Part 5. Calculation of Coulombic corrections and activity coefficientsfor surface species
of sorption phasesin built-in functions of GEM-Selektor code

The GEM approach to surface complexation models, GEM SCM [Kulik, 2000; 2002a,b],
treats the multi-site-surface adsorption generally in the samemdapgether with the solid
solutions, gases, and aqueous electrolyte in the chemical elementabsteiti directly us-
ing the standard molar thermodynamic properties of surface complexes.

1. Sorption phase concept, standard and reference states of surface species

A sorption phaseombinesa mineral sorbent (1) having a prescribegbecific surface area
Ay (MPGY) (2), covered witta monolayer of primary neutral amphoteric surface functional
groups (“surface solvent”) (3), part of which on different surface types (patchespdcts
with aqueous species formisgrface complexes (5).

The standard state of a surface species defines a unique combination of grépeiai€s) in
a way compatible with standard states chosen for minerals, gasessoha¢eit-and aqueous
species. This is possible only if a uniqeserence site density I', value at standard state is
fixed for all mineral-water interfaces, as in the following definition:

The standard state of a surface speciesiswhen 1 mole of it is bound at reference density I',
on all the surface of 1 mole of the sorbent suspended in 1 kg of water-solvent at P,=1 bar and
defined T, in absence of external fields and at zero surface potential $=0.

A proposed valu€ = 2[10° molh? = 12.05 site@m roughly corresponds to the density of
H,O molecules in a surface monolayer, thus representing a realistic maeinsly of
monodentate surface complexes. This choice is practical and is simiaritlusion of 1 kg
(55.5084 mol) of HO solvent into the standard state of aqueous species.

Thereference state of =OH° functional group (“surface solvent”) should occur when all such
groupsare free (non-reacted) and occupy the sorbent surface in a monolayer of reference den-
sity /5, €.9. 1 mol oEOH® groups on a sorbent with reference total surface/yeall, =

5010° m’Ihol™ per 1 kg of HO. The reference state of-¢h surface complex (i.e. reacted

=OH° functional group) then occurs at a hypothetical unimolal concentratioimfamitely

low surface density I, (molii®). These two reference states are reciprocal to the same extent
as those used for the water-solvent and solutes in the aqueous electrolyte phesevety.

Upon the “infinite dilution” of aqueous sorbates, reference states for surfatagaeous
species and solvents are correctly approached. The definitions of standareertecttates
in GEM SCMs are conceptually related to the amphoteric (hydr)oxide surfimesver, a
reasonable choice of elemental stoichiometry of the “surface solvetitdut including the
sorbent stoichiometry part, makes this thermodynamic treatment appticaitker, non-
oxide or non-amphoteric surfaces (i.e. carbonates, sulfides, permanent-dbaege planes
of clay particles or micas), as long as the surface complexation is thougbhtitovithin a
monolayer of the surface-coordinated or physically adsorbed water mslecule

The (solid) sorbent can be either a mineral or a solid solution, with end-memberattéke
usual “pure substance” standard state. The only difference is that theystdlfpiarticulate)
solid having a significant specific surface area, Avill be affected by a surface free energy

term 4G, = 2k, 0, M, A, , whereM,, is the molar mass ang, is the specific Gibbs sur-
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face energy of the pure mineral (end-member) in water. The dimensiadeskf can be
used to describe the effect of shape and size distribution of partighe®flor pores (k< 0).



Thus, the chemical potential of théh sorbent (end-member) is approximated in the GEM
approach as
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whereg; v is the molar apparent Gibbs energy functiom,Btof interesty; is mole quantity,
Xa is total mole amount of the sorption phagés the activity coefficient, and,  is the

asymmetry term (zero in absence of surface species, see below).

2. Surface types (patches), density parameters, and chemical potentials

Now, description of activities and (electro)chemical potentials of thecaulfaund species of
a multi-site-surface sorption phase becomes possible at any state of.iftteegsbe shown
that concentration of a surface species expresseduafaee density (mole) fraction I/,
is invariant to the mole quanti, and specific surface aréa, of the sorbent. Using; / ',
concentration scale, the activityjeth surface species (&=0) can be expressed as:
I X =
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where the ¥’ subscript denotes a “volume” part of theth sorption phase (i.e., the sorbent);
A = 1U(Mqul o) (in mZg™) is the reference specific surface area at standard{stagés the
molar mass of the sorbeng;is a number of moles ¢fth surface species; ang;, is a fraction
of total specific surface arég , assigned t¢-th surface type; thus, several different surface
“patches” (up to six in GEMS code) can be considered on one sagherf( X, INmax) Stands
for asurface activity term (SAT) - a special “concentration correction” term that replaces the
balance constraint on the maximum number of surface sites available jidh tfpecies. SAT
may also incorporate the activity coefficients responsible for any nomdigdgnamic (lateral)
interactions between surface species (see below).

The right-hand side of eqn (5-2) connects the surface density fragtibg to molar quanti-
ties of the sorbent and the surface species. It can be derived accordingjzatienes:
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where )(21 defines an expected mole quantity of surface species at reference detiity

surface type omr-th sorbent. As seen from egn (5-3), usage of the “reference specific surface
area’A%, is equivalent to eliminating the molar mass of the sorbent from eqn (5-2). Substi-
tuting egn (5-2) into the definition of electrochemical potentiat,.” + In a + Cg (Cr is the
Coulombic term), one obtains an (electro)chemical potentiaj-tt surface species:
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wherez is the effective formula charge,= 96485 @holtis the Faraday’'s constartt, ; is

an electrostatic potential on t-th surface typeE@t. plane),R= 8.3145 K 'mol* is the uni-
versal gas constant, In(55.5084) converts fronmtb&lity concentration units, in whidf

U,
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is taken, and the asymmetry term is omitted fovityeTheg®r stands for the standard par-
tial molal Gibbs energy function pth surface species at temperatliref interest. The sum
of all terms on the right-hand side of eqn (5-4) thee first one operationally defines activity
of a surface species as a difference of chemidahgials: g = z4 - 1f).

Eqgn (5-4), central in GEM SCM implementations, eams all necessary conversions from the
state of interest to standard/reference statesfuligdeflects the “interfacial’ nature of surface
species. This equation is also helpful in detemngr@quilibrium constants of surface species
from theirG®gg values for usage in the LMA-based speciation élyus.

More precisely, the following approximation of (@i®)chemical potential of a surface species is
used in the GEM-Selektor code:
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where | ;s is a subset of indices of surface speciesh sorption phase, ar@, s is anasym-
metry term common to all surface species:
X
@as =1-—_*- 00 )
’ X, 1+6,
The respective asymmetry term for the sorbentdgaeb-1) is
X
I
' Xow X, 1+6,
Both asymmetry correction terms help obtainingssifde initial approximation and an efficient
numerical convergence of the GEM IPM non-linearimipation algorithm. They tend to zeros

when the specific surface area (and tij)dends to zero. The SAT termdn (forming the ac-

as

where 6,=A M, I (5-6).

(5-7).

tivity coefficient part together with the Coulombgrm %z&” see Section 3) will be de-

A

scribed below (Section 4).

3. Surface complexation models and Coulombic corrections implemented in GEMS

The GEM SCM approach does not use mass balanceaais for total mole amounts of
surface sites, hence, the stoichiometric formufemidace species can include only chemical
elements and charge, similar to formulae of aquepesies or gases [Kulik, 2002a]. An am-
biguity there consists in whether or not to incladems of the solid sorbent in the formulae.

3.1. Stoichiometry and thermodynamic propertiesusface species

Classic 2Ka SCMs — triple layer model (TLM), double layer mb{i2LM), or constant ca-
pacitance model (CCM) — assume that oxide surfaxpeseneutral amphoteric =OH° func-
tional groups which can react with aqueous species via (de)patton, exchange with ani-
ons, or binding of aqueous cations into the owierAner-sphere surface complexes [see
overviews by Stumm, 1992; Litzenkirchen, 2002}this framework, the standard partial mo-
lal properties G°gs H%gs S’208, aNdCpogg) Of a surface complex can be calculated as usaal v



the respective adsorption reaction and its thermaahyc equilibrium constar, if the standard-
state molal properties and the elemental stoichignaoé the=OH® group are provided.

Elemental stoichiometry of treOH° species viewed as “surface solvent” must contaiteny
with an ambiguity whether to include the sorbeontat or not (e.g., [TiQ]OH® versus OF).

In GEM SCMs, the sorbent atoms are excluded, wihiakes the standard partial molal prop-
erties of surface species comparable between eéiffesurfaces and minerals, as well as con-
sistent with that of aqueous sorbates, solids aség) Such “definite elemental stoichiome-
try” of (monodentate) surface species will be deatgd with ‘>’ symbol, which simply

shows that the species belongs to the surfacesoiffdion phase; the* symbol will be re-
tained for the “generic” LMA surface-bound speciBise G sH° formula provides the sim-
plest stoichiometry of the >QH° functional group [Kulik, 2000; 2002a,b]:

0.5H:04g = >Co.gH° ; Kn (5-8).
q

From the value 08>0 sH°) = -128.548 kifnhol™ (in molal scale), it follows thakG®, s
=-9.957 klhol™, and lodk, = 1.74436 at any temperature. TwogxB°species can be
viewed as one ¥D molecule kept at two primary sites of referefgelensityon any solid
(hydr)oxide surface. Further, the first and secdegrotonation reactions

>OpsHy" =>QsH + H'aq;  Kas (5-9)

>0psH’ =>Qys +H'aq ;. Kaz (5-10)
describe the pristine surface proton charge mademsurface species: a “surface proton”
Oo.sH2"and a ,surface hydroxyl* (6%). Values oK andKa, can be found from values of

G°(>0p.sH2") andG°(>0y 5) directly fitted in GEM modelling against the pot®metric titra-
tion data (also at different temperatures). Altéusdy, these equilibrium constants can be

obtained by converting the LMA-fitted intrinsic $ace deprotonation constarks; and
K& at known site density paramefer using an approximate formula:

logK; = logK, +signlog(Tc/ ) (5-11),

wheresign = - for reactions like (5-9) with the 3@H° species on the right side, asgn = +
for reactions like (5-10). Such a conversion, hosveis not necessary for any reaction be-
tween two (monodentate) surface complexes no imvglthe “surface solvent” species
>0p5H° . For instance, summation of reactions (5-9) &ilQ) results in another reaction

>0psHy" =>Qps + 2H g, lodKa12=logKa1 + l0gKaz = -2pHepzc (5-12).

This reaction determines a measurable propertyioéral-water interfaces — the pH of pris-
tine point of zero charge — and, as expectedgitdibrium constant is independent of the site
density parameter. For that reason, reactions asi¢h-12) are used in theKLgurface com-
plexation models [cf. Lutzenkirchen, 2002]. Conyreo that, subtracting reaction (5-10) from
(5-9) produces another parameiik s

>0 sHy" + >y s = 2> sH°, lodKaa = l0gKa1 - l0gKA2 = ApKa (5-13),
which determines the strength of both constnisandKa, in 2pK SCM. The intrinsic
ApK Y parameter depends on the chosen site density pndige

ApKa = ApKT' - 2 log(c/ T°) (5-14).

Clearly, the pristine surface acidity can be désadiin LMA SCMs using two parameters:
either ;a1 and Ka or pHepzc andApKa, because they can be inter-converted as shown
above. However, in GEM SCMs, both ways are esdnéiquivalent (and are also similar to



1pK SCMs) because only elemental stoichiometries antigp molalG® values of surface
complexes are used according to eqn (5-5).

Standard molal properties and stoichiometry oftbgsH° species, as such, imply no specific
features of a particular mineral surface such asng#ry, density, number and charge of the
broken bonds, etc. Rather, theg=8° species should be viewed as a conventional thermod
namic entity needed to connect the standard pantél properties of surface complexes to
that of chemical elements, aqueous ions, mineralggases. This does not imply that chemi-
cal nature of the mineral surface is neglected@iiM SCMs, the chemical specificity is as-
signed to stoichiometries and standard partial hpotgperties of surface complexes and, op-
tionally, to their maximum site densify.x parameters.

Temperature corrections for prtcand pristine surface species up to 30Gre relatively
easy to do using only values of gHs Ka: andKa, at reference temperatufe(25°C) and
one- or three-term extrapolations of reactions)(85-10) and (5-12) [Kulik, 2000]:

logK,, 1 = 1.74436 AS’r = AS’r, = 33.395J K mol®; AH%=0; ACpr=0  (5-15),

DHpmc r = —29.134+ %(pHPPZC’Tr +3.2389+4545InT (5-16),
Tr . — . —_—
|Og KAl,T = ?|Og KAl,T, ; ASOALT =0; ACpAl’T =0 (5-17),
T
l0gK ,,; = 58268+ ?( 109K o —6.477)- 909INT (5-18).

Note that the last equation is misprinted in [Ku2K0O0] and corrected in [Kulik, 2001].
These extrapolations are implemented using Reac@at of GEMS code (details in the
document T-correcti ons- Reac. pdf ). However, it is still difficult to predict tempature
corrections for adsorbed cations and anions bedhesexperimental information on hydro-
thermal adsorption is still very scarce.

Generic adsorbed surface species (inner- and sptesre) Advanced electrostatic SCMs that
use the Stern-Graham EDL concept provide an acdouatsorption of electrolyte ions in-
volved in the formation of proton charge on oxidater interfaces and the influence of elec-
trolyte concentration on surface charge. This isedoy introducing outer-sphere surface
complexes of electrolyte cations and anions, fetance, in TLM for NaCl electrolyte:

>0p.sH,"Cl = >0p sH® + H'aq + Clag loKci (5-19),
>0y sH? + N g = >QusNa" + H'y, lodna (5-20).

Elemental stoichiometries of such outer-sphereasar€omplexes in GEM SCMs will be
Oo.sH-CI° and @ sN&’, respectively, i.e. both species would behavecguals to HCl and
NaOH species in the total mass balance. The writing #&) sNa'" in above reactions indi-
cates that the complex will influence charge dersgiparately on zero EDL plane (sorbent
surface) and (with charge of opposite sign) onbttta plane (at the distance of closest ap-
proach of background electrolyte ions). This creatame implementation difficulties because
the charge used for the Coulombic correction isnooe the same as the formula charge. Such
difficulties prevented so far the GEM implementataf the most advanced “Charge Distribu-
tion” CD MUSIC SCM, where the fractional chargesihtited to different EDL planes can
vary between the like-stoichiometry surface spefdetails in Lutzenkirchen, 2002]. The CD
MUSIC model will likely be implemented in future nggons of GEM-Selektor.




The chemically specific binding of (trace) aquemetal ions M and ligands L to amphoteric
surface groups on hydroxylated surfaces is destmb8CMs via reactions of the following
general form [Sposito, 1984]:

a(=0H°) + pM™ + +gL" + xH" + yOH « (20)aM(OH)H,L > +aH" (5-21),
b(EOH) +qL" +xH" = (E)pHyLq + bOH, (5-22),

whered=pm+ x-a-g -y and{ =x+ b-qgl are valences of the surface complexes formed.
Reaction (5-21) can be interpreted as an exchdirthe proton in theOH° group(s) by a metal
ion or complex, whereas the reaction (5-22) imgiegxchange of the wha#®H° group(s) by

a protonated ligand to form an or b-dentate surface species. In GEM SCMs, the elelinenta
stoichiometries of such species would becomg)@®l,(OH)H,L and H.lq", respectively.
Taking into account egn (5-5), one can see thdéetateness” plays in GEM SCMs no role at
low densities of surface species (i.e. close teregice state) and it should be taken into account
only in SAT (surface activity terms) at high sugdoading.

In advanced electrostatic models (TLM, BSM), aatefspecies can be considerethas -

sphere or outer-sphere, in which cases different Coulombic terms applysimple models

(NEM, DLM, CCM) this distinction plays no role, aadl surface species can be taken as “inner-
sphere”, i.e. located directly on the sorbent s@faero) plane, contributing to the charge den-
sity with their formula charges.

In addition to reactions (5-21) and (5-22), thdae ion exchange (on permanent-charge silox-
ane surfaces of clay minerals) can be consider8€Ms using reactions like

OX-M1™" + M2"8* = (X-)qM2™ + gM1™* (5-23) or
X-M1™ + pM2™* = X-M2 T + M1™ (5-24),
whereq = m2/ml, p = ml/m2, and X- denotes a (negative) permanent-chargingsite. The

corresponding direct binding reactions releaseratops or hydroxyls and can be written in sev-
eral forms:

M™ aq + MX- = (X-)uM™ (5-25),
%n M™ oq+ X- = X-M Y (5-26),
Mwaq = Mwsurface (5-27),
M™ ag + 0H20 surtace™ M™ surtace GH20 (5-28).

The resulting surface species can be treated assphere (the charge contributes to beta-plane)
or inner-sphere (charge is assigned to zero pldepgnding on the electrostatic model of

choice. In GEM SCM implementation, stoichiometrysath surface species is the same as that
of the aqueous counterpart; usage of reaction YS&3ms to be preferable [Kulik, unpublished
report], because no additional mass balance isgadvor X- surface sites; instead, permanent
surface charge density is an input parameter fdr sarface type. In addition, SAT corrections
may apply based on this site density.

3.2. Non-electrostatic model, NEM

Reactions like those shown above apply also fontimeelectrostatic (NEM) surface complexa-
tion model, in which the Coulombic term is simpiyored. If charged surface species are in-
cluded in NEM, their concentrations will be affettey overall chemical equilibrium in the same



way as that of the like-charge aqueous ions thrdluglcommon charge balance and chemical
potentials. Hence, SAT will be the only possiblegtyf non-ideality corrections in GEM NEM,
whereas in electrostatic SCMs, the Coulombic term most cases the strongest non-ideality
correction for charged surface species.

3.3. Calculation of surface charge density

Application of any SCM with Coulombic correctiorejuires that, the surface charge density
is computed on all surface planes on t-th surfgoe &t each GEM iteration. On the zero plane
(the sorbent surface), the net proton charge gasdibund from mole amounssof surface
complexes:

O =0p+[X(>OosH2") - X(>0p5) +X(>OpsHz'L") - X(>0psM™)] /
I (% My A8) (in mol m?) (5-29),

whereop is the input permanent charge density. In TLM, XThand BSM, the charge density
formed by outer-sphere surface complexes is cdkailseparately:

s = [ -l (>0 sH2 L") + mMX(>0psM™)] / (X, My A,&) (5-30).
Note that in the XTLM for surface ion exchange,

Oxo = 0Op+ [ -l D<(>L") +mXEM™)] 1 (X My AB) (inner-sphere) (5-31),

oxp = [ 1 XELY) +mX(EM™)] /7 (X, M,A8) (outer-sphere) (5-32)

because no amphoteric surface groups and relateEtswwomplexes are considered. To cal-
culate surface plane potentials, charge denstiesls be converted from nigi? to Cii™

units multiplying by the Faraday’s constdht 96485 @hol ™. Another conversion - to ex-
press the charge density in Amnits — requires a multiplication by 6.02Z1@.

Note that in GEM-Selektor code, the charge derssitged in SCM calculations below, are
limited to joo| < 0.7 A and fp| < 1.7 A, otherwise the convergence of GEM algorithm
may be destroyed at some first iterations in soystems.

3.4. Triple Layer Model (TLM)

TLM implementation in GEM-Selektor code follows Hsyand Leckie [1987]. In this EDL
model (cf. also Fig.3 in [Litzenkirchen, 2002])e thristine >@sH," and >Q s species and
inner-sphere surface complexes are assumed to 2éro plane (sorbent surface) and electro-
lyte ions approaching the beta plane screen sog)pr@onated > gxH° groups, so surface
charge densities are calculated from eqgns (5-29)%430), respectively. A third, outermost
d-plane is located at the distance of closest @mprof diffuse layer counter-ions that actually
belong to the aqueous phase. Charge density ahphane is calculated from the surface
charge balance condition:

O + 0y + 04=0 (5-33).

Note that in GEM approach, a single charge balanostraint is used for the whole system,
so in the case of an electrostatic model with fusi layer, the sum of total charge amounts
on the d-plane of all surface types on all sorpgbases will be equal to minus total charge in
the agueous phase, i.e. the latter is no moreretesitral:

Qagtot = _Z Z Od.a Xa,v M av Aj,vga,t .
a t



However, this has no effect on the stability of @ous ions because the potential of bulk
aqueous phase is alway$, = 0 by convention.

The charge-potential relationship in the diffusgelas described using the Gouy-Chapman
equation

gy =-2A1 sinl'(Fw%RTj (5-44),

where A= \/2 [10’¢,6,0,RT , | is the effective molal ionic strength (see eqnid-&t i v-

i ty- Coef fs. pdf document)Wy is the relative diffuse-plane potential (\4),= 8.85410"2
C’I'mn? is the dielectric permittivity of vacuungy is the dielectric constant of the medium
in diffuse layer (taken equal to that of water-gait), andpg is the density of medium (taken
equal to that of the bulk aqueous phase, see [\M&gtet al., 1998]) af,P of interest. At am-
bient conditions, 2= 0.1174. At low charge density and potential, éspd4) simplifies to

o, = 251 (W, [Dzombak and Morel, 1990].

The value oMy is obtained from eqgn (5-44) solved in the follogriorm [Damaskin and
Petriy, 1987]:

2
W, =£arcsimf- % J: 2RT ), 1/1+0—0'2 -
r 2AV1) F AR 2AV1

Note that in the GEM-Selektor code, thus calculatddes of thal-plane potential are lim-
ited to -0.4< W4 < +0.4 V to ensure a good convergence of the GEMrikgn.

(5-45).

In TLM, the layer between thplane (outer Helmholtz plane) and {@lane (inner Helm-
holtz plane) is considered as a parallel planeatpaThe linear change of electric potential
between planes is described as

g, =C, (¥, -w,) (5-46),

whereG; is the input outer capacitance density param(€@r?). The relative potentiad g
on thef-plane can now be found from eqgn (5-46) and usekdrCoulombic correction factor

%z&” for the (electro)chemical potential and activifyany outer-sphere surface com-

it atp
plex in eqn (5-5) or (5-4).

Further on, the potential change in the Stern lagéween the beta plane and the sorbent sur-
face is considered in TLM as another parallel pleaygacitor, where

0, =C,(¥, - ¥,) (5-47).

From this equation, containing an input Stern lageer capacitance density parameier
(FIih®) and known charge density on zero plapgeqn 5-29), the relative potential on zero

planeWyis calculated. This potential is applied in the ©oubic correction term—z.¥,, .,
RT ' 7%

for activity and concentration of inner-sphere aoef complexes.

A small modification of the GEM TLM (as well as BSkklative to the original models con-
sists in a possibility to include the density ofrpanent charger (an input parameter) into



calculation of the zero plane charge densityas shown in egn (5-29). Note also that, unlike
LMA TLMs, GEM TLMs always converge well.

3.5. Exchange Triple Layer Model (XTLM)

This is a modification of TLM designed for electiatsc SCM modeling of cation binding to
permanent charge siloxane surfaces of clay mindtalssembles the “modified” TLM of
Robertson and Leckie [1997] in that the outer-sploationic species do not contribute to the
charge density on zero plamg, and are counted in charge density only on tha pleihegy

with their formula charges, as shown in egns (5810 (5-32). The rest of charge-potential
relationships and Coulombic correction factorsaaleulated as in TLM using egns (5-33) to
(5-47). The inner-sphere cations (presumably Cstar) contribute tax charge density

only and thus may compensate to some extent adargebution of permanent charge den-
sity affecting the beta-plane potentials.

Usual NEM treatment of the surface ion exchangelay particles requires quite strong bind-
ing constants (0o 13?) of reactions like (5-25) to (5-28) to ensure fléoccupation of
permanent charge sites at all reasonable pH argbagucation concentrations [Fletcher and
Sposito, 1989]. GEM NEM for surface ion exchangeaddition, requires strong non-ideal
SAT corrections [Kulik et al., 2000], which makemeergence of the GEM algorithm diffi-
cult. All this contradicts the weak, mainly eledtatic binding of cations to siloxane planes,
inferred especially for clays with octahedral clealige smectites. The new GEM XTLM re-
solves this contradiction by letting Coulombic termork directly on “attracting” cations to
the siloxane-water interface at quite moderaterespibere binding constants (ca'2€or
monovalent cations or ¥Bfor divalent cations, reaction 5-27). Although thedel is still
under testing (Kulik 2003, in preparation), it seetim reproduce correctly (without the mass
balance constraint on permanent charge sites}iduge site occupation on smectite inter-
layer/basal planes over wide intervals of pH amdteblyte concentrations when the TLM
capacitance parameters are s&€te 0.2 Fh? andC, = 0.02 Fi2. Further work is needed
to understand why it was necessary to use so sagadicitance parameters.

3.6. Basic Stern Models (BSM and XBSM)

The basic Stern EDL model has one parameter lassthie TLM and thus it becomes in-
creasingly used, especially inKCMs including the MUSIC model of Van Riemsdijkdan
co-workers [see Lutzenkirchen, 2002 for details|BEM, the potentials on both innek
and outer {y) Helmholtz planes are taken equal, which makesdicend capacitance pa-
rameter G obsolete. In the GEM-Selektor implementation, BNbws the formulation by
Christl and Kretzschmar [1999].

Coulombic corrections in BSM are performed as fefoCharge density on the diffuse plane
is calculated from the charge balance condition:
0y=-0p - G (5-48),

where charge densities ando; are obtained on each iteration of GEM algorithimgigqns
(5-29) and (5-30), respectively. In the BSM versionpermanent charge ion exchange
(XBSM), oy andg; are found using egns (5-31) and (5-32).
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The charge-potential relationship on the d-plardescribed by the Gouy-Chapman equation
(5-44) and¥Wy is calculated from eqn (5-45), as in TLM. This ieufiately gives the potential
on the outer Helmholtz plane as

W, = Wy (5-49)

and the Coulombic correction fact%Fr? z,¥,,, for the (electro)chemical potential and activ-

ity of outer-sphere surface complexes on t-th serfgpe ina-th sorption phase (egns 5-5 or
5-4). Further, the zero-plane potential is cal@das

Y, = "% +y, (5-50),
1
whereC; (FIl®) is the input inner capacitance density param@tgis potential is applied in

. . F .
the Coulombic correction terna? z,¥,,, forinner-sphere surface complexes.

Compared to TLM, the BSM usually produces simiit to titration data at somewhat larger
values ofC; parameter but quite the same values of surfacelexation constants. The
XBSM is an experimental version of BSM for permangrmarge ion exchange surfaces, con-
structed similar to XTLM (see above). It appearbadess precise in reproducing the total
density of exchange cations at varying pH and elbdée concentrations (a preliminary con-
clusion).

3.7. Double Layer Model (DLM)

The DLM was probably the most widely used EDL mddehe past, due to an excellent
book by Dzombak and Morel [1990], and due to imm@atations in almost every LMA
speciation modeling code (FITEQL, PHREEQC, MINTEQ#®2.). A main argument in fa-
vor of the DLM is its simplicity. Compared to th& N, the DLM has much less adjustable
parameters: it ignores formation of outer-spheraexes and the background electrolyte
adsorption, as well as the potential drops witlieridand Helmholtz layers. As a conse-
guence, all surface complexes are considered as-fminere, the whole adsorbed charge is
assumed to reside on the sorbent surface, andzerdyplane charge density is calculated in
the DLM:

@ =[X(>0psH2") - x(>Op5) - (I-h-1) X(>HhL("h'l)') +
(Mn-1) XG0 (OH)M ™™D / (X, MyA&)  (inmol if)  (5-51).

From this equation, it becomes clear that eactasarfomplex contributes to the zero plane
charge density with its formula charge. Variouscstometries of cation (M) and ligand (L)
charged and neutral surface complexes can be @edi¢see also eqns 5-21 and 5-22) with O
<h<land 0< n<m, as well as mono- and polydentate ones. The sudane potential is
assumed to be equal to the diffuse layer potential

Wo =Wy (5'52)
with the charge balance condition

J4= -0 (5-53).



11

Values of Wy = Wy are calculated by solving the Gouy-Chapman equd&ied4), (5-45). The

. . F . .
Coulombic correction termﬁ z,¥,,, is then applied to all charged surface complexes.

It is clear that the DLM has no adjustable paramsatethe charge-potential relationship like
TLM or BSM have. In general, the Coulombic correctin DLM is much weaker than that in
TLM and, together with ignored electrolyte adsarptithis would result in much stronger fit-
ted intrinsic surface deprotonation constants (andh smalleApKa values about 2). To
counterbalance these strong constants that ovdiepfee)protonation more than 2 units
away of phbpzg relatively small maximum site density parametatst be used (1.5 to 2.5
nm? or 2.3 nnf as recommended by Dzombak and Morel [1990]), thighassociated SAT
contributions in GEM DLMs.

To describe isotherms for the specific adsorptiometal cations, two- or multi-site DLMs
are often necessary; at least in some cases,aihid be an artifact due to the lack of outer-
sphere complexes in the model formulation. It sedrasthe fitted surface acidity constants
in DLM are always a compromise between the moaepbcity (outer-sphere electrolyte sur-
face species and capacitance parameters are igntrednaximum site density, and the need
to obtain relatively good fits at moderate ionieagth. In a strict sensiéa; andKa, in DLM
are ionic-strength-dependent, and reported intriosnstants seem to be fitted at ca. 0.1 M
ionic strength. To convert the DLM constants foeak” sites from [Dzombak and Morel,
1990] to thermodynamic constants used in the GEMID& conversion factor -log(3.84/20)
= 0.3 pK units must be applied in egn (5-11) ( MBatoApK, in eqn 5-14). FoK™ of the
“strong site” metal surface complexes, the conweersactor about 2K units must be applied.

3.8. Constant Capacitance Model (CCM)

The CCM was among historically the first SCMs (segjgd by Schindler and coworkers in
1968-72), and probably the simplest one after tB&Ncf. Lutzenkirchen, 2002]. In the clas-
sic form, applicable to the systems at constantragial ionic strength of the bulk electrolyte,
all surface complexes are assumed to bind diretthero plane on the sorbent surface. The
EDL is considered as a parallel plane capacitdn w&ro potential at its boundary to the bulk
agueous electrolyte. Thus, the exponential drggoténtial in the diffuse layer is ignored, and
the whole charge-potential relationships reduces to

o, =CW, (5-54),
whereC is the EDL capacitance density input paramet@n @ The surface charge density
O Is calculated using eqn (5-51) analogous to th®Rihd using, in principle, the same kind

of surface species stoichiometry and the same @Guitocorrection factor for charged sur-
face complexes.

The drawback of classic CCM is that it ignores ogfghere adsorption of electrolyte cations
and anions, so the Bp surface deprotonation constants depend on C sadesisity parame-
ters and have all to be re-fitted at different gtdgte concentrations. For that reason, the
GEM-Selektor implementation offers a somewhat niilesable Extended CCM (ECCM),
following Nilsson et al. [1996] (cf. also [Lutzem&hen, 2002]). This CCM can be regarded as
TLM without the potential decay in the diffuse layee. withWy = 0, which makes solving

the Gouy-Chapman equation obsolete. However, tHeNE@llows inclusion of outer-sphere
surface complexes (only anionic in the original elaaf Nilsson, though we do not see any
reason against including there also cationic ospérere complexes). As in the TLM or BSM,



12

the surface charge densities on zero and betagparecalculated using eqns (5-29) and (5-
30). The charge balance condition is

= -0o (5-55).
The potentials¥, andW¥g are obtained as follows:

g
W, =- %2 (5-56),

L|J0 = 0%1 + LIJﬂ (5-57),

where G and G are input capacitance density parametei (F: Typically, they are con-
strained by the “total” capacitance parametgrlfy a relation

}étot - }él * %2 (5'58)

and first, the fitting of acidimetric titration dats performed using the classic CCM (to which
the ECCM reduces when no outer-sphere complexda@ueled) to obtain G andKaz, Kaz.
Next, the outer-sphere surface complexes are aaluttheir intrinsic constants are adjusted
together with the Cand G parameters, within the constant;€onstraint egn (5-58). The
ECCM seems to be flexible enough and applicabtelatively low ionic strength (0.1 or so).

4. Surface Activity Terms (SAT)

In GEM SCMs, the SAT is a non-ideality correctibattreplaces mass balance constraints to
mole amounts of surface sites typically used in LBBMs. SAT in the only “activity coeffi-
cient” of a surface species for the case when BB I$CM is applied to a given surface type.
If electrostatic SCMs are used then the SAT coiwmadhterplays with the Coulombic correc-
tion factors for charged surface complexes, yet $&iains the only non-ideality correction
for neutral surface species.

The reference state of a surface complex — “itdipilow surface density at infinite dilution
of the aqueous sorbate counterpart” (see above)ue simultaneously with the “full
monolayer coverage &t reference state of the “surface solvent” —#@H° functional

group or the adsorbed water molecule on the bohdeatad surfaces (e.g., siloxane planes).
Upon increasing activity of the aqueous sorbatetarpart, still at low concentrations, both
the concentration and the activity of the surfameplex first increase proportionally to the
agueous sorbate concentratitindar adsorption region), displacing the equivalent amount of
=OH° groups or adsorbed,B molecules. When the maximum densifymx is approached
closer, the activities of the sorbate and the sertaomplex both will continue to increase,
while the concentration of surface-bound speciesines limited by the density of available
sites - amaximum possible density of j-th species on t-th surface typg max.

This kind of behavior is described by Langmuir gomilar) isotherm. It can be shown [Kulik,
2002a] that the Langmuir isotherm equation contaifste-saturation correction factor”

6. r
5= —'6 whered, =—"— ,0<4 <1,and; 21 (5-59).

J j.t,max

Note that the fractional surface coverdjes not the same as thermodynamic surface con-
centration™; / I, (egn 5-2). The difference between the surfaceityeparameters, and
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[j,max IS that the former is part of the definition ofredard state of surface species — a con-
ventional constant value, whereas the latter isreeral-surface-specific parameter, which can
be fitted or determined from crystallographic oecposcopic data. This explains why these two
parameters are thermodynamically different (altiougsome cases they may be numerically
equal); why thermodynamic concentration of a swflacund species must be definedvja

but Notr; ; max; @and why the; ; max parameter must go into the (non-thermodynamia)evaf

the site-saturation correction term, callesliface activity term (SAT).

When a sorbate binds to specific sites forming asdentatg-th surface complex and no
other sorbates compete for these sitemnacompetitive SAT function must be applied:

OX S2Xi 0
|nzg“>:{ =2 (5-60),

Inx; - In(/‘(j‘t’L - x].)

wherex i = @t AayXayMal jtmex IS @anexpected maximum mole quantity of j-th surface com-
plex ont-th surface type. The SAT equation (5-60) pernoitagsigrseparate maximum densi -
tiesto reactive sites of different energy on the same surface type without introduction of mass
balance congtraints. Calculated between GEM iterations, Eq. (5-60)regmoduce closely the
shape of Langmuir isotherm with linear part at mweragess; is truncated to unity & <
0.5), bending asymptotically {q;rex at high coverage.

For polydentate surface complexes, it is not yetisar which kind of SAT has to be applied.
The simplest way for a bi-dentate surface com@é® assume that its maximum density is
twice less than the maximum monodentate site demsitl use eqn (5-60) with this “bidentate

maximum densityT® = }é T - Likewise, for 3-dentate specids?, ., = }é e

j,t,max j.t,max* j.t,max

should be used, and so on. Note that, at low enoughnt densitygd < 0.5 in any case, so the
SAT will be 1 for surface complexes of any “denti@ss” on approaching the reference state.
Hence, the dentateness must be accounted forrotilg ISAT correction factors in GEM SCMs.

If several sorbates compete for the same surfgeediyes then thefotal must not exceed the
expected total maximum mole quantity of sites Xq 1L = @t AavXay May It Lmex fOr t-th surface
type, defined using eommon maximum site density parameter I'; | max. Mole quantity of each
competing surface complex is then constrained by

X< xiL Where xi. = XeuL - Z()xk i1 Nan; K #] (5-61),
koI

where x;. is a number of moles of not-yet-consumed “surtamteent”, and, , stands for a set
of non-reacted neutralOH® groups, which need a special form of SAT correc(gee below)
but may be excluded from the GEM model system baxthey do not influence modeled
proton- or ion adsorption curves.cAmpetitive SAT function for monodentate binding follows
from eqns (5-60) and (5-61):

0X: << x, .
IN=( = | =240 (5-62).
nx; =In t,L_Xj)

Eqgn (5-62) is usually applied to outer-sphere sarfaomplexes at relatively high surface cover-
age, or to cations bound to permanent-charge ssfaqy., on clays, expected to compete for the
same sort of surface sites of relatively large maxn total density ;| max, typically between 1

and 22 sitel@m? (1.66 to 36.5umolM?). At the same time, surface complexes compete with
agueous sorbates, as required by the total elehmeats balance in the chemical system and
governed by the respective partial molal apparéivs$energy valueg’r. If bi-, tri-, ... dentate
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surface complexes are involved in competitionsthmle quantitiex must be multiplied by the
respective “dentateness” factors (2, 3, ...) in ég61) and (5-62).

On the other hand, specific inner-sphere bindingetal cations to “strong” sites of rather low
density (< 0.3 sitéBm?) must be taken into account in many systems atterages and low
dissolved metal concentrations. In this case, thepetition may be rather difficult to demon-
strate, so the “individual” SAT corrections (eqe®can be applied to all “strong” surface spe-
cies that can be assigned to the same surfaceltyjgenakes the GEM SCM approach flexible
in describing trace ion adsorption heterogeneitgitM SCMs, though more research and test-
ing is still needed.

SAT for >y sH groups The simplest case of such a SAT correction odtthis t-th mineral
surface patch, due to crystallographic constragats,physically hold the surface functional
groups at a certain maximum density.x # 0. Then, assuming the constant activity of bulk
watera,, = 1, egn (5-3) can be rewritten as:

- . =~ _T
In X = In 55.5084+ In(¢g, , A, M, , X, T;)—In B B = %t - (5-63).

The surface activity terdj, now represents a constant contribution to cherpioigntial or ac-
tivity of the neutral functional group, due to ttenstant inpul; max parameter. In this sense, it
can be compared with egn (5-11) describing the @tnplea change in total site density on activ-
ity and hence equilibrium constant of a surfacepler

The variable part of SAT must reflect how the “aod solvent” is displaced upon formation of
surface complexes. Let

Q. =D %; k#ijn (5-64)

an

stand for a total number of moles of surface cexgs on t-th surface type ofth phase (for
polydentate surface complexgg,should be multiplied by “dentateness”), and

th,max = %,tAy,vMa,vxa,vrt,max - Qa,t (5'65)

be an expected number of moles of functional grdlgisremain non-displaced (non-reacted) on
that surface type at a prescribed valué gf.. Obviously, at the “infinite dilution” of all sor-
bates,Q,: = 0, hence Iixj, = r%t o Of Xn=> Xoumax = @AMy o X Lt max- AS the
progress of adsorption creates more and more swtanplexexQ,; increases, and (as follows
from eqgn 5-64), Iix;, must become more positive to kegp close tQximax . IN the extreme
case, practically all sites will be occupied byface complexes, that i§, = 0, Xinmax=> 0, and
Q. =e A M, X, T thus all non-reacted functional groups will bepthced (for in-

a\v a,v- t,max?
stance, as it is usually assumed iKA®CMs). Such behavior at both limits can be desdrib
using a complete SAT function:

r, _ X

L L (5-66).
l

,max /Ytn, max

Eqgn (5-66) is calculated on iterations of the GEMlalgorithm (with some precautions against
stiff numerical behavior at high coverage of sugfaomplexes). Note that, in practice, there is
neither a need to include the non-reacted fundtignoaip in GEM SCM modeling runs nor use
egn (5-66). Although numerical calculations invotyiegn (5-66) are of theoretical interest only,
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they may yet be helpful in interpretationtd? values fitted in LMA speciation codes, e.g. in
converting them int&gg values to be used in GEM SCMs.

Reciprocitybetween the SAT and the site-type fractignparameters should be taken into
account when modelling non-linear trace metal guigm isotherms with highest distribution
coefficients at lowest surface coverages. One magine two physically different situations
of location of the so-called “strong metal bindsites” on the mineral surface. (i) there is a
small fraction (patch) of the total surface arepydated with “strong” adsorption sites, per-
haps active for several metal cations that wouldpete for these sites. (ii) there are some
“strong” metal binding sites scattered randomlg akry low density over the homogeneous
mineral surface, selective to a given metal catioly. In the GEM approach, the case (i)
would correspond to specifying an additiotzgh surface type having a smajl; parameter
(see egn 5-2) with moderate binding constants fetlahsurface complexes and (perhaps)
competitive SATs. The case (2) would be reproddmeddding “strong” surface complexes
to a single surface type (together e.g. with “wesiitface complexes and (de)protonated OH
groups). At the same time, such a “strong” surfamaplex must have a non-competitive
SAT controlled by an independent, very small maxmsite density parametefma. In this
case, one should expect a very non-ideal behatistrong” surface species at relatively
high total metal loadings, when all “strong” sisg®uld be occupied and either “weak” sur-
face binding or precipitation occurs. The rightickeoof these alternative representations (i)
and (ii) depends on the specific microscopic knolgkeabout the system in question and the
related modeling experience is still to be accuneala

Numerical difficulties with SAT(especially in cases of strong-site or competiéigisorption,
NEM SCMs etc.) are common in GEM SCM applicatiortsey result from a stiff nature of

the Langmuirian correction fact(irgj—e (eqn 5-59) that tends to produce very large pasitiv
I
values when the fractional surface cover@g#osely approaches unity (i.e. all accessible
sites get occupied by surface complex(es). Betwatem iterations, some SATs may become
too large (and mole quantities of respective sgawi# be too suppressed), or too small
(mole quantities overthrown) at the next iteratibhis may eventually destroy convergence
to the minimum or cause infinite oscillations of thon-linear minimization method. Several
checks for this situation are included into thehRpgecision GEM algorithm implementation,
though they did not provide a 100% safe effectlisystems. More work is going on in this
direction. Convergence problems is common for iglly non-ideal systems, also in LMA
methods.

5. Some concluding remarks
Activity of any chemical species can be defined as

RTIng =u- 9}, (5-67),

where the (electro)chemical potentigdepends mainly on the bulk composition of the whol
agueous electrolyte - sorbent system and on theespelemental stoichiometry; in GEM-
Selektor, any4 value can be computed from the species elemeotah®metry and the

“dual solution” elemental chemical potentials. ther words, thermodynamic activity of a
species measures a ratio of its current- to thedatal/ reference-state concentration in its
phase at equilibrium. Conversely, re-arrangemeegaf(5-4) yields
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X
Inx; =Ina, —In=, —In(expCy) +In BB Xy (5-68),
555087A2,

whereCg = %z&” is the Coulombic term. The rightmost term in eqi%8) can be consid-

ered constant if the mole quantity of the sorbgptand its molar mass are fixed. The SAT
term InZ; is the only non-thermodynamic concentration céiwaderm in the case of non-
electrostatic site-binding model (NEM), where trmu©@mbic activity coefficienye = expCr) is
ignored (set to unity). Away of zero-charge pH pdoHrzc), in the electrostatic SCMs, tke
term would affect concentration of any chargedam@fcomplex even at low surface coverage,
where no SAT contribution is expected. At high cages, the SAT I&; > 0 comes into play
only when theCr term is insufficient to suppregsh charged surface complex below the
0.5t max limit, or whenCg enhances concentrations of a surface complex etiangposite
to that of the total surface charge and the paikfti Thus, at a given activiig;, the mole
guantity and concentration of a neutral surfaceperare affected by the SAT term only,
while that of a charged surface species — by itagripetween SAT and Coulombic terms.

Note that botlt; andCr quantities are, actually, physical, non-thermodygecorrection fac-
tors, hence validity of thermodynamic treatmen8GiMs presented here should not depend
on the choice of (non)electrostatic EDL model. 8tad partial molal thermodynamic proper-
ties of surface species of known elemental storolkitoy must not depend on that choice too.
A huge literature exists about the surface charbettavior and the details of the electrostatic
phenomena on oxide surfaces — some yet to be aecbion in SAT and Coulombic terms.

A major weakness of 2 SCMs is that involvement of trOH° (or >0, sH°) species, activ-
ity of which is constant as long as liquid®lis present in the system, makes the LMA-fitted
K™ values highly sensitive to the site density patem@c = 't= I and chosen value of
ApKa . The smaller are these two parameters, the stramgehe SAT increments into LMA
expressions for the reactions like (5-9) or (5-d0higher surface coverages. Conversely, the
largeApKa andl™ ¢ parameters (as usually selected in TLM on the dgpacknd of rather strong
Coulombic correction) favour nearly-unity SAT ratim a very wide interval of surface cov-
erage. Note, that in GEM SCMs, the 38° species does not affect the fits to titration ddta
all and may be dropped from the model system. HeheeGEM SCMs work, in fact, similar
to the 1K LMA SCMs.
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