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Activity Coefficients and Coulombic Correction Factor for Surface
Complexation Modeling

In Hyoung Rhee*

Abstract Surface complexation models employ mass law equations to describe the reaction of surface functional
groups with ions in the solution and also Gouy-Chapman theory to consider the electrostatic cffects in the surface
reactions. In current surface complexation models, however, the coulombic factors used are not wholly consistent with
the Gouy-Chapman model of the surface. This study was to provide the derivalion of the coulombic term usually
employed and then a revised coulombic term completely consistent with Gouy-Chapman Theory. The electrical
potential energy, zFy, in current smface complexation models is not consistent with the Gouy-Chapman theory with the
potential gradient close to the charged surface but with the Donnan model with the uniform potential. Even though the
new coulombic factor yielded lower surface potential, it provided worse fits for acid-basc titration data of the goethite

suspensions.

Key Words : Surface complexation models, Gouy-Chapman theory, Coulombic term, Electrical potential energy,
Donnan model

1. INTRODUCTION usually employed in surface complexation models is

presented, and the nature of its inconsistency with

Surface complexation models employ mass law Gouy-Chapman theory is explained. A revised cou-

equations to describe the reaclion of surface func-  lombic term that is completely consistent with

tional groups with ions in solution [1]. The extent of  Gouy-Chapman theory is then described. Finally, the

specific adsorption of jons on charged surfaces is  curent and revised coulombic factors are compared

influenced by the change on the surface, and this  quantitatively and tested againslt some experimental

effect is represented in surface complxation models data for proton adsorption on goethite, an iron
by including a coulombic comection term in the  oxide.

mass law equations for surface reactions. The elec-

trostatic effects on ion adsorption vary with surface 2. BACKGROUND
change, which is affected by the extent of specific
adsorption. A surface complexation reaction describes the

The Gouy-Chapman theory is usually invoked to  reaction between a [unctional group on the surface
describe the relationship between surface charge and  and an ion near the charged site. For the specific

potential, the latter of which is used in the coulom-  adsorption of Na™ on a permanent surface site (= S7),
bic correction term employed in surface complex-  the chemical reaction can be written by

ation 'mass law equations. In current surf'ace com- = S5 + Naf = =SNa® o
plexation models, however, the coulombic factors

used are not wholly consistent with the Gouy-Chap-  where the subscript s stands for the species present
man model of the interface. close to the surface, i.e., in the diffuse layer but

In this study, derivation of the coulombic term  immediately adjacent for the surface. The corre-
sponding equation of mass action expression is
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where { } represents activity and K.g y, is the
P

intrinsic (thermodynamic) equilibrium constant. Na*
activity in the ‘olution can be substituted for that
close to the surface, with consideration of the energy
required to bring an jon from the bulk solution
through the electrical ficld to the charged surface.
The mass law expression for the equilibrium con-
stant, which varies with surface charge, is given by

{= S,Na’}

int _
ESpNa

(a)

(= S;}{Na"Yexp( -1

where v and F are the surface potential (V) and
Faraday constant (96500 C/mol), respectively. R and
T are the gas constant (8.317 J/mol - K) and the
absolute temperature (K). Rearranging this expres-
sion yields,

{=S,Na’}
{=8,}{Na"}

int

KES Naexp(

F
R"T’) = (3b)
The exponential term is referred to as a “coulombic
correction” factor which indicates the extent of spe-
cific adsorption drough the surface complexation: the
greater the coulombic factor, the greater the amount of
surface species produced. If the activity coefficients
for the two surface species are assumed equal, then

[= SpNao]
[=S, 1Yy, [Na")

Fw) _ (3¢)

int
=S’,Naexp( RT
where [ ] represents molar concentration, and Yy, is
the solution phase activity coefficient for Na', The
equation 3c can also be rearranged to yield the ap-
parent (conditional thermodynamic) equilibrium con-
stant, Kg‘;‘: no to be defined as:

o [=8,Na’]

op F
=S,Na = [= S;]YNH[N‘1+] = KaspNaCXP(“ﬁ)
The mass law equation for the apparent equilibrium
constant is derived based upon Na* ions in the bulk
phase as the reacting entity in the surface complex-
ation reaction, unlike the intrinsic equilibrium con-
stant for which Na* ions close to the charged surface
are considered to be the reactant.
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The coulombic correction factor may be derived
by separating the thermodynamic free energy of sorp-
tion (AG®) into the chemical and electrical parts:

AGO = AG(tjnt + AC"(:'oul (5)

where AGY, is the chemical (“intrinsic™) free energy
term and AGS,. is the variable electrostatic (“cou-
lombic™) free energy. Surface complexation models
use the electrical potential energy as the electrostatic
work, so equation 5 becomes:

AG® = AGY, + AZPy (6)

where Az is the change in the charge of the surface
species due to the sorption reaction. The overall and
chemical free cnergy changes for sorption can be
represented, using apparent and intrinsic equilibrium
constants, as :

AG® = AGY,, = — RT InK™

AGY, = — RT InK™

(7a)
(7b)

To inter-relate two constants, we substitute equation
7a and 7b into equation 6 and rearrange to give

K7 = K‘"‘exp(—A-z—Fl’) 1.8)

RT
The coulombic factor is useful to account for surface
charge effects on surface complexation reactions. The
potential y, which determines the magnitude of the
coulombic correction may be calculated with Gouy-
Chapman theory using the surface charge density.
This study presents a general derivation of the
coulombic correction factors employed in current
surface complexation models and an assessment of
the consistency of these corrections with the molec-
ular theory involved in the models. An evalnation of
the extra free energy for an ion in the diffuse layer
as defined by Gouy-Chapman theory is presented
along with determination of the ion activity and ion
activity coefficient in the diffuse layer.

3. CHEMICAL THERMODYNAMICS
FOR SURFACE REACTION

3.1 Electrochemical Potential
The free energy change of an aqueous system
with change in numbers of moles of the component
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is defined as the chemical potential, m;, of the com-
ponent which represents its escaping tendency from
solution. More specifically, my, is defined by:

dG
“i"ﬁ

)]
where G is the free energy of the system and »; is
the number of moles of the component i. If the
chemical potential of a component y; in a system is
high, it has a large escaping tendency, while if it is
low, the component has a small escaping tendency.
Component i will transport spontaneously from a
region of high Y, o a region of low y, ; this transport
continues until the value of m; is uniform through
the system, that is, until the system is in equilib-
vium. Thus, the free energy change of the system is
zero at equilibrinm (AG = 0).

The chemical potential can be divided into the
“chemical” (uf) and “electrical” (].1{‘—) contributions
to the escaping tendency for a component in a sys-
tem under an electrical potential.

W=+ (10)

The chemical contribution is produced by the chem-
ical environment in which the species exists as a
function of composition at constant temperature and
pressure

W = pf + RTIn(a) = uf + RTIn(m;) + RTIn(y)  (11)

where g; is activity in the given state, i.e., the prod-
uct of molar concentration (nz;) and the activity coef-
ficient (y); RTIn(y) represents the concentration-
dependent part of the free energy of the inieraction
of species { with its environment; P is the standard
chemical potential which reflects the free energy
status of the component at standard conditions (unit
concentration of species i at T=25°C, P=1 atmm,
and yw=0 V).

The electrical contribution to the escaping ten-
dency depends on the electrical condition of the
phase which is manifested by the value of electrical
potential. This is the extra free energy of the system

driven by the electrostatic potential energy (w;)
(12)

E
B =wy

In the presence of an electrical field, the chemical
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potential is usually called “electrochemical poten-
tial”, which is given by

W= W + RTIn(ay) + w, = W/

+ RTIn(my) + RTIn(y;) + w; a3

In common electrochemical cells used for oxidation-
reduction reactions at immersed electrodes, the elec-
trostatic potential energy is assumed to be given by
zFy which is uniform throughout the solution. This
is only an approximation because various physico-
chemical phenomena are ignored, such as the elec-
trostatic interaction between ions and the electrode,
thermal diffusion, and the unequal transfer rate of
ions which results in uneven spatial distribution of
ions.

3.2 Chemical Equilibriumn for Surface Reactions

In an aqueous suspension containing charged sol-
ids, the electrostatic force between the surface
charge and the electrolyte ions creates the diffuse
layer of countercharge at the interfacial region
between the bulk solution and the solid surface. The
spatial distribution of ions in this region is governed
by the Boltzmann law. The molar concentration of
an ion i in the electrical field, m; can be related to
its bulk solution concentration via the Boltzmann
equation

(14

z;F \v)
RT

o
m; =m; exp(—

where z.Fy is the potential energy of ion i in a near-
surface volume element; m, and m{ are the molar
concentrations of ion i at potential v and the bulk
solution, respectively.

The electrical potential energy of an ion f in a vol-
ume element in the diffuse layer varies between zero
at the bulk solution and zFy, at the charged surface.
Thus, when the ion i is transferred from the bulk
solution at w =0 to the diffuse-layer region at s,
integrated work is done to overcome all the local
electrical energies. This work is the extra free
energy which the volume element of an ion | in the
diffuse layer retains. For example, for an Na* jon in
the diffuse layer immediately adjacent to a nega-
tively charged surface, the electrochenrical potential
can be divided into the chemical (RTIn{Na,"}) and
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the electrical contributions (wy,) as follows :

(15a)
(15b)

ey = Ua + RTIN{NaG; } + Wi,
= Wy + RTIn(fy,) + RTIn[Na}] + wy,

where { } and [ ] represent activity and molar con-
centration, respectively; W° denotes the chemical po-
tential at standard chemical condition (1 molar con-
centration at T=25°C, P=1 atm, and w=0V); and
frepresents the activity coefficient close to the sur-
face. In equations 15a and 15b, wy, represents the
total additional free energy added to the system by
the presence of the electrical field.

Thermodynamic equilibrivmm is achieved at zero free
energy change (AG =0) and at equal electrochemi-
cal potential between phases (in this case, between
the bulk solution and the diffuse layer). For the sur-
face reaction for the sorption of Na onto the nega-
tively charged site in Equation 1, the electrochemical
potentials of the surface species are given by

'.I,Esp = M;SP + RTIH{ES,;} + WESP (163)
= l-LOESp -+ RTln[fES;] + WESp (16b)

Hesp Na = H2gp na + RTID{=S Na®} + wegona  (172)
= “-;Sp Ne + RT].H[]%SPNQU] + WESpNa (17b)

The free energy change is the sum of the product of
the chemical potential times the stoichiometric num-
ber of moles of reactants and products as follows :

AG=Zun = M=spive — M=sp — Mg, (1 8a)
0 ] 0
=H=g,NaH=s5,~HNg ¥ W=5,Na—W=5, ~ WNa

ESpNa [E SpNaD]

+ RTln—__"T (180)
fzs;[E Sp]{Na’}
. Was Na=W=s, — Wha
- _RTln[K;”épNaexp( TRT ﬂ
s Nal =S Naa]
+ RTln‘f'ﬂ_—p:‘ (18¢)
fES;[E SP]{Nas}

where exp[—(Uisna — Wasp — Hva)/RT] is defined as
K;'?p ~a » thermodynamic equilibrium constant. The mass
law equation corresponding to Na surface reaction

can thus be given by

int » fESpNa[E SPNaa]
=85 Na = o
T L= 51Na)
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We —Wzg —W
EXP( =S,Na =5, Na (19)

RT

)

The equality of chemical potentials between phases
at equilibrium (i.e., the bulk phase and the diffuse
layer) enables determination of the activity and
activity coefficient for Na* present close to the sur-
face. The chemical potential of Na™ in the bulk solu-
tion can be written as

(202)
(20b)

Mya = Uya + RTIn{Na"}
=y + RTIn(yy,) + RTIn[Na*]

Since Iyva, = Une €quating equations 15a and 20a
gives the activity of Na* close to the surface relative
to the Na* activity in the solution phase

{Na} = {Na@exp@@)

RT @1)

The activity of an ion close to the surface is ex-
pressed with the bulk phase activity and the expo-
nential factor of the energy term. The activity coeffi-
cient for Na' near the charged surface can be
obtained in terms of the activity coefficient for Na™
in the bulk solution by equating 15b and 20b, and
incorporating the Boltzmann equation (equation 14):

WNg _FW)

fNa = YNaexp(— RT

As this expression indicates, the activity coefficient
fe reflects the activity of Ne* in the bulk phase (Yy,)
plus the electrical interactions between the ion and
the charged surface. Thus, fy, represents the modi-
fied mutual interactions among ions in the diffuse
layer due to the electric field.

By substituting equation 21 for equation 19, the
mass law equation for the sorption of Na™ on =S,”
becomes

)

(23)

J=s nal=S5,N a’]
— —exp
o (=S H{Na"}

int _
=Slel

W=5 Na— W=s
(%7

For the surface species on the charged sites, =5,Na”
and =5, the activity coefficients f=g.v, and f=s, may
be considered approximately equal because the elec-
trostatic interactions of these species of fixed loca-
tion will be largely independent of their individual
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charges [2]. Thus, the mass law expression for the
surface reaction is given by

) = 7 Weg v — W=
L AL ( " S”) (24a)
7 [=S,{Na"} RT
[=S,Na’] (Ws S, Na ~ W= S,,)
= — —exp
[= S, 1Yy {Na"? RT
(24b)

Substitution of equation 4 into equation 24b yields

(WE S, N2~ W= s‘,)
RT

int

=K_ 5, NaCXP (25)
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:SPNa
where K=y, is the apparent equilibrium constant
which includes the thermodynamic constant and the
coulombic correction factors.

Chemical thermodynamics demonstrates the need
to consider the electrostatic effects in the surface
reactions, but provides no information as to how the
work done is related to the potential or as to how
the potential varies with the distance perpendicular
to the surface. This relationship can be obtained by
invoking the Gouy-Chapman theory.

4. DETERMINATION OF
ELECTROSTATIC WORK

The electrostatic potential that arises from a charged
surface acts on volume elements within the electro-
Iyte solution adjacent to the surface. At equilibrium,
the balance in forces, i.e., electrostatic force and
(osmotic) pressure gradient, will be achieved in the
volume elements of the electrolyte solution which
lic in equipotential planes parallel to the surface
face. The electrical force per unit volume (F,;) is
given by the multiplication of the solution charge

density (p) with the field strength (2?) :
F. (N/m®) = pE (26)

Since force is the negative gradient of the potential,
the electrical field is also defined as :

@7)

where W is the potential and x is the distance from
the charged site.
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The electrostatic work per unit volume is the
energy required to bring ions from the bulk solution
to the volume element at potential y in the diffuse
layer. The ions in the volume element are not elec-
trically in balance and their net charge is termed the
volume charge density. After the substitution of
equation 27 for equation 26, the integration of the
electrical force over distance yields [3] :

W(I/m®) = [ Fdx = -] pay (28)

This work defines the extra free energy of the sys-
tem due to the presence of the surface potential.
Thus, the free energy of ions in the volume element
due to the electrostatic interaction between ions and
the charged sites in the diffuse layer is given as :

G (1/m’y = -w = [ pdy (29)

GP* is the negative of the work done. Overbeek [4]
and Babcock [5] derived the same equation as equa-
tion 28 with consideration of a hypothetical charg-
ing process. This equation implies that the free
energy depends on the spatial potential drop func-
tion and the ion distibution (i.e., charge density) in
the electrolyte solution. Below, expressions for w
are derived for different molecular models of ion
distributions at the solid/water interface.

Let us consider the potential drops for two molec-
ular models of ion distribution near an infinitely
large flat charged surface : the Donnan-model and
the diffuse layer model, as shown in Figure 1. The
respective potential distribution may be a step func-

¥y Donnan Model

\
\

\

\

\

\

|
Potential]
\\
'
"“‘-~Di.l'[y§.§ Layer Madel
w=0 s

distance from the surface

Figure 1. Variation of electrochemical potential with
distance according to the Donnan model (——) and the
diffuse layer model (- - -).
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tion or an exponential variation, depending on the
ion distribution within the solution which can be
expressed by volume charge density. In the Donnan
model, the ions are evenly distributed (i.e., uniform
charge density) within the Donnan phase which is
considered to have an abrupt interface with the bulk
phase. In the diffuse layer model, the counterions
are considered spread out by thermal diffusion so
that the charge density varies with the distance from
the surface.

The ion distribution near the charged surface can
be expressed by the Boltzmann distribution for Don-
nan model (D) and diffuse layer model (DL). The
molar conceniration (m) at the location of potential
y can be represented by the following equations :

m” = moexp(—%v) (30)
m°t = m”exp(—’%‘—]\y) (31)

where m® is the concentration at zero potential (i.e.,
in the bulk solution).

The volume charge density (p) in the solution can
be written, nsing p = Zzszi’ by :

=¥z Fm =3z, Fm, exp( ;2 W) (32)

DL

p

(33)

Zz,-Fm,- =3z, Fm; exp( L ‘U)
While the charge density is uniform for the Donnan
phase, it is asymptotically decreasing over the dis-
tance from the surface for the diffuse-layer model.
Expressions for the extra free energy of the vol-
ume close to the charged surface, which arises from
the electrostatic interaction between ions and charged
siles, can now be formulated by substimiting equa-
tions 32 and 33 for equation 29. The free energy of
the volume element at yw for each model can be

given by
¢ = f;’ p"dy = p"y = Yz Fym 349
y DL L
_‘"p dy = f"zsz exp( RT) Y
F
- Rszf’L[exp(z‘TT‘i’) -1] (35)
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Note that p?
phase.

Finally, the electrostatic work, w, (i.e., u¥) which
is given by :

is constant throughout the Donnan

E d
w; = 1 (J/mol) = ﬁﬁ'pdw (36)
can be obtained for the two models by differentat-
ing the respective equations 34 and 35 with respect
to the local concentration of ion 7 at y. These differ-
entiations yield

w; = Z;Fyr for Donnan-phase model (37)
= RTTexp(z,FW/RT) ~ 1]
for diffuse-layer model  (38)

The electrostatic work, i.e., the electrical contribu-
tion to the electrochemical potential, is equal to the
commonly-used electrical potential energy (zFy)
only for the Donnan-phase model. For the diffuse
layer, the electrostatic work expressions differ from
z.Fy. The work expended to bring one mole of ion i
to a spatial position where the potential is y should
be calculated based upon the molecular model used
lo describe the potential drop and the volume charge
density in the layer of counterions near a charged
surface.

5. CURRENT ACTIVITY COEFFICIENT
AND COULOMBIC FACTORIN
SURFACE COMPLEXATION MODELS

As mentioned in background section, current sur-
face complexation models adopts zFy as the electri-
cal work to account for the effect of the electrostatic
interaction between ions and the surface. Tt is the
energy needed to transfer the ions through the elec-
trical field near the charged surface. For Na adsorp-
tion on a negative surface, the electrostatic work for
=S, and =S,Na” are — Fy and zero, respectively.
These results are substituted into equations 21 and
25 to give the comresponding expressions for the
activity and the apparent equilibrium constant :

{Nay} = {Na+}exp(_ﬂ’)

RT (39)
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K:psl':Na :n; Naexp( 2\}!) (40) ;a;yer mode] are properly formulated using equation

Using equation 22, the activity coefficient of Na™
close to the surface site is given by :

fNa = YNa

(41)

In the existing surface complexation models, the
generalized equations for ion activity, ion activity
coefficient, coulombic correction factor, and relation-
ship between two binding constants which depend
on the surface charge are given by :

+Iy _ +z _ZMF A4
IM"} = {M }eXP( RT ) (42)
Sy ="1m (43)
Coulombic factor = exp(—AZFW) (44)
RT
AzF
= KI5 oemp( -2 ) (45)

where M is a cation with charge zy; and Az is the
difference in the charge of the product and reactant
surface species in the sorption reaction.

The use of zFy in the current surface complex-
ation models assumes implicitly no potential gradi-
ent close to the charged surface. However, in some
surface complexation models, such as the Diffuse
Layer and Triple-Layer models, Gouy-Chapman the-
ory is invoked to calculate the surface potential from
the calculated surface charge density.

6. CORRECTED ACTIVITY
COEFFICIENT AND COUL.OMBIC
CORRECTION FACTOR FOR
DIFFUSE LAYER SURFACE
COMPLEXATION MODEL

If electrostatic work terms in the free energy
expressions for surface complexation models are
derived based upon the molecular model used to
obtain the charge-potential relationship, the nature
of the activity coefficients and the coulombic correc-
tion term depend on the molecular model. For the
surface reaction in equation I, the electrostatic work
terms for formation of surface species in the diffuse-
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w=gp = RTexp(— Fy//RT) - 1]
=0

(46)
47

WESpNa

As a result of the substitution of these equations into
equations 21, 24a, and 25, the Na* surface activity,
the coulombic factor, and the apparent equilibrium
constant for reaction 1 can be written by :

Fy

{Na;} = {Na"'}exp( [exp(RT) I:D (48)
Coulombic factor = exp(exp(—g—}gT) - 1) (49)
E”S‘; v = K Naexp(exp( 2‘;} 1) (50)

The activity coefficients for Na near the surface can
be obtained by substituting equations 46, and 47 for
the electrostatic work term in equation 22 :

_ Fy
Fre 'yNaexpl:RT+ 1- EXP(RTH

Use of the electrostatic work expression derived from
Gouy-Chapman theory in the diffuse-layer model
yields the following generalized expressions ion
activity and its coefficient close to the surface, cou-
lombic correction factor, and the apparent equilib-
rium constant for the surface complexation reaction :

G}

(M7} = (M Yesp - [exp” RFT“'] 1) e
Tu= 'YMEXP[ RFT\U +1- CXP(ZA;F;W)] (53)

Coulombic factor

-

_ exp(_{exp(z i

ezl o

RT
= exp(—{P7 ~P"}) (55b)
int F rF -
KXY s,M= KZ spMeXP[—{eXP(Z;eTW) - CXP(ZR;}’)}]
(56)

where z, and z, are the charge numbers for the sur-
face species on the product and reactant sides of the
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Table 1. Typical surface reactions and their coulombic factors assuming Donnan model and the diffuse layer model for the

interface
No Reactions Z, Zr *diffuse layer model factor *Donnan raodel factor
1 =FeQ™ + H" = =FeOH" 0 -1 exp[P™' — 1] P!
2 =Fe(Q + Zn* = =FeQZn' 1 -i explP ! — P P’
3 =FeO™ + AI™ = =FeQAI* 2 -1 exp[P' = P p~
4 =FeQOH" + H' = =FeOH; 1 0 exp[1~P] P!
3 =FeOH° + Zn* = =FeQZn" + H" 1 0 exp[1 —P] P
6 =FeOH’+ A = =FeOAl*" + H* 2 0 expll - 2
7 =FeOH] + Cs* = =FeQHCs" + H' 1 1 1 1
8 =FcOHY + Zn** = =FeQZn’ + 2H" 1 1 1 1
9 =FeOH; + AI* = =FeOAI”" + 2H* 2 1 exp[P — P p
10 =S + Na" = =§pNa° 0 -1 expP - 1] p!
11 =85 + N2 + CI" = =8 NaCl” -1 -1 t 1
12 =57 + Mg® ==8,Mg* 1 -1 explP™' = P| P
13 =Sp + Mg™ +CI" = =5;MgCl° 0 -1 exp[P — 1] p!

*P = exp(FY/RT)

surface complexation reactions; P is exp(Fy/RT). At
very low potential (<5 mV), the exponential term
can be expanded (¢"=1+x) such that the double
exponential terms are simplified to be the same cou-
lombic factor as the current surface complexation
model as follows :

Coulombic factor
—z)F
exp(_(zp z,) ‘lf) _ eXP(EAsz)

RT RT 7)
Table 1 gives the coulombic factor for typical surface
reactions at pH-dependent and permanent charsed
sites, for use in surface complexation models that
invoke Gouy-Chapman or Donnan theory to relate
surface charge and potential. Current surface com-
plexation models employ coulombic correction fac-
tors consistent only with the Donnan model of the
interface, even though charge and potential are related
by Gouy-Chapman theory in many current surface
complexation models. This inconsistency arises from
use of 7 Fy to represent electrostatic work in all cases.

7. COMPARISON OF CURRENT AND
REVISED COULOMBIC FACTORS

Comparison of coulombic factors corresponding
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to the Donnan and diffuse layer molecular models is
shown in Figure 2 which covers all the reactions
listed in Table 1. The coulombic factors for the dif-
fuse layer molecular model in the negative potential

———— I
Zp=1,Zr-1 |
.—-—Zp=2, Zr=l
—a—Zp=1, Zr=0
& -Zp=.7r=0 |
Zp=0, Ze=-1|
Zp=1,Zr=-1

- Fp=2, Zr=1

a3
AZ=3

N

LDFe2

-
A
| ¢

Log{coulombic correction term)

.01

007 a07

00l 0.03

-0.03

01
Surface Potential (V)

Figure 2. Comparison of the coulombic correction factors
corresponding to diffuse layer molecular and Donnan
models. The former, exp[—(P% — P™)], is represented as
curves and the latter, PY% %M g shown as the straight
lines for three cases (Zp —Zr=1, 2, and 3). P is exp(Fy/
RT).
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region are strongly dependent on the charge number
of the surface species in the reactant side of surface
complexation reactions, while the coulombic factors
in the positive potential region are related strongly
to the charge number of the product-surface species.
In the negative potential region, the diffuse layer
mode! factors are always less than the Donnan
model factors for counterion adsorption onto nega-
tively charged sites (reactions 1, 10, 13; 2, 12; 3),
but they become greater for the cation sorption onto
the neutral surface species (reactions 4, 5, 6). For
the formation of positively charged surface species
(i.e., z, =positive value) in the positive potential
region, the coulombic factors for the diffuse-layer
model are always greater than those for the corre-
sponding Donnan model regardiess of the charge
number of the reacting surface species. Thus, cation
adsorption on the pH-dependent charge sites such as
alumina or goethite will be predicted to become less
with reducing pH with adoption of the corrected
coulombic correction factor. The different coulombic
factors for reactions with the same Az shown in
Table 1 (e.g., reactions 1, 4, 5, and 9) make intuitive
sense because the electrostatic interaction of an ion
with a surface species may be affected by the abso-
lute charge of the reacting species.

The magnitude of the coulombic factor corre-
sponding to the diffuse layer model suggests calcu-
lated equilibrinm values of the surface potential will
likely vary between 0.1 and —0.1 V. Since the calcu-
lated potential is small for the corrected diffuse
layer model, the contribution of diffuse layer sorp-
tion will be reduced.

Modeling fits for acid-base titration data on goet-
hite suspensions at the three ionic strengths [6] were
worse for the revised (diffuse layer) coulombic cor-
rection factors than for the current (Donnan) ones,
shown in Figure 3. These fits were obtained with the
two-layer (diffuse layer) surface complexation model
(Dzombak and Morel, 1990) implemented with the
two different coulombic terms. The relevant surface
complexation reactions are presented in Table 1
along with the relevant solution reactions. Fitting of
surface complexation constants was performed by
implementing the model in Maple (University of
Waterloo, 1983), using the parameter optimization
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Figure 3. Surface complexation modeling for the titration
data on goethite suspensions with the current (a) and
revised (b) coulombic correction factors.

algorithm. As evident in Figure 2, the calculated
potentials at the solid/water interface in magnitude
were lower with the revised factor (60 mV) than
with the current factor (173 mV) across the range of
data fitted. The lower surface potential calculated
with the revised coulombic terms decreased (he dif-
fuse-layer sorption and the amount of charged sur-
face complexes (i.e., =FeOH", =FeO"). The dominant
surface species was calculated to the neutral species
(=FeOH"). This made the calculated values for
TOTH reduced for the same pH, compared to the
current (Donnan model) coulombic correction.

8. SUMMARY

Current surface complexation models describe the
reaction of surface functional groups with ions in
the solution. Mass law equations are used to
describe these reactions at equilibrinm. The Gouy-
Chapman theory is usually invoked to describe the
relationship between surface charge and potential.
The surface potential is incorporated in a coulombic
correction term thal is included in the mass law
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expressions to account for the variable electrostatic
effects. In current models, however, the coulombic
factor derivations are not wholly consistent with the
Gouy-Chapman mode! of the interface. These deri-
vations use zFy as the electrostatic work to move
an ion into the interfacial region, which is consistent
with an abrupt variation in the surface potential
between the countercharge layer and the bulk solu-
tion (i.e., the Donnan model).

A coulombic factor entirely consistent with Gouy-
Chapman theory was obtained by considering the
work done in transferring the ions under the varying
electrical field, based upon the diffuse layer molec-
ular model. Although it is less convenient to apply
in equilibrium calculations, it accounts for the
charges on the individual surface species that partic-
ipate in surface reactions, as well as their charge dif-
ference. Also, the new coulombic factor generally
yields lower surface potentials, calculated by Gouy-
Chapman theory, which reduces the calculated dif-
fuse-layer sorption. However, it provided worse fits
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for acid-base titration data obtained with application
of the two-layer surface complexation model to
goethite suspensions.
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