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        CALCULATION  OF  DIFFUSION  COEFFICIENT  OF  ION  IN

MULTICOMPONENT  SOLUTION  FOR  ION  MOVEMENT  IN  CONCRETE

Worapatt Rl']"THICHAUY'i. Takafumi  SUGIYAMA'2  and  Yukikazu TSUJI'3

ABSTRACT:  A method  fbr calculating  the  mutua]  ditl'uslon coetficients  of  an  ion influenced by all other

coexisting  ions in the multicomponcnt  solution  fbr Ion movement  in concrete  {s presented in this paper,
The  method  of  calculation  is based on  the genera]ized forrn of  Fick's first law suggested  by Onsager.
which  is composed  of  the Onsager phenomenological coefficient  and  the thermodynamic  fbrce between

ions that exertcd  by the gradient ofelectrochemical  potential in the solution.  As  a resuLt ofverification  by
comparison  with  the experimental  results by Saito H. et al.. it is shown  that  by using  the  presented method

ofcalculation.  Ihe calculated  leaching amount  of  some  ions exhibited  c]ose  to the experimental  results.

KEYWORDS:  ion migration.  multicomponent  solution.  mutual  difTUsion coetlicient  genera]ized Fick's

first Law. Onsager phenomenelogical coeMcient.  thermodynamic  force. electrochemical  potential

1. ]NTRODUCTION

     Difft]sion is the most  important process ofthe  ion transport in a  porous  media.  for example.  in the

fractured rocks  or  structural  concrete.  It can  be considered  to be the most  important factor causing  the

deterioration ofthe  concrete  structure.  In some  environmental  conditions  for concrete  structure  such  as in

a saline  environment  or  nuclear  waste-disposal  containment  barriers. the durabilit>' of  concrete  structure

must  be significantl.y cencerned.  The  ingtess ofaggressive  ions such  as Cl' and  SOi'. the leaching ofCa2'

or  some  metallic  ions frem portlandite or  calcium  silicate hydrated geL in concretc  pore structure  are  the

main  factors that affect  the durability of  concrete  structures, Therefore. it is necessary  to develop a

calculation  model  for the difflision transport. which  can  be used  for accurate  prediction of  such

phenomenon  in the global state  of  concrete  structure. For the ditilJsion of  ions in concrete.  the

multicomponent  s>,stem  of  the ions in concrete  pore solution  has to be mainly  concerned.  The

concentrations  of  the co-existing  ions such  as Ca!'. Na'. K'. S042'. etc. have the significant  influence on

the mobility  of  each  ion [1]. The researches  of  ion transport  in concrete  concerning  to the co-existing  ions

in the  multicomponent  solution  have been carried  out  b}, Otsuki N, et al. [2], in which.  the flux ofan  ion is
calculated  by the Nernst-Plank Equation. electro-neutralit>' constraint and  Debye-HtickeL theory.

     Thc  purpose of  this research  is to apply  the theorics  of  the ion transport in a multicomponent

solution  t'or calculating  the matrix  of  diffusion coerncients  of  every  lon existing  in the  porc  solution  in
concrete.  This diffUsion coefiic{ent  is designated as Dij or  the mutual  diffUsion coe{licient  ofthe  i,h species

influenccd b.v the conccntration  ofthejth  species.  The calculation  of  this model  is based on  a  generalized

form of  Fick's first law that was  suggested  by Onsager [3]. This genera]izcd tbrm composed  ot' the

Onsager phenomenelogical coetficient  [41 and  the thermodynamic  force between iens exerted  b)' the

gradient of  electrochemical  potential [1], Censequently. from this Di,. the flux andlor  the concentration

profile of  each  ion can  be calculated  from thc generalized Fick's la-', The corrcctness  of  this caLculation

model  for D,., was  vcrilied  by the comparison  with  the experimental  results ot" the leachlng of  some  {ons

(i,e, Na' and  K') fi'om the mortar  exposed  to water  perfbrmed by Saito H. et al. LS].

2. ELECTROLYTEDIFFUSIONPROCESS

     It is welt  known  that in a  electrol>'te diffusion process. the movement  of  an  aqueous  species  wi]1

occur  by the driving forces that created  from the concentration  gradient ofthat  species  itselfand by those
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cation  and  anion.  

'I'he
 wav  in which  the electrical

patential or the electrostatic  force has an  intluence
on

 the electrolvte
 diffUsion is illustrated MUtUal

schematicall.v  in Fig.1, Assumlng that in a  binary tranSPert

electrolyte  solution  composed  of  NaCl. thc faster
Cl' and  thc s]ower  Na' arc constrained  by the

electrostatic  force. to move  at  the  same  rate.  In
addition  to this. by the electro-neutrality  constraint

tflh.e.Setht,W.:gkO.",StIrh",Stt,,I:Spi".t,ati:..ihh2
 
,$.alM,tei.:lffuSiVe

 Fig.1 Electrolyte diffusion

    Because ofthese  electrostatic  requirements.  the flux ofNaC]  is
coeMcienL  i.e, mutual  difl'usion coerncient.  which  is an  average  of  the diffusion
This mutual  diffusion coeMcient  can  be imaginatively considered  as a leash tyin
The faster C]' wiLL be going to accelerate  the sLower  Nal  whi]e  at the same

decelerate the Cl-. keeping it from runn{ng  away.  All o
mutual  di tTusion coctficicnt,

    In the similar  action  tbr a multicomponent  solution  system.

t>,ing onc  cation  and  one  anion.  imagine that th
species  existing  in thc so]ution  system,

characterized  by a
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for system  of  Na'  and  Cl-

       single  diffttsion
coeficient  ofNa'  and  Cl'.

                   g the Na+ and  Cl' together.
                   time, the slower  Na' wi]]

fthis acceleratlng  and  decelerating effect produces a

                                                  instead of  the single  electrostatic  leash

                                   ere  are  a  lot ot'  leashes connected  together  b.y all  charged

                             Ifone ion. e,g.  OHL  Nvhich  is much  morc  mobile  than thc othcrs.  it
can  accelerate  the  movement  of  ions with  opposite  charge.  or decelerate the difft]sion of  ions with  similar

charge.  In some  cases,  it can  even  cause  the  other  ions te move  against  their concentration  gradient.

3. DEVELOPMENTOFTHED[FFUSIONCOEFFICIENTCALCULATIONMODEL

    The difft]sion coethcient  ofa  species  in a multicomponent  solution  can  be ca]culated  by considering

the driving dM'usive flux in the solution.  The forces driving the ditTUsion ot' an  aqueous  species  are

basicall)' originated  from the thermodynamic  fbrce that can  be considered  as the gradient of

electrochemica[  potential (p) [1], Thc electrochcmical  potentiaL. which  composed  of  the chemical  part
(p,h,.) and  the electrical potential (¢) part can  be shown  in the  fpllowing expression.

                               Pj=Plj (chem}+  7i F¢ (1)

    As  mentioned  betbrc, according  to Milier L31 the thermodynamic  forcc on  ien j (X,) is the gradient
ofelectrochemical  porentiaL given by Eq, 2,

,,.e,'x'=npj(,h.m)dr+ zjF kt (2)

    At  this point a  linear relation.  which  relates  the flux of  thc ion i to force exerted  on  the ion j. is
assumed  and  expressed  in Eq. 3.

]i -  - ]$il ij,×,
 -  ]S] ii,(-

    /-1  
･-1eFL](chem}dr-,,Fgiti)

(3)

    In Eq, 3. 1, stands  for the  Onsager phenomenological  transport coedicient  [1.3.4] {hereafter Onsager
eoeMcient)  the significance  of  this coeMcient  on  the transport  in multicomponent  solution  wi]1  be
discussed later,
    The electrical potential gradient ( O¢liix ). which  is not  readily  measurable.  can  be elimlnated  from

Eq. 3 by the electro-neutrality  constraint  in the solution  ( S] z,], . o)-
                                          i.1

    From  this step.  the  p, will  be used  for representing  the yj(,h,.i as  for abbreviation,  By substitution  of
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the flux ¢ quation in Eq. 3 into the electro-neutralit)' censtraint  one  can  derive to Eq, 4,

                                  oa,- jl.i, #. Zklk, Ontx' (4)

                                  
ex
 FSl]Sl]z,ziik,

                                         k.1 1.1

     By substitutien  of  Eq, 4 into the flux equation  of  Eq. 3. the  flux equation  of  ith species  will  become
as  fo1Lowing equatien.

    n-]i

 =Zlij

    j.1

-crUJ+zt1I.lii  #. Zkik' Oa',i
ns nsZZz,z,1,i

k=1 )=1

(5)
dr

     At this step  of  calculation.  determining the Onsager coefficient  (L,). which  is the function of  ien

concentrations  in the  solution  especially  in relatively  dilute solution  l41. is necessarv'.  However.  in the

system  ofporous  media,  the otTLdiagonal  terms ofthis  Onsager coeMci ¢ nt  (li,. i tj)  can  be approximated

to e [3]. In the other  words.  it can  be negligible  compared  to its on-diagonal  term ofOnsager  coefilcient

(1,. i ==j)
 without  signiticant error  [3. 4].

     In addition.  Ibr a  relativel}'  diLute solution.  the on-diagonal  Onsager coeMcient  can  be computed

from the fo11owing equation.

                                      t, .  
D,1
 
,C･
 {6)

     where  DO, stands  tbr the tracer difTUsion coeMcient  in dilute solution ot' ith species.  R  refers to the

gas constant.  equal  to 8,3145 JK'imel'i. T  is the absolute  temperature (K). Consequently. the gradient of
the electrochemical  potential is converted  to the gradient ofconcentration  by the fo11owing equation.

                                    
OFj

 
.
 
C"P]

 
.
 
OC]

 (7)
                                     ox oC} Ox

     The definition ofchemical  potential (th) can  be extended  to the following expression  [3].

                                      pj=p?+RTInC,+RTInv,  (8)

     where  M refers to the mean  activity  coeMcient  of  the j,h species  and  pO, refers to the chemical

potential in the standard  state of  the solution.  which  is a  constant  number.  Therefbre. the foLlo"'ing

equation  can  bc derlved.

                                 ft'il-ra-(ti-+,li:li,) cg)

     Consequently.  the  generatized form of  the Fick's first la-' suggested  by Onsager [3.41 is shown  in

the follow 
'Lng

 expression.

                                         ns aC

                                    
Ji=-;.l],Dij

 a,] 
ao)

     where  Dlj is meant  for the mutual  ditTUsion coeMcient  of  the ith species  in free ]iquid phase

influenced by the concentration  gradient ofthe  j,h species  (VC]), By substitution  all ofexpressions  from

Eq. 6 to Eq. 9 into Eq. 5. and  comparing  with  the  similar  flux term  in Eq. 10. the expression  of  mutual

difi'usion coeencient  can  be derived as  shown  in Eq, 1 l [3].

     wi

 ij.  Y,

Dit =  5i,Dl (1 .olnyalnCi)-i  zpl ci

Sz:DRC,
k.1

,,D?a  + gl2 ,Yt
(11)

here 6 is designated for the Kronecker delta function which  is equal  to 1 ifi ==
 j. but equal  to O if

is the mean  activity  coeMcienr  ofthe  i,h species  and  its derivative respected  to the concentration
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can  be calculated  blf' the Dcb.ve-lIUckcl theory [6] as  shown  in following equation.

                         oC" l," E', 
=

 
-2-302

 
x

 Ci x 2vraOt530.92sX6Zi,vr)2 
(12)

     xvhere  tt, is the ion size  paramcter <nm) of  the  i,h spccics  and  I is the  ionic strcngth  (mo]11) of  the

solution.

     As mentioned  befbre. the definition of  Du is based on  the assumption  that the mutual  movement  of

scparatcd  ions is caused  b.v not  only  the electro-neutrality  constraint.  but also  the electrochemical  potential
gradient occurred  by the ditl'erence between each  ion mobilit>,. Thcreforc. the movement  of' ions can  be
censidered  similar  to that of  uncharged  species.  In general. the matrix  of  mutual  difTbsion coefficients  is
not  symmetric.  i.c. D,) t  Dli,. The diagonal terms (D,i) are generally large compared  to the ofiLdiagonal

terms  (D,. i tj).  By  using  the  initial value  quoted in the nexr  section  as the input parameters. the matrix  of'

D,., in thc unit M2fS  .at Tablel.ExampleofcalculatedmutualdiffusioncoefficientS

aPaAtLC"t]ilcaorSCpotnCneennttrast8Y tl,S: 
at  particutar concentrations  (Dij, xlo`9  mi/s)

composcd  of  7 ions is
sho-'n  in Tlable 1.
     From the value

shown  in TabEe 1. the

positive va]ue  represents

the pulling eff}ict be!s)'een IDI,j =

mutual  movements  of ]ons.

while  the negative  value

represents  thc pushing
effect of  that. In addition.

we  can  see  that the

diagonal term  is higher than the otT:diagonal  terms for every  ion,
     Theretbre. at each  particular concentrations  and  time the matrix  ofdifftLsion  coefiieients  (Di,) can  be
calculated.  In the simulation  of  ion transport in concrete  materials  b.v appl>,ing  these diffusion coeMcients

and  the equation  ot' continuity.  the general tbrm ofFick's  second  la"' can  be written  as fotlowing equation.

                                
OctCi;#.1D,],IOo

2

xC2]
 (13)

     where  D,,.i designates the  intrinsic mutual  diffUsion coethcient  in the  pore so]ution  ofconcrete.

     For a genera] porous media.  it is easier  to determine the  term  of  difTUsion coefficient  in the  terms  of

the average  flux per unit area  of  the mediurn  (rather than the liquid) leading the definition of  intrinsic
difTbsion coet}icient.  The intrinsic mutual  ditTUsion cocfficient  of  concrete  porosit}, e and  tortuosity T can

be fbrmulated by the fo1lowing expression  [7],

                                      Disi =gDjj  (14)
                                            T

ERS )+Ca uMg'[EE]R] T.SO,b[l!][iEl

Ca]'O.791-O.OO09-O.OO08O.OO12O.OO13O.OO13O.O030
'Mgi,･ee.7o6e

a ff oll.o.
+Na-O.170-O,1521,12-O.198O,223O.219O,511

K"-e.231,4.2D6n.lg4･l.S7o,3e3e.297O.694
7.SO,"O,04I9O.0374O.0333O,0486O,98]O.0537-O.]26

el'･e,･e e o.･o 2,e3.o.o

OH'1,10O,977o,a721.27-1,43-1.411,46

4. YERIFICATION  OF  THE
   CALCULATION  MODEL

     ln the present research.  the

correctness  of  the calculation  model

for the D, of'  the ions in
multicomponent  so]ution  {'or

prediction the transport of  ions in
concrete  is verified  by comparing

with  the  experimental  results

performed b>, Saito H. et  al. [51. In

this experiment.  the mortar

specimen  oi' 65%  WfC  with  S cm

diameter and  3 cm  thickness disk

Table 2. The  parameters  for calcu]fttion  ofDij  matrix

[onCConcentrationin
lt u,.IonsizeDO,,Tracerdiffusion

poresolution{molil)parameter{nm)ceefticientm2Is
2+Ca pato.oo] O.60

-Eo
7.92x10

Mg?' e,o e.se ･1.osx.teri-
+Nao,2o3g(ssmg>'

O.40
.9

1,33x10
+.1K.'e,l87fi{86mg) e,3o l.96xle'"
2.S04 -O.033 O.40

.o
1.07x1O

el" e.3o 2,e3xIee

OH' O.326 O.35 5,26xlo'9
'f'The

 number  is referred from C. L. Page et al. [8].
RThe

 value  ca]cu]ated by ]eaching amount  w'hich  sho-n  in parenthesis, [5]
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was  prcpared tbr predicting the  deterioration due to dissolution of  extreme]y  amount  ofcement  hydrate. In
semc  parts ofthis  experimental  work.  the amount  ofNa'  and  K' that leached from the  pore so[utien  of

mortar  exposed  to water  was  investigated -'ith the exposuTe  tirne.

                                             As shown  in Table  2. the  initiai concentrations  of

LstsE-oh.--moLeq

O.2

e.2

Distance from exposure30  mm

-ouEvu=cEesou=t-=uat-ov'ta5E=8<

Fig.2 Porosity change  of  mortar  specimen

      due to disselved Ca(OH)i

1OO

80

60

40

20

o

g'.lE.

    tt

   "ttt.

 /.. .t..1..t
 g,･

       .11..il･,･･l. . 1, . 
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 t/ttt/ttttttttttttttt 
t/t
 t t t t t t /;tttt

･･ t.

 ,''･' v,  
'
 
'N

 a"  {CxL)' - --

       '

di'... 7:.

     Na''{ENp:)

Na' and  K' in the pore solution  are  determined from
the tota] accumulative  amount  of  leaching ions from
the experimcnt  C51. though  those  ofCa2'  and  S042- are

quoted from C.L.Page et al. [8]. and  that  of  OH'  is
determined by the electro-neutrality  constraint.  In
additien.  the other  necessary  parameters such  as  ion
size  parameter (a,) and  the tracer  diffUsion coefficient

(DO,) for the calcutation  of  Du are  also  shown  {n this
tab]e.

     Therefore. the  matrix  ef  difTUsion coefficient

(D,P of  every  ion can  be established  according  to the

concentration  at each  time  step  and  position. In the
calculation  of  the  concentration  profi]e or  the  leach{ng
amount  of  ions. the dissolution of  Ca2' from pere
         structure  of  mertar  did not  taken into
                for However. from

.. .- .).ISS
 mg

oE-o"V

 4,Og=g

 3.og=L'

 2.0ve.ge

 1.0'ksi

 o.o8<

o]oo200  300  400  SOO

Exposure  time  (days)6007eo

Fig.3 Calcutated and  experimental  resu)ts  for leaching

   amount  of  ions from mQrtar  exposed  to water

-A
 s.o

    O 100  200  300  400  500  600

              Exposure  time  (days)

Fig.4 CaLculated leaching amount  in mol  unit

700

account present study.
the  experimen!al  result.  the dissolution of

Ca(OH)i can  approximate]y  account  for the
increased porosity by 10%  in period ot' 2

years. The  change  of  porosity for this

calculation.  which  based on  the

experimental  result. is shown  in Fig.2. The

porosity of  cxposure  surface  increased
linearly from O,20 to O,22 after  700 days of
exposure.  with  a constant  at 3 cm  depth.
The  tortuosity  (T) ef  mortar  tbr the

calculatien  efpresent  research  was  assumed

to be constant  and  equal  to 3,O I91.
     In this way  it is assumed  that the

etfect of  dissolving Ca(OH)2 is of  great
significance  with  respect  to the change  of

the physica] characteristics  but little to the

electrochemical  characteristies  for thc

particular test.

     The comparisons  of  the calculated

results  with  the experimenta]  ones  are

shown  in Fig.3. The experimental  results in
this figure are the accumulative  Leaching
amount  ofNa'  and  K'  coLLected  from the
exposure  solution  (water). At the 120 days
of  exposure.  the ]eached ion could  be
collected  to the amount  of39  mg  and  62 mg
for Na" and  K'. respectively.  This number
would  gradually increase with  the exposure

time and  could  be estimated  to the  possibLe
maximum  value  of  5S mg  and  86 mg.

respectively  [51. From  the same  tlgure. the

calculated  results exhibited  preferable
cont'ermity  with  the experimental  results  fbr
Na' and  with  slightly  higher estimatien  for
KJ at 120 days ofexposure,  Nevcrthe]ess. it
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can  be concluded  that the  model  tbr calculation  of  D,, can  provide the appropriate  calculation  of  the ion
transport in cement-based  materia],

     The  ratc  ot'  difflJsion can  be seen  from Fig.4. which  shows  the calculated  accumulative  leaching
amount  ofNa'  and  K'  in mol  unit. From  this figurc. wc  can  see  that in the beginning. the ditl'usion ratc ot'

K' is higher than that  ofNa"  because ofthc  higher tracer ditfi]sion coeMcient  of  K' that contributes  to
higher mutual  ditTusion coctficient  of  it, However. after the exposure  timc being passed. as a resu]t of

rapid  decreasing in the  concentration  of  KL. its mutuaL  difftision coefficients  also  decrease. Theretbre. in
the later part ofexposure  time.  the  rate  ofdiffusion  ofNa'  is slightiy  higher than that ofK'.  In other  words.

evcn  though  Dv of  Na' is lower than that ef  K'. Na' with  higher concentration  than that of  K' shows

higher rate of  diffusion. Consequently. wc  can  state  that not  onl.v  the  tracer  diffiJsion coefiicient.  but also
the concentration  ofthe  ion itselfhas an  influence on  the rate  ofdi  tTusion ofthese  ions.

5. CONCLUSIONS

     From  the  modet  for calculating  the mutua}  difTusion coethcients  of  ions in the multicomponent

solution.  the ion movement  in concrete  ean  be simulated.  By comparison  the calculated  rcsults with  some

experimental  results  we  can  conciude  that:

1. A  new  calculation  modcl  is proposed tbr simulating  the ion transport in cement-bascd  matcria]s,  The

   model  is established  by the generalizcd tbrm ot' Fick's first law. which  composed  of  the Onsager

   phenomcnologicat coctilcient  and  the thermodynamic  force between ions exertcd  by the gradicnt of

   electrochemica]  potential.

2. By  verification  of  thc modcl  with  the experimental  resu]ts. it can  predicr well  the accumulative

   ]eaching amount  ofNa'  and  K' from the mortar  specimen  exposed  to -'ater, Ho"'ever. the modc[  of

   chemical  equilibrium  such  as the'dissolution ofCa2'  or the other  metallic  ions that  occurs  inside the

   pore solution  ofa  cement-based  materia]  has also  to be inc]uded to the  model  for further stud.y,
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