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SUMMARY

The work described in this thesis is an attempt to provide
improved understanding of the effects of several factors
affecting diffusion in hydrated cement pastes and to aid
the prediction of ionic diffusion processes in cement-
based materials.

Effect of pore structure on diffusion was examined by
means of comparative diffusion studies of quaternary
ammonium ions with different ionic radii. Diffusivities of
these ions in hydrated pastes of ordinary portland cement
with or without addition of fly ash were determined by a
quasi-steady state technique. The restriction of the pore
geometry on diffusion was evaluated from the change of
diffusivity in response to the change of ionic radius. The
pastes were prepared at three water-cement ratios, 0.35,
0.50 and 0.65.

Attempts were made to study the effect of surface charge
or the electrochemical double layer at the pore/solution
interface on ionic diffusion. An approach was to evaluate
the zeta potentials of hydrated cement pastes through
streaming potential measurements. Another approach was the
comparative studies of the diffusion kinetics of chloride
and dissolved oxygen in hydrated pastes of ordinary
portland cement with addition of 0 and 20%Z fly ash. An
electrochemical technique for the determination of oxygen
diffusivity was also developed.

Non—-steady state diffusion of sodium, potassium, chloride
and hydroxyl ions in hydrated ordinary portland cement
paste of water-cement ratio 0.5 was studied with the aid
of computer—-modelling. The kinetics of both diffusion and
ionic binding were considered for the characterization of
the concentration profiles by Fick's first and second
laws. The effect of the electrostatic interactions between
ions on the overall diffusion rates was also considered. A
general model concerning the prediction of ionic diffusion
processes in cement-based materials has been proposed.

KEY WORDS: cements, diffusion, pore solution,
pore structure, surface charge.
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ABBREVIATIONS AND FREQUENTLY USED SYMBOLS

ABBREVIATIONS
Cement compounds nomenclature:

Al20z=A; Cal0=C; Si0»=S

BFS: blast-furnace slag

PFA: pulverized fly ash

OPC: ordinary portland cement

w/c: water:cement (ratio)

SYMBOLS

A diffusion area, cm

Aa surface area of electrode, cm

concentration expressed as a function of x and
t, mol/1l

Co concentration in the compartment 2 of the

diffusion cell, mol/1

Cji initial concentration in a diffusion sample,
mol/1
Cs concentration at the surface of a diffusion

sample, mol/l
Ceix,t) first derivative of C with respect to t
Cxix,t) first derivative of C with respect to x
Cxx{(x,t) second derivative of C with respect to x
D diffusivity calculated-{rcm the flux per unit

area of bulk solution or the pore solution,

cmzlsec
Do absolute diffusivity, cmzfsec
De effective diffusivity, cm /sec

17



Sglx,t)

intrinsic diffusivity calculated from the flux
per unit area of the bulk cement paste, cmzfsec
electrical potential, volts

first derivative of E with respect to X

the streaming potential, mv

protonic charge

Faraday number, 96486.8B coulombs

viscosity, poise

current, mA

current at t=0, mA

current equivalence of the total flux, mA
current recorded at the end of polarization, mA
flux, mmol l:rr1_"2 sec—l

first derivative of J with respect ta x
constants for chloride binding

Boltzmann's constant

thickness of the disc sample, cm

diffusion layer thickness at the solution/
electrode interface, cm

number of electron transferred per molecule
charge passed, coulombs

accumulative charge, coulombs

gas constant

radius of a hydrated ion

adsorbed ionic amount expressed as a function of
x and t, mmol per gram cement

first derivative of S with respect to t
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Wb

adsorbed ionic amount expressed as a function
concentration, mmol per gram cement

absolute temperature, K°

time, seconds

total diffusion time, seconds
absolute mobility, cm sec_l |:Jyn_1

volume of the compartment 2 of the diffusion

cell, cm3

of

content of the pore solution in which diffusion

occurs, on weight of cement.

bound water content on weight of cement.
evaporable water content on weight of
cement or of oven—dried paste.
nun—évapnrable water, on weight of cement.
distance or diffusion depth, cm.

valence number.

volume or area of the pore solution in which

diffusion occurs, on volume or area of the bulk

cement paste.
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CHAPTER 1 INTRODUCTION

It is widely known that chloride can induce corrosion of
embedded steel in concrete(l'Z). When there is a chloride
source of substantial quantity in the surroundings, it
seems to be only a matter of time for sufficient chloride
to reach the steel to initiate corrosion. Studies of the

kinetics of chloride diffusion in hydrated cement pastes

and concrete are thus of practical interest.

Furthermore, cement—-based materials have many potential
applications in the field of radioactive waste encapsula-
tion and disposal(S_S). Studies of the diffusion of
relevant ionic species are thus essential to enable

predictions regarding the long-term stability of encapsu-

lated radio-nuclides in cemented wastes to be made.

The research to be described in this thesis was concerned
with the elucidation of some kinetic and phenomenological
aspects of ionic and molecular diffusion 1in hydrated
cement pastes. The aim was to provide improved understand-
ing of the important factors that control diffusion rates
in cement-based materials and to aid the prediction of

diffusion processes in concrete structures.

Diffusion in dilute aqueous electrolytes is a relatively
established field closely related to the topic of this
research, so it will be first reviewed in this chapter to

illustrate the basic laws of diffusion. The scope of the
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present study and the structure of the thesis will then be

described.

1.1 Diffusion in Aqueous Electrolytes

Diffusion or the mass transport caused by a concentration
gradient is a common physical process involved in many
systems. It was Fick who Ffirst put diffusion on a
quantitative basis(6’7}. With the hypothesis that
diffusion could be described on the same mathematical
basis as Fourier's law of heat flow or Ohm's law of
electrical conduction, Fick developed the fundamental law
of dif{usion{6_8)=
J==DC,{(x,t) I .

which is commonly called Fick’'s Ffirst law for one-
dimensional diffusion. Here J is the flux, and C is the
concentration expressed as a function of the distance (x)
and time (t). The quantity, D, is the diffusivity or

diffusion coefficient, which is an important parameter

characterizing the diffusion process.

Fick’'s first law has been found to be adequate to describe
diffusion in many binary systems(é). It explicitly refers
the concentration gradient to pe the driving force of
diffusion. However, a concentration gradient does not
necessarily mean that diffusion will occur. It has been
kncwn(Q) that diffusion would not occur at small

concentration gradients in a binary liquid mixture at the

consolute point at which the two 1liquid phases are
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completely miscible and no gradient of free energy exists.
Therefore, the gradient of free energy has been more
commonly considered as the generalized driving force for a

(10)
transport process .

Sometimes diffusion in aqueous electrolytes is accompanied
by electro—migration, so the gradient of the electro-
chemical potential can be regarded as the driving force

(10_13). In a wvery dilute

for the combined transport
aqueous electrolyte at a constant temperature T, diffusion
and electro—-migration are simply related by the Nernst-
Planck equationtb’lo-lz):

J==ukTL[C,(x,t)+zeCE, (x,t)/(kT)] vaeese (Ta2)
where E is the electrical potential, and u is the absolute
mobility defined as the limiting velocity attained under
unit force. In the absence of concentration gradients, the
absolute mobility is thus related to the conductivity, and

can be calculated‘14) from the equivalent conductivity (A

in :m2 ohm equiv. )

u=b.466 x10611l2| fernee (1.3)

As the motion of a neutral species will normally not be
affected by an electrical +field, the diffusivity
determined from Fick’'s first law, here denoted as Do, |is
therefore correlated to the absolute mobility, which is
shown by the Nernst-Einstein equatiun(l4)=

D0=kTu I B ) (1-4)

This equation can be obtained by combining Fick’'s first
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law with the Nernst-Planck egquation. When this equation is
used for an ion, the Do obtained is sometimes called the
absolute diffuaivity‘lS). However, for the reasons shown

below, the absolute ionic diffusivity is, in most cases,

not that determined from Fick's first law.

The absolute ionic diffusivity at infinite dilutions can
be calculated based on equations 1.3 and 1.4 <from the
limiting equivalent conductivity given in the literature
such as Ref.(14). The calculated limiting diffusivities at
25°C for some ions are shown in table 1.1. As suggested by
table 1.1, most anions tend to move faster than cations.
For an electrolyte containing two ions of different
absolute mobilities or diffusivities, the anion, bhowever,
must diffuse at the same rate or Fickian diffusivity as
the cation does because of the requirement of electro-—
neutrality. As a result of the difference 1in their
mobilities, an internal electrical field must be automa-

tically created to attain the charge balance(6'7'10_13).

Therefore, the ionic diffusivity calculated from the flux
and the concentration gradient according to Fick’'s first
law is not the absolute diffusivity which should be
calculated +from the electrical field in addition to the
flux and the concentration gradient. The diffusion rates
are thus affected by the electrostatic interactions

between the ions present in the electrolyte.

Theoretically, the Nernst—-Planck equation is applicable to
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the diffusion in mixed dilute electrolytes, but the

mathematics involved is often very ccmplex(lo'IZ)(SEE sub-
section 6.1.2, chapter é). Diffusion in concentrated
electrolytes, which is closer to that in hydrated cement
pastes, is much more complex than in dilute solutions.
However, Cussler(b) was able to show experimentally that
the electrostatic field described above accounts for most
of the effect of ionic interactions on diffusion 1in

concentrated electrolytes.

Ions in electrolytes are associated with certain water
molecules, so they are hydrated. Normally, the sizes of

hydrated ions can not be calculated from simple molecular

Table 1.1 Ionic radii and absolute diffusivities

in infinitely diluted solutions (25°C)

IONS :§> (;) (2?0_6)
N(CHx) 4" 2.05 3.47 11.96
N(CoHs) g 2.82 4.00 B8.69
N(CzH7) 4" 3.93 4.52 6.23
N(CqHo) 4" 4.73 4.94 5.18
N(CsH11)a 5.27 ' 5.29 4.65
Nat 1.83 3.3 133
K* 1.25 19.6
(s T 20.3
OH 53.0
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models. Nevertheless, the Stokes—-Einstein formula offers a

starting point for the estimation of ionic radius(lq)z
Do=kT/(bnfrg) wa e GLie'S)

where f is the viscosity of water, and ro is the Stokes’

law radius in centimetres. However, this equation

generally tends to underestimate the sizes of most of the

L (16)
common ions .
. (14) . . +
Raobinson and Stokes estimated the radii of (CgHg)gN
+
and (CgHji1)gN ions from certain molecular models, and

found there was good agreement with those calculated by
the Stokes-Einstein formula. They then calculated the
radii of all of the smaller quaternary ammonium ions +from
similar molecular models. This enabled them to construct a
calibration curve by relating the Stokes’ law radii to the
sizes of the quaternary ammonium ions listed in table 1.1.
The radii of some other hydrated ions of symmetrical shape
can thus be approximated from this curve, provided their
sizes are close to those of the quaternary ammonium ions.

Their results are also shown in table 1.1.

The Stokes—-Einstein formula (equation 1.5) suggests that
viscosity of the solution has a definite effect on
diffusion rate. Robinson and ‘Stok95(14) compared the
product of the viscosity and the 1limiting equivalent
conductivity at different temperatures for various ions.
They found that the product is almost constant for ions of

large size. The products have similar variation with

temperature for some monatomic ions; however, this
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variation is only of the order of 30% over the temperature
range 0 to 100 °C. As they pointed out, this suggests that
viscous forces account for most of the resistance to the
motion of ions in water, though there are evidently some

other effects operative as well.

1.2 Scope of Study and Plan of Presentation

The steady-state diffusion technique which will be
described in chapter 3 is a common method employed to
study 1ionic diffusion 1in hydrated cement pastes and
mortars. Kondo et 61(17) used this technique to study the
diffusion of various ions in OPC paste made at w/c 0.4 and
cured for 28 days in saturated lime water. By putting the
solution shown in table 1.2 in one compartment of the
diffusion cell and deionised water in the other compart-
ment, the authors determined the intrinsic diffusivities
for a number of ions at 25°C, Their results are shown in
table 1.2, It can been seen from the table that all the
ions diffuse significantly slower in the cement paste than
in bulk solutions. The cations diffuse a few times slower

than the accompanying anions.

Addition of PFA and particularly BFS to OPC results in a

considerable decrease of the diffusivitytia—ZI)_ Typical
values of chloride diffusivity in various types of cement
paste were given by Page et a1(22). The authurs{zs) also

studied chloride diffusion in hydrated pastes of alite and
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alite blended with CzA, and their results are shown in
table 1.3. It was found that adding CzA to alite decreases

the chloride diffusivity.

Page et a1(22) determined the intrinsic diffusivity of

chloride ions for OPC paste of three w/c ratios (0.4, 0.5,
0.6) over a temperature range 7 to 45 °C. For each w/c
ratio they obtained a linear relationship between the
reciprocal of the absolute temperature and the logarithm
of the diffusivity, enabling the calculation of the
activation energy for diffusion (see table 1.4). Goto and
Rnytzq) used OPC paste of w/c ratio 0.4 and quartzite for
their diffusion experiments. Diffusivities of both Cl and
Na+ ions were obtained over a wider range of temperature.
The activation energies for sodium and chloride diffusion
in the OPC paste (see also table 1.4) were found to be
significantly greater than those (about 20 kJ/mol) found

for the bulk snlutions(ZS) and quartzite.

Based on the Arrhenius-type dependence of diffusivity on
(23,26)

temperature, Page et al subsequently suggested that

ionic diffusion in hydrated cement pastes is a single-step

dominated rate process., However, the mechanisms of the

diffusion have not yet been understood. Pore structure

(27,28) (2B8-32)

and surface charge have been considered to

be important in determining ionic diffusion rates.

The 1initial objectives of the present work were to

understand more of the diffusion kinetics. The thesis is
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Table 1.2 Intrinsic diffusivities in 0.4 w/c OPC paate(17)

Dy (xlO_B cmzfsec)
L Solutions
c1” L™ Na* K*

0.35M LiC1 8.13 1.70

0.3 0.5M NaCl 6.25 1470
0.5M KC1 6E.73 2.93
0.5M LiC1 7 .81 1.44

0.2 0.5M NaCl 6.94 1.89
0.5M KC1 Y A, 3 3.78
Mixture of )

0.3 0.5M LiCl1 Tl 2 1.45 2,22 3.30
0.5M NaCl
0.5M KC1

Table 1.3 Chloride diffusivities in various pastes

at 25°C (x10 ° cm?/sec, Ref. 22 and 23)

0.3 w/c OPC 4.47
0.5 w/c OPC/30%PFA 1.47
0.5 w/c OPC/65%UBFS ) 0.41
0.5 w/c SRPC 10.00
0.6 w/s alite b6.67
0.6 w/s alite/12%CzA 3.80
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Table 1.4 Activation energies for sodium and chloride

diffusion in hydrated OPC paste‘22’24) (kd/mol)
- +
w/c Cl Na
0.4 41,8
0.5 44 .6
0.6 32.0
0.4 50.2 83.6

divided into seven chapters. Following this introductory
chapter, chapter 2 describes the experimental techniques
employed. The next three chapters deal with the mechanisms
of diffusion. The effect of pore structure is considered
in chapter 3, while that of surface interaction is covered
in chapter 4., Oxygen diffusion was studied and is compared
with chloride diffusion in chapter S. Chapter & is
concerned with the modelling and prediction of ionic
diffusion in hydrated OPC pastes. The 1last chapter
contains general conclusions and suggestions for further

work.

Diffusion in cementitious systems occurs through a network
of tortuous and interconnected pore channels. It is there-
fore quite intuitive that the diffusion rate should depend
on the pore structure of the cement-matrix. However, it
appears that the pore size distributions determined from
mercury intrusion porosimetry for hydrated OPC/PFA pastes

are coarser than those for DPC pastes of the same w/c

29



. (22) .
ould not
ratio » which cou €xPlajn the experimental

finding that ions diffuse slowg, in pPFA blended pastes

However, it has been suggested(33) that ihe PoFes In the
PFA pastes are relatively distﬂntinuous, and that +he
discontinuity tends to be destroyed by the sample pre-
treatment such as drying which is required for the use of

the conventional pore-structure analysis techniques such

as capillary condensation and mercury intrusion.

To examine the effects of pore structure on diffusion, it
is therefore necessary either that existing methods of
obtaining pore size distribution be made more reliable, or
that alternative techniques should be developed. This
present investigation followed the latter approach. An
attempt to probe the effects of pore structure on
diffusion was made by means of comparative diffusion
studies of quaternary ammonium ions. Since this homologous
series of ions have unit charge and different ionic sizes,
the "molecular sieve" influence of pore size restrictions
on diffusion can be conceived from the changing pattern of
the diffusion rates in response to the size of the

diffusing species. This is presented in chapter 3.

As stated earlier, the activation energy for diffusion at
infinite dilution is basically a manifestation of the
temperature dependence of water viscosity. It seems,
however, that the viscosity of the pore solution may not

be the only important factor responsible for the low ionic
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diffusion rates found in hydrated cement pastes. The
obvious difference in the activation energies for sodium
and chloride diffusion in OPC paste, as found by Goto and
Rcy(24), can hardly be explained in terms of the effect of
the pore solution viscosity. In contrast with OPC paste,
slag cement paste appears to give similar activation
energies for sodium and chloride diffusion, and the
activation energies obtained are very close to those found
for diffusion in dilute bulk salution5(34). Although the
viscosity of the pore solution is likely to vary with the
type of pores, its temperature dependence, on average,

might be expected not to vary very much with the type of

mature paste of similar w/c ratios.

Some other factors besides the pore structure of the
cement-matrix and the viscosity of the pore solution may

also be expected to affect ionic diffusion rates. Page et

al(zs’ suggested that some form of interaction between the

diffusing ions and the C-S5-H gel may be important. Goto

and RDV(ZQ) considered that diffusing cations may interact

more strongly with the cement-matrix thanm with quartzite.
The difference in diffusion behaviours between cations and
anions, i.e. much faster diffusion of the anions as shown

in table 1.2, has been attributed by several authors(zq'

=== to the effect of the electrochemical double layer
at the pore/solution interfaces. The cement hydrate
surfaces were regarded as positively charged by Takagi et

a1(29), who accordingly explained that the electro-
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statically repelled cations would encounter more
difficulty in entering the micropores and would thus

diffuse slower than the anions.

Although there have been some studies(35_37) on the
electrochemical properties of hydrating cements, few
studies on those of mature pastes have been made.

Preliminary measurements of zeta potential were therefore
made in this work to study the equilibrium double layer of
hydrated cement surfaces. This was intended to provide a
basis from which the development of the non-equilibrium
double layer during diffusion may be better understood,
allowing the effects of the surface charge and associated
factors to be estimated. The results are reported in

chapter 4.

Molecular diffusion in hydrated cement pastes differs from
ionic diffusion in that the double layer can have less
direct (electrostatic) effect on the tranmsport of neutral
molecules, although collisions between the diffusing
species and the pore walls are always likely to occur in
micropores. By comparing the diffusion kinetics of ions
with those of neutral molecules such as oxygen, it may
thus be possible to distinguish the effects of pore
structure to some extent from those of the double layer.
Diffusion of dissolved oxygen in both OPC and OPC/20%PFA
pastes was studied and is compared with that of chloride

in chapter S5.
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Non—-steady state diffusion is a major form of ionic
transport for some marine structures constantly in contact

r(38)- Characterization of chloride and

with sea wate
hydroxyl ion diffusion in water—-saturated hydrated cement
pastes can provide a basis for the assessment of chloride-
induced reinforcement corrosion in such marine structures.
In order to predict the ionic concentration profiles, both
the diffusion kinetics and the chemical interactions
between the diffusing ions and the cement—matrix should be
considered. Although diffusion in cement—-based materials
is a multi-component process and can be expected to be
very complex, there is a need to develop a practical and
systematic model. Such work was initiated at Aston
University by Page and Sergi(3q) whose approach was
extended in this work. Diffusion of sodium, potassium,

chloride and hydroxyl ions is considered in chapter 6 with

the aid of computer-modelling.
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CHAPTER 2 MATERIALS AND EXPERIMENTAL TECHNIQUE

This chapter outlines the major experimental techniques
employed in the subsequent chapters. Some of the
techniques such as pore-solution expression and ionic
concentration analysis have been previously used in the
field of cement chemistry. The other techniques such as
streaming potential and oxygen diffusion measurements were

designed or developed specifically for this work.

2.1 Cements

OPC and PFA of the chemical analyses shown in table 2.1
were used to prepare neat cement pastes. They were passed
through a 150 pm sieve before use. The detailed procedures
of preparing specimens are given mainly in subsection

3.3.1, chapter 3.

2.2 Expression of Pore Solution

The development by Longuet et a1(40) of a method of

removing capillary pore solutions by pressure has allowed
detailed study of the pore-liquid phase chemistry of
hydrated cements. The device illustrated in figure 2.1 was
employed to extract the pore solution for the work
described in subsection 3.3.2, chapter 3. A slowly
increasing pressure was applied to the cement pastes by
means of the piston, reaching a maximum of 310 MPa. A PTFE

disc was inserted between the specimen and the piston to
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Table 2.1 Oxide compositions of the OPC and PFA

(%4 by weight)

Oxide oPC PFA
Ca0 64.5 2.7
Si0, 20.0 48.1
Alo03 - 3t.2
Fep0x 3.4 S.6
S0z 3.0 0.3
Nao0 0.10 0.25
K20 0.78 1.10
I.R 0.27 0.50
L.O.T 0.90 6.89

seal the whole diameter of the die body, preventing the
liquid squeezed out from escaping other tham through the
fluid drain via a circular groove on the platen. The
extracted solution was then drawn into a syringe through a
PTFE-lined drain hole and stored in sealed plastic wvials

to prevent unnecessary exposure to air.

After each run, the separate parts of the press were
thoroughly cleaned with water and acetone, and the
cannecting surfaces were sprayed with PTFE non-stick spray
for lubrication and protection ready for the next
specimen. The rate of increase of the applied pressure was
(41)

the same for all the specimens, as it 1is suggested

that this may affect the results.
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Figure 2.1 The pore-expression device
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2.3 Analyses of Ianic Cancentration

The present work used a Beckman Model 24 spectrophotometer
to determine the concentrations of chloride and quaternary
ammonium ions. The sample solution was added to certain
reagents and buffer solutions to form a coloured complex.
The 1light absorption of the coloured solution was then
measured against a blank solution by the spectrophotometer
at specific wavelengths. Ionic concentrations were
determined from the calibration curves constructed by
plotting the absorption against known concentrations of
standard solutions. Fresh calibration curves were made at
an interval of a few months, and some examples are given

in figures 2.2 and 2.3.
2.3.1 Chloride

Chloride concentrations were determined by the following
procedures. Each ©0.1 or 0.2 ml aliquot of the sample
solution was made up to 10 ml with deionised water in a
glass flask. To these were added 2 ml 0.25 M ammonium
ferric sulphate in 9 M nitric acid and 2 ml ethanol
saturated with mercuric thiocyanate. Chloride causes the
thiocyanate ion to be displaced which then forms a highly
coloured complex with the ferric ion, which 1is shown

by(42)

2C1” + Hg(SCN)p + 2Fe>' > HgClp + 2Fe(sch) 27

The coloured solution obtained was lightly shaken, left

undisturbed for twenty minutes, and then poured into the
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test cell. The light absorption at the optimum wavelength
of 460 nm was measured by the spectrophotometer against

deionised water contained in the blank cell.
+ +
2.3.2 (CgHg)gN and (CsHji1)gN

Methyl orange reacts with tetrabutylammonium, (C4H9)4N+,
and tetrapentylammonium, (C5H11)4N+, to form a coloured
complex which is soluble in chloroform but not in water.
The concentrations of the two ions were determined by a

colori-metric method adapted from that of Cromptcn(43).

The sample solution contained in a glass vessel was
diluted with deionised water to 20 ml. To these were added
S5 ml chloroform, 1 ml solution of methyl orange {(reagent)
prepared at 0.1%4 by weight, and 2 ml buffer solution mixed
from ©0.25 M citric acid and 0.1 M disodium hydrogen
orthophosphate solutions in equal proportions. After
shaking vigorously for thirty seconds the solution was
allowed to stand undisturbed for twenty minutes so that

the coloured chloroform could settle as a lower layer.

The chloroform layer was drawn into a Sml pipette, and
transferred i1into the test cell through a small funnel
containing a plug of glass wool to absorb any residual
water but not chloroform. The spectrophotometric reading
at the optimum wavelength of 415 nm was obtained by
placing the test cell and the blank cell containing only

chloroform into the spectrophotometer.
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+
2.3.3 (CHg)gN' and (CxH7)gN

(4544 and procedures of the method used for

The principle
the two ions were similar to those described above. The
sample solution was diluted to 18 ml, and to this were
added 4 ml of water-saturated bromo cresol green solution
(the reagent) and 2 ml of the buffer solution mentioned

above. The rest of the measurement procedures were the

same as those described in the above subsection.

(C3H7)4N+ concentration could have been determined by the
method described in the above subsection, but it was found
that the method described in this subsection was better in
terms of the sensitivity. The sensitivity for (CZH5)4N+
was not as good as for the other three quaternary ammonium
ions, so a relatively larger volume of the sample

(CoHs) gNT solution was required.

2.4 Evaporable, Non—evaporable and Bound water

The water in hydrated cement pastes was classified by
iners(45> as follows:
(1). Water which is chemically combined into the hydrate
compounds. It is in the form of either hydroxyl ions or
water of crystallisation.
(2). Adsorbed water which is held by surface forces on
the gel particles. The gel-pore water belongs to this
type.

(3). Free water which is present in the pores, generally
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the capillaries, beyond the range of the surface forces.

Although there is a great deal of interest in the nature
of the chemical and physical states of the water in
hydrated cement pastestqb), the types of the water are
defined somewhat arbitrarily in practice. This is mainly
because, unlike crystalline hydrates, cement hydrates on
drying lose weight continuously with temperature ar

water—-vapour pressure so that the states of the water can

not be clearly distinguished.

The water lost at 105°C by hydrated cement pastes, namely
the evaporable water as described by Pcwers‘qS), was
determined in this work. The non—-evaporable water content
was determined as the weight lost over the temperature
range from 105 to 950 °C. A sample of initial weight, Wp
(about 20 grammes), was heated in an oven at 105°C until a
constant weight, Wio5, was obtained. When the age was less
than two weeks, the sample was broken into small particles
and immersed in alcohol overnight before heating. The
oven—-dried sample was then placed in a platinum crucible

and heated to 950°C for thirty minutes to give a final

weight Wggp.

The amount of the unhydrated cement contained in the

sample, Wec in grammes, was first calculated:

Wec=Wgs50/(1-L.0.1) smwwaw (2D
; ’ o (47)
where L.0.I 1is the loss—-on-ignition per gramme
unhydrated cement. The evaporable water content, We, can
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thus be expressed based on either the weight of the
unhydrated cement as
We=(Wg-W1p5) /WC cesass (2.2)
or weight of the oven—-dried paste,
We=(Wo-W105) /Wi05 ceveas (2.3)
The non—-evaporable water content, Wn, expressed on weight

of the unhydrated cement was

Wn=(W;o5~Wgs0) /We - L.O.1 wa i v C2aRd

The bound water considered in this work is that defined by
Taylnr‘qé), which includes the interlayer water in C-5-H
and AFm phases, the crystal water in ettringite and the
adsorbed water. It can be practically determinedtqb) as
the water retained when a sample was placed over saturated
LiCl solution which gives a value of relative humidity of
about 114 at room temperature. The sample was first broken
into small particles. When its age was less than two
weeks, the sample was immersed into alcohecl overnight. It
was then placed on a filter paper of known weight, and
positioned in a sealed desiccator containing saturated
LiCl solution at the bottom. It was observed that a steady
sample weight (Wj1?, obtained as the difference in the
total weight and the weight of the filter paper, could be
achieved in one week., The bnuad water content (Wb)
expressed on weight of the unhydrated cement was

calculated from

Wb=(W;1-W9S50) /Wec - L.0.I ¢ sxwn (2%)
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2.5 Measurement of the Streaming Potential
2.35.1 The streaming potential

When two phases are placed in contact, a difference in

potential normally develops between them. The separation

of charge that occurs at the interface between the two

phases 1s called an electrochemical or electrical double

layer, because it consists, ideally, of twao regions of
(48)

opposite charge . The structure of the double layer

will be reviewed in subsection 4.1.1, chapter 4.

When 1liquid is forced through a capillary, the charge in
the mobile part of the double layer is carried towards one
end. This constitutes a streaming current of ionic flow.
The accumulation of charges thus sets up an electrical
field. The +field causes a current flow in the opposite
direction through the bulk of the liquid and when this
latter conduction current 1is equal to the streaming
current, a steady state is achieved. The resulting
electrostatic potential difference between the ends of the

capillary is termed the streaming potentialtqa).

The zeta potential can be practically calculated for

agqueous electrolytes at 20°C from(ea)

Zeta = 1.0SSK10°d(Eg/P)  (mv) w55 KBl

where P is the pressure in cmHg, d is the conductivity in

Dhm_lcm_l. and Eg is the streaming potential.

Dverbeek‘qq) showed that the above equation can be applied
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to porous plugs provided all or almost all of the current
is transported by the bulk (i.e. little surface
conductance)., The surface conductance becomes pronounced
when dilute solution is used, requiring some procedures

(50,51) .. _

for the correction of the calculated wvalues
liquid flow must be linear and laminar. Pressure below 1
atmosphere, normally S5-20 cmHg, is applied through the

plug to produce the required flow of the snlution(qa).

2.5.2 The asymmetry potential

1f two identical electrodes are placed at the ends of the
porous plug, the steady-state potential difference
measured between the electrodes 1is the streaming
potential. However, when any two electrodes are placed in
an electrolyte, they normally give a potential difference
which is called the asymmetry potential<48). The streaming

potential should therefore be obtained by subtracting the

asymmetry potential from the total potential measured.

Difficulties 1in calculating the streaming potential can
arise from the fact that the asymmetry potential between
two electrodes tends to change with time or pregsure(SZ).
Hunter and Qlexander‘53) proposed a simple "back-off"
method to determine the streaming potential, and found
that accordingly determined streaming potentials are
accurate enough for most purposes. As depicted in figure
2.4, the streaming potential can be taken as the potential

drop after streaming has been stnpped(54).
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2.5.3 The apparatus

The apparatus for the measurement of the streaming
potential must thus supply a constant stream of the
solution to the plug and should permit easy replacement of
both the streaming solution and the plug while retaining a
fixed geometry for the plug packing when an experiment is

in progress.

By reference to a number of typical measurement systems in
the 1iterature(54_59’, it was decided to construct the
system as shown in fig 2.5. The electrodes were made of
perforated platinised titanium with 0.75-1 mm holes. The
potential developed was read from a digital multimeter or
a potential recorder. The two 3-way taps allowed the flow
to be directed in either direction and pressure to be read

from the manometer. The resistance of the plug could be

measured by a conductivity bridge.

2.5.4 Testing of the apparatus

Silica gel (for use as a laboratory adsorbent) was wused
first to test the apparatus. The gel was crushed in a
mortar and sieved. The particles of 300 to 1000 um were
stored in 1 1litre deionised water for one day. The
solution after being saturated with the gel was used as
the streaming solution. The prepared particles were packed
into the sample cell with the help of pressurized nitrogen
so as to form a +Firmly compacted diaphragm. The

measurement system was established by transferring the
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solution into the two bulbs. The samples in the cell were
finally flushed several times to eliminate any air bubbles
from the cell and left for half an hour to achieve a

reasonable initial equilibrium.

The 2-way tap on the left was closed, and the 1left bulb
was pressurized by nitrogen gas to about 40 to 50 cmHg.
Then the tap was opened to allow the ligquid ta flow
through the plug, resulting in a continuous increase af
potential. After the potential had changed in the reverse
direction, one of the 2-way taps was closed and the
potential was recorded with time. The potential-time curve
was similar to that illustrated in figure 2.4. The
pressure actually applied was calculated from the reading
of the manometer and the liquid lewvels in the two bulbs.
With regard to the electrical circuit arrangement of the
multimeter shown in figure 2.5, this turve suggests that
positive charge in the mobile part of the double layer was
flowing towards the right, so the immobile part of the
double layer was negatively charged relative to the bulk

solution and the streaming potential was negative.

The starting pressure for the next flow was the previous
pressure at which streaming was stopped. Another two runs
of measurement were carried out at half hour intervals.
The data in table 2.2 show that the asymmetry‘potential of
the system varied regularly, slightly decreasing with
successive streaming experiments, but increasing greatly

with time. The streaming potential was calculated by
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Hunter'’'s "back-off" method. It can be seen from table 2.2
that the calculated values of Eg/P did not show much
scatter, indicating that the apparatus was working and
that the method for the determination of streaming

potential was applicable.

To estimate the measurable range of the streaming
potential, alumina was used because of its high recorded
values of zeta potential in concentrated solution (-60 to

2(58)

-80 mv in solutions of pH 11 to 1 ). After being first

cleaned with dilute nitric acid and then washed with
deionised water(SQ), very fine alumina (<150 uym) was
placed in 1 litre 0.01M NaOH solution. A sheet of very
thin filter paper was used to cover the electrode surface
to help form a plug with minimised resistance to the flow
of the solution. The results are shown in table 2.3. The
zeta potential of alumina is more negative than -60mv as
the conductivity is above 0.001 ohm_lcm_l which can be
estimated from equation 4.5 (see chapter 4). It can thus

be concluded that a streaming potential of approximately 3

mv could be gquite accurately determined for the system.

2.6 Diffusion Measurements

Experimental work on ionic diffusion is presented 1in
chapters 3 and 5. Details including the technique and
experimental procedures are given in subsections 3.2.1 and

Ssdaly chapter 3. The technique developed for the
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determination of oxygen diffusivity 1is described in

chapter S.

Table 2.2 Streaming potentials of Silica gel in water

Et (mv) Ea‘(mv) Eg (mv) P(cmHg) Eg/P
Left ====> Right streaming
-B5.1 -64.0 ~21:1 21.0 1.01
-83.6 -64.5 ~-19.1 18.2 1.04
-B1.2 -65.6 -139:6 14.4 1.08
-72.0 —-66.2 -12.8 11.4 1.12
= 4 £ 4 -66.7 —10.3 9.6 1.07
~76.4 -67.9 -8.48 7.8 1.08
Left ====>» Right streaming
~65.3 -34.4 -30.9 31.9 0.97
-64.0 -38.0 -26.0 25.8 1.00
-61.5 -41.2 =-20.3 19.4 1.04
-60.0 -44.2 -15.8 14.8 1.07
-58.0 -46.3 =11.7 11.0 1.06
Right ====> Left streaming
5.0 ~22.1 =27 vl 27.2 1.00
2.0 -19.6 =216 + 21,2 1.02
0.0 -17.0 -17.0 16.2 1.06
-1.0 -15.3 -14.3 13.2 1.08
~2.4 133 -10.9 10.0 1.09

a1



Table 2.3 Streaming potentials of alumina in 0.01 M NaOH

Eg(mv) P (cmHg) Eg/P
-3.4 S.é 0.61
-4.6 7.7 0.60
-b6.4 10.0 0.64
=81 13.8 0.59
-%.4 16.4 0.57

-10.6 19.0 0.56
-13.6 24.2 0.56
-14.3 25.0 0.58
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CHAPTER 3 DIFFUSION OF QUATERNARY AMMONIUM IONS

3.1 Introduction

As already mentioned in Chapter 1, pore structure is one
of the most important factors that influences 1ionic and
molecular diffusion rates in hydrated cement pastes. There
are four aspects of pore structure to be considered;
porosity or pore volume, pore size distribution, pore
geometry and the inter—connection of the pores. Although
there are a number of techniques, which help to determine
the quantitative or qualitative nature of the pore
structure, the information obtained is insufficient to

explain fully the effects of pore structure on diffusion.

Among the conventional experimental techniques, capillary
condensation and mercury intrusion porosimetry are the
most widely used methods to give quantitative information
on the pore size distribution in hydrated cement pastes.
However, both methods involve drying the samples to remove
the original water, which may alter the actual pore
structure. This alteration may be expected to be more
significant for young and blended cement pastes,

(33,600 .

especially so for their small- pores
consequence, it 1is difficult to make a satisfactory
comparison of the relationship between pore structures and

diffusivities of different types of cement paste.

Furthermore, there are some controversies concerning the
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applicability of the two methods with regard to the basic
equations and assumptions involved in the quantitative

calculation of the pore sjize distribution‘él).

In a
- : : (62) > 2
critical comparison, Diamond found some discrepancies

between the results of the two types of measurement for
hydrated OPC cement pastes. The capillary condensation
data yielded a mean pore diameter between SO and 100 A.
The mercury intrusion data indicated considerably coarser
size distributions with mean diameters of the order of

several hundred Angstroms.

To promote improved understanding of the pore structure
effect, some new techniques have to be developed directly
related to the diffusion process. An approach that has
been devised in the present work involves study of the
diffusion of quaternary ammonium ions which are strongly
hydrated in water. This homologous series of ions has a
unit positive charge and a symmetrical tetrahedral
geometry. By varying the carbon chain 1length, different
ionic sizes can be obtained. As the diffusing ions get
larger, one would expect a decrease in diffusion rate, as
entry to more pores is restricted. These quaternary
ammonium ions can be considered here as a "probe" to
investigate the pore structure. +he diffusion path can
thus be conceptually separated if diffusion rates of such
ions correspond, to some degree, to the change of ionic

sizes.
Diffusivities of four quaternary ammonium ions in hydrated
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OPC and PFA pastes of w/c ratios 0.35, 0.50 and 0.63 were
obtained by the steady-state technique which is to be
described in the next subsection. To aid the
interpretation of the diffusivities obtained with regard
to the effect of pore structure on diffusion, two forms of
experiment, designated the type 1 and type 2, were used to
estimate the volume proportion of the pares that can not
be entered by these relatively large quaternary ammonium
ions. The sizes of the ions investigated have been given

in table 1.1.

In the type 1 experiment, a certain amount of the
(C3H7)4N+ ions was introduced into 0.65 w/c OPC paste
during mixing. The (CSH7)4N+ has an ionic radius 4.52 A,
which 1is greater than the molecular radius of nitrogen
(2.03 A). As 1t has been considered that nitrogen could
enter fewer of the pores in hydrated cement pastes than
water molecules could (see subsection 3.3.2), it is
possible that the (C3H7)4N+ ions would be excluded from
some pores during cement hydration. The (C3H7)4N+
concentrations in the pore solution were determined at
different lengths of the hydration time. The geometrical
restriction of the pore structure to diffusion of
(83H7)4N+ ions could thus be estimated from calculations

based on the mass balance.

I+ an oven-dried cement paste sample is placed in a

solution containing (C3H7)4N+ ions, it is possible that
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some pores in the sample can be entered by the water
molecules but not by the relatively large (C3H7)4N+ ions.
This could result in an increase of the (C3H7)4N+
concentration in the external solution after the transport
has been completed. The type 2 experiment was based on
this 1idea and used to estimate the volume of pores that

can not be practically passed through by the (C3H7)4N+

ions.

3.2 Literature Review
3.2.1 Steady—state diffusion

Diffusion at a steady state, more exactly at a quasi-
steady state, can be easily achieved through the
experimental arrangement shown in figure 3.1. A thin test
disc, generally of hydrated cement paste or mortar, is
fixed between the two half cells containing solutions of
unequal concentrations of the ion investigated. At the
steady state, the flux (J) per unit bulk section area of
the test disc is a constant at any distance (x) within the
disc,

J=—€D(dC/dx)=-D; (dC/dx) s swmae (Sel)
where € has a similar meaning to the porosity of a water-
saturated paste; more specifically, it 1is the volume
fraction of the pore solution in which the diffusion

oCcCcurs.

When € 1is constant within the disc, the concentration
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CEMENT PASTE DISC

Figure 3.1 The ionic diffusion cell
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gradient (dC/dx) should be a constant and can be obtained
by dividing the concentration difference between the two
solutions by the disc thickness, which enables the
determination of the intrinsic diffusivity (Dj) from the
flux observed experimentally. This technique has been
widely employed to study ionic diffusion in hydrated
cement pastes because of its speed and simplicity(15’63>.
Typical diffusivities of some simple ions for certain

hydrated cement pastes have been shown in tables 1.2 and

1.3,

Atkinson and Nickerscntq) considered several factors that
may affect the applicability of the "thin-disc" technique,
including the osmotic flow and temperature variation. The
possible osmotic flow was eliminated by filling the half
cell with 1M KI and KC1l respectively, since the two salt
solutions have approximately the same osmotic
coefficients. By comparing the diffusivities obtained with
those reported in the literature, the authors essentially
supported the results obtained by other workers. However,
they used a temperature cycle, rising from 20 to &0 °C,
cooling down to 10°C and then back to 20°C, which induced
some irreversible effects that tended to increase the
diffusivity. They concluded that éhe temperature had at
least two effects; one was the temperature-induced changes
in the pore structure and the other, the basic temperature
dependence of the diffusion mechanism. Nevertheless, the

temperature range used in their experiments is excessive,
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particularly with regard to to their relatively vyoung

specimens (cured for four weeks).

The fact that anmions normally diffuse faster than cations,
as 1indicated in table 1.2, suggests that certain ions
rather than the ions investigated can be involved in the
co- or counter—-diffusion, as the charge balances regarding
both the concentration and the flux must be maintained.
This was considered by Sergi(64) who carried out
experiments involving the diffusion of NaOH. It was found
that sodium and hydroxyl ions diffused in OPC paste at the
same rates, suggesting that the hydroxyl ion is the main
species responsible for the counter—-diffusion in the
systems employed, for example, by Kondo et 31(17) (see

table 1.2)., By adding PFA and BFS to the O0OPC, Sergi

observed that the hydroxyl diffusivity was also decreased.

S22 Models of pore structure in

hydrated cement pastes

The <classical model of the pore structure in hydrated

portland cement was given by Puwers(45).

In this model,
gel pores are visualized as the spaces between gel
particles of which the solid-to-solid distance 1is on
average about 18 A, contributing a‘minimum paorosity aof 28%
to the cement gel. Any spaces not filled by cement gel are
called capillary cavities. However, Diamond and Dmlch‘bﬁ)

questioned the existence of such a separated class of gel

pores in hydrated cement pastes. They showed that for a
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mature paste, the pore volume intruded by mercury below
about 60 A in diameter, is not only less than that
predicted by a 1log-normal distribution plot, which
suggests that all the pores intruded belong to a single
pore size distribution, but is almost negligible in

absolute terms.

Feldman and Seredatéb) propaosed a quite different model
from the above Powers—-Brunauer representation. The C-S-H
is also considered to be of layered structure. However,
according to this view, these layers may come together
randomly to create interlayer spaces. Assuming that the
interlayer spaces are bounded by two parallel plates,
Feldman and Sereda estimated that the average separation
between the plates is 3.3 A. This model is consistent with
an internal system composed of layers separated by, on the
average, one water molecule, so the interlayer water is
regarded as part of the solid structure. Most of this
water is not removed from the structure on drying until
relative humidities of below 10% are reached. The volume
of +the interlayer spaces, as calculated by Feldman et
31{67> based on the data obtained from capillary
condensation methods, is approximately the volume of the
pores that can be passed through-by water which has a
molecular radius of 1.63 A, but not by nitrogen which has
a molecular radius of 2.03 A. However, it is still an

(68,6%)

open question why such a small difference in their

molecular sizes could result in a big difference in the
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specific surface areas of the cement gel determined from

their adsorption isotherms.

Based on adsorption studies on hydrated CzS paste after
the removal of calcium hydroxide, Daimon et 31(70)
modified the Feldman-Sereda model. Adsorption measurements
indicated the existence of two kinds of pores: a wider
inter-gel-particle pore which can be seen even in the
inner C-S-H by SEM, and a smaller intra-gel pore existing
within the gel particles which cannot be observed by SEM.
The intra-gel pores are further classified into an inter-
crystalline pore similar to the micropores reported by
Brunauer et a1(71), and intra-crystalline pores
corresponding to the interlayer spaces in the Feldman-—
Sereda model. Daimon et al also suggested that some

relatively large pores in dense pastes are accessible to

water only through interlayer spaces.
3.2.3 Effects of pore structure on diffusion

The interconnectivity of pores has been considered to be
an important underlying parameter for water permeability

1‘72'73’ carried out

and ionic diffusion rates. Powers et a
permeability measurements with mature OPC paste varying in
w/c ratio. The obvious effects of é/c ratio are to change
the total porosity and pore size distribution. The
authors(73’ showed clearly that permeability is related to

capillary porosity; gel pores control the permeability for

pastes of w/c ratios below 0.4 as the capillary spaces are
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only interconnected by the gel pores. When capillary
porosity is relatively high, the capillaries are a
continuous interconnected network through the gel. This is
the case for a mature paste if the w/c ratio is above 0.5,

so capillary porosity determines permeability.

Page et 31(22) ‘showed similar effects of the pore

structure on diffusion, as indicated by the considerable
decrease of the activation energy for chloride diffusion
as w/c ratio changes from 0.4 and 0.5 to 0.6 (see table
1.4). Parrott et a1(74’ found a sharp change of the
diffusion behaviour in hydrated alite cement at the
porosity 0.35 for pores greater than 500 A wide, and
concluded that open channels are bluckea by relatively
small quantities of hydration products. Kumar et 31(27’75)

showed by statistical analysis that chloride diffusivity

is related to fractional porosity and modal pore radius.

There are some difficulties in interpreting the variations
of diffusivity with type of cement paste in terms of the
experimentally measured porosity and pore size
distribution. Goto et a1(28—30) determined the
diffusivities of Cl_, 1~ and Na+ in pastes of various w/cC
ratios and curing temperatures, including ordinary
portland, blast furnace slag and sulphate resisting cement
pastes. They suggested that the diffusivities are
correlated with the volume of pores of radius below 20 A.

This correlation is independent of types of paste, though

no clear explanation was given.
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Feldman(76) examined the pore structure damage in blended

cement pastes caused by mercury intrusion. He found that
pores of slag and fly-ash pastes were relatively
discontinuous, despite large values for porosity and pore-
size distribution. During mercury intrusion, these
discontinuous and thin-walled pores were disrupted at high
pressure and intruded. The presence of calcium hydroxide
in hydrated OPC pastes has been used to explain the
relative continuity of pore structure compared to those of

blends(77}.

Marsh and Day(78> compared the porosity data obtained from

mercury intrusion and helium pycnometry. The results for
the OPC pastes showed close agreement, whereas those for
the blended cement pastes of low porosities did not. This
was considered as an indication of the discontinuities in
pore systems of blended cement pastes since helium
pycnometry is a relatively gentle technique which would,

presumably preserve more of the original pore structure.

3.3 Experimental and Results
5 e s | Diffusién
3.3.1.1 Specimen preparation
OPC and PFA were first mechanically mixed with deionised

water for ten minutes in the required proportions to
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produce mixtures of 04, 20% or 40%Z PFA content at w/c
ratio 0.35, 0.5 or 0.65. They were then poured into
cylindrical PVC containers of dimensions, 43 mm in
diameter and 75 mm in height, and compacted by vibration

for ten minutes.

On at least twb occasions the foamy layer that had
accumulated on the surface during the wvibration was
removed and replaced by fresh paste. A polythene sheet was
then placed on the top of each container to prevent any
entrapment of air by the cap which was subsequently fitted

on top.

In order to minimize segregation and to enable the
production of uniform cement pastes, the cylinders were
rotated top to bottom at a speed of 8 rpm oOvernight and
stored in a curing room controlled at 22°C for two weeks.
The pastes were then demoulded and finally immersed in

saturated lime water for four months in the curing room.
3.3.1.2 Experimental set-up

The number of ions in the quaternary ammonium series that
can be easily wused in the diffusion measurements is
limited by their solubilities which decrease with increase
in size of the carbon chain. The (CH3)4N+ ion could have
been used in this investigation but was sliminated because
its concentration could not be measured by the same
methods as described in section 2.3, chapter 2. When the

carbon chain 1is bigger than that of (CgHyi3)4NBr the
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solubility was found experimentally to be smaller than
0.03 M. Hence, diffusion measurements were carried out by
the thin-disc steady state diffusion technique with the
series of quaternary ammonium bromides including:

(1) tetraethylammonium bromide, (CoHg) gNBr

(2) tetrapropylammonium bromide, (CzH7)gNBr

(3) tetrabutylammonium bromide, (C4zHg)gNBr

(4) tetrapentylammonium bromide, (CgHyq)gNBr
The molar concentration used in the high concentration
side of the diffusion cell was 0.1 which is slightly below

the solubility of (CgHyq)4NBr.

Discs, approximately 1.3 or 2.3 mm in thickness, were
obtained by cutting the cylindrical paste using a diamond
saw. They were ground on both sides by hand on 400 grade
emery paper, prior to mounting into the glass diffusion
cell as shown in figure 3.1. Each disc was mounted between
the ground flanges of two half cells, sealed with 1lightly
greased rubber gaskets, placed between the disc and the
flanges. The flange joint was well wrapped with PTFE tape
to ensure isolation of the cell contents. A layer of PVC
insulation tape was wound around to add strength, and the

seal completed with a final layer of PTFE tape.

The high concentration side (compartment 1) of each cell
was filled with a solution of saturated calcium hydroxide,
containing 0.1 M gquaternary ammonium bromide. The low

concentration side (compartment 2) was filled with a known

65



volume (about 80 ml) of saturated calcium hydroxide
solution. The cells were finally put into a water—-bath of

controlled temperature, 25°C.
3.3.1.3 Results

The concentrations of the quaternary ammonium ions in the
compartment 2 were analyzed using the colorimetric methods
described in section 2.3 (chapter 2), at a time interval,
generally about 10 to 20 days. An example of the
concentration increasing with time is presented in figure

3.2'

The intrinsic diffusivity (Dj) was calculated as explained
in subsection 3.2.1 from:

Dij=VL/(0.1A)(dC>/dt) SRR (. s
where 0.1 is the molar concentration in the compartment 1,
V is the volume of compartment 2, L is the thickness of
the disc, and A is the diffusion area (about 10 cmz) which
was measured from the marks left by the grease on the
gasket after the experiment was completed. The quantity,
dCo/dt in M sec_l, is the slope determined Ffrom the
concentration-time curve as shown in figure 3.2. The
diffusivities obtained are listed in appendix 1. The

average diffusivities are shown in tables 3.1 and 3.2 for

the OPC and PFA pastes respectively.
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Figure 3.2 Rise of (C3H7)4N+ concentration in the
compartment 2 of the diffusion cell
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Table 3.1

Average diffusivities of quaternary ammonium

ions in hydrated OPC pastes (x10

-10

cmz/Sec}

w/c

10NS

0.35 0.50 0.65
(CoHs) gN” 26.6 24.3 848

+

(CxH7) 4N o 15.4 426
(C4Hg) gN" 5.8 11.3 305
(CgHygIgN" 1.2 1.0 465

Table 3.2 Average diffusivities of quaternary ammonium

ions in hydrated OPC/PFA pastes

(x

-10

10

cmzlsec)

w/c | PFA mix—-portion
IONS
0.35 ! 0.50 { 40%|0.65 ! 4o%l|0.65 | 2o%
(CoHg) gN" 14.6 494 724
(CxH7) gN" 6.3 7.9 398 483
(CaHg) aN" 2.4 5.2 274 296
(CgHp1)gN" 0.7 2t 212 192

&8




3.3.2 Type 1 Experiment
3.3.2.1 Experimental procedures

(CzH7)4NOH was introduced during mixing of OPC slurry at
the concentration of 0.4, 0.8, 1.2 or 1.6 mM and cement-
solution ratio of 0.65. The slurry was mixed mechanically
for twenty minutes. It was then cast into PVC moulds and
vibrated for four minutes as described in paragraph
3.3.1.1. The specimens prepared were capped, and PTFE tape
was wound around the joints between the mould and the caps
to avoid any loss of water during the storage 1in the

curing room.

Having been cured for a certain period of time, two-thirds
of each paste cylinder was broken off, and the pore
solution was extracted using the pore—-press technique
described in section 2.2, chapter 2. The concentration of
(C3H7)4N+ ions in the extracted solution was determined.
The remaining one-third of the cylinder was used for
determination of the contents of the bound, evaporable and
non—-evaporable water as described in section 2.4, chapter

2.
3.3.2.2 Results

For a simple explanation for the calculation of the
results, assume:
+
(1). Cp 1is the (CzH71gN concentration (mM) in the

solution used for the mixing.
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(2.«

and Wt=We+Wn,

Wt is the content of the total water in the

paste,

where We and Wn are the evaporable and

non—evaporable water contents respectively.

(3). Cp is the concentration (mM) of
in the extracted pore-solution.

(4). The content of the water

which dissolved

the (CxH7)4N"  ions

or

hydrated the (C3H7)4N+ ions is Wp, and assume that only

this form of water was squeezed out by the

device employed.

pore—-press

(3). The (C3H7)4N+ ions were distributed uniformly in
the water represented by Wp.
Because one gramme cement contained WtCp mmol (C3H7)4N+
ion, there should be a mass balance as expressed by
WtCo=WpCp swaaen OO
Therefore, the content (Wpx) of the water that cannot
accaommodate this ion can be expressed based on weight of

the unhydrated cement as
Wpx=Wt-Wp=(1-Co/CplWt
The

Wpx obtained can be compared with

or bound water, and the water contents

(3.4)

the non—-evaporable

are listed in table

i, 8

As can been seen from the mass balance equation 3.3, if
the evaporable water is assumed to have been squeezed out
by the pore solution technique, the (E3H7)4N+
concentration (Cp) in the extracted pore solution should
have been WtCp/We, and thus the Wpx obtained should have
been the non-evaporable water. Table 3.3 shows that the
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Table 3.3 Water contents determined from the type one

experiment (% on weight of cement)

AGE (days) Wpx Wn Wb
1 21.7
! 18.6
20.2
(average) 20.2
4 24.0 14.1 18.7
24.3 13.9 20.1
25.3 IB.T
(average) 24.5 14.0 19.2
7 24.8 15.1 24.3
25.0 14.9 25.86
27.3 15.0 24.0
235.9 14.9 23.8
(average) 25.8 15.0 24.4
14 29.7 16.1 23.8
25.9 15.0 20.5
30.4 15.6 22.9
J1.9 157 23.4
(average) 28.9 15.6 22.7
30 27.1 16.9 24.6
30.3 171 24 .4
34.5 18.1 25.6
34.3 17.4 25.6
(average) 514 17.4 25.1
&5 32.5 18.5 27 .9
34.7 18.9 28.2
(average) 33.6 18.7 28.1
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values of the Wpx obtained are always greater than the
non—-evaporable and bound water contents. It is therefore
obvious that the Cp is also the minimum weight content of
the water that cannot be extracted from the pore-press
technique. Furthermore, if some water that did not contain
the (C3H7)4N+ ions due to the geometrical restriction
mentioned in the introduction section was extracted during
the pore-pressing, the Cp calculated would thus
underestimate the restriction effect to the diffusion of
(CxH7)gN"  ions. This is because the water that hydrated

the (CxH7)4N' ions was diluted.
3.3.3 Type 2 Experiment
3.3.1.1 Calculations

As mentioned in the introduction section, this experiment
was intended to estimate the volume of the pores that the
(83H7)4N+ ions can not pass through during the diffusion
process. To explain this experiment which 1is to be
described in the next paragraph, the calculation of the

results will be first considered.

If Wi0o5 gramme oven—-dried paste is placed into Vg ml
solution of (C3H7)4N+ concentration Co mM, transport of
both the water and the (C3H7)4N+ ions will occur from the
bulk solution into the paste. As the (53H7)4N+ ions cannot
enter some pores that can be entered by water, the

(C3H7)4N+ concentration in the bulk solution would
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increase to a wvalue Cp (mM) after the transport is

completed.

With similar assumptions as were made for the type 1
experiment, the mass balance can be expressed as
CoVo=(Vp—WeW p5)Cp + WpWiosCp cereas (3.3)

where Wp 1is the content of the water contained in the
pores that canm be entered by the (C3H7)4N+ ions, and Wp
and We is expressed based on weight of the oven-dried
paste. So the Wp is

Wp=LCoVp—(Vp—WelW;p5Cpl/(WiosCp) SRS
and the content (Wpy) of the water contained in the pores
that can not be entered by the (C3H7)4N+ ions is

pr= we_wp » e e =esn (3-7)

Furthermore, a surface-dried sample can be used for this
experiment. If a sample of water—-saturated paste is placed
into the bulk solution, the mass balance equation is

CoVo=VoCp+WpWiosCp PRI = i - |
where Wi05 is the weight of this sample at 105°C, so

Wp=(CoVo—VoCp)/(Wi0sCpP) sadean s (3290
3.3.3.2 Experimental procedures and results

The OPC paste specimens of w/c ratio 0.35, prepared as for

diffusion experiments and cured for four months, were
first cut into thin discs (<1 mm). The discs (about 20
grammes), either oven-dried or surface-dried, were
weighed. They were then quickly broken into very small

pieces and immersed in a tube containing a weighed 0.8 mM
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(CzH7)4NOH solution saturated with calcium hydroxide. Each
tube was tightly closed to prevent any possible

evaporation of the solution.

About four months later, each solution was filtered on a
dried paper of known weight. The filter paper and contents
were dried at 105 °C, and the weight of the broken disc
particles was calculated. The filtrate was analyzed to
determine the (C3H7>4N+ concentration. The values of Wp
and Wpy obtained using one oven—-dried and three surface-

dried samples are shown in table 3.4. The contents of the

evaporable water are also included in this table.

Tabel 3.4 Water contents determined from the type two
experiment

(4 on weight of the oven-dried paste)

SAMPLE We Wp Wpy
pre—oven dried 19.6 4.6 15.0
pre-surface 20.1 4.3 i5.8
dried
19.2 L 2.6 16.6
19.4 4.1 195.3
(Average) 19.6 3.9 15.7
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Figure 3.3 Change of water contents
with hydration time
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3.4 Discussion

+ 4 :
3.4.1 Beometrical restriction to (CzH7)gN diffusion

Figure 3.3 shows the time variation of the three types of

water content (Wn, Wb and Wpx) determined from type 1

experiment. As expected from the process of cement
hydration, the non-evaporable and bound water contents
were found to increase with time. The water content

denoted as Wpx is considered here as a measure of the
degree to which the structure of the cement-matrix cannot
accommodate the relatively large (C;H7)4N+ ions. It can
been seen from figure 3.3 that this water content is
always greater than both the bound and non-evaporable
water contents. Because the non-—-evaporable water has been
considered in the literature(lq) to be only one part of
the chemically combined water, the comparison between the
Wpx and the bound water would therefore be more meaningful
with regard to the discussion on the geometrical

restriction of the pore structure to diffusion of the

(C3H7)4N+ ions.

Taylor(qb’ considered the types of water in hydrated

cement pastes based on the pore-structure model proposed
by Daimon et al (see subsection 3.2.2). According to
Taylor's calculations, the water (Wb) retained at relative
humidity 11%4 is the total of the interlayer water in C-S-H
and AFm phases, crystal water in ettringite and adsorbed

water. This water was described by the author as the bound

76



water, as it is either chemically combined into the cement
hydrate phases or held to these phases by strong surface
forces. Quantitatively speaking, the bound water is also
nearly the same as the content of the interlayer water in

the Feldman-Sereda model.

With regard to the high w/c ratio (0.65) used for the type
1 experiment, it is reasonable to assume that micropores
and interlayer spaces in the paste were water-saturated.
As mentioned in subsection 3.2.2, the interlayer pores are
considered to be impermeable to nitrogen molecules. The
(C3H7)4N+ ions have an ionic radius 4.52 A, so they are
bigger than the nitrogen molecules of (molecular) radius
2.03 A. It is therefore obvious that the Wpx obtained from
the type 1 experiment should be at least equal to the
bound water. It is evident from figure 3.3 that about S%
difference between the Wpx and the bound water existed for
the specimens hydrated for 1 to 2 months. It can be thus
concluded that (C3H7)4N+ ions can not pass through some
pores bigger than the interlayer spaces represented by the
Feldman—-Sereda model, or probably the gel pores by the
Powers’ model. However, it 1is difficult to conclude
anything further about the capillary pore sizes through

which the (C3H7)4N+ ions can pass.

The results shown in table 3.4 obtained from the type 2
experiment tend to show that for the 0.35 w/c OPC paste,

certain pores, which contain approximately 80%Z of the
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evaporable water, can be a pathway to water transport but
not to (C3H7)4N+ diffusion. However, the calculation used
for the type 2 experiment is not as reliable as that +for
the type 1 experiment, though the type 2 experiment is
more related to the actual diffusion process. In the
calculation concerning the type 2 experiment, it was
assumed that concentration gradient of the (C3H7)4N+ ions
in the pore solution was negligible after the specimens
had been exposed to the bulk solution for four months.
Since table 4.1 from the diffusion experiment indicates
that all the quaternary ammonium ions diffused very slowly
in the 0.35 w/c OPC paste, the assumption made may be
quite unrealistic, despite the fact that considerably
greater exposure surface and quite small particles were
employed in the type 2 experiment. Nevertheless, the
results obtained +Ffrom the type 2 experiment are still
valid in indicating that a relatively large portion of the
pores effectively restrict the diffusion of (E3H7)4N+

ions.

Table 1.1 in chapter 1 shows that all the quaternary
ammonium ions used in the diffusion experiment are bigger
than nitrogen molecules. Diffusion of these ammonium ions
would thus not occur through the‘gel pores by Powers’
model. The diffusion flux measured experimentally was
therefore contributed by the diffusion through the
capillary pores. However, as the gel pores may

interconnect the capillaries, particularly in dense pastes
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as suggested by Powers et a1‘45’73)

y they may control the
diffusion rate in terms of the degree of this

interconnectivity.
3.4.2 Diffusion in the OPC paste

Table 3.2 shows that the diffusivities of the quaternary
ammonium ions decreased with increase of ionic radius for
the OPC pastes of w/c ratios 0.35 and 0.5. However, for
the O0OPC paste of w/c ratio 0.65, the diffusivity First
- + +
decreased from (CoHg)gN , (CzH7)gN to (CgHg)gN , but

(85H11)4N+ ions diffused evidently faster than (C4H9)4N+.

The diffusivities of the quaternary ammonium ions at
infinite dilutions have been given in table 1.1. Because
the diffusivities of the gQuaternary ammonium ions in free
solutions also decrease with the ionic radius, the
diffusibility(4), defined as the ratio of the diffusivity
in hydrated cement pastes to that in infinitely diluted
aqueous solutions, can be considered as a relative measure
of the restriction of the cement pastes to the diffusion
of different ions. The greater the diffusibility is, the

less restriction the paste offers. The diffusibilities

calculated for the OPC pastes are shown in table 3.5.

The diffusibilities for the OPC pastes of w/c ratios 0.35
and 0.50 are plotted in figure 3.4 against the ionic
radii, while those for the paste of w/c ratio 0.65 are
shown in figure 3.5. It can be seen from figure 3.4 that

the diffusibility decreased with ionic radius for the
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Table 3.5 Diffusibilities of quaternary ammonium ions

in hydrated OPC pastes (x10~

4

)

w/c
I10NS
0.35 0.50 0.65

(CoH5) gN™ 3.06 2.80 95

+
(CxH7) gN st 2.47 &8

+
(C4Hg) 4N 1.11 2.16 59
(CsHyq)aN" 0.26 0.21 100

Table 3.6 Diffusibilities of guaternary ammonium ions

in hydrated OPC/PFA pastes (x10

a4

)

w/c i PFA mix—-portion
10NS
0.35 ! 40%]|0.50 ! 40%|0.65 ! ao%|0.65 | 2o%

+
[C(C2Hs) gN 1.68 57 B3
[ccxH7) oN* 1.01 1.26 64 78
+C4H9)4N+ 0.46 0.99 53 57
rC5H11)4N+ 0.15 0.45 a6 a1

80




Diffusibility (x18™%

4.8

3.5 3

3-0 B

25 ¢

28 ¢

15¢

18 ¢

8.5 B

i 1 L L 1

35 4.8 4.5 5.8 55
Ionic radius (A)

Figure 3.4 Variation of diffusibility with ionic
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dense pastes. However, as shown in figure 3.5 for the

coarser OPC paste, they did not vary regularly with the
+

ionic radius, and it appears that (CoHg)4N and (C5H11J4N+

ions had almost the same diffusibilities.

It was mentioned in section 1.2 of chapter 1 that the
geometrical restriction of the pore structure, and the
interactions between the diffusing ion and the surfaces af
the cement phases may determine the diffusion rate. As the
size of the quaternary ammonium ion gets larger, on one
hand, the diffusion rate may decrease, as the ion can
enter a smaller proportion of the continuous capillary
pores. The effective diffusion area would thus decrease
with increase of ionic radius. Furthermnfe, because it 1is
possible that the macropores can be interconnected by
micropores, the tortuosity of the diffusion paths would
increase with increase of ionic size. Therefore, the
geometrical restriction of the pore structure to diffusion

tends to increase with the increase of ionic radius.

On the other hand, a larger quaternary ammonium ion also
has a smaller charge to volume ratio or charge density. It
will be shown in chapter 4 that surfaces of the hydrated
cement p;stes are normally negatively charged relative to
the pore solution. Therefore, the electrostatic
attractions between the quaternary ammonium ions and the
cement surfaces would become weaker as the ionic sizes get

larger, provided that the ions do not react specifically

or chemically with the surface. This could also suggest
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that the collisions between the ions and the surface would
become 1less frequent as the diffusing ions get larger.
Consequently, the diffusibilities of the quaternary
ammonium ions can increase with the increase of ionic
sizes if the effect of the surface interactions 1is
important, despite the fact that decreasing or steady
diffusibilities should be expected from a purely
geometrical consideration of the effect of the pore

structure.

With regard to the irregular response of the diffusibility
to the change of ionic radius for the OPC paste of w/cC
ratio 0.65, the decrease of diffusibility with the
increase of ionic radius from 4 to 4.65 A could be
ascribed to the effect of pore structure. The
approximately 7074 increase of the diffusibility from about
0.006 to ©0.01 as the ionic radius changes from 4.63 to
5.29 A may reveal the existence of the surface charge
effect described earlier. This would imply that the
interactions of the (C5H11)4N+ ions with the cement
surfaces of the 0.65 w/c OPC paste are weaker than those

of the other guaternary ammonium ions.

Furthermore, the surface charge effect on ionic diffusion
should be expected to be insignificant for a large
diffusion channel, say a few times wider than the double-
layer thickness or than the distance of anm individual jump

of the random ionic motions (see section 4.3, chapter 4).
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This 1is because the surface forces in such a big c¢hannel
can have relatively little effect on the motions of the
ion. From the approximately 704 increase in the
diffusibility from 0.006 for (C4H9)4N+ to 0.01 for
(C5H11)4N+, it may be concluded that some micropores, in
which the surface charge effect can be operative for the
(C4H9)4N+ ions, can contribute to the diffusion even in

the paste of coarse pore structure.

The pattern of variation of the diffusibility with ionic
radius for the OPC paste of w/c ratio 0.3 indicates that
the diffusibility decreased, but not greatly among
(CoHg)aNT, (CzH7)4NT and (Fglig)gN” ions. Figure 3.4 shows
that the diffusibility for (C5H11)4N+ ions is
significantly smaller than those found for the other
quaternary ammonium ions. There is thus a relatively
sudden increase of the restriction of the paste to
diffusion when the ionic radius is somewhere between 4.9
and 3.3 A. This sudden increase of restriction was not
exhibited by the 0.35 w/c paste. However, the denser paste
showed that the diffusibility decreased more steeply with
the increase of ionic radius within 4 and 4.9 A. This may
be explained by the difference in the pore structures of

the two pastes in terms of the coﬁtinuuus capillary pores.

As gel pores are practically not accessible to all the
quaternary ammonium ions studied, it was the continuous
capillary pores that contributed to the diffusion. The

sharp decrease of the diffusibility in the 0.5 w/c OPC
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paste for the ions of radius somewhere between 4.9 and 5.3
A seems to suggest that most of the pores contributing to
the diffusion of the quaternary ammonium ions smaller than
(C5H11)4N+ effectively restrict the (C5H11)4N+ diffusion.
These pores appear to be able to behave as a "molecular
sieve", since only a small difference (about 0.35 A)
between the sizes of (C5H11)4N+ and (C4H9)4N+ ions
resul ted in about 10 times difference in the
diffusibilities or the relative diffusion rates. This is
in contrast with the "molecular sieve" behaviour found for
the interlayer spaces, as it is known that a similar
difference in the sizes between water and nitrogen
molecules can vyield a big difference in the specific
surface areas determined from the adsorption

iscthermstéq’.

However, this relatively sharp drop of diffusibility could
not be explained purely by the difference in the effective
diffusion areas between the (C5H11)4N+ and the smaller
quaternary ammonium ions. The change in the tortuosity of
their diffusion pathways may be also important. The pores
contributing to the diffusion of (C5H11)4N+ ions may be
highly tortuous, probably because they are interconnected
by most of the continuous capillary pores contributing to
the diffusion flux of the smaller gquaternary ammonium

ions.

Although the 0.35 w/c OPC paste did not show a sudden
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change of diffusibility with ionic radius, the restriction
to the diffusion also increased considerably with ionic
radius. The (C5H11)4N+ ions diffused about S times slower
than the (C4Hq)4N+ in terms of the diffusibility. The
continuous capillary pores can be expected to be smaller
or more tortuous ?n the 0.35 w/c OPC paste than in the 0.5
OPC w/c paste. As suggested by the continuous drop of the
diffusibility with ionic radius (see figure 3.4), the
continuous capillary pores in the 0.35 w/c O0OPC paste
appear to be much finer or more tortuous, but their
volumes may increase more steadily with their sizes
compared with those in the 0.50 w/c paste which showed a

sudden change of the diffusibility with ionic radius.

As suggested by the diffusibilities shown in table 3.5 and
the diffusivities shown in table 3.1, the w/c ratio has a
strong influence on ionic diffusion rates. For the pastes
of w/c ratios 0.35 and 0.5, the diffusibilities are
approximately within 1 and 4x10_4 for the ions smaller
than (Cg4Hg)4N' and are about 0.25x10™ " for the (CsHyig)aN®
ions. In contrast, the diffusibilities for the coarser
paste are of the order of 10_2. The effect of w/c ratio on
the diffusibility is in qualitative agreement with that on

water permeability found by Powers et 51(73).

As described
in subsection 4.2.2, this was explained for the water
permeability by Powers et al who postulated that most of

the capillary pores in the dense pastes of w/c below 0.5

are interconnected by gel pores, and the capillaries in
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coarser pastes are less tortuous and bigger.
3.4.3 Diffusion in the PFA paste

The diffusivities and diffusibilities of the quaternary
ammonium ions in the PFA pastes are shown in table 3.2 and
3.6 respectively. The diffusibilities are plotted in
figures 3.5 and 3.6 against the ionic radii. It can be
seen from the two figures that the diffusibilities for one
particular PFA paste decreased, in general, with the
increase of ionic radius. The w/c ratio was also found to
have a marked effect on the diffusibilities in the PFA
pastes. As w/c ratio changed from 0.65 to 0.350, it can be
seen from table 3.6 that there was a sharp decrease of the
diffusibilities, approximately 100 times. Further reducing
the w/c ratio only resulted in less than three times
decrease of the diffusibilities for each ion. Increasing
the w/c ratio can increase the continuity and the volume
of the capillary pores in the coarser paste, which has

been explained earlier.

It has been suggested in the previous subsection that the
increase in the diffusibility from (CgHg)aN' to (CsHyy)gN'
for the 0.65 w/c OPC paste is probably associated with the
surface charge effect on ionic dif%usion. However, there
is no obvious increase of the diffusibility with ionic
radius for the 20%4 and 40% PFA pastes of w/c ratio 0.65.
As shown in figure 3.5, the diffusibilities are almost

constant for the 40% paste, while they decrease with the
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increase of ionic radius for the 20% paste. Therefore, it
is difficult to distinguish, based on the results
obtained, the pore structure effect from that of the
surface charge on the diffusion of the quaternary ammonium

ions in the PFA paste.

It can be seen from tables 3.5 and 3.6 that a particular
quaternary ammonium ion appears to diffuse twice as slowly
in the 40% PFA paste as in the OPC paste of the same w/c
ratio. As shown in figure 3.6, the diffusibilities in the
dense PFA pastes also decrease considerably with the
increase of ionic sizes. The restriction of the PFA paste
to diffusion thus increases as the sizes of the diffusing
ions increase. However, in contrast with the responses of
the diffusibility to the ionic radius for the dense OPC
pastes of the same w/c ratio, the diffusibilities in the
dense PFA pastes seem to be less strongly influenced by
the ionic radius, which can be seen from tables 3.5 and
3.6. The difference in the diffusion behaviours between
the dense OPC and PFA pastes may suggest that their pore

structures are somewhat different.

The reaction of the active components in PFA with the
calcium hydroxide liberated from the primary hydration of

OPC has been cunsidered(32’33'80)

to be able to produce
more divided pores in the C-S-H phases. The continuous
capillary pores responsible for the diffusion of the

quaternary ammonium ions, especially of the ions smaller

than (C5H11)4N+. would thus be either finer or more
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tortuous in the 40%PFA paste than those in the OPC pastes
of similar w/c ratios. This may explain why the diffusion
is normally slower in the PFA paste. However, it was
mentioned before that the diffusibilities decrease
generally more regularly with the ionic radius in the
dense 40%LPFA pastes than in the OPC pastes of the same w/c
ratio. Therefore, as the sizes of the diffusing ions get
larger, the tortuosity for the dense PFA pastes seems to
increase less sharply in the OPC pastes of comparable w/c

ratio.

3.9 Conclusions

(1). The quaternary ammonium ions cannot pass through the
interlayer or gel pores, so it 1is the continuous
capillaries that contribute to the diffusion of these

ions.

(2). It was found that w/c ratio has a marked effect on
the diffusibilities of the guaternary ammonium {ians <£ar
both OPC and OPC/40%ZPFA pastes. The diffusibilities
decreased very sharply as w/c ratio decreased from 0.65 to
0.9, whereas comparably much smaller reductions of the
diffusibilities were observed as w/c ratio decreased

further.

(3). The relative diffusion rate or the diffusibility in
dense O0OPC and OPC/40%UPFA pastes decreases considerably

with increase of the ionic sizes of the quaternary
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ammonium ions, indicating that pore structure is an

important factor in determining the diffusion rates.

(4). The (C5H11)4N+ ions diffused faster in the 0.65 w/c
OPC paste than (CgHg)aN' ions, suggesting that the effect
of surface charge may also be important in determining

ionic diffusion rates in OPC pastes

{91 There was a relatively sudden drop of the
diffusibility in the 0.5 w/c OPC paste as the ionic radius
increased from 4.92 to 5.3 A, indicating that the
continuous capillary pores contributing to the diffusion
of the quaternary ammonium ions smaller than (C5H11)4N+
may interconnect most of the macropores.

(6). The capillary pore structures in the OPC/40% PFA
pastes appears to be finer or more tortuous than those in
the OPC paste of the same w/c ratio. However, the
diffusibilities of quaternary ammonium ions in the dense
OPC pastes increased more sharply with the increase of
ionic radius than those in the OPC/40%PFA pastes of the

same w/c ratio.
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CHAPTER 4 EFFECT OF SURFACE CHARGE ON IONIC DIFFUSION

4.1 Introduction and Literature Review
4.1.1 The Double Laver

The classical model concerning the structure of the
electro-chemical double layer at a solid-liquid interface,
namely the flat plate model, is that usually attributed tao
Helmholtz in which both layers of charge are regarded as
fixed in parallel planes to form a molecular
condenser(48’49). The potential (E) at a distance (x) from
the surface can be derived from the Poisson—-Boltzmann
(48)

equation for a surface potential (Egp) below 25 mv

E(x)=Egexp(-Kx)  ...... (4.1)

The Debye-Huckel parameter, K in cmﬁl, is very important
in that it moderates the decay of potential with distance
from the surface. It can be calculated for agueous

solution at 25°C +rnm<48)

K=3.288(2°Co/2) 172  (nm 1) s iaew KWLTI
where Cp’'s are the bulk concentrations of the ions, and
z's are the valence numbers. Its reciprocal, 1/K, is
referred to as the thickness of the double layer which
decreases with ionic concentrations and will be considered
in section 4.3 to estimate the effect of the surface
charge on ionic diffusion in hydrated cement pastes.
Generally speaking, the electrical field extends from the

(81)

surface to a distance of the order of 2/K The
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potential distribution from equation 4.1 is schematically

shown in figure 4.1(a) for a negatively charged surface.

For a given surface potential, E, the spatial distribution
of any ion in the diffuse layer can be derived by setting
the Nernst-Planck equation 1.2 (see chapter 1) to be zero,
J=-uRT(dC/dx + zeC/(kT)dE/dx) = O essass (4.3)
EDtBZJ
C(x)=Coexp(-zeE/kT) ceeeea(4.4)
If the surface potential is very small, the exponential in
equation 4.4 can be expanded and combined with equation
4.1 for a simpler description of the concentration
distribution which 1is shown in figure 4.1(b) for a 1-1
symmetrical electrolyte. It can be seen from figure 4.1(b)
that the co-ion 1is repelled from the surface and the

counter—-ion is attracted to the surface.

There have been a number of modern theoriestqa’qq’BZ)

giving more complete pictures of the double layer
structure, but they are not reviewed in this work which is
concerned mainly with the zeta potential. In almost all
the theories, the zeta potential is considered as the
potential at the so-called shear plane. The liquid phase
at distances between the surface.and the shear plane is
normally considered to be immobile, while at the distances
beyond the shear plane, tangential flow of the liquid can
be induced. Zeta potential can thus be determined from the
electrokinetic phenomena that are involved with relative

-

motions between the solid and 1liquid phases. These
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phenomena include electro—osmosis, electrophoresis,
sedimentation potential and the streaming potential which

was explained in section 2.5, chapter 1.

4.1.2 Zeta potentials of cement hydrates

Nagele et 31(83) measured zeta potentials of four types of

hydrating commercial OPC by electrophoresis. They found
that the zeta potentials were positive and initially quite
high but decreased to near zero within one hour. By
controlling the pH of the solution below 12 in the later
work reported by Nagele(aq_ab), the zeta potentials of OPC
(see figure 4.2) and slag cements were found to be between
0 and 20 mv after hydration for about 2 hours. The author
claimed that the zeta values of the hydrating colloids
were stable after about two hours. However, it was also
pointed out by the authur(84) that because the double
layer during hydration is at non-equilibrium state, the

sign of the zeta potential would depend on the 1ions

migrating at the interface.

Stein(87) studied the electrochemical properties of C3zS

hydrates in solutions of various calcium concentrations
(the results obtained using electrophoresis technique are
shown in figure 4.3). Calciumliun was shown to be a
potential determining ion for C3zS hydrates, as it can
reverse the sign of the zeta potential. In general,
hydroxyl ion 1is the main potential determining ion for

silicate and aluminate materials‘al). This was proved by
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Spierings et al(as) who studied CzA hydrated for ten days

in a variety of solutions. As the NaOH concentration
increased from 0.01 to 0.1 M, the zeta potential became
more negative from -17 to -30 mv. When the concentration
of NaNOz or KNOz in the solution was increased, the zeta
values became less negative. This indicates that sodium
ion may not be strongly adsorbed on to the surface. The
zeta potential was 10.7 mv in saturated calcium hydroxide

solution.
4.1.3 Initial objectives

It has been shown in figure 4.1 that an electrical +field
or a local separation of charge exists in the double layer
of an equilibrium solid/electrolyte interface. The double
layer existing at the interface between the cement hydrate
surfaces and the pore-solution has been considered in the
literature to be important in affecting mechanisms of

ionic diffusion.

Takagi et 31(29) and Goto et a1(30) speculated that the

surfaces of hydrated cement paste were positively charged
because of the adsorption of calcium ions. Their suggested
kinetic description of the surface charge effect on ionic
diffusion is that the surface woﬁld attract anions towards
it and enable the anions to enter into the micropores more
easily than the cations which are electrostatically

repelled from the surface.
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According to Wittman and Hollenz(BQ), the surfaces of

hydrated cement pastes were, however, negatively charged
relative to the pore solution. The authors considered
Coehn’'s rule(qo’ which states that a substance having a
higher dielectric constant is positively charged when in
contact with another substance having a lower dielectric
constant. It is known that an adsorbed water film has a

higher dielectric constant than cement hydrates(aq).

The effect of surface charge on diffusion was also
considered by Uchikawa et a1(31). The authors determined
the zeta potentials of hydrated OPC, PFA and BFS cement
pastes in 1M NaOH solution by the streaming potential
technique, but experimental details were not given. The
zeta potentials varying from 100 to 400 mv were reported
and are shown in figure 4.4. The blended pastes were shown
to be more positively charged than the OPC pastes. The
authors suggested that sodium ion may be easily adsorbed
on to the C-S-H gel in the blended pastes decreasing its
mobility. Higher zeta potentials for the blended cement
pastes were also considered by the authors to explain why

these pastes have greater resistance to ionic diffusion

than the OPC paste.

(35-37,83-86)
of

Almost all of the reported measurements
zeta potential concerned with cement have been conducted
to study the early stage of cement hydration. The surfaces

of mature cement pastes might be electrochemically quite

different from those of the hydrating cements or cement
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minerals, which can be seen by comparing their reported
zeta potentials as follows:
(1). Compared with the magnitudes of the zeta potentials

(B3-86)
reported by Nagele for hydrating cements and

. (B87) 2 -
Stein and Spierings et a1¢88) for cement hydrates,

those reported by Uchikawa et 41 ¢S1) . hydrated cement
pastes are extremely high.

(2). The results from Stein and Spierings et al show
that CzS and CzA hydrates are negatively charged in
solutions of high pH values, whereas Uchikawa et al
indicated that the hydrated cement pastes in equilibrium
with 1M NaOH solution were positively charged.

(3). The surface charge can be very high for some solids
in contact with concentrated electrolytes, but the zeta
potentials have been found to be generally very
sma11(90). This is because, as the ionic concentration
increases, the double-layer thickness decreases and the
potential at the interface drops faster with the

distance in the region between the surface and the shear

plane.

With regard to the possible important effects of the
double layer on ionic diffusion, it is necessary to know
some electrochemical properties of hydrated cement
surfaces. Furthermore, if the big difference in the
diffusivities of cations and anions js qualitatively
determined, as suggested by Takagi et a1(29) and Uchikawa

et al(sl), by the sign of the zeta potentjiasl for a normal
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diffusion system of hydrated cement paste, this difference
could be changed or even reversed when the sign of the
zeta potential 1is deliberately altered by different

choices of experimental conditions of diffusion.

The streaming potential technique which measures the
average properties of many particles was used to determine
zeta potentials in the present work. This technique has

been described in section 2.5, chapter 2.

4.2 Experimental and Results

As explained in subsection 4.1.2, the net charges in the
region between the shear plane and infinity can be forced
to move together with the solution. When the solution is
moving through a porous plug, a potential difference
between the ends of the plug, called the streaming
potential, can be developed and measured by inserting two
identical electrodes between the ends. The zeta potential
is related to the streaming potential (Eg) and the driving

pressure (P in cmHg) by(4B)

Zeta =1.055*105d(E5/P) (mv) seaeas(8.9)

=1 =1
o

for aqueous solutions at 20°C, where d in ohm m is the

conductivity of the streaming sniution.

To show the effect of ionic concentrations on the accuracy
of the streaming potential technique, the conductivity can
be estimated for most salt solutions of concentration Cg

(M) by the expreasion(4a)=
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d=0.14Cq (ohm lem™ 1) cereee (4.6)

Equations 4.5-6 indicate that for a certain value of the
zeta potential, the Eg/P measured should decrease with
concentration. If the zeta potential is assumed to be 100
mv, the Eg for a 0.01M solution will vary within 3 and 20
mv for a pressure of 5 to 30 cmHg, but Eg for a O0.1M
solution will be only 2 mv at a pressure value of 30 cmHg.
It 1is therefore necessary to use a streaming solution of
low concentration in order to obtain an accurate
determination of the zeta potential. Because cement pastes
are not stable in solutions of 1low pH wvalue, either

Ca(OH)2 or NaOH solution was used.

OPC and OPC/30%.PFA pastes made at 0.5 w/c ratio and cured
for 1 to 3 months were used for the measurements of the
streaming potential as described in chapter 2. The sample
particles of about 600 to 1000 pum were collected by

sieving the material after crushing in a mortar.

An OPC sample was used for the preliminary measurement. It
was first washed with 0.005 M NaOH solution, then packed
into the sample cell as described in section 2.5, chapter
2. The measurement system was established by filling the
cell and the glass bulbs with fresh 0.005 M NaOH solution
and allowing half anmn hour to achieve a reasonable initial

equilibrium.

The solution was then allowed to flow from left to right

through the sample by applying pressure with nitrogen gas,
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resulting in a small but continuous increase of the total
potential measured (see figure 2.5 for the arrangement of
the test system). After the potential had just started to
decrease, the flow was stopped. The potential developed
over the period of flow was recorded, and an example |is
shown schematically in figure 4.5. The potential variation
with time when the solution was flowing from right to left

is also shown in this figure.

As mentioned in chapter 2, when the streaming potential
developed 1is high enough so that it canm be distinguished
from the asymmetry potential between the two electrodes,
it is approximately the sudden drop or increase of the
total potential measured when the streaming was stopped.
Figure 4.5 indicates that this drop was too small to be
accurately determined. This also shows that the zeta
potential could not be accurately determined by this

streaming potential technique.

Although the streaming potential could not be accurately
gquantified, its development during the flow corresponds
systematically to the behaviour that would be expected for
a negatively charged surface. The sign of the total
potentials developed was recorded according to the
electr;cal circuit shown in figure 2.5. When the solution
was forced to flow from left to right, net positive charge
must be carried together with the solution so that the

potential developed, due to the establishment of
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equilibrium, increased to be more positive. After the
steady state had been established, the streaming potential
decreased as the pressure applied dropped continuously.
There was also faster drop of the total potential just
after the flow had been stopped. The residual potential
was the asymmetry potential. The behaviour for a
negatively charged surface could also be seen when the
solution was carried from the reverse direction. This
negative sign of the zeta potential was confirmed by

repeated measurements.

Further measurements were then made with the OPC and
J0%ZPFA pastes in various solutions. The results obtained
confirmed the above conclusions and are summarized as
follows: the OPC and PFA pastes in 0.005 to 0.05 M NaOH or
KCl solution showed a negatively charged immobile part of
the interface; On addition of Ca(0OH)7> suspensions to these
solution, the zeta potential became positive. In saturated

Ca(0OH), zeta potentials were found to be positive.

4.3 Discussion

It has been shown experimentally that the zeta potentials
of hydrated OPC and OPC/PFA pastes were too small to be
accurately determined by the streaming potential
technique. The signs of the zeta potentials were found to
be dependent on calcium or hydroxyl concentrations, which
is in reasonable qualitative agreement with the results

obtained by Stein(87) and Spierings et aI(BB) for hydrated
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CzxS and CzA. Therefore, It would be quite difficult to
interpret the differences in the diffusion behaviour of
different types of cement paste in terms of their small

values of zeta potential.

The distributions of ions in an equilibrium double layer
are described by equation 4.4 on the basis that no net
flow of any ion occurs at the interface. For a hydrated
cement paste subject to diffusion ionic flow occurs at the
pore/solution interface, so the ionic distributions in the
double layer may be gquantitatively quite different Ffrom
those in an equilibrium double layer. However, In order to
estimate the possible effects of the double layer on ionic
diffusion in different pores, the thickness of the double
layer, which is defined in equation 4.3 for an equilibrium
interface, will be first considered. It has been shown in
subsection 4.1.1 +that the charge separation due to the
surface charge would not occur at the distances,
approximately twice the value of the double layer
thickness, away from the surface. Parallel-sided pores
containing NaOH solution will be assumed for the
calculation. As the double layer thickness depends mainly
on the ionic concentrations, the NaOH concentration will

also be assumed.

Assuming a pore contains 0.032 M NaOH solution, it can be
calculated From equation 4.2 that the thickness of the

double layer, 1/K, would be 1B A. The separation of charge
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would presumably extend to a distance about 18x2=346 A from
the pore wall. If the pore is narrower than 72 A (=2x36)
in width, the double layer woula thus not be fully
developed. However, for a pore containing 1M NaOH
solution, the double layer thickness calculated is only
Did By suggestipg that the charge separation at the
interface 1is limited within a relatively wvery short
distance. In most cases, the pore solutions 1in hydrated
cement pastes are fairly concentrated (>0.2 M), so wvalues
of the double layer thickness would be very small, despite
the fact that the ionic sizes are not considered in the

flat-plate model of the double layer(49’93).

The above calculation shows that in hydrated cement pastes
there is some proportion of micropores which do not permit
a fully developed double layer at low ionic concentrationg
for instance, the double layer of pores of solid-solid
distance below 72 A would be suppressed or overlapped if
in contact with a 0.03M NaOH solution. For the interlayer
space of average solid-solid distamce 3.3 A, a double
layer would obviously be meaningless. The concept of a
normal diffuse layer in a concentrated solution or in gel
pores cannot therefore be justified as far as the
mechanism of diffusion 1is c;n:erned, because the
calculated "double layer thickness" 1s comparable with an

individual Brownian jump distance.

Measurements of ionic diffusivity in hydrated cement

-+
pastes have been made using solutions of various Caz and
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(17-23) Despite the fact that the zeta

OH concentrations
potentials of hydrated cement pastes can be either
positive or negative, depending on the concentration of
Ca2+ and DH-, as shown experimentally in section 4.3,
cations have been found to diffuse generally slower than
anions. It thus appears that the double layer effect on
ionic diffusion in hydrated cement pastes is different
(29)

from that suggested by Takagi et al who assumed the

surfaces of cement-matrix to be always positively charged.

The effect of the surface charge would not be expected to
be significant for macropores containing concentrated
solutions, as the double-layer thickness-is very small. A
possibly important factor for the effect of the interface
on ionic diffusion is the surface charge of micropores and
the gel pores. Because these pores are not only small but
highly inter—-connected, their double layers are normally
overlapped or not fully developed. The silicate or
aluminate groups are normally not hydrated, so the
ionization of cations would result in a negatively charged
sur{ace(qs’el’gl). A positive zeta potential of a surface
is caused by a relatively strong chemical affinity of the
surface to cations. However, the cations are normally
considered(qa) to be at the so-called Outer Helmholtz
Plane (OHP) which 1s very close to the shear plane
mentioned in subsection 4.1.1. Therefore, the surfaces of

micro and gel pores may be considered to be, as a whole,

always negatively charged, despite there being some
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positive sites on the surface. With regard to charge
distributions of cations and anions at the interfaces, the
cations would be much more compressed near the surface to

attain an overall electroneutrality within the pures(qz’

93). This could cause retarded diffusion of cations

compared with anions.

Ionic diffusion 1s a result of the random molecular motion
directed by the dissipation of entropy, so diffusion is a
discontinuous process microscopically. For micro and gel
pores, the jump distanmce of individual random movement is
comparable with the size of pores, s0 there 1is some
proportion of time during which ions will have hopped on
to the surface. The diffusion process can be viewed as a
sequence of jumps possessing a certain jump frequency and

Jump distance, which are related to the diffusivity(94>.

Therefore, one effect of the surface charge on diffusion
is associated with the collision between the pore walls
and the diffusing ions. A longer resident time on the
walls would lead to slower diffusion. This may be the main
reason why the (E5H11)4N+ ion was found, in the work
presented in the previous chapter, to diffuse faster than
the (C4H9)4N+ ion in the hydratéd 0.65 w/c OPC paste. As
the (CgHyy)4N’ ion diffuses slower in bulk solution than
(C4H9)4N+, it would thus tend to do so in hydrated cement
pastes. However, the (C5H11)4N+ has a smaller charge

density, so it would be less easily attracted
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electrostatically to the pore surfaces of the paste,

resulting in less frequent collisions with the surfaces.

Nevertheless, soOme ions could have stronger interaction
with the cement hydrate surfaces than the others,
depending on the electrostatic, chemical, or ionic size
differences. These factors may wvary for cations and
anions, but it is hard to say whether the effect will be
greater for cations than anions, since there is evidence
that chloride ion may have a strong chemical affinity for

the cement surfaces (see subsection &4.2.2, chapter 6).

Since the effect of surface charge on diffusion is present
mainly in gel and micro pores, its nature would be highly
dependent on the interconnection, size and shape of these
pores. It 1is therefore hard to distinguish the surface
charge effect from the pore structure effect. The
differences in the diffusion behaviocur for different types
of cement paste cannot therefore be simply inferred from
the electrochemical surface properties obtained from
experimental studies which may reveal only the properties

for macropores walls.

4.5 Conclusions

(1). The streaming potential technigque could not give
accurate determinations of the zeta potentials of hydrated

cement pastes

(2). Hydrated PFA and OPC cement pastes are characterized
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by negatively charged surfaces unless they are in

solutions of high calcium concentration.

(3). The surface charge effect may be important for {onic

diffusion in gel and micro pores.
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CHAPTER 5 DIFFUSION OF DISSOLVED OXYGEN

5.1 Introduction

It has been shown in chapter 3 that the diffusibilities
for quaternary ammonium ions varied irreqularly with the
ionic radius for the OPC paste of w/c ratio 0.65. This
reveals that the interaction between diffusing ions and
micropore walls may play a part in determining ionic
diffusion rates. However, it has also been concluded in
chapter 4 that direct study of the electrochemical
characteristics of the hydrated cement surface by
measurement of zeta potentials can provide only limited
information regarding the effect of the surface
interaction on ionic diffusion. The degree to which this
interaction affects ionic diffusion therefore has to be

assessed from other approaches.

In comparison with diffusion of chloride, diffusion of
oxygen would be considerably less affected by the surface
charge or the double layer at the pore/solution interface.
The pore structure of the hydrated cement paste and the
viscosity of the pore solution are the main factors
expected to determine the diffusion rates of dissolved
oxygen. Since oxygen and chloride have very close values
of diffusivity in water, for example, 2.1x10 > (from
Ref.7) and 2.0:5:<10—5 cm2 respectively at 25°C, they should
have similar sizes, and accordingly they may diffuse

through similar pores in hydrated cement pastes. By
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comparing their diffusion kinetics in hydrated cement
systems, the effect of surface interaction on ionic
diffusion can be better understood and evaluated.
Furthermore, useful information about the viscosity and
its dependence on temperature can be obtained if the
activation energies for oxygen diffusion are determined.
By taking account of the viscosity effect, the differences
in the pore structures of different hydrated pastes can be
therefore estimated indirectly +from their different

effects on the kinetics of oxygen diffusion.

Diffusion of both oxygen and chloride in OPC and
OPC/20%PFA pastes of w/c ratios 0.35, 0.5 and 0.6 was
studied in this work. Chloride diffusivity was determined
by the steady-state diffusion technique described in
chapter 3. The present work used a diffusion cell, which
also served as an electrochemical cell, to consume and
measure potentio-statically the amount of oxygen diffused
at steady state at 25°C, enabling the determination of
oxygen diffusivity. This cell is a modified one that was

initially developed by Page and Lambert(QS).

It was found throughout this work that the electrochemical
technique employed can give vefy accurate determinations
of oxygen diffusivity, provided some specific conditions
are achieved with regard to the efficiency of oxygen
consumption. Difficulties were encountered in the

preliminary work due to inadequate considerations of the
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low efficiency of oxygen reduction, and this preliminary
work is also presented in this chapter as it is useful for
further improvements of the technique. The design of the

diffusion cell used to obtain the oxygen diffusivities was

based on the theory initially proposed by Lingane‘?¢277?
whose approaches are reviewed in subsection 5.2.2.
5.2 Literature Review
S.2.1 Oxygen reduction at platinum
in alkaline solutions
From steady~state polarization studies on platinum

cathodes in alkaline solutions, the overvoltage—-current

curve contains, in general, a Tafel region with a slope of

about 0.05 wvolts per decade(qa). The exchange current

density is between 10-9 and 10-10 A/cmz. Platinum 1is
considered as the best catalyst among the noble metals for
the cathodic reduction of oxygen. Nevertheless, when this
exchange rate is compared with, e.g. 10_3 A/cmz for the
hydrogen discharge reaction, platinum is still a poor

catalyst for oxygen reduction‘qs).

The overall reaction of oxygen reduction in alkaline
solution ist98)=

Op + 2H0 + 4e —-=> 40H
with the standard potential -400 mv Vs NHE. Oxygen is

considered to be reduced at a platinum cathode along a

series of complex parallel—-consecutive steps. The
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(98)

consecutive steps were considered by Hoare to be as
follows:
e _ HZ0 e _ _
(02) 3dg ==>(02 )adg ==>(HO2)adg ==>(HO2 )ag4g ==>%0p + OH
EH-

Because it was found that the overvoltage depended on the
oxygen partial pressure, and that the potential at which

oxygen reduction began was virtually unaffected by pH, it

appeared that the first step might be rate—-determining.

Laitinen and Kolthof 7 »100)

studied the current—
potential behaviour at a stationary platinum micro-
electrode in 0.01M NaOH + 0.01M KC1 and O.1M KC1 solutions
saturated with air. A diffusion current was observed, as
indicated in figure 5.1 by the steady current obtained
when the potential was within -0.6 and -1.0 volts Vs AgCl.
The authors also found that rotating the electrode could
greatly increase the diffusion current; for instance, the
diffusion current was increased in 0.1M KCl solution +from

3 pA at the stationary electrode to 61 ué at the rotating

electrode.

9.2.2 Current decay controlled by diffusion

at the electrode/solution interface
5.2.2.1 Current-concentration relationship

I1f an electrochemically active substance is to be consumed
at a constant potential with respect to a reference

electrode, the criterion for a virtually complete



Current (pR)

L L { L | J

4.2 4.4 4.6 4.8 -1.8 -1.2
Potential (Volts Vs AgCl)

Figure 5.1 I-E curve for the reduction of oxygen at
a stationary Pt-wire electrode in an air-saturated
solution of 0.01 M NaOH and 0.01 M KC1 (Ref. 99)
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consumption is the decay of current from a high wvalue
initially to a value close to zero. Lingane(96) considered
such a system where the rate of the electrode process is
limited by the diffusion and electro-migration of the
reacting species from the bulk solution to the electrode
surface. Suppose the current-controlling factor is the
rate of diffusion through the depleted layer of the
solution in contact with the electraode, and the
concentration of the reacting species near the electrode
is practically zero. The instantaneous current (1) was
derived from Fick's first law and Faraday’'s law as:
I=nFDAC>/1 s s wivince (e 1)

where n is the number of electron transferred per molecule
of the reacting substance, F is the Faraday number, D and
Co are respectively the diffusivity and concentration of
this substance in the solution, Ag 1is the effective
surface area of the electrode, and 1 is the thickness of
the diffusion layer. This equation 1is based on the
assumption that the substance which diffuses through the
diffusion layer to the electrode surface is immediately

consumed.
5.2.2.2 Current—time relationship

I+ the diffusiun—layér thickness, 1, is a constant during
flow of current, the current from equation 5.1 should be
proportional to the concentration. The current decay
during a potentiostatic polarization, resulting from the

gradual consumption of a single reactant having an initial
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concentration Cop (M) in a solution of fixed volume (V) was
first derived from current-concentration equation S.1 by
Lingane(96’97):

I=Igexpl-DAgt/(V1)] wiererainie: N e
for a constant value of 1, where t is the polarization
time 1in seconds, and Ip is the initial current (at t=0)
correlated to the initial concentration Co by equation
S.1. Equation 5.2 has been found to be satisfactory for
describing the current decay for the cathodic deposition

2+

of Cu (see Ref. 101) and for the anodic oxidation of

Fe?' (see Ref. 102)
5.2.2.3 Degree of consumption

The extent to which this electro-active species has been
consumed at a certain polarization time can be explicitly
expressed by the ratio of the consumed quantity (Q) to its
initial quantity (DD)(Qb’Q?):

Q/Qo=1-expl-DAgt/(V1)] warwaae (Be3)
where Q can be obtained by integrating equation 5.2 over

time and it has the same units as Go, here the charge

passed in coulombs.

The practical value of equations 5.1 to 5.3 is, as
stressed by Lingane(97), that they provide a logical basis
for the optimum design of cells and the choice of
experimental conditions to achieve rapid depletion of the

reacting species. The efficiency equation 5.3 also

indicates that the efficiency can be exponentially
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improved by increasing the ratio of the electrode area to

the solution volume.
5.2.2.4 Thickness of the diffusion layer

Any experimental condition affecting the diffusion layer
and the diffusion coefficient would change the efficiency.
Temperature, for instance, is one of the factors able to
affect both the diffusivity and diffusion layer thickness;
as 1t increases, the diffusivity also increases, while
furthermore, the viscosity of water decreases, resulting
in a decrease of the diffusion layer thickness. For a
water/ solid or water/electrode interface, the thickness
of the diffusion layer at room temperature has been found
to be of the order of magnitude 0.001 and 0.01 cm under
turbulent flow and natural convection respectively(los).
The time average thickness, 1, as a function of the speed
of stirring U (rpm) 1is given by the empirical

; (103)
equation

1=al™® 0.8¢b<1 cavmas BLAY

for a turbulent flow around a rotating electrode surface,

where a and b are constants. Nernst and Merriam(loq)

determined b to be 0.6, and their data (cited by

Vettertios}} are shown in figure 5.2.

Studies show that if the electrolyte is not stirred, no
constant thickness of the diffusion layer can be obtained

103)

with any experimental arrangement( The thickness

depends on a number of factors, such as electrolyte
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Figure 5.2 Diffusion—-layer thickness as a function
of the rate of stirring according to
Nernst—Merriam (Ref. 104)
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composition, current density, diffusivity, electrode
reaction, and geometry of the electrode. Laitinen and
Knlthoff(QQ) estimated a diffusion layer thickness of

about 0.025 cm.

5.2.3 Potentiostatic measurement of

oxygen diffusivity

(103)

Gold 5 |:)1.'=|ti.m.1rn(1061I

and steelt106) cathodes have been

used in studies of oxygen diffusion in water—-saturated
cement paste, mortar and concrete. Oxygen diffusivity can
be determined potentiostatically +Ffrom the flux and
diffused amount during steady state diffusion. Two types
of test system have been designed for experimental
measurements. The first type is an electrochemical cell
composed of two compartments joined together by a
specimen. One compartment is filled with a solution of
known oxygen concentration, wusually air or oxygen
saturated Ca(OH)5 solution. The other compartment contains
an initially Op—-free solution and a cathode. The diffusion
from the high concentration side to the low concentration
side 1is monitored electrochemically. This test system is
similar to the one described in chapter 3 for ionic
diffusion as far as the Estab;ishment of ;he diffusion
process is concerned. The alternative approach for
determining oxygen diffusivities employs a cathode buried
in the test sample. This second type of system may be
considered to be more realistic if the effect of oxygen

transport on reinforcement corrosion is to be examined.
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With the first type of test system the cathode is
polarized at a potential such that the reduction of oxygen
is the only significant cathodic reaction to take place.
If diffusion of oxygen is at steady-state, it is possible
to obtain a stable flux current I4. Since at this flux
current, the diffused amount is the same as that being
consumed, the total flux Jg (mmol/sec) is
Jo=14/nF e e w KADaa)

and the flux current 1is related to the intrinsic
diffusivity by Fick’'s first law

Igq=nFD;A(dC/dx) vemess (562
where Dj 1is the oxygen diffusivity, A is the diffusion
area, and dC/dx is the gradient of oxygen concentration.
By this method Gjorv et al'l®®? cptained diffusivities
within the range 10_6 to 10_5 cmzfsec for some mortar and
concrete specimens. One disadvantage of this method is, as
mentioned by the authors, that prolonged polarization for
up to 4 weeks was required to achieve such a stable

current.

Previous wurk‘qs, at Aston University used an electro-

chemical cell, similar to the ionic diffusion cell
described in chapter 3, to measure the accumulated amount
of diffused oxygen instead of the steady-state diffusion
current. The important features of the cell design were
the use of a large cathode (ca. 10 cmz) and the incor-

poration of a stirring system, so that the accumulated
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oxygen in the cathode compartment could be reduced
reasonably effectively. This test cell was the basis for
the design of a modified and improved version which is to

be presented in the next section.

The second type of test system was employed by Gjorv et

a1{106’ and Newtcn(IOS) to determine the gquantity of

accumulated oxygen around the buried cathode during an
interruption of steady-state diffusion. After the cathode
had been polarized long enough for a stable current to be
achieved, the electrical circuit was opened to allow
oxygen to build up around the cathode. The circuit was
then closed again after a pre—-determined time period (<40
(10&)
second ). The charge passed or the accumulated oxygen
was integrated +from the current decay curve. It was
(10&)

reported that it +took about 2 minutes for the

cathodic current to return to the steady state.

9.3 Experimental and Results
5.3.1 Design of the oxygen diffusion cell
5.3.1.1 Theoretical considerations

It has been mentioned earlier that the type of diffusion
cell considered in this work was basically that shown in
figure 9S5.3. The cell was to be composed of an anode
compartment, a cathode compartment and a stirring system.
Both compartments contained saturated Ca(OH)> solutions.

The ancode compartment was always saturated with oxygen
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during diffusion, while the oxygen diffused through the
cement paste disc within a certain period of time, say 1
to 4 days, was to be consumed potentiostatically in the
cathode compartment. In order to be able to determine,
with reasonably good accuracy, the amount of oxygen
diffused, it 1is thus essential that the consumption of
oxygen could be completed within a time period which is
much shorter than the interval of diffusion time, say 1 to

2 hours.

Figure S5.! from Laitinen and Knlthuff(QQ) suggests that
with a stationary platinum cathode the transport of oxygen
from the bulk solution to the cathode is 1liable to
dominate its reduction rate if the potential is held at an
appropriately low value. Laitinen and Kulthcf*‘loo, were
also able to show that this could be true for a rotating
platinum micro-electrode in ©0.1M KCl solution. Since
oxygen 1is a neutral species, diffusion driven by the
concentration gradient could be reasonably assumed to be
its only transport process in the depleted layer at the
solution/ cathode interface. I+ such experimental
conditions are imposed on the test system depicted in
figure 5.3 that the rate of ‘the oxygen reduction 1is
ultimately limited by the diffusion of oxygen in the
cathode-compartment solution to the cathode surface, this
should be the most favorable situation for a rapid
consumption of the oxygen diffused through the test

sample.
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Figure 5.3 The oxygen diffusion cell
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In order to be able to consume the diffused oxygen, it is
important to use a cathode of large external surface area.
However, it would be useful to estimate at Ffirst the
cathode size required for a workable diffusion cell on the
basis given by Lingane(96’97). With regard to the
diffusion cell concerned in this work, assume:

(1). The rate of consumption of the oxygen in the

cathode compartment is controlled by the diffusion at

the cathode/ solution interface.

(2) The diffusion layer has a constant thickness.

(3) The concentration on the cathode surface is zero.

(4) When the cathodic polarization is in process, the

amount of oxygen diffusing through the test sample per

second is negligible compared with that 1left in the

cathode compartment.

Therefore, the instantameous current achieved for an
oxygen concentration Cp (M) in the cathode compartment is
given by equation 5.1 which is rewritten as follows for
the purpose of defining the terms,

I=nFCoK=nFC2(DAg/1) siarereai CDed )
where n=4, Ao 1is the effective surface area of the
cathode, D is the oxygen di$¥us@vity in the depleted layer

of thickness 1, and K is a constant in appropriate units.

The efficiency equation for the oxygen ctonsumption would
be the same as equation 5.3, and also rewritten as,
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where Q in coulombs is the amount of oxygen consumed at
time t, and Qo in coulombs is the initial amount of oxygen

in the cathode compartment of volume V.

The time of cathodic polarization required to achieve a
certain degree of oxygen consumption at 25°C in water is
tabulated in table S.1(a) for two choices of the ‘"cell
constants" with 1=0.001 cm estimated from figure 3.2 and
with D=2.1x10_5 cmzfsec. The calculations are based on the
efficiency equation 5.8. The approximate "cell constants"
shown in the second column correspond to the cell used in

the preliminary work, and in the third column are for the

cell used in later work.

Table S.1(b) gives the currents expected from the current-
concentration equation 5.7, Is and Ia (mA), in oxygen and
air saturated water with the solubilities of 1.23x10 ° M
(from Ref. 107) and 2.5x10 'M (from Ref. 42) respectively.
As the assumptions made for the above calculations may be
quite wunrealistic for oxygen reduction, these two values
of current can be used to check whether or not the
estimation of the efficiency is appropriate for a
diffusion cell. This is because the efficiency (G/Go)
defined earlier can be derived, without any further

assumption, from the current-concentration relationship

shown by equation 5.8B.
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Table 35.1(a) Calculated Polarization Time required to

achieve certain degrees of oxygen consumption, Q/Qo
Cell 1: Cell 2:
G/0o Aa=S cm2 Ag=20 cmz
V=130 ml V=35 ml
0.60 18.9 1.3
0.80 33.2 2.2
0.90 47 .5 3.2
0.95 61.8 4.2
Table 35.1(b) Calculated currents for air— and oxygen-
saturated solutions
CURRENT
Cell 1 Cell 2
(mA)
Is 352 207
Ia 11 42

130



5.3.1.2 Preliminary work

The glass diffusion cell used in the preliminary work is
illustrated in figure 5.3. The cell was a simplified

YRR T

version of that employed in the previous study
compartment 1 contained a platinised titanium anode (ca. S5
cmz) and a reference electrode (SCE). A platinum wire was
fixed into the compartment 2 to serve as the cathode. To
minimize the loss of solution due to the bubbling of
gases, a funnel was placed in each compartment to direct
the gas stream. A magnetic bar follower, coupled with an
external magnetic stirrer, was added to the cathode

compartment, enabling the stirring of the solution during

an electrochemical measurement.

To set up an experiment, a disc of hydrated cement paste
was mounted between the two compartments, as described in
subsection 3.3.1.2, chapter 3 for ionic diffusion. The two
compartments were filled with saturated calcium hyd;cxide
solution, and the cell was then placed in a water—-bath
controlled at 25°C. Prior to starting the experiment, a
potentiodynamic scan at 1 mv/sec was performed whilst
stirring the solution. An example of the potential-current
behaviour (E-I curve) is givgn in figure 5.4, The
potentiostat to which the three cell electrodes were
connected was the Model 350 Corrosion Measurement System

from Princeton Applied Research.
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Figure 3.4 Potential-current curve at Pt electrode
in air saturated Ca(0OH): solution
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Figure 5.5 Current decay recorded in the
preliminary work (sample: 0.65 w/c OPC; L=0.28 cm)
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Figure 5.4 Increase aof the end current with
increase of the diffusion time
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The anode and cathode compartments were finally saturated
with' oxygen and "white spot grade" (Op-free) nitrogen
respectively by bubbling the gases through for 2 to 4
days. Steady-state diffusion of oxygen in the test sample
would be expected to take place. The nitrogen was then

stopped but the oxygen stream was maintained.

The first run of cathodic polarization was carried out
immediately after the nitrogen stream had been stopped.
This was considered necessary to obtain an initial state
of almost zero concentration of oxygen in the cathode
compartment. The cathode was polarized at -0.400 volt Vs
SCE for 900 to 2000 seconds after the stirrer had been
started, and the current and the charge passed were
recorded. The potential, -0.400 volt, was chosen since the
only significant cathodic reaction at this potential is
the reduction of axygen(QS). The currents recorded at the
end of polarization were generally between 0.15 and 0.5
pA. Diffusion of oxygen through the test sample was then
allowed to occur for certain periods of time. The cathodic

polarization was then undertaken, intending to consume all

the oxygen that had diffused.

One example of the current-time curves at certain
diffusion time periods, tg4, relative to the time (tg=01
when the nitrogen stream was stopped, is shown in figure
5.9 for a disc (2.8 mm in thickness) of 0.65 w/c O0OPC
paste. The potential was held for 900 seconds for this

particular example. The current—-time behaviour from
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repeated experiments is summarised as follows:
(1).The decay of current with time of polarization
(except for the one at ty4=0) was very slow, and current
remained almost constant from 10 minutes to a few hours.
Obvious drop of the current could be observed only
during the first approximately 300 seconds.
(2). For the first run of cathodic polarization carried
out just after the nitrogen stream had been stopped, the
current decreased at first to be below 0.5 pA; however,
if the potential was maintained for a few hours, there
was gradual increase of the current.
(3). The current recorded at the end of polarization,
) P increased with length of diffusion time, tg, which
is shown in figure S.6.

These indicate that the oxygen diffused could not be

consumed efficiently using this diffusion cell.

It 1is probable that diffusion of oxygen near the cathode
surface was controlling the rate of the reduction
reaction, as suggested by figure 5.4. Although the current
increased as the applied potential became more negative,
the potential-current curve in the potential range from -
0.4 to -1 volt is much steeper compared with the curve
that would be expected when the elegtrode praocess is
controlled by activation (with Tafel slope of about 0.05
volt per decade). However, the efficiency of oxygen
reduction, estimated in table 5.1 on the assumption that

the electrode process is under diffusion-control, appears
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to deviate far away from what was actually obtained. This
may not be surprising as the current obtained in air
saturated Ca(OH)2 solution within the potential ranging
from —-0.4 to -1 volt is at least 30 times smaller than the
Ia calculated from equation 5.3 with the assumed

diffusion—-layer thickness 1=0.00!1 cm (table S5.1).

It is likely that when the stirring speed 1is not fast
enough, stirring the solution is less effective as a means
of reducing the diffusion layer thickness, 1, than
rotating the electrode (when 600 to 2000 rpm rotation
speeds of the electrode are commonly used(qs)). This was
perhaps the main reason for small current obtained in air-

saturated solution, and accordingly for the ineffective-

ness in consuming the diffused oxygen.

As already explained, an exponential decay of the current
with time (equation 5.4) can be expected only when the
current is proportional to the oxygen concentration. For a
steady—-state diffusion of oxygen in the test sample, the
concentration in the cathode compartment should rise
linearly with the diffusion time. The current shown in
figure 5.5 is very small, so the amount of oxygen consumed
cathodically is negligible compared with the total amount
in the cathode compartment. Therefore, a linear
relationship between the end current and the diffusion
time is an indication of the linear relationship between

the concentration and the instamntaneous current. It can be
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seen from figure 5.6 that the current did not increase

linearly with concentration for the diffusion cell used.

However, 1in order to estimate the approximate time
required to achieve a reasonably complete consumption of
the diffused oxygen, and to aid the design of a better
diffusion cell, the current-concentration equation 5.7 was
used to obtain an approximate value of the paramster, N,

so the efficiency equation 5.8 can be used.

The current obtained at -0.4 volt at the assumed oxygen
concentration 2.5x10_4 M is about 0.1 mA (see figure 5.4),
so the value of K is estimated, from equation 5.7, to be

0.1/(4Fx2.5x10_4) =0.001, and the exponential factor K/V

in equation 5.8 1is 7.69x10_6 sec-l. It was calculated from
equation 5.5 that to consume 3504 and 904 of the oxygen in

the cathode compartment, cathodic polarization for 1 and

3.5 days would have been required respectively.

Since the oxygen concentration in the cathode compartment
should be expected to increase linearly with the diffusion
time at a steady-state diffusion, figure 5.6 indicates
that the current at low concentration, and thus the actual
efficiency of oxygen consumption, would be underestimated
if the K-value is estimated from the current obtained at
higher concentrations. Nevertheless, the effectiveness in
reducing oxygen had to be increased considerably. With
regard to the discussions in paragraph 5.3.1.1, a cathode

compartment with a very large ratio of electrode surface
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area to compartment volume, like that shown in the third

column of table 5.1, must be employed.

The possibility of leakage was also considered, as leakage
tends to create great uncertainty and confusion. After the
nitrogen stream had been stopped, there was a gradually
slow increase of the current if the potential was
maintained for a few hours. This might be regarded as an
obvious indication of leakage. The difficulty in
interpreting this behaviour arose from the uncertainty
concerning the oxygen diffusivity in the test sample.
Considering a disc specimen, 0.28cm in thickness and 10
cm2 in diffusion area, the current (I4) equivalent to the
amount of oxygen diffused per second through the specimen
would be 0.2, 0.9 and 1.7 uyA at the assumed diffusivities

(Dj) 10_8, Sx!O—B and 10_-7 cmzlsec respectively (see

equation 5.6). If the diffusivity was greater than SxIO-B,
the end current Ig (0.38 pA) at t4=0 (see Ffigure 35.95)
could thus not be stable since the consumed amount of
oxygen was less thanm the diffused. It will be shown later
that the diffusivity in 0.65 w/c OPC paste is greater than

10—7 cmzfsec.

Because it is important to ensure that no unwanted oxygen
migrates into the cathode compartment in such an
arrangement of the test system, an experiment was
conducted as follows. A thick disc of 0.65 w/c OPC paste
of 1 cm in thickness was used. Both compartments were

initially bubbled with nitrogen for three days before the
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anode compartment was Op-saturated and the cathode
compartment closed. Cathodic polarization at -0.4 volt Vs
SCE for twenty minutes was then carried out at several
diffusion time periods, tg. The currents recorded at the
end of polarization are 0.52, 0.40, 0.49 and 3.4 pA
respectively at the diffusion time t4=0, 1.2, 4.1 and 11.8
days (at tg=1.2 days there was a temperature drop during
the measurement due to a fault of the water—-bath used).
Little variation of the end current was observed for the
first four days, which can be explained only by the fact
that no steady-state diffusion had been established. In
comparison with the end current shown in figure 5.6 for
the thinner specimen, the end currents obtained in this
experiment are generally smaller for a comparable
diffusion time, which should be interpreted as an obvious

effect of the sample thickness on the flux.
5.3.1.3 The diffusion cell

The anode compartments used to determine the diffusivity
of oxygen were those used in the preliminary work. It is
suggested by efficiency equation 5.5 that, to improve the
effectiveness of oxygen reduction, decreasing the volume
of the cathode compartment would be an alternative to
increasing the surface area of the cathode. It is clear
that a maximum efficiency can be achieved if the cathode
compartment I8 made as small as possible, provided that

steady—-state conditions of Oy diffusion are not violated,
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and that convenient stirring of the solution is possible.
Al though the cathode compartment used was similar to that
shown in figure 5.3, it was constructed to have a volume
of about 35 ml. The platinum cathode was cut from a foil
and had a roughly estimated surface area 20 cmz. It was
initially cleaned in boiling aqua regia for ten minutes
and washed with deionised water. The preparation of the
cathode was completed by polarizing at -1.2 volts Vs SCE

in saturated Ca(OH), solution overnight. Two such cells

were used in the experimental study.

The stirring system was similar to that described earlier.
The external stirrer consisted of a magnet driven by a
small motor connected to a d.c generator, and was isolated
by fixing in a plastic cylinder. The actual rotation speed
of the Ffollower in the compartment was around 250 rpm
which 1is smaller than that employed in the preliminary
work. Nevertheless, it was observed experimentally that
further increase of the rotation speed only resulted in a

slight increase of current.

S.3.2 Diffusion of oxygen

S5.3.2.1 Experimental set-up

Specimens of OPC and OPC/20%PFA pastes of w/c 0.35, 0.5
and 0.6 were prepared in a similar way as described 1in
paragraph 3.3.1.1, chapter 3. The discrepancies in the
preparation procedures among individual specimens will be

noted 1in the discussion, section 5.3. The pastes were
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cured in air—-tight PVYC moulds for two weeks and then in
saturated Ca(0OH)2 solution at 22°C. Discs of the pastes,
0.2 to 0.4 ecm in thickness, were cut one month before a
diffusion experiment started. The discs were again
immersed in saturated Ca(OH) solution. This was intended
to ensure that the pores in the samples were water-—
saturated, as diffusion of oxygen in air-filled pores

would be much faster than in water—filled pores.

After the sample disc was mounted in the diffusion cell,
the anode compartment was filled with saturated Ca(0OH)5
solution and bubbled through with oxygen. The cathode
compartment was filled with de—-aerated Ca(OH), solution
which had been purged, in a de-aeration cell, with
nitrogen for about one day. The use of de-aerated solution
was found later to be unnecessary, as it will be shown in
paragraph 5.3.2.3 that it 1is possible with such a
diffusion cell to consume electrochemically all the oxygen
in the air-saturated solution contained in the cathode
compartment. Care was taken to ensure that no gas bubbles
were present in the cathode compartment, as even a small
volume of the gas phase may contain a comparatively high
quantity of oxygen in a vapour-solution system so that

accuracy of the measurements may be affected.

The cell was finally placed into a water-bath controlled
at 25°C. After the experiment was finished, the diffusion

area (ca. 10 csz of the disc was measured from the marks
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left by the grease on the gasket. The cathode was washed
with deionised water, 0.01 M nitric acid and acetone, then

placed in deionised water ready for the next experiment.
5.3.2.2 Electrochemical measurements

It was noticed that it took four to seven days for
diffusion of oxygen to reach a steady state. Cathodic
polarization at -0.600 volt Vs SCE for 6000 seconds was
carried out every one or two days during the period of
non-steady state diffusion, but the current and charge
passed were generally not recorded simply for the purpose
of saving computer disks. The Model 350 Corrosion
Measurement System was used for samples 1 to 6&. A
Multistat System supplied by Thompson Electrochem Ltd,
which consists of potentiostats, a CCU and a BBC Master
computer, was used for the rest of the samples. The
current was measured every second with the programmed
measurement range 0.3 to 1538 pA, and the charge passed

was integrated numerically through the computer programme.

Diffused oxygen was then determined at diffusion-time
intervals normally between 1 and 4 days. These intervals
were purposely chosen to be different from each other for
each sample, intending to check whether the consumption of
oxygen was complete enough or not. A constant ratio of the
charge passed to the diffusion—-time interval would
indicate a reasonably complete consumption of the diffused

oxygen.
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All of the cathodic polarizations were carried out by
holding the potential at -0.600 volt Vs SCE for a certain
length of time. The polarization time in the range from
6000 to 10000 seconds was chosen such that the residual
current was nearly the same for each run of polarization.
The differences in the residual current varied less than 2
HA. Therefore a reasonable reference zerp concentration af
oxygen in the cathode compartment was attained after each
polarization. The residual currents recorded, e, were
less than approximately three times the flux current Ig4
which has been defined in equation 5.6 as the equivalence
of the quantity diffused per second, suggesting that a
reasonably complete consumption of the diffused oxygen was
obtained (see paragraph 5.3.2.3 for further discussion).
Examples of the current-time curves are given in figure

9.7,

During steady state of diffusion, the charge passed (Q) or
the accumulative charge (Q¢) should be proportional to the
time interval (tj) or the total time (tg) of the
diffusion. Both the ratios G/tj; and Qt/tg can be used to
calculate the flux by Faraday’'s law. This work used the
latter (Qg/tg) . The experiment was stopped if the
calculated ratio, Q/tj, varied little for four to six
consecutive measurements. The calculation procedures are
as follows. Table 5.2 shows the recorded end current Ig
and the charge passed for 2ight consecutive measurements

obtained from sample 18. The time corresponding to the
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second measurement listed in the table was assumed as the
reference zero point for the calculation of the total
diffusion time and the accumulative charge. The Qp was
then plotted against tg as shown in figure 5.8, and the
slope was used to calculate the diffusivity by equation

5‘9.

Correlation coefficients of the linear Q¢-tgy relationship
were found all to be above 0.99. The intercept at the
reference point of zero diffusion time is an indication of
whether or not a stable reference zero concentration after
each polarization was controlled, which is the main reason
for the use of Q¢/ty in the calculatiup of the flux. In
order to compare the diffusion rates in different types of
paste, the products, LO¢, aée plotted in figures 5.9 and
S5.10 against the diffusion time, tgq, for some selected

samples, where L is the thickness of the sample disc.
5.3.2.3 Oxygen solubility in saturated Ca(OH), solution

To calculate the diffusivity of oxygen, it is necessary to
know its concentration in the anode compartment, i.e. 1its
solubility in saturated Ca(OH)2 solution. The solubility
at 25°C was determined as follows. Solution of Ca(OH)p was
initially bubbled with O for five hours. The aerator cell
containing the solution was positioned in the water—bath.
The gas was first passed through a spiral glass tube which

was also placed in the water-bath.
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Table 5.2 Calculation of the flux current Q/t; or Q¢/ty

(Sample No. 18B)

tp Ie Q ty Q/t; tg Q¢
No.
(pA) (coul) (days)
i 2 2.6 0.166
2 6 1.8 0.066 1.08 0.061 (O) (0)
3 9 1.7 0.145 4 .00 0.036 4.00 0.145
) 9 1.8 0.139 4.01 0.035 B8.01 0.284

S i0 2.0 0.171 4.93 0.035 12.93 0.455

&6 8 2.0 0.091 2.1%9 0.042 15.12 0.546

7 B8 2.9 0.136 3.76 0.036 i8.88 0.682

B [} 2.6 0.0B4 2.00 0.042 20.88 0.766
X: tp —— Polarization time (x1000 seconds)
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Figure 5.7 Decay of the cathodic current

with polarization time
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Figure 5.8 Linear relationship between the
charge passed and the total diffusion time
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Figure 5.9 Examples of the LGi—-t4 curves for
the OPC specimens of w/c ratios
0.35, 0.50 and 0.60
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Figure 5.10 Examples of the LG¢-t4d curves for
the OPC/207ZPFA specimens of w/c
ratios 0.35, 0.50 AND 0.60

150



Current (md)

12¢
8.8
8.4}
L -l I X —— = _
8.8 8.5 1.8 15 2.8 2.5 3.8 3.5 4.9

Polarization tine (x18688 seconds)

Figure 35.11 Current—time curve obtained from the
measurement of oxygen solubility in Ca(DH); solution
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Figure 5.12 Current—-time curve obtained when
the cathode compartment contained initially
air—-saturated Ca(OH)z solution
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The procedures to set up the cell were similar to those
used for diffusion measurements. The cathode compartment
was filled with the prepared solution, while the anode
compartment contained air—-saturated solution. The
solubility was determined by polarizing the cathode at -
0.600 wvolt for 11.1 hours. The two measurement ranges of
the current, 0.3 to 1500 pA and 1500 pA to 1 A, were
obtained through a computer programme. The current-time
curve recorded is shown in figure 5.11. The charge passed
was integrated to be 16.125 coulombs. The actual volume of
the solution in the cathode compartment was 32.25 ml

obtained by weighing.

The calculated solubility would be 1.25x10n3 M. Compared

with the value, 1.23x10_3m{107), in water at 1 atmosphere
from the total of the partial pressures of oxygen and
water vapour, the experimentally determined result is only
1.6%4 higher. In agreement with the results obtained by
Gjorv et 31(106) and Newtnn(los) using some other methods,
oxygen has almost the same solubility in Ca(0OH)2 solution
as in water at least at the temperature concerned (25°C).
However, the solubility in water may considered to be more
appropriate for the calculation of the diffusivity, as the

pressure at which the solution was made to fill the

cathode compartment was slightly higher than 1 atmosphere.

Figure 5.11 indicates that approximately 12000 seconds of

polarization were required to consume the dissolved oxygen
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and to enable the measurement of the solubility.
Therefore, some justifications should be given for the
much shorter polarization time, normally between 6000 and
10000 seconds, chosen for a diffusion measurement. Figure
5.12 gives the current-time curve recorded for a
measurement of the amount of the oxygen in air-saturated

Ca(OH)z solution at room temperature. The experimental
procedures were similar to those described for the

measurement of solubility in oxygen—-saturated solution.

It can been seen from figure 5.12 that the oxygen
contained in the air-saturated solution was wvirtually
consumed within 6000 seconds, which justifies the
polarization time chosen for the diffusion measurement. As
the initial oxygen concentration in the cathode
compartment became lower, shorter time of polarization was
required for a virtually complete consumption, which has
been explained in section 5.3.1.2 concerning the current-
concentration relationship revealed 1in figure S.6.
However, the time required is still much longer than those
listed in table 5.1, suggesting specific considerations
concerning the effectiveness of oxygen reduction should be

made with regard to the design of such diffusion cells.
35.3.2.4 Oxygen diffusivity

The intrinsic diffusivity, Dj, was calculated from Fick's
first law and Faraday’'s law:

Dj=L(Q¢/tg)/7(4FACH) s s e (o)
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where L 1is the disc thickness, Q¢/ty (mA) is the slope
determined from the Q¢-tyq curve, A is the diffusion area
of the sample, Cp is the solubility (1.23x10d3 M), and
Co/L is the assumed concentration gradient. The results

are listed in tables 5.3-4. Since the curing ages of the

specimens were not standardized, the ages are also noted.
5.3.3 Diffusion of Chloride

Atftter an experiment for oxygen diffusion had been
completed, the test disc was demounted and used for the
measurement of chloride diffusivity. One exception was the
0.3 w/c OPC paste; where different samples were used for
oxygen and chloride diffusion. Chloride diffusion
experiment was carried out at 25°C in the same way as
described in subsection 3.3.1, chapter 3. The high
concentration side of the celi contained 1.0 M NaCl
solution with calcium hydroxide suspension, while the low
concentration side contained initially saturated calcium
hydroxide solution. Chloride concentration on the low
concentration side of the cell was determined as described
in chapter 2. An example of the concentration-time curve
is shown in figure 5.13. The chloride diffusivities were
calculated as explained in chapter 4 are shown in tables

5.3-4.
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Table 5.3 Oxygen and chloride diffusivities

in hydrated DOPC pastes

Age D; (051 DiCC1 3 | DjC0O5]
w/c No. -8 -8 2
(month){ (10 ) (x10 ) DjL[C1 1
0.39 1 10 8.81 1.07 8.2
2 10 B8.94 0.90 P
3 10 7:17 i —_
(average) B8.31 0.99 B.4
0.50 4 3 10.35
S 3 1l.19
& 3 10.90
7 3 4,70
8 3 S5.48
9 3 5.81
10 3 5.84
(average) 10.81 S5.46 2.0
0.60 11 4 13.36 ?.13 1.5
12 4 12.81 6.62 1.9
13 4 =19 6.49 1.4
14 4 13.00 6.86 1.9
(average) 12.09 7.28 Y u?
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Table 5.4

hydrated OPC/20%ZPFA pastes

Oxygen and chloride diffusivities

Age D;[051 D;LC1 1 | DjLO5]
w/c No. - -8 -8 S
(month)| (10 7) (x10 ™) DjLCl 1
0.35 15 2.5 5.69 0.3%9 14.7
16 4 2.05 0.55 Bud
17 4 4.10 0.42 3.8
(average) v3.99 0.45 8.8
0.50 18 7 2.93 0.64 4.6
19 7 3.87 0.87 4.4
20 8 3.29 0.76 4.3
21 B B.12% — p—
(average) 3.36 0.76 4.4
0.60 22 6 10.56 3.38 3.1
23 6 10.47 2.90 3.6
24 7 10.13 3.32 3.1
(average) 10.39 3.20 3.2
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Figure 5.13 Rise of chloride concentration in the
compartment 2 of the ionic diffusion cell
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5.4 Discussion

It has been noted in subsection 5.3.1 that some
difficulties associated with the effectiveness of reducing
electro-chemically the diffused oxygen were encountered
during the development of the technique. Before the
reliability of the cell used to obtain the results shown
in tables S5.3-4 was to be tested, it was thought that it
might be increasingly difficult to consume the accumulated
oxygen if the diffusion rate was getting higher. The
cement slurry was vibrated for up to approximately 135
minutes in order to produce denser specimens than those
used for the diffusion of quaternary ammonium ions. The
samples were prepared in such ways, except for the 0.3 w/c
OPC samples which were made in the same way as described

in subsection 3.3.1.1, chapter 1.

It can been seen from tables 3.3 and 5.4 that chloride
diffusivity decreased for both the OPC and OPC/20%PFA
pastes as w/c ratio decreased. Comparing the chloride
diffusivities obtained for the two types of binder
prepared at the same w/c ratio, chloride diffused about 2
to 4 times faster in the OPC pastes than in the OPC/20%PFA
pastes. One exception was observed with the 0.3 w/c
pastes, where the 0OPC samples had about 8 times faster
diffusion rates. This may be due to fact mentioned earlier
that the 0.5 w/c OPC samples were prepared in a different

way .
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Tables 5.3 and 5.4 indicate that oxygen diffused generally
slower as w/c ratio decreased. The oxygen diffusivities
obtained for the 0.35 w/c PFA paste (samples 15 to 17)
exhibit the greatest variation with individual specimen.
By contrast to the 0.5 w/c PFA paste (samples 18 to 20),
samples 15 and 17 showed higher oxygen diffusion rates,
which may have been caused by the difference 1in their
curing ages. Nevertheless, the chloride diffusivities
obtained for samples 15 to 17 are reasonably close. As an
experiment for chloride diffusion was carried out after
that for oxygen diffusion using the same disc sample had
been finished, there are some differences between the
actual sample ages for the two types of diffusion
experiment. It took about four months to complete one
chloride diffusion experiment using the specimens of low
diffusivity such as samples 15 to 17, while only less than
one month was required for one oxygen diffusion
experiment. With such a difference in the actual ages, it
is probably unrealistic to compare the diffusivities of
oxygen and chloride for samples 15 to 17. However, it 1is
still apparent from tables 5.3 and 5.4 that oxygen
diffused faster in the OPC pastes than in the PFA of the

same w/c ratios.

It seems reasonable to assume that the interfacial layer
between the bulk solution in a compartment of the
diffusion cell and the specimen surface can yield only a

small difference in concentrations of the two phases. Thus
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the concentration gradients for the two species, which is
related to the flux by Fick’'s first law, have been
correctly calculated by dividing the concentration
difference in the two compartments by the disc thickness.
If both oxygen and chloride diffusion in hydrated cement
pastes were controlled by the same factors, they would
have diffused at similar relative rates as they do in
water. It is seen from tables 5.3 and 5.4 that oxygen
diffused evidently faster in both types of paste than

chloride ions did in terms of the diffusivity.

The ratios of oxygen to chloride diffusivities, are also
shown in tables 5.3 and 5.4. The ratio varies
approximately from 1.2 to B, depending mainly on the w/c
ratio. They seem to decrease with the increase of w/c
ratio, clearly for the OPC paste as w/c ratio increases
from ©0.35 to 0.5, and for the 20%4PFA as w/c ratio
increases from 0.5 to 0.6. As explained before, the ratios
calculated for the 0.35 w/c PFA paste may be not reliable,
but the real values would be expected not to be less than

those found for the 0.5 w/c PFA paste.

The ratio of oxygen to chloride diffusivities, calculated
from their average diffusivities, is plotted in figure
S5.14 against the chloride diffusivity. It can be seen from
this Ffigure that the average ratio appears to decrease
with the increase of chloride diffusivity. The solid line
given in the figure is not intended to represent precisely

the actual relationship, as it does not show any
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Figure 5.14 Decrease of the oxygen to chloride
diffusivity ratio with the increase
of chloride diffusivity
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difference in the diffusion behaviours in the OPC and
OPC/20%PFA pastes. Nevertheless, there is not enough
evidence, because of the limited number of samples used,
to show quantitatively any definite difference 1in this

relationship between the two types of paste.

The above comparisons of the diffusivities of chloride and
oxygen suggest that the rate-controlling factors of
diffusion in both types of paste are not all the same for
chloride as an anion and oxygen as a neutral molecule.
Figure S5.14 indicates that if the w/c ratio increases from
0.6 further to be above certain values, the difference 1in
oxygen and chloride diffusivities may become either stable
or insignificant. However, the ratio of oxygen to chloride
diffusivities can be as much as 4 to 8 +or some dense
pastes, namely the OPC paste of w/c 0.33 and the
OPC/20%PFA pastes of w/c 0.35 and 0.30. This implies that
there could be some fundamental differences 1in the
mechanisms of chloride and oxygen diffusion, particularly

in the dense pastes.

It can be seen that the diffusion of chloride appears to
be retarded compared with the diffusion of oxygen. This
could 1lead to two possible conclusions. In one, the
retarded diffusion of chloride is caused directly by the
surface charge effect, while in the other, there 1s a
greater effective diffusion area for oxygen. The latter is

actually saying that chloride and oxygen do not share all
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of their diffusion paths and that oxygen can diffuse
through more pores. However, as the two species diffuse at
similar rates in dilute solutions, they should also have
similar sizes in hydrated states. For chloride to have a
smaller effective diffusion area, it must be repelled from

some pores that contribute to the diffusion of oxygen. The

separation of diffusion paths could be achieved anly
through the electrical field existing at the pore/solution
interface which presumably repels chloride ions.
Therefore, a smaller diffusion area for chloride compared
with oxygen, if it exists, is primarily due to the effect

of surface charge on chloride diffusion.

Al though this work can not suggest any surface charge
effect on oxygen diffusion, the relative degree of the
surface charge effect on chloride diffusion can be
estimated from the differences in oxygen and chloride
diffusivities or diffusibilities. Therefore, surface
charge plays a dominant part in determining the chloride
diffusion rates in the dense pastes that showed relatively
large ratios, varying approximately from four to eight, of
oxygen to chloride diffusivities. The decrease of the
oxygen to chloride diffusivity ratio with increase of w/c
ratio also supports the suggestion made in the previous
chapter that the surface charge of the micro and gel pores
can affect ionic diffusion rates. Smaller oxygen to
chloride diffusivity ratios observed for the 0.65 w/c

pastes compared with dense pastes can be explained by the
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relatively small fractions of micro and gel pores
contributing to both oxygen and chloride diffusion in the

0.65 w/c pastes.
9.9 Conclusions

(1). Both oxygen and chloride diffused faster as the w/c

ratio increased.

{2 In comparison with the diffusion kinetics in water,
oxygen diffuses relatively faster than chloride in the 0OPC

and OPC/20%PFA pastes.

(3). The ratio of oxygen to chloride diffusivities appears
to decrease with the increase of chloride diffusivity or
of w/c ratio for the OPC and DPC/éOZPFn pastes. The
relatively large values of the ratio for most of the dense
pastes suggest that a surface charge effect tends to

dominate chloride diffusion in dense pastes.

(4). The OPC/20%PFA paste showed lower values of oxygen
and chloride diffusivities than the OPC paste of same w/cC
ratio. However, the results obtained in this study are
insufficient to conclude any definite difference in the

diffusion mechanisms in the two types of paste.
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CHAPTER & MODELLING OF IONIC DIFFUSION

6.1 Introduction

To describe ionic diffusion processes in cementitious
materials in terms of the concentration distribution with
time and distance or depth, it is necessary to consider
two important aspects:
(1). Kinetics of diffusion, which determines the flux
from the driving forces.
(2). Chemical reactions between the migrating ions and
the cement-matrix.
Based on the mass balance in a bulk volume of hydrated
cement paste, the mathematical expression for the
relationship between the kinetics and the reactions is
derived in appendix 2 for an individual ion diffusing
unidirectionally:

Celx,t) + Se(x,t)/W = =J,(x,t)/€ sinieiaw (6a i)
where C is the concentration, S is the amount of the ions
combined into the solid phases of the cement-matrix, J is
the flux per bulk section area of the paste, W 1is the
content of the pore solution in which diffusion occurs,
and € is the volume fraction of the W and expressed on

bulk volume of the paste.

Non—-steady state diffusion in hydrated OPC pastes was
studied in this work based on the above mass balance
equation with the aid of computer—-modelling. The

experimental data used for the modelling were obtained by
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Sergi(64’ whose experiments are described in next

subsection.

Fick's +first law has been commonly employed to describe
diffusion in hydrated cement pastes and concrete(17_24).
However, it has been shown in section 1.1, chapter 1, that
Fick's first law does not explicitly consider the effects
of ionic interactions on diffusion in electrolytes. lonic
diffusion in hydrated cement pastes is a multi-component
process. It is likely that diffusion of one ion can affect
diffusion of the other ions. In order to show some
characteristics of a multi-component diffusion process,
diffusion in dilute aqueocus electrolytes will be
considered in subsection 6.1.2. As mentioned in chapter 1,
the Nernst-Planck equation 1.2 can describe the diffusion
flux in dilute electrolytes very accurately. In subsection
6.1.2, comparisons between the concentration profiles
predicted by Fick’'s first 1law and the Nernst-Planck
equation will be made with some examples, and the
implication for the description of ionic diffusion in
hydrated cement pastes will be discussed in subsection

6.1.3 and section &.8.
6.1.1 Diffusion in hydrated cement pastes

An obvious way of studying non—-steady state diffusion is
by exposing only one flat surface of a uniform test sample
to a solution usually maintained at a constant composition

with time. The distributions of the investigated ionic
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species at increasing depth are determined at a certain
length of diffusion time. Non-steady diffusion experiments
were made as long ago as 1952 by Spinks et al‘loa). Their
cylindrical specimens, with sides coated with paraffin wax
but ends left bare, were exposed to several salt
solutions. After diffusion bhad proceeded for a certain
time, the profiles of concentration against penetratian
depth for several ions were determined by radioactive
tracer measurements. They showed that the concentratiaon
distributions can be interpolated by the mathematical

solutions of Fick’'s second law. This enabled them to

calculate the effective diffusivities.

Non—-steady state diffusion technique has been extensively
employed by a number of researchers‘loq_lls} to study the
mechanisms of chloride penetration into hydrated cement
pastes and concrete, These studies showed that the total
and free chloride penetration profiles for a particular

diffusion time can be, in general, well approximated by

Fick' s second law.

Diffusion experiments were carried out by Sergi‘64) at

Aston University using cylindrical 0.3 w/c OPC specimens,
4.9 cm 1in diameter. The specimens were prepared in a
similar way as described in paragraph 3.3.1.1, chapter 3.
Three types of experiment were carried out at the

controlled temperature of either 22 or 25 °C.

One experiment involved measuring the chloride ingress in
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a hydrated OPC paste cured for 3 months. The specimens
were trimmed to give a length of approximately 6.65 cm,
and sealed with paraffin wax as done by Spinks et 61(108).
They were, 1in groups of 12, placed horizontally into a
sealed container filled with S litres of 1M NaCl solution
saturated with calcium hydroxide. After 100 days’
exposure, one set of specimens were sliced at a 0O.7cm
interval of depth. A second set were first cut at a depth
of 0.35 cm followed by a series of slices at 0.7 cm
intervals. Slices of the same depth were grouped together,
and the pore solutions were extracted by a pore-expression
device. The hydroxyl and chloride concentrations of the
solution were finally analyzed. A third set of specimens
were cut in the manner described to produce samples for
evaporable water and total chloride analysis. Assuming
that chloride was distributed uniformly in the evaporable
water at the concentration determined from the extracted
pore solution, the bound chloride contents based on weight
of the unhydrated cement were calculated. Both free and
total chloride contents were found to be reasonably well
approximated by Fick’'s second law. This experiment is
referred to in this chapter as the "NaCl ingress" test,

and the data obtained are shown_ in table 6.1.

In another experiment, well characterised OPC paste
specimens with NaCl addition and a curing period of one
year were, 1in groups of 12, exposed to S5 litres of

deionised water. The water was then refreshed occasionally
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so that its pH was not allowed to rise above 12. The ionic
concentrations in the externmal solution were determined
during a diffusion period of 150 days. It was found that
the total amount of the leached ions increased linearly
with the square root of time, with almost zero intercept
at zero value of time for sodium and potassium but not for
chloride and hydroxyl ions. The ionic profiles at 1&5
days were also determined. It was shown by the
measurements of pore size distribution that dissolution of
some hydrate phases during diffusion occurred near the
exposed surface, approximately within 0.35 cm from the

surface. This experiment is referred to in this chapter as
the "diffusion-out" test, and the experimental data are

given in tables 6.2 and 6.3.

With the experimental arrangements described above, ionic
diffusion was initiated by the difference in compositions
af the bulk and pore solutions. Joining a chloride and
sodium rich OPC paste cylinder to a chloride—-free one by a
thin layer of fresh 0OPC slurry, Sergi(bq) obtained the
concentration profiles within the two cylinders at the
diffusion time of 225 days. The specimens had a curing age
of 3 months. Sodium ions appeared to diffuse according to
Fick's second law, while diffusion of hydroxyl and
chloride ions was complicated by their interactions with
the cement matrix. This experiment is referred to in this

chapter as the "diffusion-within" test, and the

experimental data for chloride and sodium are summarised
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Table 6.1

Profiles obtained from the "NaCl-ingress"

test

depth x | CILC1 3] CLOH 1] we Tot. C1
(cm) (M) (M) 7o) (mmol/g)
0.000 1.0
0.175 0.9921x 0.104 39.03 0.660
0.350 0.838 0.112 32,12 0.599
0.700 0.670 0.134 30.18 0.438x%
1.050 0.572 0.171 30.94 0.424
1.400 0.366 0.21%9 29.32 0.345
1.750 0.292 0.257 30.46 0.1B2x
2.100 0.135 0.274 22.89 0:199
2.450 0.05% 0.31%9 29.84 0.108x
2.800 0.03%9 0.335 33.04 0.078
3.190 0.024 0.351 2B8.63 0.017x%
3.300 0.014 0.364 29.90 0.031
3.850 0.015 0.355 27.93 0.002x%
4,200 0.007 0.375 28.57 0.004x
4,550 0.002 0.388 27.25 0.002x%
4,300 0.001 0.384 28.89 0.004x
| (average) 29.7
X! not considered in calculations
average Wn=18.9%4
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Table 6.2 Profiles obtained from the

"diffusion-out" test

% C[Na+J C[K+J gre1 1] CoH 3 We Tot.LE1l. 3

(cm) (M) M M) M) (%) (mmol/g)
0.000 0.0335
0.175 0.058 0.018 0.014 0.075 39.69 0.150
0.350 0.122 0.035 0.032 0.136 38.36 0.161
0.700 0.248 0.073 0.067 0.246 36.38 0.189
1.050 0.356%] 0.104 0.102 0.326 34.88 0.211
1.400 0.394 0.120 0.119 0.351 35.67 0.212
1.730 0.449 0.140 0.157 0.409 35.59 0.228
2.100 0.496 0.164 0.168B 0.444 35.20 0.230
2.450 0.551 0.177 0.192 0.463 34.31 0.232
2.800 0.550 0.188 0.191 0.480 35.80 0.235
3.150 0.399 0.201 0.215 0.514 35.32 0.247
3.500 0.3%92 0.211 0.210 0.516 35.04 0.238
3.850 0.589%| 0.203%| 0.21S5 0.527 34.77 0.2353
4.200 0.629 0.226 0.228 0.535 33.65 0.249
4,530 0.626 0.221 0.232 0.531 35.29 0.256
4.900 0.636 0.232 0.230 0.53%9 35.08 0.232
5.250 0.648 0.229 0.241 0.534 35.81 0.249
9.600 0.643 0.241 0.231 0.9543 35.52 0.243
35.950 0.659 0.238 0.247 0.542 35.66 0.230

(Av. 35.78

)
L & not c

onsidered in calculations
average Wn=1%2.64%
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Table 6.3 Accumulative concentrations in the external

solution ("diffusion—out" test)

£, tNa™ 1 ikt 3 o3 LOH 1
(days) (mM) (mM) (mM) (mM)
S 2.60 1.39 0.69 10.60
6 2.87 1.40 0.79 11.25
7 3.44 1.65 0.82 12.15
8 3.68 1.76 0.89 14.15
11 4.23 2.08 1.05 17.30
12 4.42 2.14 1.10 18.13
13 4.59 2,23 1.17 19.05
18 5.08 2.41 1.40 P57
20 5.35 2.53 1.49 24.75
22 5.61 2.64 1.57 26.22
29 6.482 3.01 1.82 29.97
43 7.87 3.67 2.25 37.45
53 8.82 4.07 2.53 42.90
61 9.42 4.38 2.74 45.33
77 10.70 4.98 3.16 52.16
95 11.92 85,99 Jeal 58.36
105 12.65 5.87 3.71 62.49
112 13.08 6.08 3.85 64.09
132 14.26 6.63 4.18 69 .69
150 15.27 7.08 4.44 74.54
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Table 6.4(a) Profiles at x<0O obtaimed from the

"diffusion—-within" test

depth x ceNa’ 3 Wi oF M We Tot. €1~
(cm) (M) (M) (%) (mmol/qg)
-0.350 0.906 0.562 26.60% 0.326
-0.700 1.140 0.688 0.443
-1.050 1:250 0.777 30.43 0.3564
-1.400 1.343 0.855 0.404
=1.+730 1.345 0.900 32.07 0.436
-2.100 1.375 0.9220 0.453
—-2.450 1.438 0.954 31.63 0.4358
=2.800 1.435 0.992 ) 0.451
=-3.150 1..379 0.980 32.03 0.433
=3.900 1.435 0.998 0.507
—-3.850 1379 Qa1 31:95 0.452
-4 ,200 1.405 0.98B6 0.491
-4 .550 1.475 1.010 31.89 0.473
-4,%200 1.435 1.001 0.465
-5.250 1.410 1.002 33.06% 0.503
-3.600 1.405 1.005 0.513
-9 «9290 1.438
| (average) 316

¥: not considered in calculations
average Wn=19.9%4
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Table &.4(b) Profiles at x>0 obtained from the

"diffusion—-within" test

depth x ctNa™ 3 ccc1”a we Tot. C1_
(cm) (M) (M) (%) (mmol/g)
0.350 0.570 0.185% 25.61 0.172%
0.700 0.433 0.115 0.113
1.050 0.328 0.037 26.13 0.073
1.400 0.270 0.022 0.024
1.730 0.205 0.004 16.15 Q019
2.100 0.171 0.001 0.010x%
2.450 0.143 0.001 26.19 0.003k%
2.800 0.135 0.001 0.003%
3.150 0.105 0.001 25.45 0.002%
3.900 0.120 0.001
3.850 0.105 0.002 25.42
4,200 0.120 0.001
4.550 0.114 0.003 24.51%
4.900 0.120 0.001
9.250 0.114 0.003
5.600 Q129 0.001
2.950 0.111 0.002

(average) 26.0

X: no considered in calculations
average Wn=20.8%
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in table 6.4.

6.1.2 Effects of electrostatic interactions on

diffusion in agqueous dilute electrolytes
b£.1.2.1 The electrostatic interactions

It has been shown in section 1.2, chapter 1, that the

Nernst-Planck equation:
J= -DolCy(x,t) + zeCEy(x,t)/(kT)1] £a o eea GORZ2)
can be used to describe the flux by a characteristic

value, the absolute diffusivity Dg, where C 1is the

concentration, and E is the electrical potential. This

equation can describe diffusion of each ion
accurately(b’lo_ls), provided the electrolyte 1is very
dilute.

As mentioned in chapter 1, an internal electrical field
can be automatically created to maintain the charge
balance if the diffusing ions in an electrolyte have
different absolute mobilities. The charge balance can be
expressed by

zZ(zC)=0 sssssa (H.3a)

£(zJ)=0 vy 8 ow (6538
By combining the above two equations with the Nernst-
Planck equation &.2, the g?adient of the electrical
L1 )

potential can be obtained

EEy (x,t)/(KT)= —E[zDQCy (X, t)1/E02°DoCx (Xyt)Tuuurrs (6.4)

The flux for each ion can be obtained by incorporating
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equation 6.4 into the Nernst-Planck equation. Therefore,
it can be seen that the flux for one ion can be dependent
on 1its concentration. The diffusion rate for one ion can
also be affected by the concentrations and charges of the
other ions. As Fick’'s first law has been commonly employed
and was considered in this work to describe diffusion in
hydrated cement pastes. it will be compared with the

Nernst-Planck equation in the following two paragraphs.
6.1.2.2 Diffusion in 1-1 electrolytes

The Fickian diffusivity defined by Fick's first law can be
derived from the Nernst-Planck equation to be‘b’ll'ls)
D4=D_= 2Dgp4+Dp-/(Dp4+ + Dp-) anaaas (O
for a single 1-1 electrolyte, where the (subscript) minus
and plus signs are for the anion and cation respectively.

This shows that both the cation and the anion can be

exactly described by Fick’'s first law.

As can be seen from the above equation, it is the slow
ion, normally the cation, that dominates the overall
diffusion rate(é). To show this, the following four ions
will be considered as examples, and their absolute
diffusivities (x10_5 cmzlsec) at infinite dilutions (see
table 1.1) can be be used:

Nat: 1.33, (CsHy 104Nt 0.465

Bl 2:0%; OH : 5.30

The Fickian diffusivities calculated from equation 6.5 for

their solutions are shown in table 6.5. Compared with the
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Table 6.5 Diffusivities in dilute 1-1 electrolytes

Solution D <x10'5 cmzfsec)
NaCl 1.61
NaOH 2:13
(CgHy1)4gNC1 0.76
(CsHy 1) gNOH 0.85

absolute diffusivity, the Fickian diffusivity in the
solution is smaller for anions but greater for cations. In
the (CgHjy1)gNOH solution, the Fickian diffusivity for the
hydroxyl ion is only about one-sixth of the absolute
diffusivity, suggesting that the OH ion diffusion rate is
greatly affected by the slow cation, although the

+
(CgHy1)gN ion diffuses twice faster than it does at

infinite dilutions.
6.1.2.3 Diffusion in mixed electrolytes

The electrostatic interactions between ions in a mixed

electrolytes are much more complex than those in a single

electrolyte(lz).

To show the complexity of the
electrostatic interactions and more importantly, to see if
Fick’'s +first law with a constant diffusivity can be
practically used to describe diffusion in mixed

electrolytes, three examples concerning diffusion in mixed

electrolytes were considered and are described below.
Diffusion in mixed electrolytes associated with the four
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ions mentioned in the previous paragraph were modelled

with the following calculation steps:

(1). The ions involved were supposed to diffuse into or

out of an initially homogeneous solution contained in a

tube of length 6.3 cm.

(2) The ionic concentration at the opening (x=0) of the

tube, i.e. the ‘"surface concentration", was kept

constant.

(3). The Nernst-Planck eguation 6.2 was used to

calculate numerically the concentration profiles at the

diffusion time of 0.6 day. The absolute diffusivities

shown in the previous paragraph were used for the

calculation.

(4). The concentration data obtained as described above

were then wused to obtain the best-fitted Fickian

diffusivities (D's) by interpolating them with Fick’'s
(8)

second law

Celxyti= DEgptnit) 65 b ag (6.6)

The final calculation step will be described in section
6.4. The concentration profile calculated by Fick’'s second
law with the diffusivity (D) obtained from the final step
is thus the best approximation to the theoretical profile
obtained with the third stea. It was noted that the
Fickian diffusivities obtained can vary with the diffusion
time assumed for the calculation. However, this variation
is not significant for all the three examples considered

if the assumed value of diffusion time is not too high.
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The 4first example 1is the diffusion in a Na+—E1_—OH_
solution. The surface and initial concentrations assumed
are shown in table 6.4. The diffusivities obtained from

Fick s second law are also included in this table.

The concentration profiles calculated by the Nernst-Planck
equation are plotted in figure 4.1 as sguares, while those
by Fick’'s second law are shown as solid lines. It can bhe
seen from figure 6.1 that the concentration profiles of
all the three ions can be well interpolated by Fick’'s
second law. The Fickian diffusivity obtained for each ion
is very close to its absolute diffusivity, suggesting that
the electrostatic interactions between the ions do not
affect the overall diffusion rate strongly. However, some
effects of the interactions can be seen from the chloride
and hydroxyl concentration profiles at a certain distance
away from the surface, as the diffusion of the two ions is

through an "ion—-exchange" process.

The second example shown in figure 6.2 and table 6.7 is
the diffusion in a (CgHy1)gN' -Cl1 -OH  solution. The
assumed surface and initial concentrations are the same as
those for the first example, except that sodium 1is
replaced by (C5H11)4N+. The -(05H11)4N+ concentration
profile calculated Ffrom the Nernst-Planck egquation can
also be accurately approximated by Fick’'s second law with
the diffusivity 0.863x107° cm?/sec. As this value is

greater than the absolute diffusivity 0.47310-5 cmzfsec,
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Table 6.6

surface and initial concentrations in the

Na+—C1_—DH— solution (example 1)

Diffusivities calculated at assumed values of

10NS Ce (M) c; (M |D (x10™> cm?/sec)

Na® 0.023 0.010 1.26

1 0.020 0.000 2.09

OH 0.003 0.010 4.57 !
Table 6.7 Diffusivities calculated at assumed values of Cg

and Cj

in the (CgHy1)gN -C1 —-OH solution (example 2)

T1ONS Ce (M) c; (M |p (x107° em?/sec)
N(CsHy1)a 0.023 0.010 0.63

C1 0.020 0.000 1.65

OH 0.003 0.010 5.25

Table 6.8 Diffusivities calculated at assumed values of Cg

+ = -
and Cj in the (CgHi14N —-Cl -OH solution (example 3)

10NS Ce (M) c; (M |D (x107° cm?/sec)
N(55H11)4+ 0.020 0.002 0.79

c1 0.010 0.000 0.83

OH 0.010 0.002 0.75
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Conc, (M)
825

.am B

Diffusion depth, x (cn)

Figure 6.1 Concentration profiles at 0.6 days
for NaOH and NaCl diffusion
(example 1)
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Conc. (M)

1015 r

Tetrapentylamoniun
.Bm ™

Diffusion depth, x (ca)

Figure 6.2 Concentration profiles at 0.6 days
for (CsHii1)aNDH and (CsHia)eNC1 diffusion
(example 2)
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Conc, (M)
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Tetrapentylammoniun

618

Diffusion depth, x (cn)

Figure 6.3 Concentration profiles at 0.6 days
for (CeHii1)aNOH and (CsHi1)s4NC1 diffusion
(example 3)
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(C5H11)4N+ diffusion is therefore accelerated through the
electrostatic interactions. The interpolation by Fick's
second law appears to be reasonably good for chloride, but

not good for hydroxyl ions.

By comparing the hydroxyl concentrations shown in figure
6.2 for the second example with those in figqure 6.1 for
the +Ffirst example, it can be seen that hydroxyl 1ions
appear to diffuse faster near the surface in the second
system. With regard to the Fickian diffusion behaviours
represented by the solid lines in fiqure 6.2 for chloride
and hydroxyl ions, hydroxyl ion diffuses obviously faster
near the surface than it does at certain distances away
from the surface, while the opposite 1is shown for

chloride.

The final example demonstrates a very strong effect of the
electrical field created on the diffusion of chloride and
hydroxyl ions in another (C5H11)4N+—Cl_—DH_ solution (see
table 6.8). The concentration profiles are shown in figure
6.3, It can be seen from this figure that Fick’'s second
law can describe quite accurately the concentration
distributions of all the three ions. However, all the ions
appear to diffuse at approximately the same rates in terms
of their Fickian diffusivitiés obtained. In comparison
with the results obtained for the first two examples,
diffusion of hydroxyl and chloride ions is thus retarded
considerably by the slow cation in the final example

system.
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&6.1.3 Scope of study

The "thin-disc" method described in chapter 3 has been
widely employed normally to study diffusion of individual

5‘17—24). Fick’'s first law has been used to

ion
characterize the flux obtained experimentally by the
intrinsic Fickian diffusivity. It has been shown in the
previous subsection that Fick’'s laws with appropriate
Fickian diffusivities can describe quite accurately the
diffusion of all the ions involved in the systems
considered for the examples shown in figures 6.1 and 6.3.
However, they can not describe the diffusion of chloride
and hydroxyl ions as accurately as that of the (C5H11)4N+
ions for the example shown in figure 6&.2. To model and
predict the diffusion processes in cement-based materials,
it 1is therefore important to know diffusion of which ion

can be approximately described by Fick’'s first law with a

constant diffusivity.

As suggested by the mass balance eguation 6.1, diffusion
can be affected by the ionic binding. The binding
behaviours for each ion, particularly for chloride, are
considered in the next section. Numerical analyses applied
to the experimental data obtained by Sergi whose diffusion
experiments have been describéd previously were carried
out to examine the diffusion behaviours of individual
ions. The approaches used are similar to those described
in the previous subsection, more specifically, to obtain a

best-fitted Fickian diffusivity for a particular
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concentration profile. The concentration profile computed
with this diffusivity is thus the best fit to the
experimental data. Goodness of the fit could reveal the
actual diffusion kinetics and thus provide the basis for
general modelling and prediction. The results are
presented in sections 6.5 to 6.7. In each of these
sections, one type of ion is considered, and a summary of
the results is given for a particular diffusion
experiment. Based on the.comparative studies of diffusion
behaviours for sodium, potassium, chloride and hydroxyl
ions, a model concerning the prediction of diffusion
processes in hydrated OPC pastes 1is presented and

discussed in section &6.8.

6.2 lIonic Binding
6.2.1 Sodium and potassium

It is common knowledge that sodium and potassium ions are
released from cement minerals into the pore fluid during
the early stage of cement hydration. It is suggested 1in

(114,1195) that during the later stages of

the literature
cement hydration this process may almost stop or even be
reversed, depending on the type of binder and the chemical

environments.

Diamnndtllq) showed that the concentrations of sodium and

potassium ions in the pore solution of OPC pastes can

reach steady values after a few days’ hydration. Page and
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VenneslandtllS) found that there is no obvious increase of

sodium and potassium concentrations in the pore solution
of the OPC paste cured from B to 12 weeks, but for the OPC
paste blended with microsilica there are continuous
reductions of the concentrations in the pore solution from

1 up to 12 weeks.

Experimental studies
S-H gel with a low C/S molar ratio is able to incorporate
alkalis, in particular potassium ions. Partial removal of
alkali ions from the pore solution would also occur as a
result of some chemical processes, for example, alkali-
silica reaction(lla). As this chapter is concerned mainly
with diffusion in relatively mature OPC paste in
experimentally controlled chemical environments, Further
adsorption or desorption of the two ions during diffusion

was assumed to be negligible, which will be justified 1in

section 6.5.
6.2.2 Chloride

By studying the kinetics of.chloride penetration into a

hydrated OPC paste exposed to a chloride solution,
(109) 5

Traetteberg observed the formation of chloro-

aluminate, i.e. Friedel’'s 5a1£. The author believed that

this product was formed by transformation of ettringite

accompanied by precipitation of calcium sulphate.

(110,111,119

Studies carried out by some other researchers
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confirmed the reactions between chloride ions and the
aluminate phase in the cement-matrix, but suggested that
Friedel's salt is not formed at the expense of aluminate
hydrates, but only by reaction with anhydrous CzA. This
reaction has an idealized form

3CzA + 2C1 + 10H,0 + Ca(OH)p —->3CzA.CaCls.10H,0 + 20H

Binding of chloride is probably accompanied by the release
; (120) ; 2 -
of hydroxyl ions y A4s indicated by the above equation.
It 1is also possible that the accompanying release of
sulphate ions may nccur(121>, since this reaction has not
been sufficiently wunderstood to eliminate the possible
effect of sulphate ions on chloride-binding. It is thus
likely that bound chloride is determined not only by

chloride concentration, but also by the concentration of

hydroxyl or sulphate ions in the pore solution.

In order to see the effect of ionic binding on diffusion,
the mass balance equation 6.1 suggests that it is
necessary to know the change of the binding rate with free
. . . (122)
chloride or time. Pereira and Hegedus showed by
experimental studies that binding of chloride during
diffusion can be treated as an instantaneous reaction
characterized by the Langmuir isotherm of adsorption. Page
- (ZR)

and Sergi also used Langmuir’'s adsorption theory in

the preliminary modelling of chloride diffusion.

According to Langmuir’'s theory, the amount of the

equilibrium chemi-sorption is related to the bulk
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concentration C by(lzs,

s=K{C/ (1+K2C) owEEa (6.7a)
or
K1C/s=1+K>C vewwws (B7B)
where K3 and Ko in appropriate units are constant, and s
is expressed as a function of the concentration C only.
Chloride-binding was assumed in this work to be a very

fast process compared with diffusion, and the above

relationship between C and s was used.

Page(lzq) at Aston University carried out statistical

analysis to a large quantity of data obtained from several
types of concrete made from OPC. For a small amount of the
total chloride added, most of the chloride is in combined
form, whilst for a large amount of total chloride, the
relationship between the total and free chloride contents
is linear. It appears there is a gradual saturation of
binding sites as total chloride increases. Such a
behaviour is in qualitative agreement with the Langmuir

adsorption isotherm.

Tutti(IZS) reported that bound chloride was approximately

proportional to chloride concentration in the pore
solution. However, an assumed linear relationship between
the C and s, obtained by a regression analysis, often
gives a finite value of s at C=6. Langmuir’'s equation 6.7
was therefore used in the present work. The bound chloride
was calculated from the contents of the total chloride and

average evaporable water determined experimentally. I+

Langmuir’'s equation 6.7 1is applicable, the curve
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constructed by plotting C/s against C should be a straight
line with a C/s—-intercept above zero, and the parameters

Ki and K2 can be obtained from the curve.

The ratios of the chloride concentration 1in the pore

solution to the bound chloride, obtained from the "NaCl
ingress" test, are plotted in figure 6.4(a) against the
concentration. Figure &.4 suggests that Langmuir’'s

equation 6.7 can be used to describe the bound chloride
approximately. The bound chloride contents obtained <from
the "diffusion-within" test are plotted against the
concentration in figure 6.5 where the solid line shows the
approximation by Langmuir’'s equation 6.7. The adsorption
parameters K’'s obtained from figures 6.5 to 6.7 will be
given in section &.6. The bound and free chloride contents
obtained from the "diffusion-out" test are plotted against
the diffusion depth in Figure 6.6, which appears to show
that the bound chloride did not change much with depth,
despite the fact that there was an obvious increase of

chloride concentration with depth.
6.2.3 Hydroxyl ions

As mentioned earlier, hydroxyl and sulphate concentrations
have been considered to be éble to affect the bound
chloride contents. Adsorption or desorption of calcium
ions can also be involved during diffusion. Since calcium
and sulphate ions are minor components 1in the pore

solution, their adsorptions were not considered in the
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(b) The s—-C curve

Figure 6.4 Approximation of bound chloride by

Langmuir’'s adsorption theory ('Nacl-ingress’ test)
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Figure 6.5 Variation of the bound chloride contents
with the chloride concentration
from the "diffusion—-out’ test
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Figure 6.6 Bound and free chloride profiles
obtained from the ‘diffusion—-out’ test
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present work. It is the desorption rate of bound hydroxyl
ions that was assumed to balance the binding rate of

chloride.
6.3 Diffusion Equations

After the binding of an ion during its diffusion has been
approximated, the next step for the characterization of a
concentration profile is to set up the flux equation. If
Fick’'s +First law (equation 1.1 or 3.1) and Langmuir’s
equation 6&.7(a) are considered, the concentration as a
function of the distance and time can be derived from the
mass balance equation 6.1 to be
Ceix,t)LW + K1/(1+K2C)2]/w = DCyx(x,t) ..... (6.8)

for diffusion in an essentially uniform specimen. If there
is no adsorption or desorption during diffusion, i.e.
Ky=0, the above equation is simply Fick’'s second law shown

by equation 6.6.

I¥f Kp=0 and K;3#0, it is the case where the adsorbed
amount, s, is proportional to the concentration, C, so
Ce(x,t)=I[D/(14+K{)ICyy(x,t) reenee (H.Fa)
The effective diffusivity (Dg) is defined here according
to
Ceix,t)=DaCyxyx(x,t), at Ky#0 ' ereees (6.9D)
for any value of K. At K5=0, the value of Dg 1is thus
reduced by Ky times from the Fickian diffusivity (D).

(125)
]

Equation 6.9(a) was used, for example, by Tutti to

calculate chloride diffusivity (D) with a value of Kj
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obtained by statistical analysis.

When there is adsorption during diffusion, the effective
diffusivity (Dg) obtained by interpolating a concentration
profile with equation 6.9(b) is therefore not the Fickian

diffusivity. It differs from the Fickian diffusivity (D)
in that it 1is not related to the flux in the way as

defined by Fick’'s first law.

Fick's second law and equations 6.B and 6.9 were used in
this work to describe the diffusion of sodium, potassium
and chloride ions. As the desorption rate of hydroxyl ions
was assumed ¢to be the same as the binding rate of
chloride, the hydroxyl ions concentration distribution,
C(x,t), obtained from Fick’'s first law is:

Ceix,y,t)= DCyyx(x,t) + K1C[C13t(x,t)/{W(1+K2E[C1])2}

esesns (H.10)

where CI[Cl] is the chloride concentration.

6.4 Numerical Methods

Two types of numerical calculation were used in this work.
In one, such a diffusivity is to be found that the
concentration profile calculated with it from one of the
equations shown in the previous section is a best fit to
the experimental data. This was involved mainly in the
work presented in sections 6.5 to &.7. In the other type
of calculation, the concentration profiles are computed

with certain assumed values of diffusivity and diffusion
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time, which were used in the work shown in section 6.7.
The finite difference method{126-129)  _ ced in the

numerical calculations.

One particular characteristic of all the diffusion
equations shown in the previous section 1is that the
concentration can be treated as a function of the distance
¥ and the product of the diffusivity and diffusion time,
Dt or Dgt. The concentrations at a certain interval of the
diffusion depth were calculated numerically at a chosen
step of the product, Dt or Dg, until the square sum of the
differences in the concentrations between the numerically
computed and the experimentally obtained reached a minimum
at a value of the product which was noted. This is the
"least-square" criterian(130). The diffusivity was then

obtained by dividing the noted product of Dt or Dgt by the

known diffusion time.

For a diffusion presumed to obey Fick’'s second 1law, the
surface (Cg) and initial (Cj) concentrations can also be
found together with the diffusivity by combining the
numerical calculations with linear regression. The
concentration profile obtained .with the calculated Cg and
Cij can be much better fitted to the experimental data than
those calculated with any other assumed values of Cg and
Ci. However, such procedures were used only when there
were uncertainties about the actual surface or initial

concentrations.
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The average concentration in a group of the equidistant
discs cut at 0.7 or 0.35 cm intervals from the diffusion
specimens, as experimentally determined by Sergi(bq), was
assumed to correspond to the concentration at the central
depth of the discs. This concentration therefore does not
necessarily represent the actual concentration at the
depth x. Nevertheless, such a representation of experimen-
tal data was found numerically to be acceptable for the
cutting intervals considered in this work. In addition, to
minimize the sensitivity of the calculated diffusivity or
the interpolated concentration profiles to certain points
of the experimental data, these points were disregarded in

the numerical fitting procedures and are noted in tables

6.1 to 6.4.

Values of concentrations, calculated numerically using a
certain diffusion equation with the best—fitted
diffusivity, are 1listed in appendices 3 to S5 Ffor the
"diffusion—-out", "diffusion—-within" and "NaCl-ingress"

tests respectively.
6.9 Diffusion of Sodium and Potassium

6.5.1 Diffusing out of the OPC paste

The sodium and potassium concentration profiles obtained
from the "diffusion-out" test at the diffusion time of 165

days were first interpolated Ly Fick’'s second law, and the
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Table 6.9 Results obtained from the "diffusion-out" test

Cg Cj D-value Equation (No.)
I0ONS -7 used for the
(M) (M) (x10 ) calculations
Na® 0.025 0.638 1.00 b
k" 0.009 0.236 1.61 506
w5 0.000 0.236 1.3 6.8 (Kq=0)
OH 0.054 0.534 0.84 6.6
(%) 02132 0.540 121D 6.6
X: results obtained when the concentration data
at x=0.175 and 0.350 were not considered

results are summarised in table 6.9.

The surface concentrations, obtained as explained in the
previous section, may be regarded as the averages over the
time during which the external solution was not refreshed.
The concentration protfiles calculated by Fick's second law
with the diffusivities obtained are shown in figure 6.7 as
the solid lines. As suggested in figqure 6.7, Fick’'s second

law characterizes sodium and potassium diffusion.

To see if the diffusivities oﬁtained are related to the
flux by Fick's first law, the accumulative concentrations
of sodium and potassium ions in the external solution can
be compared with those expected from Fick’'s laws. The

accumulative concentrations determined experimentally, c,
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Figure 6.7 Sodium and potassium concentration
prafiles at 1465 days obtained from
the ‘diffusion—-out’ test
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are plotted in figure 6.B against the square root of time.
It can been seen for this figure that the curves obtained
for the two ions almost pass through the origin, and the
relationships obtained from regression analysis are:

Na: c=1.229[t/(24x3600)]1/2 (mM) eseses (bo.l1la)

K: ©=0.5730t/(24x3600032  (aM)  o.uv.. (6.11B)

Generally speaking, the behaviour that the leached amount
increases linearly with the square root of time has been
observed for most diffusion systems even when the
diffusivity 1is found not to be a constant, provided that
the diffusion is semi-infinite and has proceeded for above
a certain period of time(s’. However, if D 1is not a
constant, or the diffusion is complicated by non-linear
desorption or adsorption, this relationship would not hold
for a small period of time, and the concentration

intercept at t=0 is normally not zera(a).

If the amount of the ions combined to the solid phases is
linearly related to the concentration in the pore solution
by

s=Sg + KC - mieesin: Kb T2)
where Sg and K in appropriate units are constants for
either sodium or potassium,\the total amount of ions
leached out of the pore solution for a semi-infinite

diffusion specimen 15(8)

M=2(C1—C53t(1+K)Dt/n]1,2 (mmol) cesnna (Ha13}

where M is the amount leached per sz pore solution, and
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the diffusivity used in the above equation, D, is related

to the flux by Fick’'s first law.

The concentration profiles shown in figure 6.7 indicate
that the specimens behaved almost as semi-infinite bodies
at the diffusion time of 165 days. According to equation
6.13, the rise of the accumulative concentration (c) in
the S litre external solution in contact with 12 specimens
is
c=12x18.86/5x2€(ci—cs)[(1+K)Dt/n)1/2 (mM) ...... (6.14)

where 1B.B&é is the section area for each specimen, and €

is the volume or area fraction of the pore solution in

which diffusion occurred.

By comparing the above equation with the relationships
(equation 6.11) found experimentally, the volume fraction
of the pore solution is approximately 0.42 for both sodium
and potassium diffusion if the diffusivities obtained
numerically (see table 6.9) are assumed to be Fickian. The
value of €, estimated from the water contents based on the
paper by Puwer5(45> (see appendix &6), is also 0.42. This
suggests that there may be no significant desorption of
the two ions during the diffusion and that the
diffusivities obtained are probably Fickian. Therefore,
the quantity of ions lost from the pore solution appears
to have been balanced by that gained in the external
solution for both sodium and potassium diffusion

throughout all the diffusion time.
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In summary, Fick’'s laws probably characterize sodium and
potassium diffusion, because:
(1). The concentration data shown in figure 6.7 were
found to be well approximated by Fick’'s second law.
(2). There were reasonable mass balances between the
quantity of ions lost from the pore solution and that
gained in the external solution, indicating that no
significant desorption occurred during the diffusion.
(3). The accumulative concentrations of the two ions in
the external solution increased proportionally with the

square root of time.

6.5.2 Diffusing within the OPC paste

In this experiment carried out by Sergi(bq), two half

specimens of unequal initial concentrations of sodium ions
were joined together. The sodium concentrations determined
at the diffusion time 225 days are shown in figure 6.9.
The interface is here assumed to be at x=0. The hal+¥
specimens of higher concentrations are in the left hal+f
plane, x<0; while the other half specimens are in the

right half plane x>0.

This type of experiment is of great value 1in showing
experimentally whether or not a particular diffusing ion
is partially removed from, or released into the pore
solution that can be extracted by the pore—-expression
technique. If the amount of the sodium ions lost in  the

pore solution of the left half specimens was completely
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Figure 6.9 Sodium concentration profile at 2235 days
obtained from the ‘diffusion—-within” test
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balanced by that gained in the pore solution of the other
half specimens, it should be reasonable to assume there
was no significant adsorption or desorption occurring

during the period of diffusion.

As there was a difference in the evaporable water
contents, Wy{=31.6% and W;=25.6% for the left and right
half¥ pastes respectively, there should have been a
difference in their effective diffusion areas. Therefore,
the conditions of mass balance described above could not
be checked directly. The approaches were to assume, at
first, that the mass balance existed, so the diffusivities
determined from Fick’'s second law can be used to describe
the continuity in flux at the interface, x=0:
€1D1Cx=-(x,t)=€2D2Cy4+(x, t) ssesss (65.19)

where the subscripts 1 and 2 represent the left and right

sides of the half specimens respectively.

Because the two half pastes behaved as semi-infinite
bodies, a Fickian diffusion process should have the
following characteristi:s(8’=

(1). Except at t=0, the concentration at the interface
should always be a constant

C(O,t)=Cj2 + [Cj1-Cj21/(1+vp/vy) sevssse (85:186)

(2). Diffusion on one side can be regarded as being
independent of the diffusion on the other side.

(3)., 1If Fick’'s second law and the above two character-

isticsis are used for the calculation of concentration

profile, the continuity in the flux at x=0, expressed by
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equation 6.15, is automatically satisfied.

Numerical calculations were made to obtain the interface
and initial concentrations and the diffusivities for each
half specimen. The results are summarised in table 6.10.
The concentration profiles computed are shown in in figure
6.9 as the solid lines. It can be seen from figure &.9
that the 1initial concentrations obtained are in gaed
agreement with what can be estimated from the experimental
data. The values of the interface concentration obtained
for each half paste are very close, so it was considered
not necessary to perform an overall fitting to reduce the

small discrepancies in the mass balance.

Table 6.10 Results obtained from the

"diffusion—-within" test

Ci C(0,0) D-value Equation No.
IDNS -8 used for the
(M) (M) (x10 ) calculations
Na® (x<0) 1.417 0.69% 1.97 b.b
(x20) 0.115 0.692 3.83 6.6
Cl~ (x<0) 1.000x% 0.404 F.95 &.8, 6.18
(x20) 0.000x 0.404 3.93 6.8, 6.18
(x20) 0.998 0.45%9 4,38 6.6
¥: values estimated from the experimental data
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As the concentrations in the right half specimens would
have been determined more accurately, presumably because
less tedious diluting of the extracted pore solution was
required for the concentration measurements, the C(0,0)
obtained for this half specimens may be considered to be
closer to the actual interface concentration. The ratio,
€>/€;, calculated from equation 6.16, was found ta be
0.90. The left half specimens thus had a greater diffusion
area. This result is in gualitative agreement with the
difference in the evaporable water contents (W;=31.6% and
W>=25.6%), although it is impossible to show whether there

is a definite guantitative agreement.

The left half specimens were prepared with an addition of
27 chloride by weight of cement. If the added sodium was
not adsorbed into the solid phases of the cement-matrix,
the minimum sodium concentration in the extracted pore
solution would expected to have been: 0.02/35.5/0.316%1000
=1.78 M. The value expected is higher thanmn that measured
experimentally (ca. 1.417 M), indicating that some sodium
ions were adsorbed in the 1left half specimens. This
suggests that the adsorbed sodium may not be significantly
released further into the pore solution, otherwise because
of the desorption in the left galf specimens, the computed
ratio, vz/vi, should have been much lower than 0.9.
Therefore, the actual difference 1in the effective
diffusion areas may be close to the calculated, v2/v1=0.9

(see appendix &6 for a rough estimation of the ratio).
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To sum up, Fick’s laws characterize the sodium diffusion,
as indicated by the following findings:
(1). The concentration data shown in figure 6.9 are well
approximated by Fick’'s laws.
(2). The calculation procedures treating the diffusion
in one half specimens as being independent of the
diffusion in the other half gave nearly the same values
of the interface concentration.
(3). It appears that there was a reasonable mass balance
between the sodium ions lost in the pore solution of the
left half specimens and those gained in the other half

specimens.

6.6 Diffusion of Chloride
&6.6.1 Diffusing into the OPC paste

This 1is the experiment in which the OPC paste specimens
were exposed to a 1M NaCl solution for 100 days. Equation
6.8 was first used to obtain the Fickian diffusivity with
the assumed parameters:

Cg=1 M, Cj=0 M, K;1=1.71, Ko=3.93, W=29.7% c..c.. (6.173)
where the adsorption parameter K’'s were obtained as
explained in subsection 6.2.3.‘The diffusivity obtained is

D=4.407x10"° cmZ/sec s senm GRS

The fitted concentrations are shown in figure 6.10 as the
solid 1line. Figure 6.10 shows that a reasonably good

overall—-fit of the concentration profile calculated from
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equation 6.8 to the experimental data is achieved.

As Fick’'s second law has been widely used in practice to
describe chloride diffusion, the effective diffusivity
defined in equation 6.9(b), Dg, obtained with the surface
and initial concentrations 1 and O M respectively is

Do =1.400x10"7 ecm®/sec  euen.. (6.17¢)

The concentration profile calculated from Fick’'s second
law with this diffusivity is shown in figure 46.10 as the
dotted 1line. Although the fit is not as good as that
achieved with the D, it is still good enough to show that
the effective diffusivity can be wused practically to

describe the chloride concentration distribution.

It can be therefore concluded that both the Fickian and
effective diffusivities can be used to characterize
chloride diffusion by equations 6.8 and 6.9 respectively,

at least for the case considered.
6.6.2 Diffusing within the OPC paste

It was found by computations based on equation &6.8B that,
similarly to the case of sodium diffusion described in
subsection 6.5.2, chloride diffusion in one half of the
two specimens can be treated mathematically as being
independent of the diffusion in the other half. The
interface concentration was also found to be a constant.
However, it is determined by the effective diffusion area

ratio (vp/vy), diffusivities and the adsorption parameters
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Figure 6.10 Chloride concentration profile at 100

days obtained from the ‘NaCl-ingress® test
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Figure 6.11

Depth, x (cm)

Chloride Concentration profile at 225 days
obtained from the ‘diffusion-within’® test
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K‘'s, as equation 6.8 is non-linear with no analytical

solution.

Although there is some scatter of the bound chloride in
relation to the chloride concentration in the pore
solution, The approximation of the bound chloride by the
Langmuir adsorption isotherm, which has been shown in
figure 6.5 was still considered. The calculations based on
equation 6.8 were made by assuming that chloride had the
the same diffusivities in both of the half specimens. The

other assumptions are:

K{=1.43, K2=B.27 mesasa (6H.1iBa)
Cii=1.0 M, Ci»=0.0M ...... (6£.18b)
vp2/v1=0.9 cereee (6.18Bc)
€1Cx—-(x,t)=€2C 4+ (x,t), x=0 sesssae (6.18d)

where the subscripts 1 and 2 in equations 6.18(b) to
6.18B(c) are Ffor the 1left and right half specimens
respectively. The concentration at x=0.35 cm was dis-
regarded in the calculation, as it appears to conflict

with the flux continuity expressed by equation &6.18(d).

The results obtained are shown in table &.10. The
concentration profile calculated, which is shown in figure
&£.11 as the solid line, aﬁpears to interpolate the
experimental data reasonably well. It was found that
better fit could be achieved if the two half specimens
were assumed to have different diffusivities. However, as

the adsorption parameters Kj; and K5 could not gquantify the
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bound chloride accurately, attention was not drawn to any

possible difference in the diffusivities.

It appears that the desorption of the bound chloride in
the left half specimens is negligible, presumably because
saturation of the binding sites was achieved. I+ Fick"s
first 1law with a constant diffusivity characterizes the
diffusion in the left half specimens, the concentration
profile in this half should thus be very close to that
determined by Fick’'s second law. The dotted line in figure
6.11 represents the concentrations calculated from Fick’'s
second law, and the results are also shown in table 6.10.

Compared with the solid line, the dashed line is indeed

much better—-fitted to the experimental data.

To sum up,

(1). Although the bound chloride could not be quantified
accurately, it was still possible to use equation &.8 to
obtain a reasonably good fit of the calculated
concentration profile to the experimental data.

(2). Fick's Ffirst law with a constant diffusivity
probably characterizes the chloride diffusion, as
revealed by the fact that Fick’'s second law gives a good
approximation of the concentration profile when the

bound-chloride desorption is negligible.
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6.6.3 Diffusing out of the OPC paste

As shown 1in figure 6.4, it seems that bound chloride
determined from the "diffusion—-out" test did not change
much with the depth. No desorption or adsorption of
chloride during diffusion was assumed, and the results
obtained from the numerical calculations are included in
table 6.9. The computed concentration praofile is shawn in
figure &6.12. A very good fit to the concentration data was

obtained.

As for the diffusion of sodium and potassium ions, a
consideration concerning the mass balance between the
amount of the chloride lost in the pore solution and that
gained in the external solution can give some information
on the effective area and diffusion kinetics. Figure 6.8
shows that the accumulative concentration of chloride in
the external solution increased linearly with the square
root of time, but with a negative concentration intercept
at t=0:

c= -0.1946 + 0.3792[t/(24x36000172 .. ..... (6.19)

The amount of chloride gained in the external solution at
165 days was estimated to be 1.95 mmol per specimen
cylinder, while that lost from the pore solution was
calculated, as explained in subsection 6.5.1, to be about
&.97€ mmol per specimen cylinder at the assumed _sur{ace
and initial concentrations 0.000 and 0.236 M respectively.

The value of € would thus be: 1.95/6.97=0.28, which is 1in
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Figure 6.12 Chloride concentration profiles at 163
days abtained from the ‘diffusion—out’ test
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obvious contradiction with that (0.42) estimated from

sodium and potassium diffusion.

It can be therefore concluded from the above calculations
that:
(1). The chloride concentration profile was found to be
well interpolated by Fick's second law.
(2). The rise of chloride concentration in the external
solution 1is, however, not in exact agreement with what
would be expected from Fick’'s second law.
(3). The effective diffusion area estimated +rom the
chloride diffusion with the calculated initial
concentration 0©0.236 M is in contradiction with that
obtained from sodium and potassium diffusion (see

section 6.8 for explanations).

6.7 Diffusion of Hydroxyl Ion

6&.7.1 Diffusing out of the OPC paste

The hydroxyl concentration data shown in figure 6.13

obtained by Sergitbq) from the experiment in which all the

were

major ions were leaching out of the OPC paste in constant
contact with an external solution of pH value below 12.
Fick’'s second law was used tD‘interpulate all the points
of the concentration data, and the results are given in
table 6.9. The calculated profile is shown in figure 6.13
as the solid 1line. As hydroxyl ions were found to be
produced by dissolution of the cement hydrates

near the
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exposed surface, the effective diffusivity obtained may

not show the diffusion kinetics.

The dissolution of the cement hydrates might be expected
to have occurred in the following ways. Near the surface
in contact with the low pH solution, dissolution took
place continuously, and equation 6.1 should be used in
general; whereas at the depths far away from the surface,
there was no hydrate dissolution and hydroxyl desorption,
and the concentration profile was thus determined by
Fick’'s second law. Therefore, there would be a depth, X,

which was a moving boundary of the dissolution front.

Diffusion in the region x>X could thus be assumed to be
characterized by Fick’'s second law, but with the imagined
"surface" concentration (a+Cj) that was determined by both
the diffusivities and the desorption kinetics in the two
regions'®’. For a semi-infinite diffusion in x>X with the

diffusivity D, the concentration would be(B):

Cix,t)=C; + [(a+Ci)-Cjlerfclx/(4D)Y/%7 . .... (6.20)
where a is constant. One implication of this equation is
that the dissolution front should increase linearly with

the square root of time if dissolution of the cement

hydrates occurs at a certain critical OH concentration.

The fit to the experimental data exclusive of the Ffirst
two points at x<0.7, obtained from eguation 6.20, is shown
in fig 6.13 as the dotted line, and the results are listed

in table 6.9. Extrapolation of the dotted 1line to the
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depth x< 0.7 cm gives concentrations that are higher than
those experimentally obtained. As the dissolution of the
hydrates may be considered to occur at a pH value close to
12, the above interpretation of the data should have given

a "surface concentration" of value below, say, 0.04 M.

Therefore, it seems difficult to explain the diffusion
behaviour of hydroxyl ions by Fick’'s laws, althaugh the
concentration profile determined experimentally is
approximately interpolated by Fick’'s second law. It can
also be seen from table 6.9 that for this particular
experiment hydroxyl ions diffused slower than chloride and

potassium ions in terms of the diffusivities obtained.
&.7.2 OH Counter-diffusion due to NaCl ingress

As desorption rate of bound hydroxyl ions was assumed to
balance the binding rate of chloride, equation 6&.10 was
used to describe the counter-diffusion of hydroxyl ions
observed from the "NaCl ingress" test. The hydroxyl

concentration data are presented in figure 6.14.

For the sake of simplicity in the calculations, the
surface concentration of hydroxyl ions was assumed to have
remained at a constant value of 0.1 M. Figure 6.14 gives
three profiles calculated at the hydroxyl diffusivities

7 7

2.5%x4.407x10 7, 3.5x4.407x10 ' and 4.5x4.407x10’ cm>/sec

respectively, where the value 4.407x10-7 is the chloride

diffusivity shown in equation 6.17(b).
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Figure 6.14 Hydroxyl concentration profile at 100
days obtained from the "NaCl-ingress’ test
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It can be seen from figure &4.14 that all of the three
profiles computed deviate considerably from the
experimental data. Therefore, equation 6.10 cannot
describe diffusion of hydroxyl ions. However, It can still
be seen from figure 6.14 that hydroxyl ions evidently

diffused a few times faster than chloride ions.

6.8 Modelling and Prediction

Based on the diffusion behaviours known from the previous
sections, the following model may be used to characterize

and to predict ionic diffusion in hydrated OPC pastes:

(1). Sodium and potassium ions diffuse according to
Fick’'s first and second laws. Their adsorption or
desorption during diffusion can be assumed to be

insignificant.

(2). Chloride diffusion can be modelled through two
approaches:
(a). A Fickian diffusivity is used in equation 6.8,
which 1is based on Fick’'s first law and Langmuir’'s
theory of adsorption, to predict the concentration
profiles; while the bound.chloride is obtained from
Langmuir’'s adsorption eguation 6.7.
(b). An effective diffusivity is used to predict the
concentration profiles based on the mathematical
solutions of Fick’'s second 1law; while the bound

chloride 1is also obtained from Langmuir’'s adsorption
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equation 6.7.

(3). As sulphate and calcium ions are minor components
in the pore solutions, their diffusion can be either
neglected or assumed to follow Fick’'s second law with

certain effective diffusivities.

(4). Diffusion of hydroxyl ions is such that it simply

maintains the electroneutrality in the pore solution.

The preliminary model proposed by Page and Sergi(SQ) e

essentially the same as the above described, except that
chloride diffusion was modelled by the second approach

using an effective diffusivity.

As already concluded in section 6.5, when adsorption or
desorption of sodium and potassium ions is insignificant,
the concentration profiles determined by Fick’‘s laws
always gQive good approximations to the experimental data.
Diffusion of the two cations appears to be much simpler
than the diffusion of anions. For the purpose of
prediction, the two 1ions can be treated as simply

following Fick’'s laws.

As shown in subsections 6.6.1 and &.6.2, equation 6.8,
which is based on the Langmuir isotherm of adsorption and
Fick's Ffirst 'law, can be used to characterize the
distributions of +free chloride and thus total or bound
chloride. The effective diffusivity, Dg, determined +From

the profiles of either free or total chloride, has been
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widely wused as a parameter for the characterization and
prediction of chloride ingress in hydrated cement pastes
and concrete. It has also been shown in subsection 6.6.1
that a concentration profile described by Fick’'s second
law with an appropriate effective diffusivity can also

approximate the experimental data reasonably well.

It is mentioned in section 6.3 that the effective
diffusivity obtained when there is binding of chloride
during diffusion does not describe the flux by Fick's
first law. Nevertheless, it is a parameter simpler and
more convenient to use for the purpose of the prediction
of chloride ingress in concrete. It would thus be of
interest to compare the concentration profiles predicted
with the effective Dg and Fickian (D) diffusivities
determined from the "NaCl-ingress" experiment. Here Dg and
D are 1.400x10"’ and 4.407x10 ’ cm?/sec respectively (see

equation 6.17).

Figure &.15 gives the concentration profiles predicted at
30, 50 and 300 days at a surface concentration 1M and a
zero initial concentration. The dotted line is the result
calculated +from Fick’'s second law with the Dg while the
solid line is calculated from-equatinn &.8 with the D. It
can be seen that the main difference in the profiles
occurs in the depths of low concentration. At 300 days,
the profile predicted with effective diffusivity (Dg)

suggests that the paste would not behave as a semi-
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Figure 6.16 Predicted chloride penetration
profiles with a surface concentration 0.5 M
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infinite diffusion medium. The predictions from Fick’'s
second law with the effective diffusivity (Dg) thus tend

to overestimate the penetration depth.

If the kinetics of chloride diffusion and binding are
assumed to be quite independent of the presence of other
ions, chloride diffusion may be considered as more closely
characterized by the Fickian diffusivity D, Figurse A&.l14
shows the concentration profiles predicted at 30 and 300

days 1if a surface concentration 0.5 M is assumed, where
the solid lines are the results from equation 6.8 with the
D and the dotted lines, from Fick’s second law with the
Dg. It can been seen that the concentrations calculated
with the effective diffusivity (Dg) are greater than those

obtained with the D.

Because sulphate and calcium ions are minor components in
the pore solutions of hydrated OPC pastes, it is practical
to neglect their diffusion, so they can be assumed to have
constant concentrations within the paste. Alternatively,
their diffusion can be modelled by Fick’'s second law with

appropriate effective diffusivities.

Hydroxyl diffusion seems to be much less predictable than
the diffusion of sodium, patassium and chloride, as
suggested by the fact that hydroxyl concentration profile
shown in figure &6.14 from the "NaCl-ingress" experiment
cannot be approximately characterized by Fick’'s first law

with a constant diffusivity. As diffusion of the other
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ions has been modelled 1in acceptable ways, hydroxyl
concentrations can be practically calculated from the
requirement of charge balance. However, treating hydroxyl

ion as a charge-balancing species is obviously empirical.

The hydroxyl concentration profile obtained from the
"NaCl-ingress" test was fitted based on the following
assumptions:
(1). The chloride profile is that obtained with the
Fickian diffusivity and shown in figure 6.10 by the
solid line.
(2). Sodium ions had a zero surface concentration, a
0.115M initial concentration which is suggested by the
data obtained from the "diffusion-within" test, and a
diffusivity 1.205x10_7 cmzfﬁec.
(3). Potassium ions had a 0.100M surface concentration,
a 0.265M initial concentration and a diffusivity 2.410
>(10_7 cmzisec.

(4). The concentrations of the minor—-component ions such

as sulphate and calcium were zero

The sodium and potassium diffusivities were chosen such
that their ratio 1is similar to that suggested by the
diffusivities obtained +rom . the "diffusion-out" test.
Figure 6.17 shows the concentration profiles for sodium,
potassium and hydroxyl ions. It can be seen that a
reasonably good fit to hydroxyl concentration profile is

achieved.

228



Conc. (M)

Potassium

Sodfun

8 | 2 3 - 4 S 6
Depth x (cn)

Figure 6.17 Hydroxyl, potassium and sodium
concentration profiles at 100 days according to
the model for the "NaCl-ingress® test
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Although it is difficult to make a kinetic explanation of
the model, the diffusion behaviours observed
experimentally appear to be associated with some
characteristics of a multi—-component electrolyte diffusion
system. The examples presented in paragraph 6.1.2.3 and in
figures 6.1 to 6.3 concerning ionic diffusion 1in mixed

dilute electrolytes have shown that Fick's laws tend to
approximate the concentration profiles of cations better
than those of anions. This is probably because cations are
less mobile thanm the anions in terms of the absolute
diffusivity, so the cations may control the overall
diffusion rates and their overall diffusion deviates from
Fickian behaviour comparably less than that of the faster
anions, particularly hydroxyl ion. It has been shown in
subsection &.7.2 that hydroxyl ion appears to be the

fastest diffusing species in the 0OPC paste.

It appears that the bhydroxyl profiles in the two diffusion
systems associated with figures 6.14 and 6.2 have certain
similarities. The concentrations shown by the square dots
in both figures are considered here as the actual wvalues,
while those shown by the solid lines represent the
diffusion behaviour expected from Fickian processes.
Compared with the behaviuurhexpected from the Fickian
diffusion, hydroxyl ions diffuse faster near the surface
than they do at certain distances away from the surface,
which is much more obvious than that shown in figure 6.1

for a diffusion system of smaller differences in the
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diffusivities.

As far as the overall diffusion is concerned, sodium and
potassium ions in the "NaCl-ingress" experiment can be
assumed to be one cation, as they have similar values of
diffusivity. Therefore, with regard to the way in which
the diffusion occurs, the three diffusion processes shown
in figures 6.1, 6.2 and 6.14 are similar in that a cation
and the chloride diffuse into the medium while hydroxyl
ions diffuse out of the medium. In either of the cases
shown in figures 6.2 and 6.14, the cation appears to have
a few times smaller diffusivity thanm the chloride. The
similarity in hydroxyl diffusion behaviours in these two
systems may suggest that the cation tends to affects

hydroxyl diffusion in hydrated cement pastes.

As mentioned in subsection 6.1.2 and chapter 1, the
Nernst-Planck equation is applicable only to diffusion in
dilute electrolytes. However, this equation may be used to
assess qualitatively the effect of ionic electrostatic
interactions on the rates of the overall diffusion
prncess(b). To show the possibility that the rates of
ionic diffusion in the OPC paste could be affected the
electrostatic interactions, the Nernst-Planck equation was
used to model the fluxes in the "NaCl-ingress" test. The
ionic system was assumed to be composed of Na+, Cl  and
OH  ions. Table &6.11 gives the assumed values of Cg, Cj

and the absolute diffusivity (Dg) for the three ions.

Values of the adsorption parameter K's and the W shown in
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Table &.11 Assumed values of Cg, Cj and Do for the
calculation of the concentration profiles

using the the Nernst-Plank equation

10NS Cg (M) c; (M D (x1077 cm?/sec)
Nat 1.080 0.375 0.7
c1 1.000 0.000 5.2
oH~ 0.080 0.375 13.6

equation 6.17(a) were used.

The accordingly computed concentration profiles at the
diffusion time of 100 days are presented in figure &.18.
The square dots in this figure represent the
concentrations determined experimentally by Sergi(64).
Values of Na+ concentration shown as the smallest dots are
the sum of C1 and OH concentrations. It can be seen from
figure 6.18 that it may be possible to explain
qualitatively the diffusion behaviours of all the three
ions based on the Nernst-Planck equation and Langmuir’'s
theory of adsorption. However, there has been no
experimental proof to support the applicability of the
Nernst—-Planck equation to the description of ionic
diffusion in hydrated cement pastes. Furthermore, the
absolute diffusivities used for the above modelling are

ambiguous with regard to the difficulties in determining

them experimentally. Therefore, this approach may not be
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Figure &6.18 Sodium, chloride and hydroxyl
concentration profiles calculated
with the Nernst—-Planck equation
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considered as an alternative method to model and to
predict ionic diffusion in hydrated cement pastes.
Nevertheless, the illustrations involving the Planck-
Nernst equation for the characterization of diffusion
processes, which is shown here and in section 6.1.2, may
reveal the importance of the effect of electrostatic
interactions between ions in hydrated OPC paste on the
diffusion rates. Further work may be considered with this

regard.

It is quite difficult to interpret the anion diffusion
behaviours observed from the "diffusion-out" test.
Although the chloride concentration profile can be well
interpolated by Fick's second law, the rise of
concentration in the external solution can not be
explained with regard to the mass balance between the
quantities of ions lost from the pore solution and that
gained in the external solution. As suggested by
Bergitéq), this may be associated with the complex natures
of chloride and hydroxyl binding involved during
diffusion. The actual initial concentration for chloride
diffusion may have been much lower than that obtained by
the numerical analysis presented in subsection 6.6.3,

which was suggested by Sergi who also determined the

initial ionic concentrations with parallel specimens.

As can be seen from table 6.9, hydroxyl ion diffused
slower than chloride and potassium in terms of the

effective diffusivities obtained for the “"diffusion-out"
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test, which appears to contradict to the suggestion made
earlier that hydroxyl ion can be considered as the fastest
diffusing species. The difficulties in interpreting this
arise from the uncertainties concerning the actual initial
concentrations for hydroxyl and chloride diffusion.
Nevertheless, as shown 1in table 6.9, chloride and
potassium ions were found by the numerical calculations to
have similar diffusivities and initial concentrations. 1If
this 1is to be accepted, two ions can be treated as one
neutral species diffusing out of the paste. The ionic
diffusion system can be thus simplified by assuming it to
have been composed only of sodium, hydroxyl and the minor-
component ions, which suggests that sodium and hydroxyl
ions would have similar diffusivities because of the
requirement of electroneutrality. Therefore, although
hydroxyl 1ion is more mobile than the other ions, it does
not necessarily have a obviously greater Fickian
diffusivity than the other ions in a mixed electrolyte,
which has been shown in paragraph 6.1.2.3 for the third

example system considered. (see table 6.8 and figure 6.3).

6.9 Conclusions

(1). Diffusion of sodium and potassium in mature OPC paste
obeys Fick's first and second laws to a good

approximation.

(2). Fick’'s first law probably characterizes chloride
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diffusion. Bound chloride can be described by Langmuir’'s
adsorption isotherm. A combination of Fick’'s first law and
Langmuir’'s adsorption theory can be used to model and to

predict chloride diffusion.

(3). Fick's second law can be used to describe chloride

diffusion with an appropriate effective diffusivity.

(4). Hydroxyl diffusion appears to deviate from a Fickian
diffusion behaviour. However, hydroxyl ion can be
practically treated as a charge-balancing species for the

purpose of predicting its diffusion in mature OPC paste.

(4). Ionic diffusion in hydrated cement pastes shows some
characteristics of a multi-component process. The electro-
static interactions between ions may be able to affect

diffusion particularly of hydroxyl ion.
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CHAPTER 7 GENERAL CONCLUSIONS AND RECOMMENDATIONS

FOR FURTHER WORK

The aim of the present work, as mentioned in the
introductory chapter, was to contribute to the
understanding of the mechanisms of diffusion in hydrated
cement pastes and to aid the prediction of ionic diffusion
in concrete structures. Attempts were made to study the
role of the pore structure and surface charge in
determining ionic or molecular diffusion rates in hydrated
OPC and PFA pastes. Work was also carried out to model the
diffusion process in hydrated OPC pastes, intending to
provide a general basis for the prediction of ionic

penetration into concrete structures.

7.1 GENERAL CONCLUSIONS

7.1.1 Effect of pore structure

Work was carried out to study the pore structure effect on
diffusion by means of experimental determinations of the
diffusivities of quaternary ammonium ions and oxygen. The
diffusibility has been considered in chapter 3 as a
relative measure of the restriction of the hydrated cement
pastes to diffusion with respect to different diffusing
ions, whilst the diffusivities of a particular species are

compared with respect to different cement pastes.

It has been mentioned in chapter 3 that quaternary
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ammonium ions diffuse through the continuous capillary
pores, so that the diffusion kinetics of these ions are
closely related to the capillary pore structures. Two
aspects of the capillary pore structure have been
considered: the size distributions and the tortuosity or

interconnection.

The diffusibility was found to be strongly associated
with the sizes of the diffusing ions. As the ionic size
increases, the diffusibility generally decreases. The
speed of the reduction in diffusibility with the increase
of ionic radius was found to be mainly a function of w/c
ratio. The OPC and PFA pastes of w/c ratio 0.65 showed
significantly higher diffusibilities than the pastes of
lower w/c ratio for a particular quaternary ammonium ion.
As mentioned in chapter 3, this is associated with the
relatively coarse size distributions and large volumes of

the capillaries in the pastes of w/c ratio 0.65.

The 0.5 w/c OPC paste was found to show a relatively sharp
reduction of the diffusibility as the sizes of the
diffusing ions increased from 4.9 to 5.3 A. The continuous
capillary pores contributing to the diffusion of ions with
sizes smaller than 5.3 A thus appear to interconnect most
of the macropores. Decreasing the w/c ratio from 0.5 to
0.35 for the OPC paste vyielded a continuous and
considerable drop in the relative diffusion rate or
diffusibility. Although the continuous capillary pores in

the w/c ratio 0.35 are likely to be smaller thanm those in
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the 0.5 w/c paste, their sizes may distribute more

uniformly with respect to their volumes.

Figure 3.4 shows that the (C5H11)4N+ ions diffuse at
similar rates in the OPC pastes of w/c 0.35 and 0.5, while
the smaller quaternary ammonium ions can have different
diffusibilities. This suggests that the continuous
capillary pores contributing to the diffusion fluxes of
the quaternary ammonium ions smaller than (C5H11)4N+ may
be very important in determining the mechanisms of
diffusion in the dense OPC pastes. However, it is
difficult to estimate the sizes of these continuous

micropores based on the results obtained,

In comparison with the diffusion behaviours of the
quaternary ammonium ions 1in dense OPC pastes, the
diffusibilities for the PFA pastes of the same w/c ratio
were found to be smaller but less strongly influenced by
the size of the diffusing ion. Moreover, oxygen has been
shown in chapter 35 to diffuse slower in the PFA paste than
the OPC paste of the same w/c ratio. It can been seen from
tables 5.3 and 5.4 that oxygen diffusivities are a few
times smaller in the PFA pastes of w/c ratios 0.35 and 0.5
than in the dense OPC pastes,‘whereas they are slightly
greater in the coarser PFA paste than in the coarser O0OPC

paste.

Therefore, it appears that the pore structure of the PFA

paste differs from that of the OPC paste of the same w/c
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ratio. If the difference in oxygen diffusivities for the
two types of paste of the same w/c ratio is not caused by
the different strengths of the viscous force in the pore
solution, the PFA pastes, particularly the dense PFA
pastes, should have much finer or more discontinuous pore

structures than the OPC pastes.
7.1.2 Effects of surface charge on ionic diffusion

i1t was found that the magnitude of the zeta potential of
hydrated cement pastes is small. It would be therefore
difficult, based on the determinations of the zeta
potential, to make suggestions concerning the effect of
surface charge on ionic diffusion. This is because, even
if the zeta potentials had been measured accurately, they
would be likely not to change significantly with the types
of bulk solution and cement paste employed for the
measurements. However, small zeta potentials do not
necessarily mean small values of surface charge in
hydrated cement pastes. Some oxides have been shown to
have wvery high values of titratable surface charge, but
the 2zeta potentials have been found to be small 1in
different 501utiun5(48). It has been mentioned in chapter

4 that the zeta potential is the potential at the so-—

called shear plane, so it is not the surface potential.

Increasing the ionic strength in the bulk solution would
cause a considerably faster drop of the potential with

distance from the Eur{aCE(QO). The pore solutions of
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hydrated cement pastes are normally concentrated so the
variation of the potential would occur within only a short
distance at the pore/solution interfaces (see chapter 4).
Therefore, it is the potential distributions in the gel
and micro pores, and the collisions between the diffusing
ions and the pore walls that can affect ionic diffusion
rates. Furthermore, there should be close 1links between
the effects of pore structure and surface charge. The
sizes, volume fraction and continuity or tortuosity of
the micro and gel pores can determine the degree to which

the surface charge can affect ionic diffusion.

The ratios of the oxygen to chloride diffusivities have
been considered in chapter 3 to be a relative indication
of the surface charge effect on chloride diffusion. The
ratio, as shown in figure 5.14, was found to be as high as
four to eight for most dense OPC and O0OPC/20%ZPFA pastes,
whereas it is approximately one for bulk dilute solutions.
This suggests that compared with the pure pore-structure
effect, the surface charge effect dominates and retards

chloride diffusion in these dense pastes.

It can be seen from table 5.3 that the ratio of the oxygen

diffusivity in the 0.35 w/c OPC paste to that in the 0.50

w/c OPC paste 1is 1.3, whereas the ratio of the
corresponding chloride diffusivities 1is much higher,
approximately S. If the oxygen diffusivities are

considered to represent the pure pore-structure effect,
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the denser pore structure in the 0.35 paste enables the
surface charge to play a greater role 1in decreasing

chloride diffusion rates.

Although the pore structure of the 0.65 w/c OPC paste can
be expected to be much coarser than those of the O0OPC
pastes of w/c ratios 0.5 and 0.35, the surface charge in
the ©0.65 w/c paste appears to be able to decrease the
relative diffusion rates of the quaternary ammonium ions
smaller than (C5H11)4N+, as indicated by the increase of
the diffusibility with the increase of the ionic radius
from 4.9 to 5.3 A. The surface charge in relatively coarse
pastes can also play a certain part in affecting ionic
diffusion rate. This 1is consistent with the results
obtained from oxygen diffusion experiments. Tables 5.3 and
5.4 show that the oxygen to chloride diffusivity ratios
for the O0OPC and OPC/20PFAY% pastes of w/c ratio 0.6 are
about 1.7 and 3.2 respectively. It may thus be expected
that the ratio would decrease if the w/c ratio is
increased further to be above 0.6, as a result of the
decrease of the surface charge effect on chloride

diffusion.

7.1.3 Description of ionic diffusion processes

in hydrated cement pastes

The work presented in chapter & is mainly focused on the
characterization of concentration profiles in terms of

Fick's laws and of the ionic binding behaviours. Diffusion
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of sodium, potassium, chloride and hydroxyl ions have been

studied.

Sodium and potassium were found to diffuse in mature OPC
pastes according to Fick’'s laws. By comparing with the
ionic diffusion behaviours in mixed dilute electrolytes,
they were considered to be able to dominate the overall
diffusion rates and to affect the diffusion kinetics of

the anions.

Chloride was also shown to diffuse according to Fick’'s
first law. By wusing Langmuir‘s adsorption theory to
approximate the bound chloride contents in relation to the
free chloride, the concentration profiles of free chloride
can be characterized based on the mass balance equation
6.1. Furthermore, Fick’'s second law with an appropriate
effective diffusivity was found to interpolate the free

chloride profile very well.

The approaches to treat hydroxyl diffusion as being
independent of the presence of the other ions were found
to be inadequate in characterizing the hydroxyl profile.
However, it has been shown in chapter & that the diffusion
behaviour of hydroxyl ion in the OPC paste appears to be
associated with certain characéeristics of its diffusion
in mixed electrolytes. Further work is needed to clarify
the extent to which diffusion of sodium and potassium can
aftfect the diffusion of chloride and hydroxyl ions,

because the latter has much importance in affecting
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aspects of concrete durability such as reinforcement

corrosion.

7.2 Recommendations for Further Work

It has been suggested in chapters 1 and S that both the
pore structure and the viscosity of the pore solution can
aftfect diffusion rates, and the two types of effect can be
separated to some degree by determining the activation
energies of oxygen diffusion. Work can be carried out to
determine the oxygen diffusivities by varying the
temperature, w/c ratio and type of binder. The difference
between the viscosities of the pore solutions of different
pastes can be qualitatively evaluated from the activation
energies for oxygen diffusion. This could vyield better
understanding of the differences in the pore structures of

different pastes.

It can be seen from the experimental studies carried out

(175080 that compared

in this work and by other workers
with diffusion of oxygen, ionic diffusion 1is retarded,
whereas compared with diffusion of anions, diffusion of
cations is retarded. The difference in diffusion
behaviours between cations and anions is probably
associated with the effect of surface charge. Compared
with certain anions, cations may have more frequent
collisions with the pore walls. Furthermore, because of

the negative surface charge in micro and gel pores, cation

distributions may be more compressed near the pore
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surfaces than those of certain anions, so they tend to
have lower activity or diffusivity, which has been
speculated in chapter 4. However, it was impossible to
show 1in this work the exact nature of the causes for the
slower cation diffusion. Further work is needed far the
elucidation of the difference in diffusion behaviours

between cations and anions.

It has been shown in chapter & that the electrostatic
interactions between the diffusing ions may exist and
affect the overall ionic diffusion kinetics in hydrated
cement pastes. Although the quantitative nature of the
interactions may be very different from what can be seen
from the Nernst-Planck equation 1.2 for the transport in
dilute bulk solutions, it is possible to obtain some
qualitative information about the interactions using the
approaches involving computer—-modelling of non-steady
state diffusion. This may be important with regard to the
possibility that the diffusivities obtained from the
concentration profiles in a particular diffusion system
are determined by many factors such as initial and surface
concentrations. A certain value of diffusivity camn give an
accurate prediction of the .diffusion process in a
particular concrete structure, whereas it may not for

other systems.

Chloride-binding can affect diffusion of hydroxyl and

chloride. Further work can be carried out to study the
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factors that determine bound chloride contents. The
effects of hydroxyl and free chloride concentrations on
bound chloride can be examined. These factors can be
studied through experimental determinations of the
chloride, hydroxyl and sulphate profiles in a non-steady
state diffusion. Some other theories of adsorption,
besides the Langmuir isotherm, may be considered to

quantify the bound chloride contents more precisely.

Diffusion in hydrated blended cement pastes may be quite
different from that in OPC paste. Sodium and potassium
have been shown to have much lower values of diffusivity
; (21,22) .
than chloride for PFA and BFS blended pastes . It is
possible that the cation can dominate the diffusion of
anions, which may complicate the prediction of chloride
penetration into certain concrete structures. Diffusion in

blended cement pastes can thus be studied in further work

using the approaches described in chapter 6.
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Appendix 1

Intrinsic diffusivities of quaternary

ammonium ions (x10

10 72

cm /sec)

paste N(C2H5)4+ N(CzH7) 4" N(C4H9)4+ N(C5H11)4+
0.35 w/c 28.0 6.40 0.47
OPC 30.0 5.10 1.60
21.8 1.49
0.S50 w/c 217 20.4 19.6 0.89
oPC 14.2 257 5.1 0.98
29.7 9.6 13.9 O B
317 15.9 6.6 0.89
0.65 w/c 991 450 395 536
oPC 790 488 217 459
763 340 302 400
0.35 w/c 3.60 3.0S 0.77
OPC/40%PFA 9.00 2.59% 0.81
1.63 0.48
0.50 w/c 8.82 10.7 2.60 5:.07
OPC/40%PFA 22.5 7.25 4.06 1.95
12.7 S5.67 8.80 1.26
0.65 w/c 420 435 303 236
OPC/40%PFA | 496 376 337 233
565 384 181 167
0.65 w/c 738 424 353 205
OPC/20%PFA | 702 590 244 219
730 434 292 152
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Appendix 2 Derivation of mass balance equation 6.1

To derive the relationship between the concentration, flux
and ionic binding, the mass balance in a volume wunit of

the bulk cement paste will be considered. This volume unit

is assumed to have a bulk diffusion area of 1 t:m3 and a
length 286x cm, as shown schematically below.
A=1 cm2
Diffusing = Diffusing
into —a out
x
X—8x% X X+8&x distance

The mass balance suggests that the difference in the
quantities of ions diffused into and out of the volume
unit should yield an equivalent change in the quantities
of ions present within the unit. The quantity of ions
diffused into the unit is
Win = Jix,t) — 8SxJ.{x,t) {(mmol/sec)

where J is the flux in mmol per 1 cm2 area of the bulk
cement paste. The quantity of ions diffused out of the
unit is

Wout = Jix,t) + SxJ, (x,t) (mmol/sec)
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The change in the quantity of ions present in the pore

solution of the paste is

Wgolution = 2€8xSg(x,t) (mmol/sec)

The change in the quantity of ions combined into the solid

phase of

where d

solution

The mass

or

Assuming

1 g/cms,

which is

the cement-matrix is
Wgolid = (2€8xd/W)S¢e(x,t) (mmol/sec)
in g/cm3 is the specific density of the pore

in which diffusion occurs.

balancelcan thus be expressed by

Wout = Win = Wgolution * Wsolid

—28xJd (x,t) = 2€8x[Cex,t) + (d/W)S¢(x,t)

that the pore solution has a specific density of
the above equation can be written as

Celxyt) + Spix,t)/W = =Jy(x,t)/€

the same as equation &6.1.
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Appendix 3 Computed concentration profiles of sodium,
potassium, chloride and hydroxyl ions for

the "diffusion—-out” test

x Na® k* c1” OH™ (mM)

(cm) (mM) {mM) {mM) X #
0.000 25.4 9.3 0.3 4.3  131.S
0.175 75.9 24.1 17.0 97.5  163.0
0.350 | 125.8 38.7 33.6 | 140.1  194.1
0.525 | 174.7 53.1 s50.0 | 181.6 224.7
0.700 | 222.1 67 .2 65.9 | 221.6 254.4
0.875 | 267.4 81.0 81.4 | 259.6 283.1
1.050 | 310.4 94.3 | 96.3 | 295.2 310.4

1.225 350.8 107.1 110.4 328.2 336.3
1.400 388.2 119.4 123.8 $oB.4 360.5
1.575 422.6 130.9 136.4 385.7 383.0
1.750 453.8 141.9 148.1 410.0 403.6
1.925 481.8 152.1 159.0 431.3 422.5
2.100 S506.8 161.6 168.9 449.9 439.5
2.275 528.7 170.3 177.9 465.8 454.7
2.450 547.8 178.4 186.0 479.3 468.1
2.625 S564.2 185.7 193.3 490.6 479.9
2.800 578.2 192.3 199.8 499.%9 490.2
2,975 590.0 198.3 205.5 907.5 499.0
3.150 599.9 203.6 210.5 513.6 506.6
3.323 608.0 208.4 214.8 518.5 513.0
3.900 614.6 212.5 218.5 522.3 518.3
3.675 620.0 216.2 221.7 525.2 522.8
3.850 624.3 219.3 224.4 527.35 S526.4
4.025 627.6 222.1 226.6 0929.2 529.4
4,200 630.3 224.4 228.5 530.4 o531.8
4.375 632.3 226.4 230.0 531.4 933.7
4.550 633.9 228.1 231.3 5932.1 5935.2
4.725 635.1 229.6 232.4 532.5 536.4
4.900 636.0 230.8 233.2 5932.9 S537.3
5.075 636.6 231.7 233.9 933.1 538.1
S5.250 &637.1 232.5 234.4 S5933.3 S538.6
5.425 &37.5 233.2 234.8 533.4 3939.0
9.600 &37.7 233.7 235.1 933.5 539.3
S5.775 637.9 234.1 235.4 533.5 539.S5
5.9350 638.0 234.5 235.6 533.6 939.7
6.125 638.1 234.7 235.7 533.6 539.8
6.300 638.1 234.9 235.8 533.6 937.9
6.475 638.2 234.9 235.8 533.6 539.9
6.650 638.2 235.0 235.9 533.6 939.9

X and #: data corresponding to the solid and
dotted lines in figure 6.13 respectively
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chloride ions for the

"diffusion-within"

X: % O X 2 0O

txl

Na'® C1~ (mM) Na*t c1”

(cm) (mM) X # X

0.000 699. 1 403.8 459.0 | 691.6 | 403.8
0.175 812.4 473.5 S16.4 | 626.0 | 329.5
0.350 921.4 s41.6 572.8 | S61.7 | 257.3
0.525 | 1022.0 606.7 627.1 | 500.0 | 189.4
0.700 | 1111.4 667.5 678.7 | 441.9 | 128.6
0.875 | 1187.7 723.2 726.7 | 388.5 78.1
1.050 | 1250.3 773.1  770.5 | 340.2 40.9
1.225 | 1299.7 817.0 B810.0 | 297.a 18.2
1.400 | 1337.1 854.8 844.7 | 260.4 F:1
1.575 | 1364.3 B86.7 B874.9 | 229.0 2.4
1.750 | 1383.4 913.0 900.5 | 202.8 0.8
1.925 | 1396.2 934.4 922.0 | 181.5 0.2
2.100 | 1404.5 951.3 939.6 | 164.5 0.1
2.275 | 1409.7 964.5 953.8 | 151.2 0.0
2.450 | 1412.8 974.6 965.1 | 140.9 0.0
2.625 | 1414.5 982.1 973.9 | 133.3 0.0
2.800 | 1415.5 987.6 980.6 | 127.6
2.975 | 1416.0 991.6 985.6 | 123.6
3.150 | 1416.3 994.4 989.4 | 120.7
3.325 | 1416.4 996.3  992.1 | 118.7
3.500 | 1416.5 997.6 994.0 | 117.3
3.675 | 1416.5 998.5 995.3 | 116.4
3.850 | 1416.5 999.1 996.2 | 115.9
4.025 | 1416.5 999.4 996.9 | 115.5
4.200 | 1416.5 999.7 997.3 | 115.3
3.375 | 1416.5 999.8 997.5 | 115.1
4.550 | 1816.5 999.9 997.7 | 11S5.0
4.725 | 1416.5 999.9 997.8 | 115.0
4.900 | 1416.5 | 1000.0 997.9 | 11S.0
5.075 | 1816.5 | 1000.0 997.9 | 114.9
5.250 | 1416.5 | 1000.0 998.0 | 114.9
5.425 | 1416.5 | 1000.0 998.0 | 114.9
5.600 | 1416.5 | 1000.0 998.0 | 114.9
5.775 | 1416.5 | 1000.0 998.0 | 114.9
5.950 | 1416.5 | 1000.0 998.0 | 114.9
6.125 | 1416.5 | 1000.0 998.0 | 114.9
6.300 | 1816.5 | 1000.0 998.0 | 114.9
6.475 | 1816.5 | 1000.0 998.0 | 114.9
6.650 | 1416.5 | 1000.0 998.0 | 114.9

¥ and #: data corresponding to the solid and
dotted lines in figure 6.11 respectively
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test



S(a).

Appendix S5 Computed concentration profiles for

Sodium,

according to the model

the "NaCl-ingress"

potassium,

test

chloride and hydroxyl profiles

Na+

-+

oH~

X K C1~ (mM)

(cm) (mM) (mM) (mM) X 4
0.000 | 1000 100 100 1000.0  1000.0
0.175 915 144 107 918.6 910.5
0.350 831 122 115 837.6 822.2
0.525 749 132 124 757.5 736.0
0.700 671 143 135 &78.7 653.0
0.875 597 153 149 601.6 574 .1
1.050 529 163 165 526.9 500. 1
1.225 466 172 183 455.0 431 .4
1.400 409 181 204 386.6 368.6
1.575 359 190 226 322.3 311.8
1.750 315 197 250 262.7 261.1
1.925 277 205 273 208.6 216.3
2.100 244 211 295 160.7 177.4
2.275 2L 218 315 119.6 144.0
2.450 195 223 Ix2 B85.7 115.6
2.625 176 228 345 59.0 91.8
2.800 162 233 355 39.0 2214
2.975 150 237 3562 24.8 56.1
3.150 141 240 366 15.3 43.1
3.325 134 243 368 9.1 32.7
3.500 129 246 370 5.2 24.6
3.675 125 248 370 2.9 18.3
3.850 122 250 371 1.6 13.4
4,025 120 252 371 0.9 9.7
4.200 118 254 371 0.5 7.0
4,375 117 255 372 0.2 5.0
4,550 116 256 372 0.1 3.5
4,725 116 257 373 0.1 2.4
4,900 116 257 373 0.0 1.7
5.075 115 258 373 0.0 1.1
5.250 115 258 374 0.0 0.7
5.425 115 259 374 0.0 0.5
5.600 115 259 374 0.0 0.3
5.775 115 259 374 0.0 0.2
5.950 115 259 374 0.0 0.2
5.125 115 259 375 0.0 0.1
6.300 115 260 375 0.0 0.1
5.875 115 260 375 0.0 0.0
6.650 11S 260 375 0.0 0.0

¥ and #: data corresponding to the solid and
dotted lines in_ figure 6.10 respectively
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S{b) Sodium, chloride and hydroxyl profiles calculated

by the Nernst-Planck equation.

X Na® Cc1” OH X Na®  c1T oW

(cm) (mM)  (mM) (mM) (em) (mM)  (mM)  (mM)
0.000 | 10BO 1000 80 0.175 | 1006 907 99
0.350 933 816 117 0.525 862 728 134
0.700 794 643 151 0.875 730 563 167
1.050 671 489 183 1.225 618 419 198
1.400 570 356 214 .57 527 298 229
1.750 491 247 244 1.925 460 200 260
2.100 435 160 275 2.275 415 124 290
2.450 399 94 305 2.625 388 70 318
2.800 380 50 331 2.975 37 34 341
3.150 372 23 349 3.325 371 15 356
3.500 371 9 361 3.675 371 & 365
3.850 5 3 368 4,025 372 2 370
4,200 373 1 372 4,375 373 1 373
4,550 374 o 373 4,729 374 0 374
4.900 374 0 374 5.075 375 o 375
5.250 375 0 375 5.425 375 0 375
5.600 375 0 375 5.775 375 o 375
5.950 375 0 375 6.125 375 0 375
&.300 375 0 375 6.475 375 0 375
6.650 375 0 375
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Appendix & Estimation of the diffusion area (€) from
evaporable and non—-evaporable water contents
According to Pawers(45), one gramme dry cement may be
assumed to produce the following volume components after
hydration:
1. Original volume of the cement, i.e. the specific
volume of cement, which is 0.32 cm3/g for a typical 0OPC
cement.
2. Expanded spaces of the solid phase beyond the
original volume of cement due to the hydration, which
was assumed to be 0.B2Wn by Powers.
3. Spaces occupied by the evaporable water (W°) when the
paste 1is fully saturated with water. The evaporable
water was assumed by Powers to have a specific volume
0.99 cmsfg.
If diffusion occurs through the evaporable water phase,
the volume fraction of the pore solution, €, is:

€ = 0.99We/(0.32 + 0.82Wn + 0.99W®)

The specimens used for "diffusion—-out" test had evaporable
and non—-evaporable water contents of 192.64% (Wn) and
35.78% (We or W°) per gramme unhydrated cement respective-
ly. The value of € can be calculated from the above

equation to be 0.42.

The specimens used for the "diffusion—-within" test was not
water-saturated. However, as shown by Powers, the total

water content of a fully water-saturated cement paste is
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approximately 5% bigger than the w/c ratio used during the
mixing. Therefore, the value of € for the specimens can be
roughly estimated to be:

€ = 0.99We/[0.32 + 0.82Wn + 0.992(We+5%)1]

The water contents, Wn and We, were 19.9%4 and 31.6% for
the chloride-rich half specimens respectively, and 20.8%
and 26.46% for the other half specimens respectively. The
volume fractions of the evaporable water, denoted in
chapter & as €y and €5, can be estimated from the above
equation to be 0.37 and 0.33 respectively. The ratio €5/€4
is thus 0.89, which is very close to the wvalue (0.9)

calculated in subsection 6.5.2, chapter 6.
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