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ABSTRACT

It has been proposed previously that the formation factor, in
conjunction with the self-diffusion coefficient, can be used to
determine the apparent diffusion coefficient. Strictly speaking,
this application is incorrect. The formation factor is equal to the
ratio of the self-diffusion coefficient to the microstructural
diffusion coefficient, which is a quantity that characterizes the
pore structure and is independent of the pore solution electro-
chemistry. The origin of this relationship will be shown using both
the electro-diffusion transport equation and the definition of the
formation factor. In practice, service life models that solve the
electro-diffusion transport equation as a function of time require
the formation factor in order to calculate the microstructural
diffusion coefficient; the effects of the pore solution chemistry
are then calculated independently. A method is needed to
estimate the formation factor from either diffusion or conductivity
data so that service life models can be applied to a particular
material. An experiment on a model porous material is used to
demonstrate one method for determining the formation factor
from divided cell diffusion data. The estimated formation factor is
then compared to results from conductivity measurements.
Differences among the self-diffusion coefficients of the various
diffusing species accentuates the difference between the
microstructural and the apparent diffusion coefficients. The

significance of this result to cementitious systems is discussed.

1. INTRODUCTION

liectrical measurements hold great promise for esti-
mating the diffusion coefficients of saturated porous
malerials. The two most commonly used conduction tech-
niques are Lhe electrical migration tesl (driven diffusion)
and the conduclivily measurement. Migration lesls are
used Lo determine the ionic mobility, which can be relaled

to diffusivity. Conduction tests are used Lo estimate the
formation factor, which can also be related to diffusivily.
While there have been many reports on the use of the
clectrical migration lests Lo determine the apparent dif-
fusion cocfficient of cementitious systems [1], there have
been fewer reports on the use of the formation factor.
This is unfortunate since the formation factor character-
izes Lhe material pore structure. The relationship
between formation factor and diffusivily, however, has
subtleties that musl be considered when making esti-
mates of one from the other.

The formation faclor F has its origin in geological
research on saturated porous materials. For a noncon-
ductive porous solid salurated with a conductive pore
solution. the formation factor is the ratio of the pore solu-
tion conduclivity o, lo the bulk conductivily (solid
microstructure plus pore solulion) ¢, [2]:

Fo ()

This quanlily characterizes the solid microstructure
since the only difference belween the conductivities is
due lo the restricted pathways through which the current
is constrained in the bulk conductivity measurement.

The motivation for using conduction tests to estimate
the dilfusion coefficient is the relationship between con-
ductivity and dilfusivity. In an electrolytic solution, the
contribution an ionic specics makes o the overall con-
ductivity can be expressed as a function of ils conven-
tional (electrochemical) mobility u. amount-of-substance
concenlration ¢, and valence z |3]:

o= |zl|cFu (2)

The guantity I7is the Faraday constant. The mobilily
‘an then be related Lo diffusivity through the Einstein
relation [3]:

ZFD =RTu (3)
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The quantity R is the universal gas constant and Tis
the absolutle lemperature. Using these equations, one
could estimale the diffusion coefficient from either mea-
surements of ion mobility (driven diffusion) or from the
conductivity contribution of a parlicular ion (conductiv-
ity). The application of Equation (3) should be performed
with some caution since il is exacl only at infinite dilution
and becomes less accurale with increasing concenlra-
tion.

Regardless of the electrolyte concentration, there is a
direct relalionship between an ion's diffusion coelficient
and its mobility. Because of this relationship, if a porous
material is saturated with a dilute electrolytic solution,
the ratio of the pore solution conductivity o, to the bulk
conductivity o, would be equal to the ratio of the diffusion
coefficient of an ion in the pore solution D, to the bulk dif-
fusion coefficient D, of that ion:

5% _ D,

Cp D, (4)

This relationship holds even if the Einstcin relation
Equation (3) is incorrect at high values of concentration
because the Einstein relation would be incorrect by some
unknown multiplicative error that would apply to both D,
and D,, and would cancel. Since the self-diffusion coeffi-
cient of ions can be found in hooks, this is a provocative
approach to determining the bulk diffusion coefficient D,
[4].

An experimenlal difficulty is that the pore solution of
lypical cementitious systems can have a large ionic
strength (0.5 mol.kg-! to 1.0 mol.kg-!), and so care must
be excreised when predicting the bulk diffusion coeffi-
cienl from the formation laclor. At these large ionic
strengths the pore solution diffusion coefficient D, of an
ion is different from the self-diffusion coefficient reported
in lables |5]. Equation (4) can still be used, given that
one can correctly determine the diffusion coefficient D, of
a particular ion in the pore solution. Unfortunately, given
Lhe constraints of most experimental dilfusion apparatus,
and given that the pore solution typically changes during
the lest, an exacl value for D, can be difficull Lo define.

An alternative approach is to determine the formation
factor from the diffusion data by separating the
microstructural dependence from Lhe concentration
dependence in the diffusion coefficient. Tt will be shown
that the formalion factor can be allernatively expressed
as a function of a microstructural diffusion coefficient of
the porous material that is independent of changes in the
pore solution chemistry, and a self-diffusion coefficient
that is independent of the experimental procedurc. The

resulting formation factor could then be used to predict
the diffusive transport of any ion within the studied sys-
tem since il uniquely characterizes the solid pore struc-
ture: the chemical effecls would be calculated indepen-
dently.

The origin of the relationship between formation fac-
tor and diffusion coefficient will be studied in detail. The
analysis will elucidate Lhe proper use of the formation
factor for estimating either the microstructural or the
concentration dependent diffusion coefficient. Con-
versely, determining the formation factor from diffusion
measurements will also be discussed. The method pro-
posced here will use a computer program Lo solve the elec-
tro-diffusion equation. To demonstrate this method, an
experiment will be performed on a commercial sintered
alumina ceramic specimen, saturated with various elec-
trolyles. The estimate ol the formation factor Irom the dif-
fusion lest, afier accounting for ion-ion interactions, is
compared Lo the value delermined from Lhe conductivity
measurement.

2. THEORY

The proper application of the formation factor to
porous systems containing concentrated clectrolytes can
be best studied by starling with the appropriale transport
equation. For the case of diffusing charged species in
concentrated cleclrolytes, the transport is governed by
coupled electlrical and diffusive Lransport, and ion-ion
interactions must he also be considered. To facititate its
application to experimental systems, the discussion
beging with the phenomenological Fick's equation.

2.1 Diffusion coefficient

The typical approach to characterizing dilfusive
transporl of ionic species in porous materials begins wilh
Fick's law of diffusion that relates the bulk diffusion flux
j to an apparent bulk diffusion coefficient Dy, for a species
with concenlration ¢ |7]:

ih = Db Ve ()

This cquation is applied to cach diffusing species. The
Lypical approach is to then "fit" experimental data to Lhis
cquation, yielding an apparent bulk diffusion coefficient
D,, for the parlicular species being investigated. Fick's
law does not account for interactions known Lo exist
between, and among, diffusion ionic species. This has led
some rescarchers to characterize the diffusion of ionic
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species through the use of Fick's law and a diffusion
coefficient tensor [13]. This approach, however, vields a
diffusion coefficicnt tensor thal characterizes a
particular experiment and cannot, in general, be applied
Lo different scenarios.

The diffusion of ionic species in an electrolyte is
hetler characterized by Lhe electro-diffusion equation.
For the j-th ionic species, the electro-diffusion equalion
relates the bulk flux j to the concentration ¢, the dilfusion
polential @, the bulk microstructural diffusion coefficient
D, and the bulk conventional mobility u [6]:

i:—[b“+amY)VC—zFucV% (6)
dine

The quantity vy is the activity coeflicient for the
species. Although this equalion neglects adsorplion
effects, il is otherwise a complele equilibrium
thermodynamic description of nonreactive diffusive
transport of charged species in concentrated electrolytes.
Fquation |6] still bears a resemblance to Fick's law of
diffusion [7]. The quantity D, [1 + dlnydlne] is an
agelomerated diffusion cocfficient thal includes the
effects of both the microstructure and ion-ion
interactions at hight concentration.

Il should be noled that the agglomerated diffusion
coefflicient is nol the apparent bulk dilfusion coefficient
D,,. Strictly speaking, the apparent diffusion coefficient
also includes the effects of the diffusion potential 4.
which is relaled to the clectrostatic interactions of the
ions. In Lthose cases where the sclf-diffusion coelficients
of all the diffusing species arc necarly identical, the
diffusion potential will be nearly zcro, and the apparent
bulk diffusion coefficient will be nearly equal to the
agglomerated diffusion coefficient. For cementitious
svslems, however, there are many specics present with
varying self-diffusion coefficients.

Ideally, one would like to distinguish between the
cffects due to microstructural changes and the effects
due to changes in the pore solution electro-chemistry. By
observalion of Equation (6), the microstructural diffusion
coeflicient D, characterizes the solid microstructure. the
quantity in parcnthesis characterizes the
thermodynamics, and the last lerm characterizes
clectrostalic interactions. The microstructural diffusion
coefficient is ilself independent of the pore solulion
chemistry. Demonstrating how to extract the value of
microstructural diffusion coefficient from a diffusion
experiment is accomplished through a detailed discussion
of the formation factor.

2.2 Formation factor

Consider an clectrical measurement of the formation
factor F performed on a porous specimen saturated with

a concentrated electrolyle. The conductivity of the pore
solution o, is a function of the ionic strength [ (for Nionic
species, each with valence z and molality m,):
1,2
l=§ Zli m; (7)

i=1

Based on [Iquation (2), lhe conductivity is
proportional Lo the ionic strength so that as the ionic
strength approaches a value of zero, the conductivity also
approaches a value of zero. Similarly, the bulk
conductivity should have the same dependence on Lhe
pore solution conductivity. If the pore solution
conductivity doubles, the bulk conductivity will also
double; surface conduction contributions will be ignored
until later in the discussion.

The functional dependence that the diffusion
coefficient has on concentration is different from that of
conductivity. In the limit thal the ionic strength I goes 1o
zero, the diffusion coefflicient of cach ion in the solution
remains finite. 1L is these finite values D, in the limit of
infinite dilution, thal are reported in lables, and
commonly referred to as the self-diffusion coefficient. IFor
increasing concentration, the cffect  of the
thermodynamic and electrostatic inicractions on the
pore solution dilfusion coefficient D, can be
characlerized by some arbitrarily complex analytical
function g that is a function of the ionic strength [, the
activity coefficient y, and the diffusion potential 1,

D,=D_[1+ gl v wl (8)

Effectively, D characterizes the diffusion of an ionic
species in "free space,” in the absence of interactions
with ions of the samc, or of differenl, species. An
analytical expression for the function g can be
formulated for a symmelrical binary electrolyte from a
combination of the Debye-Hiickel |8] and the Onsager-
Fuoss [9] theories.

A similar relation would hold for the apparent bulk
diffusion coefficient for an ion within a porous medium
salurated with the same electrolyte as was discussed
above. Within the electrolyte, the ion would experience
the same ion-ion interactions. In addition, the ion would
also be traversing the microstructure of the porous solid.
Therefore, the bulk diffusion coefficient D, would have
the same chemical dependence as the pore diffusion
coeflicient:

Dy=D, 11+ &l v wi (9)

Since lhe function g encapsulales all the ion-ion
interactions, and since intcractions belween diffusing
species and the solid are ignored here, the quantity D,
would characterize Lhe 'free diffusion” of the ionic
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species. This would include the self-diffusion ol the
species within the electrolyte and the constraint of the
solid microstructure, and is identical 1o D, in Equation

(6).

Using Lthese relations, the formation faclor can be
written as a function of quanlities that are themselves
functions of the ionic strength £, activity coefficient y, and
the diffusion potential

.00 _ D+ ey )l D
Gb(]) 1),11[1 + 52(15 Y wl))] D‘u (l())

The resulting formation faclor F is independent of
both the ionic strength and Lhe ionic species; a fact that
is exploited by numerical calculations of formaltion factor
on model microstructures [10].

The advantage of using the ratio D./D, is nol
immediately obvious. In Equation (4), D, is observable,
bu. D, is difficull o determine precisely in lypical
diffusion apparatus. In Equation (10) ahove, D_ can be
found in tables, bul the quantity D, cannol be observed
in clectrolyles hecause the effects of the diffusion
potential cannol be eliminated. One can, however, exploit
the relationship among I)ﬂ, D., and Fin the solution to
the electro-dilfusion equation.

The formation faclor is extremely uscful in models of
ionic lransport. Accurate models for service life
predictions must account for independenl changes in
either the solid microstruclure or the pore solulion
chemistry. A suitable computer program could solve the
clectro-diffusion transport equation by using estimates of
the ion activity coefficient y from published empirical
relations and using the local electro-neutrality condition
Lo solve for the diffusion potential. The microstructural
diffusion coefficient D, in the clectro-diffusion equation
would be calculated from the formation faclor F and the
dilute limit sclf diffusion coefficient D_:

D, =2= (11)

From this and the boundary condilions, the electro-
diffusion equation (Equation (6)) is completely specified.

Similarly, one can delermine the formation factor
rom experimental diffusion dala by using a compuler
program thal implements Equations (6) and (11). Since
the formation factor characterizes lhe microstructure, it
is a constant, independent of ionic species. The formation
factor and porosity are then lhe only two adjustable
parameters required Lo model time-dependent diffusive
transport, regardless of the number ol different ionic
species present. To estimale the formation factor from

cexperimental data, one adjusts the formation factor in
the compuler program until the computed oulpul
matches the experimentally observed quantities. The
experimental program described subscquently used this
approach to determine the lormation factor from divided
cell diffusion measurements.

3. EXPERIMENT

The specimens for Lthis experiment were a sintered alu-
mina ceramic frit typically used for filtration, with an
advertised pore size less than 0.5 gm. Mercury intrusion
porosimetry (MIP) measurements confirmed this value,
and also gave an estimated tolal porosily of 26%. The
cylindrical specimens were approximately 50 mm in diameter
and 6.4 mm thick. Each specimen was mounted into an
acrylic annulus using an epoxy adhesive. Afler saturating with
a known clectrolyte, the specimens were clamped between
glass vessels, cach filled with approximately 250 ml. of
clectrolyle. The sctup for both the conductivily and the
diffusion measurements is shown schematically in I'ig. 1.

After the specimens were prepared, Lhey were placed
into an cnvironmental chamber maintained al a lempera-
ture of 25 °C. Both the conduclivity and the diffusivity
experiments were conducted in this chamber, with
all measurements and sampling performed within the
chamber.

(b)

Fig. 1 - Cross section of both the conductivity cell apparatus (a) and
the diffusion divide cell apparatus (b). The schematics depicts the
configuration of the two cylindrical glass vessels on either side of a
mounted specimen. The system is sealed using rubber o-rings; the
clamps are not shown. The apparatus differ only in the vertical
platinum electrodes in the conductivity cell. The diameter of the
specimen, the glass vessels, and the platinum electrodes are
approximately 50 mm.
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3.1 Formation factor

The formation factor measurements were performed
using an aqueous solution of polassium chloride as the
pore solution because the conductivity of a few standard
concentrations of this electrolyle are known to a high
precision [11]. A range of concenlrations were used to
ensure that the surface conduction component was
properly accounted lor. The specimens were first vacuum
saturated with one of the KCl electrolyte concentrations
and then mounted, using rubber o-rings and clamps,
between two glass vessels, each conlaining a platinum
electrode. The setup is shown schematically in Fig. 1(a).
The apparatus, in the ahsence of a sample and holder,
had a conduclivity cell constant of 0.3567 cm-1,

To determine the formation factor of the saturaled
specimen, both sides of the cell were filled with the same
solution as was used Lo saturale the specimen and then
the entirc system was allowed Lo thermally equilibrate in
the environmental chamber. The direct current (dc)
resistance of the sample and cell was then determined
using a commercial impedance specltromeler that
sampled frequencics between 10 Hz and 1 MHz. The bulk
conductivity of each specimen was calculated from the
cell constant and the specimen geometry. The formation
lactor was calculated from the ratio of the known pore
solulion conductivity to the calculated bulk conductivity.
The procedure was repeated for the other KCI
concentrations to invesligale the effect of surface
conduction.

Potassium chloride pore solution concentrations of
0.01 molkgt, 0.10 mol.kg!, and 1.00 mol.kg-' were
used to determine the specimen conductivity and to
assess the contribution from surface conduction. Duc to
surface conduction contributions, the formation factor
increases with increasing pore solution conductivity,
converging to the correct value as the concentration
increases. The specimen conductivity measured using
the 0.01 mol kg-' solution was approximately 85% of the
value using the 1.0 mol.kg-! solution, and the specimen
conductivity using the 0.10 mol.kg-! solution was
approximately 98% of the value using the 1.0 mol.kg-!
solution. Therefore, the formation factor calculated at
1.0 mol.kg-! was used as the best estimate. An cstimate
of the formation factor at infinitc conductivity can be
estimated from a Padé approximation [12].
Unfortunately, the approximalion conlains four
parameters, and only three conductivity measurements
were taken. Nonetheless, the reported result represents
a lower bound to the true formation factor. Since the
change in formation factor was only 2% for a ten fold
increase in concentration, the true value is probably not

more than a fraction of percent larger than the values
reported.

Since the ceramic specimens are the result of a
controlled commercial process, they have relatively little
variation among specimens. The four specimens uscd in
this cxperiment had formation factors ranging from 10.6
to 10.9. These values were determined after each sample
was allowed sulficient time 1o reach thermal equilibrium,
and then the values of the dc resistance varied by less
than 1%. The corresponding calculated formation factor
varied by approximately 2%.

3.2 Diffusion

Upon completion of the conduclivily measurements,
the specimens were removed from the conductivity cell,
saturated with distilled water, and then saturated with a
test solution for use in the divided cell apparatus. The
geometry of the divided cell apparalus was, with the
exception of the platinum clectrodes, otherwise similar
to the conductivity cell. A schematic ol the setup is
shown in Fig. 1(b).

Four tesl solutions were chosen for this experiment
and are shown in Table 1. The test solution was first used
to saturate the specimen and then added to the vessel on
one side of the specimen. Potassium iodide was then
added Lo Lhe opposite chamber. The concentration of the
potassium iodide was Lhe same as that for the lest
solution.

Table 1 — Test solutions used in the divided cell
experiment. Specimens are initially saturated with
the test solution. The opposite vessel contains
potassium iodide at the same concentration as the
test solution.

Test Solution Concentration
(mol.L-1)
KClI 0.1
NaCl 0.1
NaOH 0.1
KClI 1.0

Transport through the specimen was monitored by
periodically measuring the iodide concentration in both
vessels as a function of time. For cach concentration
measurement, a one milliliter sample was taken from
each of the lwo vessels and diluted in distilled water. The
iodide concentration was determined using a commercial
ion selective iodide combination electrode. Reference
solutions were used to standardize the probe each day
the coneentrations were recorded. Previous experiments
conducted on nearly identical specimens and apparatus
demonstrated that the use of magnetic stirrers has no
obscrvable effect on measured results.
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3.3 Analysis

The analysis of the data can be performed using any
one of many possible methods. In this experiment, the
concentration of iodide on both sides of the specimen is
changing with time. Rather than try to "fit" the tlime-
dependent concentration data on both sides of the cell,
the analysis was based upon a linear idealizalion of
Fick's law so thal behavior that cannol be sufficiently
modeled using Fick's law will be apparent.

Assuming ideal diffusive behavior, for a sufficiently
low diffusivity sample and sufficiently large vessels, the
concentration profile across the specimen should
become practically lincar alter some initial induction
period. Al this point, the flux ol iodide would be constant
across the sample, and the corresponding concentration
gradient would also be constant. This behavior is
referred Lo here as the conslant gradient approximation
(CGA), and has been used elsewhere Lo analyze diffusion
data [13]. The schematic shown in Fig. 2 depicts a
system in the constant gradient stale. The thin line
depicts the concentralion of jodide throughoul the
system; constant in cach vessel and a straight line with
constant slope across the sample. The specimen
apparent bulk diffusivity is D, the thickness is I, the
areda is A, and the volume of each vessel is v, and v,, each
with iodide concentration ¢, and ¢,, respectively. Under
the CGA, the flux is conslant and lhe rate ol change in
iodide concentlralion in each vesscl is also a constanl:

de;  AD, ¢, - ¢

-V, dey
at v L

v, ol (12)

Upon making the following substitution for the
concentration difference, A = ¢, - ¢,. the time dependent
behavior for A can be expressed as an exponential [13]:

A:Aoﬂp[_q%(%+%)q (13)

The quantity Ao is the concentration difference at the
onset of the constant gradient. Based on Fquation (13),
a semi-logarithmic plot of A versus lime data would be a
straight line, with a slope that is proportional lo the
apparent bulk diffusion coefficient D,

x=0 x=L

Fig. 2 — Schematic of the constant gradient approximation (CGA) for
a sample with thickness L. Vessels 1 and 2 contain ionic species
with concentrations ¢y and ¢y, and have volumes vq and vy,
respectively.

The formation factor is estimated from the diffusion
data through the usc of a computer program Lhat
simulates the diffusion experimenl by implementing the
electro-diffusion equation (Kquation (6)). A similar
computer program has been described previously [14].
The computer program performs an electro-diffusion
transport calculatlion using Fquation (6) and knowledge
ol the sample porosity and the pore solution chemistry.
The microstructurat diffusion coelficient D, is calculated
from the formation factor using Lqualion (11). The
formation factor is varied (porosily is held constant) until
the slope of the calculated values of A equals the slope of
the experimental values.

The computer program calculaled the solution 1o
Equation (6) using a finite difference scheme. The syslem
was represcenled by a one-dimensional mesh composed of
21 nodes. The differencing algorithm was fully explicit.
but the stability criterion was salisfied by a factor ol five.
The compuler program calculated the aclivity
coefficients using an implementalion of the Pilzer
cquations [15] thal was based on the PHROPITZ [16]
computer program. The diffusion potential was
calculaled using the local electro-neulral (zero current)
hypothesis [6]. For the species flux j, as given in
Equation (6), the total current 1, is lhe sum over the
individual [luxes. each proportional to the species charge

7

=37 = 0 (14)

The diffusion polential gradient is chosen so thal this
relation is satisfied at the boundary of cach
computational element, assuring both local and global
charge neulrality.

As a test of the computer program, the diffusion

Table 2 -~ Comparison of diffusion coefficients D
from the computer program (CP) and handbook (HB)
values for some 1:1 valence salts. The handbook
values are from the CRC Handbook of Chemistry and
Physics.

Salt conc. Dyp Dcp
mol.1-! 10 -9 m2.s-! 10-9 m2.s-1
KCl - 0.01 1.917 1.902
0.10 1.844 1.807
1.00 1.892 1.801
NaCl 0.01 1.545 1.539
0.10 1.483 1.476
1.00 1.484 1.571
Kl 0.10 1.865 1.829
1.00 2.065 1.911

cocflicient of 1:1 valence salls in bulk liquid are

calculated by the computer program (CP) and the values
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are compared to values reported in a chemistry
handbook (HB) [17]; the computer program was
execuled with both the formation factor and Lhe porosity
fixed at a value of one. The calculations are performed
over a range of sall concentrations and the results are
shown in Table 2. Generally, the computed resulls agree
quite favorably with reported values, with the worst case
being a diffcrence of approximalely 10%. Having thus
demonstrated the ability and accuracy of the computer
program, one can make direct comparisons between its
prediction of a particular scenario and the corresponding
experimental data.

Based on Equation (13), a semi-logarithmic plot of A
versus time data would be a siraight line. The slope of
this line is determincd first for the experimental data. To
determine the formation factor F from Lhese data, values
for F are inpul to the computer program and are varied
until a linear least squares regression of the calculated
values of A versus time, on a semi-logarithmic plot, gives
the same slope as for the corresponding experimental
data. Deviations from linearity would indicate behavior
that cannot be characterized using Fick's law.

4. RESULTS

Both the experimental and calculated values are
shown in Fig. 3. The measured values of A for the iodide
concentration are shown as symbols, and the calculated
results are shown as curves. The estimated uncertain-
ties in the experimental values are approximately the
size of the symbols, and are not shown as error bars for

0.10 ; . | .
—e@ KCl 0.1 mol/L
008 - SN 000000 eee- a NaCi 0.1 mol/L
- — ¢ KOH 0.1 mol/L
>o ———~AKCl 1.0 molL
\E/ 006 - * IN 7]
2y RO
| -
~ )
Q AN
M Y N
< 0.04 - N
5
) | R | L S
0.0 2.0 4.0 6.0
-1 -1 3
t(v, +v, ) (h/cm’)

Fig. 3 — Concentration difference A across each sample as a
function of time. The experimental values are shown as filled
symbols, the calculated values are shown as solid curves. The
measurement unvertainties would appear as the same size as the
symbols, so are omitted for visual clarity. The value of A for the 1.0
mol/L KCI system is divided by ten in order to appear on the same
scale as the other data.

reasons of visual clarity. The values of A for the 1.0 mol/L,
KCI system were divided by ten so thal lhey could be
included on the same plol.

The KCI and the NaCl systems behaved similarly. The
data for the KCl systems are nearly collinear, demon-
straling nearly ideal diffusive behavior that can be accu-
rately characterized by Fick's law. There is virtually no
concentration dependence in the results for the KCI/KI
systems because the self diffusion cocfficient D for K,
Cl', and I" are nearly cqual to one another. The experi-
mental data for the NaCl/KI system was also practically
linear, also indicating nearly ideal diffusive behavior.
The estimated diffusion potential for both of the KCI sys-
tems was less than 1 mV, and was less than 5 mV for the
NaCl system.

The KOI system showed a noticeable difference in
behavior. The curvature in the experimental data indi-
cates behavior that cannot be characterized by Fick's law
of diffusion. The calculated values, based on the electro-
diffusion equation (Equation (6)), also cxhibit the same
curvaturc as was observed in the experimental data.
One reason for this is that the self diffusion coefficient
D, for OH™ is significantly greater than that of the other
ions present, resulting in a calculated diffusion potential
ol approximately 16 mV.

Table 3 - The values for the slope (AD,/L) of the
experimental data shown in Fig. 3. Also shown is the
ratio D, /D,, using D_ for iodide. The uncertainties
shown for the slopes are the estimated standard
deviation reported by the statistical software, and
also characterize the uncertainty in the ratio D_/D,
reported.

System AD/L D./D,
(cm3. h-1)
KCI - 0.1 mol/L 0.2004+0.0032 11.1
NaCl - 0.1 mol/I. 0.2118+0.0032 10.3
KOH - 0.1 moi/l. 0.2381+0.0047 9.3
KCl - 1.0 mol/L 0.2079+0.0050 10.7

The measured slopes of the experimental data, on
semi-logarithmic axes, are shown in Table 3. The esti-
mated standard deviations shown are typically less than
3% of the slope value, suggesting thal the CGA is rea-
sonable approximation for these systems. The systems
reached a constant gradient state at a relatively early
age. Output from the computer program suggested that a
nearly constant gradient is achieved in less than 12 h.

Also shown in Table 3 arc the values for the ratio
D./D,, using the iodide value for D, (2.045 X 10-5 ¢m?
$-'[5]). This ratio represents an incorrect application of
using the formation factor o delermine the apparent
bulk diffusion coelfficient. Since the quantity D in this
ratio is a constant, the ratios are simply proportional to
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the apparent bulk diffusivilty D,. This ratio, however,
does not reflect the actual formalion factor, because the
iodide self diffusion coefficient within the pore solutions
is not equal to D... Also, arbitrary changes in the pore
solution will lead to changes in the apparent bulk diffu-
sion coefficient of iodide in these systems, while the lor-
mation factor is nearly equal for all systems.

The correct values of Lhe formation factor F were
determined from the experimental data using the afore-
mentioned computer program, and are shown in lable 4,
labelled F,. Also shown in the table are the values of
the formation factor calculated from the impedance spec-
troscopy measurements, labelled F. The uncertainty in
Fis reflects the variation in Lhe dc resistance measure-
ment as mentioned previously. The values of F,,, shown
in Table 4 were used o calculate values for A, and these
values of A are plotied in Fig. 3, denotled by the curves.
The experimental data and the calculated values for the
KCl and the NaCGi systems were all nearly linear. The val-
ues of A for the KOH system are easily distinguished from
the other systems.

The calculated values of F,;, shown in Table 4 were
consistent with the measured values F,,. The values of
Fam varied by approximalely 7%, compared to the 18%
variation in the values of D_/D,,. The differences belween
the values of F,, and F,; were less than 3 % for the KCI
and the NaCl system, and less than 8 % for the KOH sys-
tem.

The calculated values F,, werc generally greater
than the measured F,g values. A partial explanation for
this can be found in the data in Table 2. In that table, the
estimaled diffusion coefficicnts were consistently less
than the handbook values. This suggesls that resulls
from the computer program yield a bulk diffusion coeffi-
cient that is smaller than it is in reality. Therefore, for the
computer program to agree wilth experimental data, the
formation factor ¥, must be made smaller than ils Lrue
value, which is consistent with the data in Table 4.

Sighting along the KOH data reveals thal these data
have some curvature. It is interesting to note that the
computed output (solid curve) also exhibits this nonlin-
ear behavior. This suggests that this nonlinear behavior
is due to effects of the pore solution chemistry since oul-
put from the computer program indicates that the iodide
concentration profile across the sample is stable within
12 h. The calculated concentration profile of iodide, how-
ever, is not linear due to the diffusion potential.

Table 4 ~ Measured and calculated formation fac-
tors from impedance spectroscopy (f;), computer
simulation (1), and apparent diffusivity (1./D,)
using /)., for iodide.

System j: IS fs‘im l)oc/ D b
KCL- 0.1 mol/l, 10.7+0.2 10.9 1.1
NaCl — 0.1 mol/l, 10.9+0.2 11.2 10.5
KOH - 0.1 mol/l, 10.60.2 11.4 9.3
KCI- 1.0 mol/I. 10.7+0.2 10.6 10.7

This electro-chemical cffect of the KOH system is
revealed in Table 4. The apparent diffusion coefficient of
lodide in this system is considerably grealer than that for
the other systems, even though the computer calculation
reveals that the calculated formation factors F,, are all
nearly identical to the electrical values Fs This fact
demonstrates the effect of using the apparent diffusion
coefficient Dy, Lo characlerize a microstructure. IFor that
parlicular Lest solulion, the apparent diffusion coefficient
describes how the iodide ion behaves in Lhe presence of
KOH. bul does not characterize its behavior in the pres-
ence of other test solutions. Similarly, it docs not neces-
sarily characterize how other ions behave in the same, or
similar, microstructure.

Since the pore solution of cementitious systems is
typically alkaline, the results for the KOII system have
direct relevance to the prediction of ion Lransport in port-
land cement systems. The pore solution ionic strength in
cementitious systems can be nearly ten Limes greater
than the 0.1 mol/L. KOH system studied here. Furlher,
there will be number of additional ions present, with a
corresponding number of different self diffusion coeffi-
cients. This raises the question of the correct method for
characterizing the microstructure of these sysiems.
Kither predicting the formation factor from diffusion data
or predicting the diffusion cocfficient from a formation
factor measurement will require a knowledge of the pore
solution chemistry. For a formation factor measurement
that implements pore solulion extraction, a chemical
analysis of the extracted pore fluid would be a logical
extension of the measurcment procedure. lvpical diffu-
sion experiments do include these measuremenls, and so
additional analysis may be required for experimental pro-
grams thal use diffusion measuremenlts to characlerize
the microstructure of porous cementilious systems.
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5. CONCLUSION

Experimenls performed using ceramic frits yield evi-
dence for the equivalence between the formation factor and
the microstructural diffusion coefficient, which is a charac-
lerization ol the porous microstructure. Due to the com-
plexity of accounting for the chemical behavior of the pore
solution, extracting the microstructural diffusion coeffi-
cient from diffusion data requires a numerical calculation.
While the apparent diffusion coellicient depended upon the
chemical makeup of the pore solution, the procedure out-
lined here was able to extracl the microstructural diffusion
coefficient for each system, yielding a similar value for the
systems studied. The presence of KOH in the pore solulion
had a noliceable alfect on the apparent diffusion coefficient
of iodide. Due lo the similarity between the self diffusion
coefficient of iodide and chloride, one would expect similar
cffects on chloride ions in cementitious syslems. The abil-
ily to extract the microstructural diffusion coefficient from
observed dala has a direct influence on service life model-
ing that can independently account for changes in eilher
the pore structure or the pore solution chemistry. This is
particularly important in cementitious systems containing
pore solutions with large ionic strengths.
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