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Calculation of ion diffusion coefficient related
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Abstract: This paper applies the Debye-Hiickel-Onsager
electrolyte solution theory to investigate the diffusivity of ions in
concrete pore solutions. First, a model of the diffusion
coefficient associated with the ionic species, solution
concentration and ambient temperature is proposed in the
saturated concrete. Secondly, as an example, the effects of
sodium chloride solution concentration, which are associated
with influencing factors such as the ionic cloud radius,
electrophoresis and relaxation, on the chloride diffusion
coefficient are analyzed. It is found that the diffusion coefficient
decreases with the increase in solution concentration, and the
electrophoresis and ionic cloud radius are two important factors
influencing the ionic diffusivity. Finally, the experiments, in
which the chloride diffusion coefficients in specimens under
different water-cement ratios are measured by the rapid chloride
migration ( RCM) method, are carried out to validate the
effectiveness of the proposed model, and the results indicate that
there is a generally reasonable agreement between the
experimental and the proposed model results.
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he long-term performance and durability of concrete
T structures are strongly influenced by chemical corrosion
due to ion aggression on concrete materials under perma-
nently aqueous or chemically aggressive environments' ™'
For example, when concrete is subjected to external sulfate
attack, the chemical reactions between sulfate ions and alu-
minates in concrete result in the expansion and cracking of
concrete, and cause the deterioration of the material
strength'' . Under permanent chloride environments, the ca-
pacity of concrete members such as beam, column and plate
suffers a gradual loss resulting from a combination of steel
corrosion and concrete cracking!”'. Exposed to long-term
humid or aqueous environmental conditions, concrete mate-
rials undergo the calcium-leaching phenomenon caused by
calcium ion transport in the pore space, which results in the
increase of porosity and the reduction of concrete stiffness
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and strength''. In the above process of concrete deteriora-
tion, the chemically induced deteriorations are generally as-
sociated with the diffusivity of the ions such as sulfate,
chloride and calcium ions in concrete. The ion diffusion co-
efficient in concrete is a significant parameter evaluating the
service life of concrete structures'® .

The electrolyte solution theory offers a promising way to
study the ionic diffusivity in concrete, and it can be used to
establish a model to theoretically obtain the ionic diffusion
coefficient'”. Based on the Debye-Hiickel-Onsager electro-
lyte solution theory, this paper investigates the ionic diffu-
sivity in electrolyte solutions similar to concrete pore solu-
tions, and proposes a model of the concentration dependent
diffusion coefficient in concrete to evaluate the concrete
structure lifetime.

1 Model
1.1 Basic assumption

When concrete structures are permanently exposed to hu-
mid or aqueous environments, the ion transportation in con-
crete is related not only to the ionic species and concentra-
tions in concrete pore solutions but also to the concrete mi-
crostructures such as the porosity, distribution, connectivity
and tortuosity of the pores, and the properties of interface
transition zones (ITZ). Two assumptions for modeling the
ion diffusion coefficient are considered due to the complexi-
ty and randomness of the concrete microstructures. The first
one is that concrete is in a saturated state and its pore solu-
tion is regarded as an electrolyte solution. The second one is
that concrete is an isotropic and homogeneous porous mate-
rial, and the porosity is the main microstructure parameter
that influences the ionic diffusivity.

1.2 Ion activity and conductivity in pore solution

According to the above assumptions, the ionic diffusivity
in aqueous solutions is associated not only with the ionic
molar activity but also with the ionic conductivity. If there
exists an electrolyte E such as chlorate or sulfate in a con-
crete pore solution, the ions including chloride or sulfate
ions are produced by chemical reactions. One mole of an
electrolyte E is dissociated into v* mole cations E* and v~
mole anions £~ (Cl~ or SO42’ ).

E=v E'+v E~, v,z -v.z_ =0 (D)

where E, E°, and E°~ are the electrolyte and the corre-
sponding dissociated cations and anions, respectively; z,
and z _ are the valencies of cations and anions, respectively;
v, and v _ are the stoichiometric coefficients.

Depending on the ionic cloud model of the Debye-Hiickel
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theory, for the concentration c of the electrolyte E in the so-
lution, the approximation of the average molar activity coef-
ficient of ions f, is

2
2.z [ &
8me,e kT 1 +ka

Inf, = (2)
where f, is the average activity coefficient of ions; e is the
elementary charge, e =1.602 x 10°"c; g, is the vacuum
electric permittivity, &, = 8. 854 19 x IO’IZCZ/(J ‘m); &,
is the water relative permittivity, &, =78.54; k is the Boltz-
mann constant, k=1.38066 x 10> J/K; T is the tempera-
ture; a is the ionic radius; k represents the reciprocal of the
ionic cloud radius, and it is given by

K= F (v.Z +v_ 7 )e (3)
g, RT" 77 T

where F is the Faraday constant, F =9. 648 53 x 10*C/mol;
R is the universal gas constant, R =8.314 51 J/(K - mol);
¢ is the solution concentration.

According to the Onsager theory of conductivity, and tak-
ing the electroporetic and relaxation effects on the molar
conductivity of ions in the solution into account, the molar
conductivity A of the electrolyte E solution associated with

the concentration ¢ is™

Ay =AY = (A +B'AY) (v, 2 +v e+

C'(v,7 +v_7)c (4)

where A,, A’ are the molar conductivity of the electrolyte
E solution with the concentration ¢ and an infinitely diluted
solution, respectively; A’, B’ and C' are the parameters re-
lated to the temperature.

oozl v lzDper o (lz.2.)pgeF”
6, (1 + ka) 127e,e,RT(1 +/q)
o V22 peF”
31,

where 7, is the water viscosity, 7, =8.91 x 10 ~* kg/ms.

_ 1 a |z,2_]
P g,6,RT’ 4 |z, ] + ]z_|

where A°, and A° are the limiting equivalent conductivity of
cation and anion.

Generally, concrete structures are subjected to an environ-
ment with a low ion concentration, so the ionic concentra-
tion penetrating into the concrete is diluted. For the diluted
electrolyte solution, there is 1 + ka=1 in Eq. (2), so Eq.
(4) can be simplified as

AL +Al
ERPYVENERPY
(5)

A, =A% = (A" +B"A%)Jc +C'c (6)

where
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Egs. (4) and (6) are used to calculate the molar conduc-
tivity of the electrolyte E dissolving into cations and anions
in the pore water. Considering damage analysis and lifetime
evaluation of the concrete structure subjected to the attack of
ions such as chloride and sulfate ions, the diffusivity of sin-
gle ion in concrete is paid more attention. In order to obtain
the diffusion coefficient of an ion in concrete, its molar con-
ductivity in Egs. (4) and (6) can be simplified as

A=A = (A" +B"A}) e + C"c (7)

where A", B" and C" are the parameters related to the tem-
peratures,

w27 peF’
A" =

Bm — (ﬁ - 1)Z3p€F2
317, B
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In Eqs. (4), (6) and (7), A“""Je, B""" A% Jc and
C"""" ¢ represent the effects of electroporetics, relaxation
and the interactions between them on ion molar conductivity.

1.3 Ionic diffusion coefficient in pore solution

Depending on basic assumptions, the ion penetrates con-
crete through the pore solution which can be regarded as an
electrolyte solution. Considering the effects of the molar ac-
tivity coefficient f,, the ionic diffusion coefficient D_in the

electrolyte E solution with a concentration ¢ is"”

D

(8)

RT
+
( dlnc
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where D_ is the ionic diffusion coefficient in the electrolyte
E solution with a concentration c.
It can be deduced from Egs. (2) and (3) that

alnfi_ ‘Z+Z, ‘82 K
dlnc ~  16me,ekT (1 +ka)’

(9)

Substituting Eq. (9) into Eq. (8), the ion diffusion coeftfi-
cient D_ can be written as

lz,z_ |«

D _
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For the ion solution with the valence z and concentration c,
its diffusion coefficient D_ is
2 2
__ze K A
16me,e.kT (1 + Ka)z) "

D

RT
S:ZZFZ( (11)

In Eq. (11), the reciprocal of the ionic cloud radius k is

2c
&,&,RT

k=2zF

(12)

where c is the molar activity or concentration of the erosive
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ion.
1.4 Ton diffusion coefficient in concrete

The ion diffusion coefficient in concrete is mainly associ-
ated with its porosity according to the assumption. The rela-
tionship between the ionic diffusion coefficient D in concrete
and the porosity ¢ is'"”

(13)

where D is the ionic diffusion coefficient in saturated con-
crete; D, is the ionic diffusion coefficient in the electrolyte
solution corresponding to the pore solution of the concrete,
which can be calculated by Eq. (11); n(¢), as a correction
coefficient reflecting the effect of porosity, and it can be ex-
pressed as''"

n(¢) =0.001 +0.07¢> + H(p —0. 18)0. 18(p —0. 18)*

D =Dn(p)

where H is the Heaviside function, and ¢ is the porosity that
can be determined by'"”

w/c—-0.39h,
=m —_—
¢Emax| S 0,32 )

where f, and w/c are the cement volume fraction and the
water-cement ratio in the concrete, and £ is the hydration

degree of the cement that can be determined by'"”!

h,=1-0.5[(1+1.67¢) " +(1+0.29 1) **]

where ¢ is the hydration time.

2 Analysis of Ion Diffusion Coefficient in Pore
Solution

As an example, the effects of the solution concentration
on the chloride diffusion coefficient in sodium chloride solu-
tions is analyzed. The main parameters of chloride ion CI~
and natrium ion Na* are given'”: the valences 7=z =z"
=1, the limiting equivalent conductivity A’ =7. 635 x 10~
Sm’/mol and /\0+ =5.010 x 10 * Sm’/mol; the radius a =
1.81 x 10 ""m and a, =0.95 x 10 "m; the temperature T
=298 K, and the other parameters related to the analysis are
the same as above.

Fig. 1 presents the effects of the chloride ion concentration
in pore solutions with sodium chloride on its diffusion coef-
ficient at 7 =298 K. It can be seen from Fig. 1 that the
chloride diffusion coefficient is 2. 03 x 10 m’/s in the infi-
nitely diluted solution and it decreases gradually with the in-
crease in the solution concentration. When the chloride con-
centration increases from the infinitely diluted solution to
150 mol/m’, the diffusion coefficients decrease from 2. 03

x107" to 1.18 x 10 and 1.09 x 10 " m’/s according to
the electrolyte solution in Eq. (4) and the single ion solution
in Eq.(7), respectively, and the decrease ratios are
41.87% and 46.3% . When the solution concentration is
comparatively high, the diffusion coefficient decreases slow-
ly. For example, when the solution concentration increases
from 350 to 500 mol/m’, according to Egs. (4) and (5),
the chloride diffusion coefficient decreases from 9.30 x
107", 7.56 x10 " t0 8. 19 x 107", 5.95 x10 ""m’/s, re-
spectively, and the corresponding decrease ratios are
11.94% and 21.30%, respectively, which are obviously

s7h)
— !\.) N
(9] o (9]
1

—_
(=]

D./(10 °m? -

----Infinitely diluted solution
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'''''''' Electrolyte solution with concentration ¢
Single ion solution with concentration ¢

O 1 1 1 1 ]
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Concentration ¢/(mol » m~3)

Ton diffusion coefficient in pore solution

Fig.1 Effects of concentration on chloride diffusion coeffi-
cient

less than the decrease ratio of the preceding 150 mol/m”.

The influences of the concentration of the sodium chloride
solution on the diffusion coefficient are mainly related to the
ionic cloud radius, the electrophoretic effect, the relaxation
effect and the interaction between electrophoresis and relaxa-
tion. Fig.2 presents the change in the chloride diffusion co-
efficient with the sodium chloride solution concentration. It
can be obtained from the figure that the diffusion coefficient
decreases with the increase in the solution concentration;
and compared with the infinitely diluted solution, the elec-
trophoresis, relaxation and their interaction have more obvi-
ous influences on the chloride diffusion coefficient. This is
because the increase of the solution concentration can
strengthen the electrophoresis, relaxation and their interac-
tions and decrease the ionic molar conductivity. In addition,
the higher concentration causes a larger ionic cloud radius.
Both decreasing the conductivity and increasing the ionic
cloud radius result in the decrease of the ionic diffusion co-
efficient, but the conductivity has more obvious effects on
the diffusion coefficient than the ionic cloud radius. For ex-
ample, when the concentration is 500 mol/ m’, the ion dif-
fusion coefficient decreases from 2.03 x 10 °m’/s in an in-
finitely diluted solution to 5.95 x 10 ~"" m*/s in the coeffect
and 1.61 x 10 ° m’/s in only considering the ionic cloud ra-
dius, respectively, and the corresponding decreasing ratios
are 70.69% and 20.68% , respectively.

2.51
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----Infinitely diluted solution

---------- No-omitting coeffect among relaxation,
electrophoretic and both

—— Omitting coeffect among relaxation, electrophoretic
and both (only considering ionic cloud radius)

Fig.2 Effect of ion cloud radius, electrophoresis, and relax-
ation on chloride diffusion coefficient
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3 Experimental Validation
3.1 Materials and specimen

In this experiment, the cement is prepared by commercial
PII 42.5 type “Jinningyang” produced by China Jiangnan
Corporation, whose compositions are given in Tab. 1. The
fine aggregate is a kind of river sand with a maximum parti-
cle size of 2 mm and an apparent density of 2. 64 g/cm’,
and the coarse aggregate is crushed wacke stone with a max-
imum diameter of 10 mm and a cumulate density of 1.6
g/cm’. The mix weight proportions of concrete are shown
in Tab.2 and the initial concentrations of the main ions in
the concrete pore solution are listed in Tab. 3.

The cylinder specimens with 100 mm in diameter and 300
mm in length (100 x300 mm) were cast according to the
concrete mix proportions in Tab. 3, and cured in 20 C wa-
ter. After 20 d, a (50 +2)-mm-thick slice (100 x (50 +
2)mm) was taken from the cylinder specimen center. The
slices were polished until smooth, cleaned and continued the
curing process until the prescribed test period.

Tab.1 Chemical composition content of raw materials %
w(Si0,) w(ALO;) w(CaO) w(MgO) w(SO;) w(Fe,0;)
20. 60 5.03 65. 06 0.55 2.24 4.38

Tab.2 Concrete mix weight proportions of concrete

w/c Cement Water Sand Stone
0.35 1 0.35 0.743 1. 816
0.45 1 0.45 1.107 2.465
0.55 1 0.55 1. 561 3.028
0. 65 1 0. 65 2.073 3.529
Tab.3 Initial concentrations of ions in pore solution mol/m’
w/c Na* K*  Ca®* SO*° OH-  Cl-
0.35 128.4  121.3 1.9 2.0 251.3 0
0.45 107.1  116.5 2.3 1.9 224.5 0
0.55 89.2 113.5 2.6 1.4 201. 8 0
0.65 71.4 108.9 2.7 1.2 183.4 0

3.2 Experimental methods and results

The RCM method was adopted for measuring the chloride
diffusivity in the concrete'"”’, and the experimental configu-
ration and setup are illustrated in Fig. 3. The slice (100 x
50 mm) was enclosed by the rubber sleeve as shown in Fig.
3, and then it was placed on the plastic support in the catho-
Iyte reservoir filled with 12 L of 10 % NaCl solution, and
the anode was put into the rubber sleeve filled with 300 mL
of 0. 3 mol NaOH solution. The cathode and anode were re-
spectively connected to the negative and positive pole of the
power supply with a potential of (30 +0.2) V during the
tests. After the tests, the slices were split axially into two
pieces, and a 0. 1 mol silver nitrate solution was sprayed on
one of the freshly split sections. The chloride penetration
depth was measured by the colorimetric method. Therefore,
the chloride diffusion coefficients can be calculated from the
measured depth. According to the experimental method, the
measured non-steady-state migration diffusion coefficients of
all the specimens at the temperature 298 K are given in
Tab. 4.

Power supply
il:] oo = Il

Voltimeter

0]

= §

Rubber sleeve —
Anolyte
Anode ' Cathode
Specimen All_— Plastic support
Catholyte Plastic box

Fig.3 Experimental setup. (a) Schematic; (b) Test setup

Tab.4 Experimental results of chloride diffusion coefficient

10™""m’/s
Specimens w/c Experiment Average
Cl11, C12, C13 0.35 2.904, 2.840, 3.110  2.951
C21, C22, C23 0.45 4.016, 4.186, 3.905 4.036
C31, C32, C33 0.55 4. 150, 4.489, 5.203 4.614
C41, C42, C43 0. 65 4.879, 4.983, 5.219 5.027

3.3 Comparison

Using Eq. (13), the chloride diffusion coefficient in con-
crete can be calculated to be 3.278 x 10", 4. 125 x10 ™",
4.754 x107", 5.201 x 10 *m’/s corresponding to the wa-
ter-cement ratios 0. 35, 0. 45, 0.55 and 0. 65, respectively.
The comparisons between the calculation and the experimen-
tal results are shown in Fig. 4. In order to evaluate the mod-
el of the ion diffusion coefficient in Eq. (13), the deflection
ratios between the calculation values and the experimental
results of the chloride diffusion coefficient are calculated by
the formula 8, = | D, = D, | /D in which §,, D
and D_, denote the deflection ratios, the experimental and
calculation values of the chloride diffusion coefficients in

exp? exp

£ 6p

Q

g

=70

&EN —— Calculation

© g :

3 3 —O— Experimental

£e

32

£ X

5/

£ 1f

‘B

=]

"5 O 1 1 1 ]
0.3 0.4 0.5 0.6 0.7

‘Water-cement ratio w/¢

Fig.4 Comparisons of calculation and experimental results
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the concrete, respectively. The deflection ratios &, are
11.1%, 2.2%, 3.1% and 3.52% corresponding to the
water-cement ratios 0. 35, 0.45, 0.55 and 0. 65, respec-
tively. It can be obtained from Fig. 4 and the deflection rati-
os that, the calculation results of the chloride diffusion coef-
ficient obtained by Eq. (13) are in agreement with the ex-
perimental results in the concrete.

4 Conclusions

1) Based on the Debye-Hiickel-Onsager theory, a com-
prehensive model for predicting the ion diffusion coefficient
in the saturated concrete is proposed, in which the main pa-
rameters such as ion species, pore solution concentration
and temperature are considered.

2) Based on the supposed model of ion diffusion coeffi-
cients, as an example, the effects of the chloride concentra-
tion in sodium chloride solutions, which are related to the
influencing factors such as the ionic cloud radius, electro-
phoresis, relaxation and interaction between electrophoresis
and relaxation, on the diffusion coefficient are analyzed.
The results show that the chloride diffusion coefficient de-
creases with the increase in the concentration, and the main
influencing factors related to the solution concentration are
the electrophoresis and the ionic cloud radius.

3) Using the RCM method, the chloride diffusion coeffi-
cients in concrete specimens with different water-cement ra-
tios are measured. The chloride diffusion coefficients ob-
tained by the proposed model based on the Debye-Hiickel-
Onsager theory are in agreement with the measured results
by the RCM method.
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