffusive behavior in 
dilute aqueous electrolyte a series of binary diffusion measurements were also 
performed. These measurements were inspired by those of Mills [130] who used 
the open-ended capillary method in dilute NaCl solutions (from 2×10 3 to 2×10 5 
mol/dm3) where a different diffusive behavior was observed. In this work, the 
radioactive 22NaCl tracer was allowed to diffuse against pure water to allow the 

D
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binary salt diffusion coefficient to be determined. It was assumed that no isotope 
effect exists for the diffusion measurements i.e. either the diffusion coefficient of 
the radioactive 22NaCl is the same as the inactive 23NaCl or the difference in 
diffusion coefficients are immeasurable within the precision of diffusion 
experiments. The measured NaCl diffusion coefficients at NaCl concentrations C2 
= 1.02×10 6 and 2.04×10 6 mol/dm3 in the NaCl-H2O system are given in Table 4.  
 
Table 4. Experimental diffusion coefficients  in 10 5 cm2/s units for the NaCl-H2O 
system at 298.15 ± 0.01 K. The results are calculated from measurements made at very 
low concentrations of NaCl with the linear least-square method. The NP values have been 
calculated from the ionic diffusion coefficients of the Nernst-Planck equations taking into 
account the ionization of water. 
 

C2(10 6 mol/dm3) 1.02 2.04 
single exp. 

  
1.522±0.003 
1.531±0.008 
1.532±0.003 
1.518±0.005 

1.569±0.004 
1.563±0.006 
1.578±0.005 

  
NP  

1.526±0.003 
1.528 

1.570±0.004 
1.563 

 
 
These measured values were then compared to the values calculated from the 
Nernst-Planck equations taking into account the water ionization, Eq. (34). These 
calculated values are depicted graphically in Fig. 20 with the experimental values 
and with the Onsager Limiting Law slopes of the aqueous binary diffusion for 
NaCl (Onsager-Fuoss Limiting Law, [11]) and for the tracer diffusion of Na+ in 
aqueous NaCl (Onsager Limiting Law, [12]). The experimental results show a 
good correlation with the values calculated from the Nernst-Planck equations 
taking the ionization of water into account and show that the measured diffusion 
coefficients are not pure binary diffusion coefficients as would normally be 
expected. By analogy to Eqs. (12) and (14), the diffusion coefficient in this 
system can be expressed as D22 = D2 + t2 (D3   D2), where 2 and 3 denote Na+ 
and Cl . When NaCl is the only electrolyte present, t2 = D2/(D2 + D3) and D22  
becomes the binary diffusion coefficient D22 = 2D2D3/(D2 + D3) = 1.611×10 5 
cm2/s. When the NaCl concentration tends to zero, t2 also does, and D22  takes the 
tracer value D2 = 1.334×10 5 cm2/s. The measured values in between the two 
limiting law values of tracer and binary diffusion coefficients, which indicates 
that NaCl is not the only electrolyte present and that the measured diffusion 
coefficients contain contributions from the highly mobile H+ and OH  ions. 
Previously measured values found in the literature were (1.55±0.02)×10 5 cm2/s at 
1×10 4 mol/dm3 [198], (1.54 ± 0.03) ×10 5 cm2/s at 9×10 5 mol/dm3 [130], 
(1.51±0.03)×10 5 cm2/s at 2×10 5 mol/dm3 [130] and (1.47 ± 0.04)×10 5 cm2/s at 
2×10 5 mol/dm3 NaCl-H2O solutions [198]. Although these literature values are 
lower compared to those calculated from the Nernst-Planck equations they also 
indicate ternary diffusion effects in the infinite dilute region of binary diffusion as 
can be seen from Fig. 20. Without this ternary effect the measured values should 
be of the order of the Nernst limiting value 1.611 × 10 5 cm2/s. 
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Fig. 20. Experimental and theoretical values of the diffusion coefficient D22 in the binary 
system of NaCl(2)-H2O at very low concentration of NaCl at 298.15 ± 0.01 K. The 
theoretical values have been calculated by taking into account the ionization of water. 
The straight dashed and dotted lines describe the Onsager Limiting Laws for binary NaCl 
and for the tracer diffusion of Na+ in aqueous NaCl. The literature values [Mil] and [Pas] 
given are taken from the publications of Mills [130] and Passiniemi [198].  
 

6.4 Binary diffusion: NaCl-H2O in brick media 
 
The second part of this thesis consists of the interdiffusion measurements of salts 
in porous ceramic brick media. The method developed, tested and optimized is a 
modification of the stationary-state DM used earlier in free aqueous solutions. 
The measuring techniques, the apparatus as well the calculation method of the 
diffusion coefficient from Fick’s law in a pseudo-stationary state are presented in 
publication II. The term pseudo-stationary state indicates that at any moment the 
diffusion flux is not dependent on the space coordinate inside the specimen. The 
time for reaching of the pseudo-stationary state was about 20-60 h depending on 
the specimen and the experimental conditions. In a successful one week 
experiment, which included 500-700 measured data points, the correlation 
coefficient found when fitting the experimental data to the diffusion equation was 
larger than 0.9995. The optimum dimensions for the ceramic sample with respect 
to homogeneity and time to achieve the pseudo-stationary state condition was 
found to be a 25 mm diameter ( ) and thickness (L) of 10 mm with the optimum 
initial salt concentration of the brick sample was discovered to be that of the 
chamber  used in different diffusion tests. The volume of the brick specimen was 
1 cm3 and the chamber volumes were 25 cm3 ( ) and 2200 cm3 ( ). 
 
By using this modified Diaphragm Cell Method (DM) as outlined, the 
interdiffusion coefficient was determined for NaCl in aqueous solutions at 25 °C 
in three different ceramic brick materials: new Finnish Red Brick (NRB), Old 
Light Brick (OLB) and Old Dark Brick (ODB), respectively. All the aqueous 
NaCl solutions were prepared by weighing, taking into account the appropriate 
buoyancy corrections. The change of the concentration in chamber  was 
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analyzed by monitoring the conductivity as a function of time and the cell 
constant was found to be 1.702 cm 1 after calibration with standard KCl solution.  
 
The measured diffusion coefficients at a salt concentration of 0.05 mol/dm3 are 
given as an effective diffusion coefficient, , calculated with the porosity value, 
, measured for each of the specimen prior to the diffusion experiment. Porosities 

were determined by first using capillary saturation of water followed by sucking 
water through the specimen with a vacuum pump to ensure full saturation. This 
method for determining the porosity is also termed open or effective porosity 
because it measures the volume fraction of the brick specimen accessible to the 
diffusing ions but not the possible dead end pores or cracks (see Section 4.2). The 
diffusion coefficients for different the brick materials measured in publication II 
are presented as single measured values ± fitting errors of the least-square method 
and from these calculated effective diffusion coefficients ± the standard errors 
(Table 5). The measured mean effective porosity values are given for each brick 
materials. 
 
The main result was the value determined for the diffusion coefficient of 
commercial ceramic NRB, which had a measured effective diffusion coefficient 
value in 0.05 mol/dm3 aqueous NaCl at 25 °C of (0.499 ± 0.004)×10 5 cm2/s. The 
corresponding values for the porous medium of OLB and ODB were (0.453 ± 
0.008)×10 5 and (0.337 ± 0.009)×10 5 cm2/s, respectively. The level of precision 
for the measured diffusion coefficients was calculated to be  ±1% for NRB, 

 ±2% for OLD and  ±3% for ODB, respectively. This decrease in the precision 
correlated with the increasing heterogeneity of the different brick materials being 
measured. The quality of the material of NRB, which is an industrially 
manufactured engineering brick, is more uniform and homogenous than ODB and 
OLB, which represent brick materials find in old masonry (see Section 4.1). 
Moreover, there were also a lot of OLB and ODB specimens that were found to 
be unsuitable due to structural defects that were detected during the diffusion 
measurements. 
 
No diffusion coefficient values for OLD or ODB were found in the literature and 
only two diffusion measurement references for porous brick. Nielsen [75] has 
reported for red brick at room temperature diffusion coefficients of (1.9 ± 0.3) 
×10 5 in 2.5 and (2.8 ± 0.7)×10 5 cm2/s in 5 mol/dm3 NaCl, respectively. These 
values for aqueous NaCl are much higher than the Nernst limiting value of 
1.611×10 5 cm2/s at infinite dilution suggesting that there must an error in these 
measurements. On the other hand, Lempinen et al. [94] reported a value of 
0.217×10 5 cm2/s for a 0.5 mol/dm3 NaCl solution in NRB at room temperature, 
which is too low compared to value measured in this work even when differences 
in the concentration and measuring temperature are taken into account. In contrast 
the diffusion coefficient values determined in this work are based on the many 
repetitions using systematic and controlled test arrangements. 
 
The difference in the diffusion rate between the different brick materials measured 
may give rise to some questions as the ranking of the measured diffusion 
coefficients are not only governed by the porosity parameter alone and use of the 
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measured tortuosity factors (see Section 4.3) can provide a better explanation. The 
ranking with values ( (105 cm2 s 1); ) at the point where CNaCl = 0.05 mol/dm3, t 
= 25 °C gives values of: NRB (0.499; 1.62), OLB (0.453; 1.75) and ODB (0.377; 
2.72). The position of the OLB material in the ranking list also results from both 
its mean pore size (40 nm), which is significantly the smallest and the largest 
inner pore surface area (10.9 m2/g) of all brick media measured. This means 
greater interaction with the diffusing ions and the porous medium of the brick and 
it is even possible that chloride ions ingress into the finest tubes is hindered as a 
result of the negative surface charge of electrical double layer on the brick wall. In 
more dilute solutions this effect is greater because of the larger effective thickness 
of the ionic cloud (Debye length  30 Å at 0.01 mol/dm3 for 1:1 electrolyte). This 
lag in the motion of the chloride anions also results in a reduction in the drift 
velocity of the slower sodium cations, which is the opposite of what is observed in 
pure unbounded aqueous systems. The result of this phenomenon might then be 
seen as a smaller diffusion coefficients measured for OLD. This influence of the 
double layer of the porous medium as a dragging force on the diffusing ions, 
including the adsorption processes is far more pronounced in more porous media 
like concrete or rock. 
 
Table 5. Experimental effective diffusion coefficients  in 10 5 cm2/s units for 
0.05 mol/dm3 NaCl in different brick materials at 298.15 ± 0.05 K. The brick mean 
porosity  and its typical range of variation  are also shown. The errors of the single 
experiment measurements ( 2×10 9 cm2/s) are not shown whenever they are significantly 
lower than the dispersion error when evaluating the mean diffusion coefficient.  
 

 
 ±  

NRB 
0.225±0.009 

OLB 
0.292±0.004 

ODB 
0.177±0.012 

single exp. 
De 

0.495 
0.508 
0.510 
0.502 
0.484 
0.491 
0.502 

0.445±0.004 
0.469±0.005 
0.446±0.003 

0.319±0.008 
0.344±0.006 
0.348±0.007 

mean De  0.499±0.004 0.453±0.008 0.337±0.009 
 

6.5 Diffusion coefficients of salts in brick media. Concentration and 
temperature dependence 

 
In publication III the DM presented and tested with different brick materials in 
aqueous NaCl in publication II was applied to the measurement of other water-
soluble salts commonly found in building materials. The diffusion coefficients 
were also measured for KCl, NaNO3, CaCl2, MgCl2, Na2SO4 and Na2CO3 in 
aqueous solutions in NRB at 25 °C and the measured effective diffusion 
coefficients with the fitting and standard errors are given in Table 6. The diffusion 
coefficients determined for different electrolytes varied between (0.271-
0.544)×10 5 cm2/s. As there were no literature values measured in a porous 
ceramic brick medium available, these measured diffusion coefficients of the 
different salts were compared to the corresponding value measured in the absence 
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of porous medium in free water at the same mean concentration and at infinite 
dilution. The value of the diffusion coefficients as a function of salt followed the 
same trend as measured in free water with only the order of magnitude changed. 
The value of  for the salts of KCl, NaNO3, CaCl2, MgCl2 and Na2SO4 were 
0.282-0.289 times the values measure in water. The value of  for the salts of 
NaCl and Na2CO3 with respect to their free water values did differ somewhat 
from the other salts giving values of 0.332 (maximum) and 0.271 (minimum) 
times the diffusion coefficient measured in water at the same concentration, 
respectively (see Table 1 and Fig. 6 in publication III). 
 
The measured diffusion coefficients decreased in the order of KCl(1), NaCl(2) 
and NaNO3(3) – the 1-1 alkali metal electrolytes, CaCl2(4) and MgCl2(5) – the 2-
1 alkaline-earth metal electrolytes, Na2SO4(6) and Na2CO3(7) – the 1-2 bivalent 
anion alkali metal electrolytes. This manner of decrease of the diffusion 
coefficients is very similar to that observed for the decrease of reciprocal of the 
relative viscosities  of the same electrolytes under the same conditions 
(p,T,c). The values of  are given in Table 6 and are also depicted graphically 
in publication III (Fig. 7). This variation of the diffusion coefficients and viscosity 
is also very similar to that observed in pure electrolyte-water solutions under 
equivalent conditions or even at infinite dilution calculated with the Nernst-
Hartley equation [116] and this can be seen by comparing Figs. 6 and 7 in 
publication III (N.B. the numbers 7 and 8 in the abscissa should be 6 and 7). Even 
the -values of NaNO3(3) and Na2SO4(6), that do not fall on the reciprocal 
curve of the relative viscosity can be explained by the corresponding rise 
observable in the diffusion coefficient of these electrolytes in the pure electrolyte-
water solution system. Although this is not so clearly seen in the presence of the 
porous brick, there still seems to be a connection between the binary diffusion and 
the viscosity in the case of a porous medium as was also observed in the case of 
the absence of a porous medium between the tracer diffusion and viscosity 
(Section 6.1). 
 
Table 6. Experimental effective diffusion coefficients  in 10 5 cm2/s units of different 
electrolytes in NRB measured at 0.05 mol/dm3 and 298.15 ± 0.05 K. The reciprocals of 
the relative viscosities of salt-water solutions are given as , where = 0.8903 mPa s 
is the viscosity of water at 298.15 K. The errors of the single experiment measurements 
(  2×10 9 cm2/s) are not shown because they are lower than the dispersion error when 
evaluating the mean diffusion coefficient.  
 

Salt 
0/  

KCl 
0.9999 

NaCl 
0.9949 

NaNO3 
0.9968 

CaCl2 
0.9835 

MgCl2 
0.9773 

Na2SO4 
0.9770 

Na2CO3 
0.9729 

single exp. 
De 

0.541 
0.547 
0.544 

0.495 
0.508 
0.510 
0.502 
0.484 
0.491 
0.502 

0.426 
0.424 
0.424 
0.421 

0.322 
0.319 
0.321 

0.306 
0.304 
0.304 
0.301 
0.311 

0.290 
0.290 
0.292 
0.295 
0.289 

0.266 
0.274 
0.273 
0.270 
0.272 
0.268 
0.270 

mean De  0.544 
±0.002 

0.499 
±0.004 

0.424 
±0.001 

0.321 
±0.001 

0.305 
±0.002 

0.291 
±0.001 

0.271 
±0.001 
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The concentration and temperature dependence of  in ceramic NRB were also 
measured and the results are given in Tables 7 and 8. The diffusion coefficients 
measured as a function of NaCl over the concentration range for Cmean (0.05-
3.08) mol/dm3 varied in between (0.415-0.499)×10 5 cm2/s at 25 °C and the 
measured values in 0.05 mol/dm3 NaCl as a function of temperature were (0.218-
0.499)×10 5 cm2/s, respectively. As there were no pre-existing literature values 
the free water values in the absence of a porous medium were used as a reference. 
The variation of De as a function of concentration was smaller than its variation as 
a function of temperature, which remained close to that of NaCl in free solution 
(see Figs. 8 and 9 in publication III). It means that the minimum values of the 
measured diffusion coefficients were in the medium range concentration region of 
about 0.3-1.5 mol/dm3 both in presence and in absence of the porous medium. 
 
Table 7. Experimental effective diffusion coefficients  in 10 5 cm2/s units measured at 
different NaCl concentrations in NRB at 298.15 ± 0.05 K. The values (10 5 cm2/s) in 
free water are from Lobo et al. [216]. The errors of the single experiment measurements 
(  2×10 9 cm2/s) are not shown because they are lower than the dispersion error when 
evaluating the mean diffusion coefficient.  
 

C (mol/dm3) 0.05 0.30 1.00 3.08 
single exp. 

De 
0.495 
0.508 
0.510 
0.502 
0.484 
0.491 
0.502 

0.452 
0.455 
0.457 

0.414 
0.422 
0.409 

0.492 
0.467 
0.486 
0.491 
0.471 

mean De  0.499±0.004 0.454±0.001 0.415±0.004 0.481±0.006 
Da 1.504 1.473 1.482 1.559 

 
 
Measured diffusion coefficients also show similar behavior as a function of 
temperature both presence and absence of the brick medium. The rather strong 
temperature dependence is due to both the decreasing viscosity of the solution and 
the increasing thermal kinetic energy of the molecules and ions as the temperature 
is increased. The temperature dependence in porous brick was = (1.67t + 
7.18)×10 7 cm2/s ( = 0.990), whereas the equation in the absence of porous 
brick was  = (3.23t + 70.9)×10 7 cm2/s (  = 0.996) fitted from the literature 
values [216]. In both equations t is the temperature value in Celsius scale. The 
diffusion coefficients increased linearly as a function of temperature, and the 
temperature coefficient in free water was larger than in porous media. This is 
reasonable based on the assumption that the more confined and hindered space in 
porous structures, might result in a reduced mean forward speed of the diffusing 
salt ions. Moreover, in dilute salt solutions the double layer in the porous brick 
grain surface will bind salt ions and water molecules limiting strongly their 
Brownian motion as a function of temperature [145].  
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It is also possible to describe the temperature dependence of the diffusion 
coefficients with the experimental formula , where  is the 
activation energy required for a molecule or ion to “push past” some of its 
neighbors and move into the next Coulombic cage or ’hole’ in the solution [217]. 
It has been shown that the formation of holes required for this particle jump is 
analogous to the formation of the holes necessary for viscous flow of a liquid. 
Consequently, the activation energy for diffusion is similar to that for viscous 
flow and a similar type of formula can also be utilized for the temperature 
dependence of viscosity [218]. The results from these measurements and 
calculations showed that the viscosity, diffusion coefficient and temperature in a 
porous brick medium were related as expected. 
 
Table 8. Experimental effective diffusion coefficients  in 10 5 cm2/s units measured in 
0.05 mol/dm3 of NaCl in NRB a different temperatures. The values (10 5 cm2/s) in free 
water from Lobo et al. [216] has been interpolated to fit the measured (t,C) points. The 
errors of the single experiment measurements (  2×10 9 cm2/s) are not shown because 
they are lower than the dispersion error when evaluating the mean diffusion coefficient.  
 

t (ºC) 8.00 13.00 18.00 25.00 
single exp. 

De 
0.223 
0.214 
0.215 
0.221 

0.277 
0.284 
0.270 

0.369 
0.359 
0.364 

0.495 
0.508 
0.510 
0.502 
0.484 
0.491 
0.502 

mean De  0.218±0.002 0.277±0.004 0.364±0.004 0.499±0.004 
Da 0.967 1.129 1.253 1.504 

 

6.6 Brick and electrolyte characteristics affecting diffusion 
 
In this section the reasons for the smaller diffusion coefficients measured in 
porous ceramic brick when compared to the unbound free water values are 
considered and an approximate numerical geometric factor describing these 
differences are presented. In addition, the reasons for the ranking of different salt 
diffusion coefficients measured in porous brick are analyzed in terms of solution 
viscosity and the hydrodynamic radii and hydration of the ions.  
 

6.6.1 Influence of geometry 
 
There has been a lot of discussion about how to relate the diffusion coefficient 
measured in a porous medium to the diffusion coefficient measured in the absence 
of a porous medium (see section 4.3). Mainly this discussion has dealt with 
porous matrices like crushed rock, sedimentary rocks, sandstones, bentonite clay, 
cementitious materials and concrete. These deliberations led Hoogschagen to 
define the diffusibility  where the subscripts p and a stand for 
presence and absence of porous medium. In this work Q can be calculated for the 
relation between the binary diffusion coefficients measured in fully saturated, 
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isotropic, fired ceramic brick compared to the corresponding values measured in 
free unbounded aqueous salt-water system.  
 
In porous media factors restricting the solute diffusion are usually categorized into 
porosity, , tortuosity, , constrictivity factor, , and the interaction coefficient, . 
The interaction of the electrolyte ions with the pore surface is not so significant 
for a macroporous (  50 nm) medium as it for microporous (  2 nm) or 
mesoporous (2 nm  pore size  50 nm) media (definitions adopted by the IUPAC 
[219]). As a result, the interaction coefficient, , the for the macroporous structure 
of brick media can be reasonably approximated to one, taking into account pore 
size, the order of magnitude of the diffusing ions and Debye length (see Table V 
in publication II). The only potential exception to this are the diffusion 
coefficients measured in OLB (pore size 40 nm, pore surface area 10.9 m2/g) 
where a measurable interaction between solute and pore surface could occur. In 
this case, any measureable interaction can be simplified by considering that the 
interaction coefficient  is incorporated into the apparent tortuosity or 
constrictivity factor parameters. However, the idea that the interaction coefficient 
is negligible only applies to diffusion coefficients calculated for the stationary 
state measurements e.g. when the sorption-desorption equilibrium has already 
been reached (see Sections 4.5 and 4.6).  
 
There are many variants for diffusibility in the literature but the commonly 
accepted form is: Q =   2 [148]. As the effective diffusion coefficient  has 
previously been defined as , Eq. (45), the formula can be written in the form 
of: 
 

(59)
 
where  is the estimate for the measured effective diffusion coefficient ,  is 
the diffusion coefficient of the electrolyte in pure bulk water in the absence of 
porous brick,  is the tortuosity and  is the constrictivity factor evaluated from the 
function of  = f(B).  
 
The mean apparent tortuosity values, a, determined in this work with NaCl salt 
were chosen as a first approximation for the  value used in Eq. (59) and these 
constant values were a = 1.7 for NRB, a =1.9 for OLB and a = 2.9 for ODB (cf. 
Section 4.4). For the  value there were 3 different possibilities available in the 
form of the function,  = f(B), firstly the function of Petersen (hyperbola of 
revolution) [220] , the function of Currie (sinusoidal) [221] and the function of 
Michaels (a series of connected cylindrical capillary models) [222]. As a more 
detailed knowledge of the brick matrix geometry was unavailable, the  value in 
different brick media was approximated by using median values based on results 
from all three functions. Parameter B is defined as the significant ratio of the 
maximum and minimum cross section for different pore forms and this was 
estimated from the pore size distributions determined by the MIP measurements 
made for NRB, OLB and ODB, resulting in estimated final values for the 
constrictivity factor of:  = 0.85 for NRB,  = 0.80 for OLB,  = 0.75 for ODB, 
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respectively [140, 150]. The experimentally measured effective diffusion 
coefficients  and the calculated estimates  from Eq. (59) as a function of 
different diffusion systems measured are plotted in Fig. 21.  
 

 
Fig. 21. The measured effective diffusion coefficients  compared to calculated 
estimates  from Eq. (59). The binary diffusion coefficients are numbered subsequently: 
as a function of salt: 1 (KCl), 2 (NaCl), 3 (NaNO3), 4 (CaCl2), 5 (MgCl2), 6 (Na2SO4), 7 
(Na2CO3); as a function of brick medium: 8 (NRB), 9 (OLB), 10 (ODB); as a function of 
concentration: 11 (C = 0.05 mol/dm3), 12 (C = 0.30 mol/dm3), 13 (C = 1.00 mol/dm3), 14 
(C = 3.08 mol/dm3) and as a function of temperature: 15 (t = 8 °C), 16 (t = 13 °C), 17 (t = 
8 °C), 18 (t = 25 °C).  
 
As it can be seen in Fig. 21, the estimates calculated from Eq. (59) showed some 
variation between the measurements. For example, the term a

2 in Eq. (59) 
explains the relation  in the case of different salt quite reasonably (in 
green) and it is only the estimates for (NaCl) and (Na2CO3) that are either 
too low or  high. However, by using an alternative value for (CNaCl = 
0.05 mol/dm3) = 1.62 (determined from the logarithmic regression fit in Fig. 11) 
the resulting estimate (NaCl) = 0.487 × 10 5 cm2/s would correlated better with 
the experimentally measured value of (NaCl) = 0.499 × 10 5 cm2/s. Regardless 
of the moderate estimates for the different brick media, the estimates for the 
variations in concentration (in blue) and temperature (in red) were not precise 
enough. A more accurate material parameter should be found that is not a static 
constant but dependent at least on concentration and temperature in order to 
explain the partly contradictory differences in the relation of  discovered 
here.  
 
The consistent differences between the measured and estimated diffusion 
coefficients for the different brick materials (in brown) indicate a systematic error 
in the a

-2 term. The a values of 1.60, 1.63 and 1.83 would provide a perfect fit 
with the  values used for the different brick media measured however, 
particularly in the case of NRB, the value of 1.60 resulted in a poor fitting with 
any other salt than NaCl. The best correlation with the measured effective 
diffusion coefficients were finally achieved with the a values of 1.71 for NRB, 

D
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1.68 for OLB and 1.83 for ODB, which in turn gave a
-2 values of 0.291 for 

NRB, 0.283 for OLB and 0.224 for ODB. The fitting errors with the material 
parameters given are plotted according to the binary diffusion system studied in 
Fig. 22. As can be seen from the plot the chosen parameters estimated the 
measured diffusion coefficients in porous brick, at best, with an error of ±3% for 
half of the experimental diffusion coefficients and at worst with an error of 28%. 
The estimates are poorer when the diffusion coefficients as a function of 
temperature are considered as the fitting errors are on average ±7%. In the 
absence of any literature data related to brick media, the material parameter a

-2 
values of 0.22-0.29 determined here were compared to those of Olin et al. [154] 
who measured in a crushed rock medium and found corresponding values of 0.01-
0.1. This difference is understandable and result from smaller geometrical factors 
associated with the more porous and tortuous crushed rock. 
 

 
Fig. 22. Fitting errors for the estimates of  compared to the measured effective 
diffusion coefficients . The system labels 1-19 correspond to different salts 1(KCl), 
2(NaCl), 3(NaNO3), 4(CaCl2), 5(MgCl2), 6(Na2SO4), 7(Na2CO3); different brick media 
8(NRB), 9(OLB), 10(ODB); different concentrations: 11(c = 0.05 mol/dm3), 12(c = 0.30 
mol/dm3), 13(c = 1.00 mol/dm3), 14(c = 3.08 mol/dm3) and different temperatures: 15(t = 
8°C), 16(t = 13°C), 17(t = 18°C), 18(t = 25°C). The material parameters a

-2 used in the 
fittings were 0.291 (NRB), 0.283 (OLB) and 0.224 (ODB). 
 
From the results it still seems that a universal constant material parameter or 
geometrical factor that explains all the differences in interdiffusion coefficients 
between porous brick matrix and unbounded bulk water is unattainable. 
Moreover, this issue would require a more detailed investigation and 
understanding of the pore morphology in brick media to be solved satisfactorily. 
The work detailed here demonstrates that the a

-2  term is the material parameter, 
which gives a useful first approximation for the salt diffusion coefficient in the 
porous brick media studied. The only drawback is that the diffusion coefficient in 
pure aqueous solution is required for the calculation of diffusion coefficient 
estimate. Still the most accurate way to determine the diffusion coefficient in 
porous media is through time consuming experimentation.  
 

6.6.2 Influence of ion hydration 
 
The measured effective diffusion coefficients were shown to decrease with the 
decreasing reciprocals of the relative viscosity  - see Table 6 - meaning that 
diffusion coefficients are inversely related to the viscosity. This is similar in 
nature to the Stokes-Einstein formula for the solid spherical particle diffusing 

57



through an inert Newtonian fluid [223] and this equation can be modified for the 
case of binary salt diffusion in a porous medium to give: 
 

(60)
 
where  is the porosity of the medium,  is the Boltzmann constant,  is the 
viscosity of the aqueous salt solution in the porous medium and  the apparent 
radius of the diffusing binary salt.  
 
It clear from Eq. (60) that the ranking between the measured diffusion coefficients 
of different salts in porous brick does not only rely on the   different viscosities of 
the aqueous salt solutions, as the viscosities for the salt solutions were between 
(0.89-0.92)×10 3 N s/m2 and the measured diffusion coefficients were between 
(0.27-0.54)×10 5 cm2/s. Conversely, the differences between the measured De are 
not based  solely on the differences between the actual atomic or hydrodynamic 
crystal ionic radii of individual atoms composing the salts. This situation can 
change however, when the solvation effects of the ions are taken into account as 
the hydrated ions are larger than the continuous layer of surrounding solvent 
water molecules. The hydration reduces the amount of free water molecules 
available thereby reducing the effective water concentration and increasing the 
effective salt concentration in solution. It is known that ion hydration usually 
comprises of several layers with the innermost water layer being the most 
immobile. As the hydration of ions most certainly increases the radius of ions 
involved in diffusion this effect should be included into the radius of  in 
Eq. (60). 
 
For ternary tracer diffusion or interdiffusion of neutral molecule this hydration 
can be easily account for as there is only one diffusing ionic species or 
component. In contrast, for binary salt diffusion of electrolyte the diffusion 
potential between cation and anion forces both the cation and anion to diffuse at 
the same speed with the associated hydrated water meaning that the radius of  
must include both ions and all the hydrated water. As a result the apparent 
hydrodynamic radius from Eq. (60) needs to be divided by the radii of both the 
water molecules and the hydrated salt ions. The main idea is to equalize the total 
volume obtained from the apparent hydrodynamic radius with the sums of 
volumes of the individual ions in stoichiometric relation and all the hydrated 
water molecules. By using this assumption an apparent hydration number can be 
calculated with known solution viscosity and effective diffusion coefficient. The 
apparent hydration number, ha, for the salt given can then be solved from the 
following derived equation of:  
 

(61)
 
where , , , ,  and  are the radius of water molecule in 
hydration, the radii of the unhydrated ions and their stoichiometric coefficients, 
respectively and the effective diffusion coefficient. 
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Due to the great variation in data for the hydrated ionic radii the bare ionic radii 
were selected as the degree of hydration of an ion depends primarily on the radius 
of the bare ions and the charge, which are taken into account through the 
stoichiometry of the salt. In order to interpret volumes of solvated ions in solution, 
it is usually also necessary to have values of the respective intrinsic volumes or 
corresponding radii of the ions in an unsolvated state [224]. The numerical values 
of the ion radius vary depending on how they are calculated e.g. from the 
wavefunctions, lattice spacings or crystal structures of various salts. In the case of 
monatomic inorganic ions, at least four scales of ionic radii are available: the 
Pauling, the Gourary, the Adrian, and the Goldschmidt scales [224]. In Eq. (61) 
the Pauling ionic radii was used [134], however for the unsymmetrical polyatomic 
ions, like SO4

2  and CO3
2  complete and reliable crystal ionic radii are lacking 

[224]. Hence the missing values were calculated by assuming that the ions are 
spherical and the Stokes-Einstein equation at infinite dilution applies. Very 
similar values for the ionic radii can also be calculated from the tabulated molar 
volumes of these ions in water at 25 °C [225]. Ultimately values of 2.3 and 2.2 Å 
were chosen for the polyatomic ions SO4

2  and CO3
2  and 3.3 Å for the hydrated 

water molecule radius [226]. For the different salts investigated the calculated 
change in apparent hydration number, ha, and total apparent radii, , with 
solution viscosities are plotted in Fig. 23. In can be observed that as the apparent 
radius of the salts goes changes from about 4.5 to 8.8 Å, the apparent hydration 
numbers goes from 2.3 to 18.6, respectively. This means that the least hydrated 
salt was KCl with the apparent hydration number of ha  = 2.3, followed by NaCl 
(ha = 3.1) and NaNO3 (ha = 5.1). After these 1-1 electrolytes came the divalent 
cation salts CaCl2 (ha = 11.4) and MgCl2 (ha = 13.2). The most hydrated were 
clearly the polyatomic salts Na2SO4 and Na2CO3 with apparent hydration numbers 
of 15.1 and 18.6, respectively.  
 
In view of all these assumptions the apparent hydration numbers for porous salt 
diffusion systems calculated appear to be reasonable, although there is 
considerable variation in the ion hydration number within literature [129, 227]. 
For example, the strongly hydrated divalent Ca2+ and Mg2+ ions have given 
literature values between 6-10 and 6-14, whilst the more weakly hydrated Cl– ions 
are given the value of 2. This means that in the binary diffusion case the mean 
literature values for the salts CaCl2 and MgCl2 have the following stoichiometric 
coefficients 1 × 8 + 2 × 2 = 12 and 1 × 10 + 2 × 2 = 14, which show a good 
correlation when compared to the values of 11.4 and 13.2 calculated here.  
 
In spite of the correlation for both the divalent cation and anion salts, the 
hydration numbers determined for KCl and NaCl are too small when compared to 
the typical literature values of 3.5-8.4 for Na+ ion and 3.0-5.4 to K+ ion. However, 
these literature values are measured for ions rather than salts and not in the 
presence of porous brick medium. Moreover the principal thermodynamic 
variables of solution concentration, temperature and pressure all have influence to 
the actual hydration number [227]. 
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Although the calculated apparent hydration numbers for the whole salt displayed 
in Fig. 23 are not absolute they offer an explanation for the measured effective 
diffusion coefficients ranking. As before, better knowledge of the system in terms 
of the real hydrodynamic radii of the hydrated ions and the water molecule 
coupled to a parameter that adjusts to reflect changes in the value of the apparent 
hydration number would improve correlation with the experimental results. 
Nonetheless, the increasing salt ion hydration reduces ion movement as the total 
burden required to be transported by the salt ions increases, resulting in changes 
to diffusivity in the measured porous salt diffusion system. The significantly 
larger diameters of the hydrated ions compared to the bare ions may, in part, also 
explain the relatively small diffusion coefficients measured in smaller pore size 
porous media like OLB.  
 

             
Fig. 23. The estimated total radius of the diffusing binary salt, the viscosity of the 
solution and the evaluated apparent hydration number, ha, of the salt. The binary diffusion 
systems are numbered accordingly to the salt: 1 (KCl), 2 (NaCl), 3  (NaNO3), 4 (CaCl2), 5 
(MgCl2), 6 (Na2SO4) and 7 (Na2CO3). 
 
A similar increase in the sequence of the diffusion coefficients was also reported 
for porous sodium bentonite [156] and for montmorillonite clay [228, 229], where 
there is also a clear correlation between the unhydrated ionic radius and apparent 
diffusivity observed - although the apparent diffusion coefficient measured for the 
Na+ ion was still greater than that measured for K+ ion. Partly the same trend has 
been observed for salt diffusion coefficients measured in concrete, whereas in this 
work the effective binary diffusion coefficient measured for KCl was larger than 
that measured for NaCl despite having the same Cl– counter ion.  The reason for 
the contradictory ranking of, , where the most hydrated salt 
had the largest diffusion coefficient, reported in concrete could result from 
chloride binding in the concrete matrix and the more complex, non-binary 
diffusion processes reported [161]. 

r
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6.7 Quasi-steady diffusion through brick media 
 
In publication IV the diffusion of salt in a fully saturated brick is studied under 
isothermal conditions by means of DM and mathematical methods. When a 
sample is completely saturated, the convective transport can be neglected. The 
mathematical methods involved analytical and numerical calculations of the 
diffusion process in combination with the measured data. The work outlined in 
publications II and III, and also in references [95-100], was extended by 
developing an analytical solution which gives the temporary salt concentration in 
the diffusion chamber under examination.  
 
The brick material separates two chambers of volumes V  and V  containing NaCl 
solutions of concentrations c (t) and c (t). By following the concentration change 
in chamber , the diffusion coefficient of the salt in the porous brick can be 
determined. The brick material has thickness L, geometric area A, and porosity . 
The mass conservation requires that (see section 4.1 in [112]): 
 

(62)
 
Under quasi-steady-state conditions, the flux density , defined over the total 
geometrical brick area A, can be assumed to be independent of position. Glass et 
al. [93] have concluded that the estimation error of D can be neglected if the time 
required to reach the quasi-steady-state conditions is less than 20% of the total 
measurement duration time. The lag time t0 represents the lower boundary of the 
time required to achieve the quasi-steady-state condition [90]. For all of the 
measurements evaluated, the measurement duration time was longer than 5t0 - 
typically 10t0 - and in some experiments even 100t0. Therefore the estimation 
error of D could be neglected. Furthermore all the analytical and numerical 
validation calculations were applied only after the t > t0 condition was true. 
 
The diffusion equation: 
 

(63)
 
can be integrated with respect to position to obtain c(x). If x = 0 denotes the brick 
surface in contact with chamber , and x = L the surface in contact with chamber 

, the boundary conditions are  and  (see Fig. 1 in 
publication IV). If the volume ratio of the chambers  is large enough, the 
concentration changes in chamber  can be neglected, and  can be considered 
independent of time. In our experiments this condition was satisfied because 

.  
 
The initial salt concentration in chamber  is , and its time variation is given 
by the following analytical solution derived in publication IV: 
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(64)

 
where 
 

(65)
 
is the relaxation time.  
 
The measurement data was divided into three groups and compared with the 
analytical and numerical data - these groups are summarized in publication IV 
(Tables I-III) for different specimen and chamber properties. In the simulation the 
brick specimen, the brick and salt type, the initial salt concentration in chamber  
and in the brick sample were varied. The results of groups II and III especially 
demonstrate that the theories developed for NaCl diffusion in NRB are applicable 
to other types of salts and bricks. The simulation results are also showed 
graphically in publication IV (Figs. 2-4). It is worth noting that the experimental 
period for sample 7 (in Fig. 4) is over 3 months when compared to regular 
experiments that had durations of about one week. As it can be seen the figures a 
good correlation between the measured data and the analytical and numerical 
solutions was achieved demonstrating the accuracy of the proposal analytical 
solution. 
 
The last figure in publication IV outlines the concentration profiles of NaCl in 
NRB (Fig. 5). The diffusion time required for the linear concentration profile in 
brick sample 1 was simulated to be over 10 h. The delay results from the ceramic 
brick medium salt binding effect, which gives way to a linear concentration 
profile after about 10 h. Hence in the quasi-steady-state the possible sorption 
places are filled, the sorption-desorption cycles are in equilibrium and the salt 
flow is controlled solely by the concentration gradient of the salt. This timescale 
presented for the linear concentration profile inside the porous medium was 
validated only for NRB sample 1 with dimensions of L = 10.4 mm and  = 
25 mm and under the stated conditions. The required time period for the linear 
profile will change with ambient conditions and dimensions of the specimen. For 
example, in closed capillary tests the brick specimens were had dimensions of L  
40 mm and   12 mm that result in a larger binding effect. This binding effect 
should also be taken into account in the diffusion coefficients calculated from the 
non-steady-state method, especially in comparison to the diffusion coefficients 
measured with steady-state method in publications II–V. This sorption effect is 
discussed further in Section 6.10.
 
The analytical solution of Eq. (64) gave the temporary salt concentration in the 
monitored diffusion chamber , which were compared to the measured data under 
different environmental conditions. In publication V the diffusion of salt in fully 
saturated brick is studied as a function of salt nature, concentration and 
temperature by means of DM and mathematical methods. The analyses performed 
in publication IV were extended to include more measurement data under varying 
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test conditions in order to simulate the real environmental circumstances. (N.B. In 
Eq. (8) of publication V there should be minus sign between the two first bracket 
expressions instead of the plus sign.) It is worth noting that the data presented 
have been verified by numerous experiments and simulations, which have not 
been shown in publications IV and V due to space limitations although some of 
the earlier measurement data and model development by the author are presented 
in references [99, 100].  
 
The measurements presented in publication V were divided into three groups in 
order to see the validation and analysis results of the measured D. In group I the 
variation parameter is the temperature and the specimen properties, measurements 
and simulations are given in publication V (Table 2 and Fig. 2). As can be seen, 
the ambient temperature also has a big influence on the diffusion coefficient in a 
porous brick medium. The equation for the temperature dependence of the binary 
diffusion coefficient of NaCl in the temperature region between 8 and 25 °C was 
statistically found to be  cm2/s, 
were t denotes the temperature value in the Celsius scale. This second order fitting 
gives values that are very similar to the linear fitting of 

 cm2/s derived in publication III. 
 
In group II the different salt types commonly found in brick structures were 
investigated and the diffusion coefficients were validated in aqueous solutions of 
KCl, NaNO3, CaCl2, MgCl2, Na2SO4 and Na2CO3 (in addition to NaCl) in NRB at 
25 °C. The specimen properties, measurements and simulations are given in 
Tables 1 and 3 and Fig. 4 in publication V (N.B. the figures in Table 1 had shifted 
from their initial place during publication) and Table 6 in this thesis.  
 
In the last group (III) the solution concentration was varied and the sample and 
chamber properties, measurements and simulations are given in Table 4 and Fig. 6 
in publication V (N.B. the figures of ,  and  in Table 4 were erroneously 
switched during publication). The concentration dependence of the diffusion 
coefficients of NaCl was measured in NRB at 25 °C and it was found that the 
relation between the integral binary diffusion coefficient and concentration in 
NRB can be given with the second order equation of 

 where C is the concentration value in mol/dm3 units. 
The fitting was performed in the mean concentration region between (0.05-3.08) 
mol/dm3. For a comparison of the influences of the different salts, temperature 
and concentration of the ambient solution to the salt distribution in brick medium 
a comparable concentration profile was constructed for the same specimen and at 
the same time moment (see Figs. 3, 5 and 7 in publication V). By comparing the 
profiles it can be observed that the effect of temperature is the most important, 
followed by the effect of different salts. The influence of the concentration of the 
same salt solution is approximately three times smaller on the diffusion 
coefficient in porous ceramic brick meaning that as a first approximation the 
effect of the concentration dependence of the diffusion coefficient of the salt can 
be ignored. 
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For diaphragm or diffusion cells some reservations can be expressed as the 
techniques can be subject to hydrostatic effects or osmotic pressures the existence 
of which would have a marked impact on the results from the diffusion 
measurements. The presence of these osmotic pressures or hydrostatic effects all 
depend on the experimental arrangements and the materials used in the 
experiments. In this work, the hydrostatic pressure difference generated by 
different solution concentrations and also the different densities in both chambers 
was equalized with different heights of the solution levels. The hydrostatic 
equilibrium was quickly reached after about 20 min, which is much shorter than 
that required to achieve the quasi-steady-state condition (at least 10 h). The 
additional concern of osmotic pressure build up over the porous brick medium 
also does not occur as all the brick materials investigated - NRB, OLB and ODB - 
were tested and found to be very permeable for both water and salt prior to 
diffusion experiments. Moreover, no salt impermeability was discovered a fact 
that could also be deduced from their pore size distributions when compared to 
the membrane materials used in osmotic studies [219]. 
 

6.8 Integral and differential interdiffusion of 22NaCl in brick media 
 
In the third and unpublished part of this thesis, the CCM was for the first time 
applied to the measurement of the diffusion coefficient in a porous medium. The 
apparatus and the method were adapted for use in the porous brick medium as 
well as the calculation of the results of the differential and integral interdiffusion 
and tracer diffusion coefficients of 22NaCl that are presented in Chapter 5. 
 
When measuring the integral interdiffusion coefficient, the upper half of the brick 
cylinder was filled at the beginning of the experiment with pure water (C1 = 0) 
and the lower half of the brick cylinder with NaCl solution of concentration C2 
mixed with a very small amount of radioactive 22NaCl tracer. These two different 
solutions were in total internal equilibrium prior to the filling of the brick cylinder 
and the start of the experiment. The mean concentration Cmean = 0.5 C2 of NaCl in 
the experiments was varied between 0.0005 to 3.08 mol/dm3.  
 
The integral binary diffusion coefficients obtained with this non-stationary-state 
CCM are known as integral apparent interdiffusion coefficients, , (see 
Section 4.6). By comparing their measured values (Table 9) to the effective 
interdiffusion coefficients, , measured with the stationary-state DM an 
interesting observation can be made. These measured values diverge from one 
another the more dilute the electrolyte concentration in the brick pores. As the 
values of  below a salt concentration 0.05 mol/dm3 could not be measured 
accurately enough with the DM, the differences in dilute concentration of 5×10 4 
mol/dm3 were unable to be compared. By extrapolating the trends of the diffusion 
coefficients of  and , their difference  would still continue to 
increase below 0.05 mol/dm3. It is worth noting that the determination errors for 
the single experiments increased even by an order of magnitude in this dilute 
5×10 4 mol/dm3 concentration region as can be seen from Table 9. This deviation 
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probably results from the big sorption effect in relation to the small diffusion flow 
and to a lesser extent specimen inhomogeneity. 
 
Both of these integral diffusion coefficients,  and , describe the binary 
diffusion of NaCl inside the porous NRB at under the same conditions. By taken 
the binding of part of the salt flux into account, an explanation for this difference 
between the diffusion coefficients could be obtained and this is achieved by the 
adsorption capacity S (Section 6.10). 
 
Table 9. Experimental integral apparent interdiffusion coefficients  in 10 5 cm2/s 
units of NaCl in NRB, calculated with the linear least-square method in the mean 
concentration region of (0.0005-3.08) mol/dm3 at 298.15 ± 0.01 K. The errors of the 
single experiment measurements (ca. 3×10 9 cm2/s) are not shown because they are lower 
than the dispersion error when evaluating the mean diffusion coefficient.  
 

C (mol/dm3) 5.00 × 10-4 0.0500 0.300 1.00 3.08 
single exp. 

 
0.201±0.002 
0.197±0.004 
0.199±0.001 
0.204±0.002 
0.211±0.001 

0.330 
0.336 
0.338 
0.352 
0.336 
0.347 
0.336 
0.350 
0.352 

0.376 
0.368 
0.379 
0.361 

0.393 
0.374 
0.378 
0.394 
0.377 

0.465 
0.473 
0.466 
0.498 
0.462 
0.451 

mean  0.202±0.002 0.342±0.003 0.371±0.004 0.388±0.006 0.469±0.007 

 
Table 10. Experimental differential apparent interdiffusion coefficients  in 10 5 
cm2/s units of NaCl in NRB, calculated with the linear least-square method for mean 
concentrations, Cmean = (C1+C2)/2, between 0.05 and 3.08 mol/dm3 at 298.15 ± 0.01 K. The 
errors of the single experiment measurements (2×10 9 cm2/s) are not shown because they 
are lower than the dispersion error when evaluating the mean diffusion coefficient.  
 

Cmean (mol/dm3) 0.050 0.30 1.00 3.08 
C2  C1(mol/dm3) 0.020 0.20 0.60 1.56 

single 
exp. 

0.290 
0.297 
0.291 

0.326 
0.318 
0.325 

0.347 
0.349 
0.360 
0.364 

0.324 
0.319 
0.315 
0.321 

mean 0.293±0.002 0.323±0.003 0.355±0.004 0.320±0.002 

 
 
When measuring the differential interdiffusion coefficient, the upper half of the 
brick cylinder was filled at the beginning of the experiment with inactive NaCl 
solution with concentration C1 and the lower half of the brick cylinder with NaCl 
solution of concentration C2 mixed with a very small amount of radioactive 
22NaCl tracer. These two different solutions were in total internal equilibrium 
prior to filling of the brick cylinder and the start of the experiment. The mean 
NaCl concentration Cmean = 0.5(C2  C1) was varied between 0.05 to 
3.08 mol/dm3. The differential binary diffusion coefficients obtained with this 
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non-stationary-state CCM are termed differential apparent interdiffusion 
coefficients,  and the values of these measured diffusion coefficients are 
given in Table 10. 
 
As there were no literature values available, these  values were compared to 
the measured   values. However, due to the smaller (~3-5 times) 
concentration gradient for the differential diffusion process when compared to the 
integral diffusion process the measured coefficients differ one another. The 
separation varies as a function of concentration and is at minimum approximately 
when the mean concentration is 1 mol/dm3. As a result of the sorption effect the 

  coefficients decreased strongly with decreasing salt concentration as was 
also observed with the  coefficients measured. In addition, reliable values of 

 for concentrations lower than 0.05 mol/dm3 could not be measured, probably 
as a result of a too small concentration gradient and the sorption phenomena. All 
the binary diffusion coefficients of NaCl in brick at 25 °C results determined with 
the closed capillary and diaphragm methods are plotted in Fig. 24 as a function of 
concentration to illustrate the differences between these measured coefficients. 
Moreover, the same figure also includes the interdiffusion coefficients measured 
in the absence of a porous medium [130, 216]. 
 

 
Fig. 24. Experimental interdiffusion coefficients of the binary NaCl-H2O system in a 
porous brick medium and in the absence of a porous medium as a function of NaCl 
concentration at 298.15 (±0.01) K. There are three set of data in the presence of brick 
medium, (right axis, Dp). The DM,De data are effective diffusion coefficients measured 
with the stationary state DM. The Da(int) and Da(diff) data are apparent integral of  
and the apparent differential  values measured with the non-stationary-state CCM. 
The Da values (left axis), i.e., in the absence of porous medium, were taken from 
literature [130, 216]. 
 
From the binary values, measured below a concentration of 10 4 mol/dm3, 
available in the literature, it is evident that water ionization has an effect [130] as 
the values are smaller than those calculated by the Onsager-Fuoss equation [11]. 
The trend of the measured diffusion coefficients without the sorption effect seems 
to be very similar as the values increase with decreasing concentration both in the 
presence of porous brick ( ) and in the absence of a porous medium. These 
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differences between the diffusion coefficients of  and  result primarily 
from their deviation from  in the dilute concentration region caused by the 
binding effect of the brick medium. Both of the plotted integral interdiffusion 
coefficients  and  are considered in more detail in Section 6.10. 
 

6.9 Tracer diffusion: 22NaCl-NaCl-H2O in brick media 
 
As with the differential interdiffusion coefficient measurements determination of 
the tracer diffusion coefficient involved filling the upper half of the brick cylinder 
with the inactive solution of concentration C and the lower half with the 
radioactive solution of the same concentration. As the concentration of the 
supporting NaCl electrolyte was exactly the same in both sides of the brick 
cylinder the only gradient was that of the 22NaCl added to the lower solution and 
the amount of tracer was small enough so as not to influence to the total 
concentration of the NaCl, for example, in the 0.005 mol/dm3 supporting 
electrolyte - most dilute used - the amount of pure 22NaCl tracer was calculated to 
be 0.0104%. The experimental ternary tracer diffusion system was NaCl(1)- 

22NaCl(2)-H2O(0). The tracer diffusion coefficients obtained with this non-
stationary-state CCM are known as apparent tracer diffusion coefficients, . 
The measured diffusion coefficients are given in Table 11 and plotted with the 
tracer diffusion coefficients measured in an unbounded aqueous solution as a 
function of concentration in Fig. 25. 
 
Table 11. Experimental apparent tracer diffusion coefficients  of 22NaCl in NRB, 
calculated with the linear least-square method, at different concentrations C of the NaCl 
supporting electrolyte at 298.15 ± 0.01 K. The literature values (10 5 cm2/s) correspond 
to Na+ ions in free water [19]. The errors of the single experiment measurements are not 
shown when they are smaller than 5×10 9 cm2/s because the dispersion error determines 
the uncertainty of the mean diffusion coefficient. 
 

C (mol/dm3) 0.00500 0.0500 0.300 1.00 3.08 
single exp. 

 
0.247±0.002 
0.255±0.001 
0.249±0.001 
0.248±0.002 
0.240±0.023 
0.235±0.001 

0.306 
0.299 
0.305 
0.297 
0.308 

0.312 
0.302 
0.303 
0.310 

0.312 
0.314 
0.295 
0.310 
0.308 

0.268±0.001 
0.276±0.002 
0.277±0.002 
0.286±0.002 
0.266±0.002 

mean  0.246±0.003 0.303±0.002 0.307±0.002 0.308±0.003 0.275±0.004 
Da 1.317 1.291 1.271 1.231 1.023 

 
 
As can be seen, the trend in the measured tracer diffusion coefficients is similar to 
that measured in the absence of porous medium at concentrations between 0.3 - 
3.08 mol/dm3, with only the absolute values smaller in the presence of the brick 
medium due to the hindered movement of Na+ ions inside the brick matrix. In the 
dilute region in the absence of porous brick, values of  increase toward the 
Onsager limiting law value of 1.334×10 5 cm2/s with decreasing salt 
concentration. In contrast, in the presence of porous brick, the values of , 
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decreases strongly because of the sorption effects with decreasing salt 
concentration. As the concentration gradient, , in the case of tracer 
diffusion is the same the only reason for increasing deviation with decreasing salt 
concentration as measured between tracer diffusion coefficients in absence and 
presence of porous brick is the salt binding effect of the pore walls. The relation 

 increases from 3.72 to 5.35 when the concentration decreases from 3.08 
to 5×10 4 mol/dm3. 
 

 
Fig. 25. Experimental tracer diffusion coefficients Dp of 22NaCl in presence of porous 
brick as a function of the supporting NaCl electrolyte concentration at 298.15 ± 0.01 K. 
The values in absence of porous brick Da were taken from literature [19]. 
 

6.10 Adsorption capacity and adsorption isotherm 
 
The measurement of the amount of salt sorbed on the pore walls from the pore 
solution inside a macroscopic porous medium is a complicated task as it is not as 
simple as crushing the exposed brick and dissolving the sorbed salt into solution 
for subsequent analysis. It should be possible, however, to analyze the surface and 
solution concentrations inside the brick medium without breaking the native 
structure and morphology in order to make concentration analyses under real 
equilibrium conditions. One possible method is to force out the fully saturated 
pore solution from the brick specimen under high pressure and analyze the 
concentration (cf. the initial salt concentration) after the equilibrium has been 
reached. The drawbacks of this method include the presence of dead end pores 
and closed cracks as well as the change of the sorption desorption balance inside 
the brick during the squeezing process. This problem of accurate sorption 
analyses was beyond the scope of the work outlined here, however, in Section 4.4 
some preliminary analyses were still performed in order to aid the interpretation 
of the diffusion measurements made by different methods. The results of these 
experiments, both with residual radioactivity and SEM+EDS techniques, 
indicated an average of 2-3% sorption of NaCl on the surface of the NRB-
specimen.  
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It has also been shown in Section 4.6 that the sorption processes discovered do 
have an influence on the diffusion coefficients measured using non-steady-state 
methods. Sorption occurs on the pore walls when salt penetrate from the high 
concentration side to the low or zero concentration side in the porous medium, 
therefore, the effect of sorption must be taken into account when studying NaCl 
diffusion in brick with the CCM. The binding forces and mechanisms retarding 
the observed salt diffusion in brick media have not been investigated but probably 
include physical adsorption, chemisorption or absorption. Nevertheless, based on 
the negative surface charge densities, q = (4.43-3.75 ) mC/m2, with the pore-size 
area of (0.2-1.0) m of NRB [140, 150] the physical van der Waals adsorption of 
Na+ counter-ions on the NRB-surface is more likely to be the main sorption 
process and this is accompanied by Cl– adsorption in order to preserve the 
electroneutrality. In this work, all of the binding effects of salt on the porous brick 
are considered as sorption as the salt binding and the attainment of the sorption 
equilibrium are assumed to be fast processes that are reached immediately as the 
diffusion proceeds. 
 
By comparing the diffusion coefficients measured under the same conditions with 
the non-steady-state CCM and with the stationary DM the influence of the 
sorption can be evaluated. It was shown that  with the relation derived 
in Eq. (51) and  this relation can also be presented in the form: 
 

(66)

 
where S is the adsorption capacity, Eq. (48), and  and  stand for the 
effective integral diffusion coefficient measured with stationary-state methods and 
the apparent integral diffusion coefficient measured with non-stationary-state 
methods, respectively. 
 
Since   and  have been measured for different electrolyte concentrations, 
the adsorption capacity can be determined from Eq. (66) and Tables 7 and 9 and 
fitted with the least-squares method to the following exponential form: 
 

(67)
 
where  is the total mean concentration inside the diffusion system; the 
correlation coefficient for the fitting was 0.980. This equation shows that the 
adsorption capacity of salt decreases strongly with increasing salt concentration. It 
is also possible to use the experimental data to find the adsorption capacity as a 
function of the free salt concentration:  
  
 

(67)
 
The correlation coefficient of this new fitting was 0.979. The free NaCl was 
evaluated from Eq. (66) and the relation  , Eq. (47). The 
adsorption isotherm of NaCl in NRB at 25 °C can be obtained from the definition 
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of the adsorption capacity,  , Eq. (48), by integration of Eq. (67) with 
respect to  and the result is:  
 

(68)
 
This adsorption isotherm has a similar form to the Freundlich isotherm. The 
adsorption equation of Freundlich - in the form of xads = , where the xads is the 
mass or amount of solute adsorbed per unit mass of the adsorbent - was originally 
proposed on a purely empirical basis and in general no physical meaning can 
therefore be drawn from the coefficients  and  [153]. When describing the 
process of sorption inside the macroscopic brick medium the concentration Cs in 
Eq. (68) is a more convenient quantity than xads - usually used in the case of 
particle or powder adsorption - as the morphology rather than mass of the brick 
influences to the amount of sorption. The morphology of the brick specimen ( , , 
) is already taken into account in the sorption capacity function Eq. (66), from 

where the sorption isotherm is derived. Both the evaluated sorption capacity and 
sorption isotherm functions are plotted in Fig. 26, as a function of the free salt 
concentration evaluated from the mean salt concentration used in the diffusion 
measurements. 
 

 
Fig. 26. Calculated sorption capacity S and adsorbed NaCl concentration  as a function 
of the free NaCl concentration in NRB at 298.15 ± 0.05 K.  
 
It has also been found that the Freundlich isotherm fits data of chloride binding in 
different types of cement very well, in the free chloride concentration region of 
0.01 to 1 mol/dm3, whereas the Langmuir equation diverged from experimental 
data [163]. For the chloride binding in cements the values of  = 3.57-5.87 and  
= 0.29-0.38 have been proposed at low free chloride concentrations [230]. 
Usually, the empirical constant  is between 0.1 and 0.5 or when in the  form 
it varies between 10 and 2. It has also been shown that the Freundlich isotherm is 
to be expected if the binding energy varies continuously from site to site on the 
solid surface [231].  
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Nevertheless, the calculated Freundlich-like adsorption isotherm Eq. (68) is a 
useful equation for both quantifying the behavior of NaCl salt sorption and for 
explaining the different diffusion coefficient values measured with the closed 
capillary and the modified diaphragm diffusion cell measurements in the porous 
fired NRB medium. The determined value for the constant  (or ) of 0.35 
(2.9) is also a typical mean value describing the adsorption data at the solid-
solution interface, at least in a restricted range of solution concentration [231]. 
The value of constant  = 0.18 is small when compared to the values measured in 
cement or concrete for the binding of chlorides - there were no pre-existing 
literature values for porous brick media. However, this difference can be easily 
explained from the fact both concrete and cement have larger surface areas with 
more sorption sites compared to the NRB.  Nevertheless, it might be more correct 
in this case of salt sorption on brick to use the term apparent sorption isotherm 
instead of the true sorption isotherm due to the use of the exceptional 
determination method presented. Overall it would be very interesting to compare 
Eq. (68) to the adsorption isotherm determined from the concentration analyses of 
the pore surface and pore solution of the brick in equilibrium, if possible. 
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7 CONCLUSIONS 
 
There were three main objectives of this thesis, the first one was to develop the 
existing measuring techniques and calculation method of the diffusion coefficients 
in the closed capillary method (CCM) in aqueous solutions. The goal was also to 
measure accurately the required tracer diffusion coefficients of 22NaCl in aqueous 
MgCl2 solutions over a large concentration range and for the first time, verify the 
Onsager Limiting Law for the tracer diffusion of 22NaCl in a 2:1 supporting 
electrolyte.  
 
The second objective was to develop and test the measuring techniques, the 
apparatus and the calculation method of the diffusion coefficient with the 
modified diaphragm cell method (DM) for aqueous solutions in a porous ceramic 
brick medium. The aim was also to apply this newly developed methodology to 
the measurement of diffusion coefficients of salts commonly found in different 
porous brick media as a function of concentration and temperature. In addition to 
the practical diffusion experiments the diffusion of salts in fully saturated brick by 
means of mathematical methods involving analytical and numerical calculations 
was also studied. The goal was to construct a mathematical model and obtain an 
analytical solution, which characterizes the salt diffusion process with the 
experimental data.  
 
The final objective of the thesis was to optimize and apply the CCM for 
measurements of the diffusion coefficients in porous media for the first time. 
Moreover, we aimed at comparing the diffusion coefficients in porous media 
measured with the non-stationary-state CCM with those measured earlier with the 
stationary-state DM. This comparison would allow the CCM as an absolute 
method to be tested because, in contrast to the DM, porosity values for the brick 
specimens are not required prior to the diffusion experiments. This exclusion of, 
in many ways, contradictory porosity measurements would allow the 
simplification of the measurements and remove one source of error. On the other 
hand, the possible influence of the effect of the sorption on the diffusion 
coefficients to be measured in the non-stationary CCM also has its own 
complications that needed to be addressed. 
 
The main results from the practical work are collated in Table 12 and show the 
most important, experimentally measured diffusion coefficients are collected and 
include the determined maximum and mean standard errors of the mean. 
Moreover, approximately half of the data the presented as part of these 
measurement series have not been published previously. 
 
The following conclusions can be drawn from the experimental work performed 
as a result of the objectives outlined for this thesis. The first conclusions focus 
mainly on the tracer diffusion measurements made with the CCM in aqueous 
solutions. In publication I, a new diffusion cell was developed as well as tested 
and a new statistically improved calculation method was presented. The tracer 
diffusion coefficients were discovered to be most accurately determined, with a 
precision of  ±0.076%, by the new linear least-square calculation method.  In 
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addition, the tracer diffusion coefficients of 22NaCl were measured in aqueous 
MgCl2 solutions at 25.00 ±0.01 °C, over a wide concentration range between 
1 mol/dm3 and 10 4 mol/dm3. The Onsager Limiting Law was also demonstrated 
to be applicable for the tracer diffusion of 22NaCl in low (10 4-10 2) mol/dm3 
concentration region of MgCl2 for the first time for 2:1 supporting electrolyte and 
the Nernst limiting value = 1.334×10 5 cm2/s for Na+-ion was extrapolated 
with a precision of ±0.002×10 5 cm2/s. Moreover, it was found that the reason for 
the departure of the measured tracer diffusion coefficients from the Onsager 
Limiting Law at concentration > 10 2 mol/dm3 was demonstrated to be mainly as 
a consequence of the growing viscosity of the supporting electrolyte.  
 
In addition to the results detailed in the publication I of this thesis, measurements 
were carried out at the infinite dilute region where C(MgCl2) = 10 5-10 6 mol/dm3 
and the values measured exceeded the Nernst limiting value. In order to interpret 
these results the Nernst-Planck equations for ionic flows were resolved taking the 
ionization of water into account. It was shown that at this order of dilution the 
concentration of the tracer, the supporting electrolyte and the ions resulting from 
the ionization of water become comparable and that the tracer flow would contain 
contributions from the cross-term coefficients demonstrating that the measured 
diffusion coefficients were not pure tracer diffusion coefficients. The effect of the 
tracer concentration was ruled out with a series of measurements made with 
increasing NaCl tracer concentrations and by extrapolating then the straight line 
fit to zero and the extrapolation gave the value of  = (1.341 ± 0.008) × 
10 5 cm2/s. This value greater than the Nernst limiting value was interpreted as 
support for the calculated contributions resulting from the high cross-term 
coefficients of hydrogen and hydroxyl ions.  
 
To study further the contribution of the ionization of water, also interdiffusion 
coefficients were measured in a binary NaCl-H2O system at extreme dilution of 
the order of 10 6 mol/dm3. As a result the experimental interdiffusion coefficients 
measured were lower than Onsager-Fuoss limiting law predicts, but in good 
agreement with the values calculated from the Nernst-Planck equations taking 
into account the ionization of water. This observation in a binary diffusion system 
also supports the extrapolated tracer diffusion value , which was found to be 
higher than the Nernst limiting value in a ternary tracer system at infinite dilution. 
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Table 12. The calculated standard errors of the mean (in %) for all different diffusion 
coefficients measured in this work according to the methods and test series. The mean 
and single experimental values of the diffusion coefficients are given in the original 
tables, the number of the table given in the last column. The previously published 
measurement series, in publications I-V, are highlighted with a green background. The 
abbreviations abs, pre, CCM and DM stand for: in the absence and presence of porous 
medium, closed capillary and diaphragm diffusion cell method, respectively.  
 
Diffusion  
coefficient 
(variable) 

Diffusing 
species 

C range 
(mol/dm3) 

Electrolyte/ 
porous  
medium 

Standard
error (%) 

Av. st. 
error (%)

Method Table  

D(C) 22Na+ 100 - 10 4 MgCl2/abs  ±0.08 ±0.06 CCM 2 
D(C) 22Na+ 10 5 - 10 6 MgCl2/abs  ±0.07 ±0.04 CCM 3 
D(C) 22NaCl 2×10 6 - 10 6 NaCl/abs  ±0.25 ±0.23 CCM 4 
De(brick) NaCl 0.05 NaCl / pre  ±3 ±1.8 DM 5 
De(salt) salt 0.05 Salt / pre  ±0.8 ±0.4 DM 6 
De(C) NaCl 3.08 - 0.05 NaCl / pre  ±1.2 ±0.8 DM  7  
De(t) NaCl 0.05 NaCl / pre  ±1.4 ±1.1 DM 8 
Di

app(C) 22NaCl 3.08 - 5×10 4 NaCl / pre  ±1.5 ±1.2 CCM 9 
Dd

app(C) 22NaCl 3.08 - 0.05 NaCl / pre  ±1.2 ±0.8 CCM 10 
Dt

app(C) 22Na+ 3.08 - 0.005 NaCl / pre  ±1.3 ±1.0 CCM 11 
 
In the second part of this thesis the interdiffusion of salts in porous ceramic brick 
media were investigated with both experimental measurements and mathematical 
methods. In publication II, the developed DM apparatus was outlined and 
diffusion measuring techniques optimized for brick specimens. The diffusion 
coefficients were calculated under quasi-steady-state conditions using regression 
analysis. The diffusion coefficients of NaCl were measured in different ceramic 
brick materials of OLB, ODB and NRB at 25.00 ± 0.05 °C. 
 
In publication III, the measurements were continued with porous engineering 
NRB and the diffusion coefficients of NaCl were also measured as a function of 
concentration and temperature. The measurements were performed at 
concentrations between 0.05 to 3.08 mol/dm3 and temperatures ranging from 8 to 
25 °C, respectively. In addition, the diffusion coefficients of the salts KCl, 
NaNO3, CaCl2, Na2SO4, MgCl2 and Na2CO3, commonly found in building 
materials, were measured in aqueous solutions in NRB at 25 °C with the precision 
better than ±0.80%.  
 
In contrast to publications II and III, where the focus was on developing the 
experimental techniques and measuring the diffusion coefficients, in publications 
IV and V, the emphasis was on the mathematical methods needed for the 
simulation work. In publication IV, both the numerical computer simulation and 
data analysis were carried out for the first part of the experimental diffusivity data 
at constant concentration and temperature. For the numerical analysis an implicit 
finite difference technique was used. The nonlinear differential equations used for 
modeling the salt diffusion in porous brick media started from the mass diffusive 
equation and initial and boundary conditions were discretized with the resultant 
system of algebraic equations solved by an iterative method. For salt diffusion in 
fully saturated brick under isothermal conditions, a mathematical model for a 
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finite-sized sample was developed and an approximate analytical solution was 
given. This solution identifies a characteristic number of fundamental importance 
for the salt transport process in the brick and in the chambers.  
 
In publication V, the numerical computer simulation and data analysis were 
extended to include more experimental diffusivity data from different salts under 
varying environmental conditions like varying concentrations and temperature. 
The analytical solution developed and verified was used to give the temporary salt 
concentration in the monitored diffusion chamber . The simulations were 
divided into three different groups, which were then compared to the 
measurement data and a good correlation was achieved. It was shown that the 
analytical solution has applications in a wide number of fields with DM. Also salt 
concentration profiles in the brick medium were simulated and given graphically 
for different temperature, salt and concentration. It was demonstrated that the 
precise diffusion coefficients could be used in a simulation program to solve the 
aqueous salt profiles in a brick medium under different environmental conditions.  
 
In addition to the published results, a material parameter correlating the relation of 
salt diffusion coefficients in the presence and absence of porous material was 
presented for the investigated porous brick media OLB, ODB and NRB. The 
material parameters found predicted the experimentally measured effective 
diffusion coefficients as a function of brick type, salts and concentrations with an 
accuracy of ±7%. However, for changes of temperature the predictions with this 
parameter were worse. Furthermore, the ranking for the effective diffusion 
coefficients measured for different salts were demonstrated to depend on the 
viscosity and the apparent hydration number of the salt in the aqueous pore 
solution of the brick medium. 
 
In the final part of this thesis the CCM was, for the first time, applied to the 
measurement of the diffusion coefficients in a porous medium. The optimal 
diffusion cell with optimal counting efficiency of the apparatus was developed for 
porous ceramic brick specimens. With this modified CCM the differential and 
integral interdiffusion and tracer diffusion coefficients of 22NaCl were measured 
in NRB as a function of concentration at 25.00 ± 0.01 °C with a precision better 
than ±1.5%. By comparing the apparent diffusion coefficients, , obtained 
with this non-stationary-state CCM with the effective diffusion coefficients, , 
measured in publications II-V with the stationary-state DM a deviation was 
discovered that could be explained by the sorption effect. This interpretation is 
also supported by the simple pore tube model developed in this thesis and the 
results from the sorption experiments. By taking the sorbed part of the salt flux 
into account a Freundlich like sorption isotherm, , could be 
presented with the help of the calculated adsorption capacity  of 
NaCl in NRB at 25 °C. 
 
Overall the main conclusion of this experimental thesis is that the methods of DM 
and CCM developed here are both excellent techniques for the salt diffusion 
coefficient measurements in fully saturated porous fired brick. Both of these 
methods also have the potential to be adapted to other porous building materials 
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like mortar and lime-sand-brick as well as for most porous sedimentary rocks like 
shale, sandstone and limestone. The drawback to these techniques is the increase 
in the time it would take to measure less porous materials as the measurement 
duration for fired brick media is already considerable at > 120 h. The lack of 
published diffusion measurement data in porous brick materials made direct 
comparison of the diffusion coefficients measured in this thesis difficult. 
Comparable determinations of experimental  and  values are waited for 
with a great enthusiasm. 
 
It is worth noting however that as CCM is an absolute method additional porosity 
measurements for the medium being studied are not needed, thus saving time and 
removing one source of error. The precondition for CCM is that the measured salt 
solutions still must capillary-soak into the porous medium investigated in order to 
establish the initial concentration distribution for the concentration gradient 
although the value of initial concentration distribution may still be arbitrary.  
 
The fundamental difference between CCM and DM in the case of salt diffusion in 
porous media led to the different measured values of the interdiffusion coefficient. 
It was concluded that the ratio of these coefficients is given by the relation 

). This result could be confirmed when more accurate 
sorption results become available. 
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MAIN SYMBOLS AND ABBREVIATIONS 
 
  porosity 
r  dielectric constant 
  viscosity 
0  viscosity of water 
  conductance 

  Debye length 
  decay constant 
  molar conductivity of species i 
  molar conductivity of species i at infinite dilution 

  constrictivity factor 
  tortuosity 
a  apparent tortuosity 
  electric potential; diameter 

A  area;  
At  activity at time t 
A0  activity at time zero 
Apore  pore area 
c   concentration in chamber  
c 0  initial concentration in chamber  
c   concentration in chamber  
ci  concentration of ionic species i 
Cf  free NaCl concentration 
Ci  concentration of component i 
Cmean  total mean NaCl concentration 
Cs  adsorbed NaCl concentration 
CCM  closed capillary method 

  characteristic number 
  mobility function (dimensionless) 

  diffusion coefficient in absence of porous medium 
  apparent diffusion coefficient 
  integral apparent interdiffusion coefficient 
  differential apparent interdiffusion coefficient 
   apparent tracer diffusion coefficient 

  effective interdiffusion coefficient 
  free effective diffusion coefficient 
  free stationary state diffusion coefficient 

  main-term diffusion coefficient 
  cross-term diffusion coefficient 

  diffusion coefficient of ionic species i 
  diffusion coefficient of ionic species i at infinite dilution 
  diffusion coefficient in presence of porous medium 
  diffusion coefficient measured under stationary state 

DM  diaphragm diffusion cell method 
F  Faraday constant (96485 C mol-1) 
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h  counting efficiency; hydration number 
ha  apparent hydration number 
I  intensity 
Ic  ionic strength 
Im  constant intensity-term m 
I   intensity of the equilibrium concentration 

  diffusion flux density of ionic species i 
  diffusion flux density of component i 

Kw  ionic product of the water (1.008×10 14 mol2 dm 6 at 25 °C ) 
L  length of pore cylinder, capillary or brick specimen 
n  number of components; n pieces of fluxes 
N  pulse counts 
NA  Avogadro constant (6.023×1023 mol 1) 
NRB  new Finnish red brick 
ODB  old dark brick 
OLB  old light brick 
Q  diffusibility 
r  radius; correlation coefficient 
ra  apparent radius 
R  molar universal gas constant (8.314 J K-1 mol-1); impedance 
Ra  impedance in absence of porous medium 
Rp  impedance in presence of porous medium 
S  adsorption capacity 
SEM  scanning electron microscopy 
  time; transport number, Celsius temperature 

  transport number of species i at infinite dilution 
T  absolute temperature 

  electric mobility of species i 
  electric mobility of species i at infinite dilution 

V  volume  
  charge number of ion i 
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Diffusion is a fundamental irreversible 
transport process and often the rate 
determining step in many industrial and 
natural processes. The backbone of diffusion 
is the precise measurement of diffusion 
coefficients. Still, experimental diffusion 
coefficients are often lacking. There was a 
need for tracer diffusion measurement data 
in ternary system to test the theoretical 
Onsager limiting law and also need for 
diffusion coefficients in porous media to be 
used in a simulation program to predict 
moisture and salt concentration profiles 
under different environmental conditions. 
The diffusion coefficients of common salts 
were measured in porous fired bricks as a 
function of concentration and temperature 
with the numerical computer simulation 
and data analysis. A mathematical model 
was presented. The Diaphragm Cell and the 
Closed Capillary methods developed in this 
thesis are both excellent techniques for the 
diffusion coefficient measurements in 
porous materials. The Onsager limiting law 
was verified for the first time for a 2:1 
electrolyte. 
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