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Abstract

Rahnemaie, R., 2009pn adsorption modeling as a tool to characterize etal
(hydr)oxide behavior in soil, PhD thesis, Wageningen University, The Nethedand
ISBN 90-8504-188-0, 152 pages.

This study aims to provide a better basis for aagilbn of adsorption models for metal
(hydr)oxides to natural multicomponent systems. dkgBon of any ion in the
environment will be potentially influenced by th#eet of other ions present like
calcium, phosphate, carbonate etc. The study stéttisa detailed study of the binding
of ions as outersphere complexes. The CD modebées extended to use the charge
distribution for ions that bind as outersphere atef complex. This indicates that
neither innersphere nor outersphere surface complexe treated as point charges
anymore. The new approach was applied to deschkeadsorption of various
electrolyte ions, phosphate, and carbonate. Batpleranents were performed using
goethite as an adsorbent to determine the adsorpéibavior of electrolyte ions (L
Na, K*, cs?, ca? Mg™ CI*, NOsY), phosphate, and carbonate. The adsorption of
phosphate and carbonate ions was studied in désiog system and their interaction
in a competition system. The charge distributiolugaof innersphere surface
complexes of phosphate and carbonate was calculated the new approach. New is
also the use of quantum chemical calculations tavelehe CD value based on a
calculated geometry of the surface complexes. Talkeulated geometries were
interpreted with the Brown bond-valence model, itesy in a calculated CD of the
surface complex. The calculated CD values were ased constraint in the surface
complexation modeling. The CD model for inner- amditersphere surface
complexation successfully described the adsormtaia of electrolyte ions, phosphate,
and carbonate. For accommodation of adsorbed iathenvihe Stern layer, a Three
Plane (TP) model was used as a framework. For spliere surface complexes, it was
shown that the minimum distance of approach of dibions depends on the finite
size of ions and their degree of hydration, whietedmnine their relative distances to
the surface of minerals. It has been shown thataipacitance of the inner Stern layer
is determined by the minimum distance of approdctin® ion closest to the surface,
while the capacitance of the outer layer is deteetiiby the minimum distance of
approach of the ion furthest away from the surfatedeling of phosphate adsorption
data revealed that phosphate adsorbed mainly &deatate surface complex. At low
pH, protonated species of phosphate are a comtmatfi monodentate and bidentate
surface complexes. The new CD approach shows huespate interacts with sodium
at the mineral surface, which could not be deteaisthg previous approaches.



Carbonate adsorption data were successfully destrising a bidentate surface
complex. This complex interacts with sodium at hagh and high salt level. The new
approach not only predicts the shift in the isoglegoint as a function of phosphate
loading, but also the measured zeta potential isquite good agreement with
predictions based on the assumption that the zd&mial coincides with the potential
of the head end of the DDL. Furthermore, it hasnbgl®own that the parameterized
CD model can be used to determine the effectivetirea surface area of metal
(hydr)oxides and the total reversibly adsorbed phate fraction in soils.
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General Introduction






General Introduction

Soils are complex systems that sustain a very lawgeber of interconnected
chemical reactions. The principal features of sbémical behavior can be understood
based on principles and methods for the descrigiforeactions in aqueous systems,
interaction on surfaces and dissolution/preciptatieactions. The complete set of
chemical reactions, which take place in the solutstn and between species in
solution and solid phases, are quite complicatedll-défined relevant solid phases,
like goethite, can be used to quantify and bettetesstand the interactions between
the solution phase and solid phases. Open systkensdils and sediments are quite
dynamic. This leads to continuous chemical reastiamong ions in solution and at
the interface, such as adsorption, desorption, oldisen, precipitation, and
immobilization.

Phosphorus is an important element for studyingiriteractions at the solid-
solution interface of minerals. The behavior of gplwate can give insight in the
chemistry of mineral surfaces; it is relevant favavailability for organisms, and for
the sustainability of environmental systems. Onfam@s, the chemical reactions
become more complicated the more ions interactsjtiaie and (bi)carbonate are two
anions that are simultaneously present in soilssatdiiments. It is known for quite a
long time that ions like phosphate bind to oxidefaes through a ligand exchange
mechanism (Russell et al., 1974), (Parfitt, 19&Yeaction in which one or more
surface ligands are replaced by one or more ligafgshosphate or carbonate. This
indicates the existence of chemical reactions atstirface and competition between
different ions for these surface functional groups.

The description of chemical reactions in solutiansl on surfaces needs to be
defined in a model. Surface complexation modelsM¥y@re used to describe ion
binding to surfaces. In surface complexation mauglit is assumed that the adsorbing
ion forms a surface complex with the adsorbing, Stmilar to the formation of a
complex in solution. This implies that the surfamemplexation models should take
the surface structure of the mineral into accouniall as the structure of surface
complexes. These models are a big step forward awedpto empirical adsorption
isotherm equations like the Freundlich or Langnmuadels, which simply connect the
solution concentration to the adsorbed amount $.id@he modeling is complicated
by the effect of the surface charge on the conagatr of the ion at the reaction site.
Several kinds of SCM have been used to describenadation of ions at the surface,
I.e. adsorption, and the distribution of the ionsuad the charged surface.

A well-known model in surface complexation modelofgon adsorption is the
CD-MUSIC model (Hiemstra and VanRiemsdijk, 1996).nfajor advantage of this
model is that it intends to use surface species H@ve been determined by
spectroscopy rather than simply describing the dafag a free choice of surface
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complexes. The CD model has been widely used toritbesthe adsorption of those
ions that accumulate at the surface as innersgheface complexes (Geelhoetdal .,
1997), (Geelhoedt al., 1998), (Venemat al., 1996), (Venemat al., 1997), (Rietraet
al., 1999), (Rietraet al., 2001b), (Filiuset al., 1997), (Filius et al., 2000),
(Weerasooriyaet al., 2002), (Weerasooriyet al., 2003), (Tadanier and Eick, 2002),
(Boily et al., 2000), (Hiemstrat al., 2004, Ch 5).

The CD-MUSIC model is used throughout this reseaiehdescribe the
adsorption of phosphate, carbonate, and a seriesectrolyte ions. To take into
account the outersphere surface complexes in thenGiel, a new surface structural
approach has been developed. The new approaclasgegial charge distribution for
innersphere as well as outersphere surface congpléxeas been shown that the new
approach can successfully describe the adsorpfiaareous surface complexes as a
function of pH, ion loading, and salt concentration

The ultimate goal of using the surface complexatiwodel in environmental
sciences is describing the reactions in a very t¢ioatpd system like soil. This is still
very difficult and further developments are reqdir@s a starting point, we used our
model to interpret the extractable amount of phasplirom a soil. The model has
been parameterized based on our findings in plaévely simple systems containing
well-crystallized goethite. For the applicationtbhe@ soil, we used an extensive data set
published by Barrow and Shaw (Barrow and Shaw, kR7@arrow and Shaw,
1976¢), (Barrow and Shaw, 1976a). The results sHoweat the model can
successfully describe the amount of phosphate agttadrom soil with the effective
reactive surface area of oxides as the only adjlestparameter. In fact by this
methodology, one can estimate the effective readiuface area of oxides for a given
soil.

The major aim of this study was to provide a beltasis for application of
adsorption models for metal (hydr)oxides to natunaliliticomponent systems.
Adsorption of any ion in the environment will betpwtially influenced by the effect
of other ions present like calcium, phosphate, @maake, etc. This major aim has
several aspects like illustrating the outersphemmapiexation of common electrolyte
ions in natural systems; studying the interactidniamns currently available in
environmental systems, in particular the adsorptibphosphate, carbonate, calcium,
and magnesium; and using this information in systeuth natural soil materials.

Outline of the thesis

lons have a finite size both in a crystallograpstiticture and when present in
hydrated form in solution. At the solid-solutiortarface of minerals, counter ions are
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adsorbed by a combination of chemical and/or edetdtic interactions. Electrolyte

ions have always been treated as point chargelseirdduble layer structure, when
attempts have been made to model the ion adsorplioa finite size of electrolyte

ions is taken into account by the presence of m3&yer. However, each ion differs
in size leading to differences in the distance loisest approach. A new surface
structural approach is introduceddhapter 2 in order to take into account the finite
size of outersphere surface complexes. The mo@glgbed to an internally consistent
set of titration data and the model parameterslar@ed by simultaneous optimization
of all data.

It has been shown by spectroscopy and ion adsarpimdeling that some ions
like strontium, sulfate, and selenate are adsodsea combination of innersphere and
outersphere surface complexes (Petad., 1999), (Collinset al., 1998), (Rietraet al.,
2001a). The ratio of inner- and outersphere congdalepends on the loading and pH
range. Since calcium and magnesium have similatrel@c properties to strontium, it
Is expected that these two ions show similar adsorfpehavior. This is considered in
chapter 3 as a function of pH and loading on goethite.

Phosphate is an ion that is environmentally sigaift and of great practical
interest. It is an important plant nutrient as vasla major stimulant of eutrophication
in fresh waters. Since adsorption is an importantg@ss controlling availability and
mobility of phosphorus, understanding the reactimemurring during the adsorption is
of more than just theoretical interest.dnapter 4, the adsorption of phosphate in a
‘single ion’ system is studied as a function of fHpading, and salt concentration. To
the best of our knowledge, quantum mechanical tation has never been used as a
tool to derive the charge distribution that canused in ion adsorption modeling. In
chapter 4, a new approach is presented to derive the CDesadfiadsorbed phosphate
complexes and use them in the modeling of phos@usderption data. This constraint
reduces the degrees of freedom in ion adsorptiotetimg, since only the affinity of
adsorbed complexes will be optimized on the data.

Carbon dioxide and its dissolved forms are preserdll ecosystems. It has
been shown that dissolved carbonate species dffecadsorption behavior of trace
elements (Villalobost al., 1999). Realistic descriptions of carbonate adsmrpand
its interaction with other ions require a correcblecular structure of adsorbed
carbonate. Inchapter 5 the available in situ FTIR spectroscopic inforroatiis
reevaluated and compared with the information frdm charge distribution of
adsorbed carbonate complexes and proton co-adsworpthe surface speciation of
carbonate is applied to an adsorption data sedrbionate in a ‘single ion’ system.

Because of the simultaneous presence of phosphdteabonate in natural
systems, one may expect interaction in the adsorpgirocess. Therefore, it is
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interesting to study how important it might be dmv relevant these interactions are
in studying ion adsorption in natural systemschapter 6, the competitive adsorption
of carbonate and phosphate is measured as a fmraftiogH, phosphate and carbonate
loading, and salt concentration.

The major ion interactions, which take place insand natural waters, have
been studied in chapters 2 to 6. The derived mpalelmeters are thus essential for the
description of adsorption interactions with anysaf interest, be it arsenic, selenium,
technetium, etc., in complicated systems like s@ilsresults are used to interpret data
of total extractable phosphate from a soil withodism-bicarbonate solution adjusted
to pH 8.5. The extraction procedure, named Olsoréghod, is a well-known method
in soil science and is widely used in the evaluatd plant-available phosphate in
soils. The methodology allows estimating the effecteactive oxide surface in soils
and the fraction reversibly bound phosphate, asribesl inchapter 7.
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A New Surface Structural Approach to ...

Abstract

lons differ in size leading to the possibility ththe distance of closest
approach to a charged surface differs for differens. Especially ions
bound as outersphere complexes have so far beatedras point
charges. For innersphere complexes, it has beeunedrghat it is
necessary to distribute the charge of the adsoidedver the surface
and the next electrostatic plane. This conceptdthto the CD model. A
new surface structural approach was developed dieroio take into
account the physical reality of the ion pair's dgeapplying the charge
distribution concept also to ions adsorbed as spk&re complexes. In
this approach, the CD model is extended to take® iatcount
outersphere surface complexes as having a spéi#abe distribution
within the Basic Stern layer of the solid-solutionterface. This
indicates that neither innersphere nor outerspb@race complexes are
treated as point charges anymore. The new apptwscbeen applied to
describe simultaneously the adsorption of variou®nowalent
electrolyte ions. It was shown that the conceptsiatessfully describe
the development of surface charge for various elbgées as a function
of pH and salt level and the shift in the isoelecpoint (IEP) of the
goethite. The new concept also sheds more lightthen degree of
hydration of the ions when present as outersphargplexes.

Keywords. Electrolyte ion, Diffuse double layer; Basic Stern; Three
Plane model; Adsorption; Iron oxide; Goethite; Chpdal; MUSIC
model.

Introduction

Usually, mineral surfaces are charged. Surfacegehas compensated by
counter ions of opposite charge outside a paréislsuggested by Helmholtz in 1835
(Sparks, 1999 ). The combination of surface chamyg counter charge is called the
double layer. Without chemical interaction of iamish the mineral surface, electrolyte
ions have a distribution pattern as derived almastntury ago by Gouy (Gouy, 1910)
and Chapman (Chapman, 1913). This structure is knasvthe diffuse double layer
(DDL) and it can be experimentally tested with AtomForce Microscopy
(Israelachvili, 1991).

Near the surface, electrolyte ions cannot be tdeatepoint charges. Counter
ions have a finite size, which implies that thesidmve a minimum distance of
approach to the surface. Stern (Stern, 1924) destthe concept of minimum charge

11



Chapter 2

separation in 1924. The compact part of DDL, betws@face- and counter- charge,
is called the Stern layer. In terms of electrostatine compact part of the double layer
can be considered as a plate condenser with aircerépacitance. An important
parameter relating layer thickness and capacitamdee dielectric constant of the
medium in the condenser. The precise value of theroscopic quantity when applied
to interfaces is unknown.

Electrolyte ions may in addition to electrostaticces also be attracted by the
surface due to specific weak interactions, (Grahat®7), (Yateset al., 1974),
(Yates, 1975), (Davist al., 1978). This phenomenon is called ion pair fororatand
the complexes are named outersphere complexesnia sases, a simple electrolyte
ion like RB™ may form an innersphere complex as shown recémtlfFenter et al.
(Fenteret al., 2000). In such surface complexes, one or moendg of the adsorbed
ion are common with the metal ions of the solid.

Metal oxide surfaces have a variable charge, wisctelated to the relative
adsorption of protons by surface oxygens. The prdtimding is pH dependent. An
important factor in the H binding is the electraistpotential, which is created by the
accumulation of charge at the surface. In pringiglearge and electric field are
localized. For surfaces, the local interaction bardescribed very well with a smeared
out approach as was shown by Borkovec (Borkoveg7)19his mean field approach
is generally applied in surface complexation madels

Many models have been proposed to describe thieorelaetween the solution
composition and the charge properties of colloideese surface complexation models
are a combination of chemical equilibria and a ehoslectrostatic model. From the
perspective of physical reality, a minimum preregai to account for the variable
influence of the electrolyte concentration is tree wf a diffuse double layer in the
model. According to Stern, the model should hav@r@amum distance of approach of
the electrolyte ions. The combination is called Basic Stern (BS) model. It can be
considered as the simplest model for the descniptiothe variable proton charge of
metal oxide surfaces (Lutzenkirchen, 1998). Moreptee BS model accounts for
physical realistic features. If necessary, ion paimation can be implemented within
the BS concept, locating these outersphere complakéghe minimum distance of
approach.

The BS approach can be extended with an additiagat to change the double
layer profile. A known representative of this cladsnodels is the Triple Layer (TL)
model (Daviset al., 1978). In the classical TL model, the distancenohimum
approach of the electrolyte ions in the diffuseldedayer is strongly enlarged by the
choice of a very low capacitance for the seconeérlayhis results in a much smaller
interaction between ions in the DDL and proton gkaat the surface. Due to this

12
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constraint, ion pair formation ia priori needed in order to get sufficient surface
charge in this model approach.

Increase of the electrolyte ion affinity in caseiai pair formation will lead to
more surface charge at the metal oxide surfacet@@a® improved screening of the
electrostatic field. Generally, electrolyte ion imities have been derived from the
analysis of the charging behavior of oxides withuaface complexation model (e.g.
(Sahai and Sverjensky, 1997)). A systematic amalfgsithe charging behavior of Ti-
oxides with the BS model (Bourikasal., 2001), has shown that the affinity constants
for electrolyte cations are generally larger thlaose for anions. A higher affinity of
cations over anions will lead to an upward shifttieé isoelectric point (IEP), in
particular at high electrolyte concentrations (Breema and Lyklema, 1973). This
phenomenon can be observed with electro-acousticeplts, as has been shown for
gibbsite, (Rowlandst al., 1997) zirconia and rutile (Kosmulski and Rosenhol
1996), anatase (Gustafssaral., 2000) and silica (Kosmulski and Matijevic, 199R).
indicates that the larger affinity of electrolytations versus anions is a general
phenomenon. For goethite, the variation in affiridy various electrolyte anions has
been derived from the interpretation of a consissen of titration data (Rietret al.,
2000) with the BS model. The authors measured thethge charge in NaClQ
NaNG;, and NacCl. In their analysis, the arbitrary decisias been made to set the
affinity of the surface for Na and NQ™* equal. No attempt has been made to pinpoint
the binding constant of N&in detail.

In the present study, we will analyze the affindy electrolyte cations and
anions using new surface charge data for goethiteseries of monovalent electrolyte
ions (LING;, LICI, NaNG;, NaCl, KNG;, and CsNG). Preliminary modeling indicated
that any difference in electrolyte affinity is mastirkedly observed at high pH and
relatively high electrolyte concentrations. Suchndibons were applied in our
experiments. In a second paper (Rahnerdaab., Ch 3), we will describe the binding
of divalent electrolyte ions (Cg Mg*?, and S@?). The binding of these ions may be a
combination of innersphere and outersphere comjiexa

The compact part of the double layer is crucialinterface chemistry since
changes in potential are most profound there. Rhosnperspective, the location of the
electrolyte ions is an important issue. It detemsirthe electrostatic contribution
(AGeied to the overall affinity AG,erap) Of the electrolyte ions, 1. AGyeran = AGiny +
AGeee In most model approaches, the electrolyte catamtsanions are located at the
same position, i.e. they experience the same elatic field strength.

The question arises to what extent macroscopic cataeveal information on
the location of the electrolyte ions in the doulalger profile. In the present study, we
will analyze primary charging behavior of a metaide in detail. In order to find both

13
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capacitances and the individual ion pair formatocmmstants, the experimental data
will be analyzed simultaneously and the resultd b interpreted in terms of the
double layer structure.

MUSIC model

Reactive groups

In the lattice of goethiteatFeOOH) two different types of triply coordinated
oxygens exist, one non-protonated {Brand one protonated ({2H) oxygen. The
difference in proton affinity of both triply coorthted oxygens is linked to a
difference in the distances between the oxygenthadcoordinating Fe-ions. Both
types of oxygens are also found at the surfacé@fdominant 110 face and the 100
face, (Hiemstra and Van Riemsdijk, 2000), (Weidderal., 1996), (Weidleret al.,
1998). The triply coordinated surface groups oktymre non-protonated over a wide
pH range, i.e. present &-e0,. The other type of triply coordinated surface grou
(type II) has a higher proton affinity and can besent asFeO,H. Charge can be
attributed to these surface groups applying thelifaubond valence concept
(Hiemstraet al., 1989b), (Hiemstrat al., 1996). Based on the concept of equal charge
distribution (Pauling, 1929), the triply coordindt®xygen can be represented as
=Fe,0, 2 and the triply coordinated hydroxyl a6e;O,H**2

The triply coordinated oxygens and hydroxyls of thimeral bulk can also be
found at the surface. In addition, the interfacegoéthite has surface groups with a
lower Fe coordination. The doubly coordinated oxg®iill have a high affinity for
protons, because tE#e,0™ is highly undersaturated in terms of charge (Hiearst
al., 1996). It leads to the formation of a stable andharged surface specise,0H°,
which does not easily accept a second proton. Wiogbrdinated surface oxygens
(=Fe0*?) are highly unstable and are always transforménl3fFeOHY? in aqueous
systems, (Hiemstrat al., 1989b), (Rustadt al., 1996). Depending on the pH, the
hydroxyl EFeOHY?) may accept a second proton forming a surface rgreup
(=FeOH™?).

Surface structure and site density

At the 110 and 100 faces, one row of singly coathd surface groups
(sFeOH(H)) is found on a unit cell basis, which isieglent to a site densitys of 3
nm? at the 110 face (Barron and Torrent, 1996). Initamd one row of non H-
reactive doubly coordinated groupg-6,0H) is present. At the 110 and 100 faces, one
also has three rows of triply coordinated grougise{O(H)) , one row with the low
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proton affinity (type 1) and two rows with the higinoton affinity (type Il). The large
difference in proton affinity of both types of tiypcoordinated surface groups leads to
a lower effective site density for the proton reacbne, (Hiemstra and VanRiemsdijk,
1996), (Hiemstrat al., 1996), since the charge of one rowebB,0™"? (type I) cancels
against one row oEFe;OH"? (type Il). The apparent site density of the proton
reactive triply coordinated surface group (type tHerefore is 3 nifi The affinity
constant of type Il is estimated to be relativdlyse to that of the singly coordinated
group, i.eAlog K=4 (Hiemstraet al., 1996). To simplify, the affinity constants of the
proton reactive groupssEeOHY? and =Fe,0, "% are set equal in the modeling,
(Hiemstra and VanRiemsdijk, 1996), (Hiems&taal., 1996). It can be shown that
with this simplification the logarithm of the afftg constant is equal to the value of
the PZC, in the absence of ion pair formation orcase of symmetrical ion pair
formation.

Faces like the 021 and 001 faces terminate thénj@eteedles at the top ends
of the crystals. These crystal faces have equalbewnof singly and doubly
coordinated surface groupss£7-8 nni’). In the modeling, the protonation constant of
the singly coordinated surface group at these fecésken equal to that of the 110
face.

The overall effective site density of goethite ialcolated assuming 90%
110/100 face and 10 % 021/001 face leading to 276=@.45 nrif for the singly
coordinated and 2.7 rifrof the triply coordinated surface group.

Primary protonation reactions

Based on the above analysis, the protonation of diystal face can be
represented by two protonation reactions:

=FeOH"* +H"(aq) = = FeOH"? [1]
=Fe0™?+H"(aq) = =Fe,OH™” [2]

The proton reactive surface groups may interadt wiectrolyte ions, forming
outersphere surface complexes, resulting formatibthe ion pairsFeOH"?...C**,
FeOHY?.--A™ and Fe,O™"?...C"*, Fe,OH™?...A™%, in which C* represents the
electrolyte cation and Athe anion.

In the modeling, the proton affinity constants imgly and triply coordinated
surface groups are set equal, log Kor=log Ky, reso The same is done for the ion
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pair formation constants for singly and triply cdimiated surface groups (Hiemstra
and VanRiemsdijk, 1996).

Locating the ion charge

In the simplest physically realistic double layerofge, the outersphere
complexes of electrolyte ions are located at atjposidetermined by the minimum
distance of approach of ions to the surface. Theyat have common ligands with
surface groups. For simplicity, they may be treategoint charges and located in one
common electrostatic plane. The model is known hes Basic Stern (BS) model
(Westall and Hohl, 1980).

Many ions may form innersphere complexes with s@fgroups. In these
surface complexes, one or more ligands of the adsloron are common with the
surface. The other ligands are orientated towdrésolution present in the model at a
distinct distance from the surface in the compact pf the double layer. According to
the bond valence concept, this leads to a distabudf charge in the compact part of
the double layer (Hiemstra and VanRiemsdijk, 1996fhe Charge Distribution (CD)
model, part of the ion charge is attributed to dage plane and the other part is
attributed to a second electrostatic plane, at sdisiance from the surface. In the
simplest picture, the second electrostatic plang m@incide with the plane of
minimum distance of approach, i.e. the CD distidiutmodel is combined with the
BS option. It implies that the electrolyte ions ntegve a rather large interaction with
innersphere complexes. The interaction can be egtlhg locating the outer ligands of
the innersphere complexes at a smaller distancen file surface in a separate
electrostatic plane. This model has been proposediibmstra & van Riemsdijk
(Hiemstra and VanRiemsdijk, 1996) and is named Theee Plane (TP) model.
Innersphere complexation for $©adsorption has been best described with the BS
approach (Rietra et al., 1999), while PQnnersphere complexation has been best
described with the TP model (Hiemstra and VanRiesd996). To unify both
descriptions in one concept, Rietra et al. (Rietral., 1999) suggested to locate the
anion pairs at the 1-plane and the cation pairshat 2-plane. In Figure 1, the
corresponding TP model is schematically represented

A new approach

Electrolyte ions differ in size. It implies thatetldouble layer will accommodate
these different ions at different distances from shrface. As a consequence, one has
to define, in principle, for each ion an indiva electrostatic plane. This idea is not
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@j Singly Coordinated Groups

An Innersphere Surface complex

(0]
S
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o
S
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2 ﬁ
Outersphere Surface complexes
<)_£
Anion

0 12
Stern Layer Diffuse Double Layer

Figure 1. A schematic representation of the TP ratlehe goethite-

water interface. In the TP model, there are thteet®static planes at the
surface. The common ligands of innersphere suidaogplexes with the

surface groups are located at the 0-plane. Theieolariented ligands of

the innersphere complexes are located at the Eplakectrolyte ions

may be located at the 1- or 2-plane. The 2-plamecttes with the head
end of the DDL.

very attractive, in particular in multi componenstms. Therefore, electrolyte ions
have often been located only at one electrostatiation. In case of the use of the
above given Three Plane model (Figure 1), it issfms to accommodate the
electrolyte ions in a second Stern layer, the lagetween the 1 and 2-plane.
Depending on the relative position of the elect®lypns in the double layer profile,
the charge of the electrolyte ion is divided ovethbelectrostatic planes. Small ions
will attribute more of their charge to the 1-plah@rge ions do the opposite. The
relative locations of the electrolyte ions in theuble layer can be found by
determining the charge distribution coefficient®nfr an accurate and internally
calibrated data set.

The above-suggested model for outersphere comptaxebe considered as an
extension of the CD model. Actually, the chargeriation of the outersphere ions is
related to the size of the ion, while the charggriiution of innersphere complexes
can be related to the number of common ligandsl@atéound strength (Hiemstra and
VanRiemsdijk, 1996), (Hiemstra and van Riemsdijil02), (Hiemstra and van
Riemsdijk, in preparation).
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Material and methods

Synthesis and characterization of goethite

To avoid (bi)carbonate contamination, all chemiqdferck p.a.) were made
under a purified Blatmosphere. To be free of silica, these solutwee stored for a
short period in polyethylene bottles. The acid sohs were stored in the glass bottles
to avoid contamination by organic materials. Ufitae water£0.018 dS/m) was used
throughout the experiments. The ultra pure wates been pre-boiled to remove
dissolved CQ@before using in the experiments.

The preparation of goethite suspension was basé¢deomethod of Atkinson et
al. (Atkinsonet al., 1967), which has been described in more detallieynstra et al.
(Hiemstraet al., 1989a). A freshly prepared 0.5 M Fe(Nfsolution was slowly
titrated with 2.5 M NaOH to pH 12.0. The preparadpension was aged for 4 days at
60°C and subsequently dialyzed in ultra pure watee BERT(N,) specific surface area
of goethite equals 98.67g™.

Charging behavior of goethite

A salt-free suspension of goethite was acidifiegkb 3.55 and continuously
purged with purified N to remove (bi)carbonate for 24 hours. Sub-sampfethis
stock suspension were used throughout the titraiqgreriments. This assures that the
starting condition for all the titrations is exacitlentical.

Certain amounts of a specified salt solution wedeled to the series of
individual batches of goethite suspension. Thigldeo a fixed concentration of
goethite (16.52 g% for the series of titration in different backgralelectrolyte ions.
Each batch of goethite suspension, which contamé&down amount of a specified
salt, was titrated from its initial pH to a pH obaut 10.5. This one-way titration
makes it distinctive from the classical forward-baard titration. The initial pH of
each batch was slightly different from the othesfiich is related to a different
interaction of the added electrolyte ions with shieface.

Individual titrations were performed at differenbncentrations of different
electrolyte ions, i.e. 0.04, 0.10, and 0.20 M LiGNOs; and NaCl; 0.20 M NaNg)
KNO3;, and CsNQ@ Each titration was started after equilibrium Ffaif an hour and
each data point was collected 15 minutes afterdaiitian, when the drift was lower
than 0.02 mV mif.

The goethite stock suspension was acidified wiinall amount of 1 M HNg)
and the titrations were done with 0.100 M NaOH.sThrocedure will introduce a
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small amount of N& and NQ™ ions in the background solution. Their concenrati
is actually negligible compared with the studied ckgaound electrolytes.
Nevertheless, for each data point, the amount @f la@s taken into account during
modeling. In addition, the change in the concemmnadf suspension components, i.e.
the concentration of goethite and salt ions, duaddition of base during titration, was
accounted using an appropriate bookkeeping.

In order to compare the one-way titration data \ilign more common forward-
backward titrations, a sample of goethite suspensias titrated with 0.015, 0.05, and
0.2 M NaNQ. The various electrolyte additions were done wat |1, followed by a
forward and backward titration of the suspension.

A double-junction Ag-AgCl reference electrode amdylass electrode were
used for the titration experiments. The outer jiomcof the reference electrode was
filled with a solution of 0.125 M NaNQand 0.875 M KNQ@ The mobility of the
positive and the negative ions in this solutiomaut the same, i.e. the diffusion
potential over the outer junction is independentha salt concentration (Mclnnes,
1961). The titration was done using the Wallingfexstomatic computerized titrator
(Kinniburgh et al., 1995). The temperature was fixed atx@Q °C using a
thermostated reaction cell, while the whole equipim&as present in a constant
temperature room (22 °C).

Results and discussion

Treatment of goethite titration data

For each addition of base, a change in surfacegeh@an be calculated relative
to the starting point of the titration. Figure ugtrates an example of the relative
surface charge of goethite in a 0.2 molar solutbma series of electrolyte ions. The
data in Figure 2 show that for a given concentratd electrolyte ions, the proton
desorption is affected by the type of cation ad a®hnion present. A close look to the
data of Figure 2 reveals that the major differeincgtarting point is due to the specific
type of anion, i.e. nitrate or chloride. The fig@so shows that for a particular anion,
the charging curve is strongly different for difet cations. It points to a different
interaction with the charged surface.

Symmetrical ion pair formation on goethite has fteeen assumed (Hiemstra
and VanRiemsdijk, 1996), (Veneneaal., 1996), (Rietraet al., 2000). This leads to
the possibility to use the common intersection p@@iP) of the titration data as the
pristine point of zero charge (PPZC), which is usedransform the relative surface

19



Chapter 2

charge of goethite to an absolute scale. As argggobint, this idea was applied to the
titration data of sodium nitrate and the affinifysodium and nitrate was set equal to
-1. Further modeling of the data revealed thatdtffimity of none of the ion pairs is
equal. This means that the PPZC can no longer heeriexentally obtained
unequivocally with these electrolyte ions as backgd salts. The uncertainty in PZC
increases proportional with the difference in tliendy between the cation and the
anion of the background salt. Modeling of the titna data showed that the sodium
and chloride ions have an affinity, which diffeetleast. This indicates that the CIP of
titration data in NaCl is closer to the PPZC of goethite surface than for other salts.
Based on this perception, the goethite surfacegehamas scaled from the relative to
the absolute charge by applying the correspondifgcBarge in NaCl (pH=9.0) to the
overall titration data.

0=
‘}‘E ]
S
£
= 14
[
ie]
o —
5 i KNO3
3 —— NaC|
T 24 ~° LiINOs
——|iCl
5 7 9 11

pH

Figure 2. The relative surface charge of goethstaféected by the type
of cation and anion of the background electrolyfdse concentration of
added salts is 0.2 molar. The different symbolglenfigure show the
exact measured values and the lines are interpolabetween the
experimental data.

The affinity of monovalent electrolyte ions

Monovalent electrolyte ions are mainly adsorbed cagersphere surface
complexes. The outersphere surface complexes dshao¢ any ligand with the metal
ion of the reactive surface groups. These ionsnaa@ly adsorbed via electrostatic
interactions with the surface. The following eqaas show the way that monovalent
cations and anions were formulated in data proegs3ihe equations are written only
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using the singly coordinated surface groups. Howeie the modeling the same
treatment was applied to the triply coordinatedamg groups.

=FeOH"” + C"(aq) ~ =FeOH™...C™ [3]
=FeOH" + A™'(aq) = =FeOH,"*...A™ [4]

where the... symbol emphasizes the weak chemical interactidwdsn surface
group and adsorbed ion. C and A characters repgrésenmonovalent cations and
anions respectively.

As mentioned above, the data of Figure 2 show éftettrolyte cations and
anions may have a different electrostatic inteoactvith the surface. This can be due
to differences in intrinsic affinity constant ofwegion [3] and [4] and/or differences in
electrostatic interaction. The latter can be intetgd in terms of difference in distance
to the surface, which in the model can be impleeeriy locating the anions and
cations between two different positions near thrdase. The charge is allowed to be
distributed between both electrostatic positions.

In the model approach, the charge distribution #rel intrinsic electrolyte
affinity constants are both derived from the ddiae fitted charge distribution of the
various outersphere complexes reflects the relapesition of the ions. The
capacitance of the inner and outer Stern layeralsasfitted which is a measure of the
absolute distance.

In the optimization, the charge distribution istriesed that the maximum
attribution is equal to the maximum valence chaofethe electrolyte ion. This
restriction was necessary for Cbn the 1-plane and for*Kand C&' on the 2-plane.
The fitted parameters are given in Table 1 for nvatent electrolyte ions.

In Figure 3, the surface charge is given for gaetipresent in various
electrolytes. Comparison of Figure 3a, 3b, 3c, Bd 3 shows that in case of LiNO
the point of zero charge is lower than that in NgNCKNO; and CsNQ. This
behavior can also be observed for goethite in i@ NaCl. This difference is due to
the larger interaction of [ with the protons at the surface, which is duerger
charge attribution to the 1-plane (Table 1) in comabon with the higher affinity
constant. Actually, LT ions induces more proton co-adsorption thaii*N&™ and
Cs™? ions due to a stronger interaction with the negdti charged groups of the
surface.
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Interaction of CIQ,*

Rietra et al. (Rietrat al., 2000) have studied the proton adsorption in prese
of chloride, nitrate, and perchlorate on goethitee above model-derived parameters
(capacitances, and affinity of Na CI* and NQ™) were applied to this data set,
yielding a good description of the data. From tkmatton data in the Na perchlorate
solution, the CD and adsorption affinity of Gibwas derived (Table 2). In this
calculation, the proton affinity was set equallie PZC (9.25) as given by Rietra et al
(Rietraet al., 2000). The difference in the PZC value of Riettal. with ours might
be due to small differences in surface characiesigtnd uncertainty in determining
the CIP.

Table 1. The affinity constants of interaction mealent cations and
anions with goethite as derived from modeling o tioethite titration
data using the charge distribution model of theemghere complexes
over the 1- and 2-plane. The fitted capacitancettierfirst and second
Stern layer are respectively=1.00 + 0.01 and £ 0.89 + 0.07 F /M

lons Azq Az, log K

Li*t 0.41+0.03 0.59+0.03 0.51+0.04
Na™ 0.50+0.07 0.50+0.07 -0.27 +0.06
K* 0 iy -0.41 +0.13
cs? 0 ik <-1.5

cl? -12 0 -0.66 + 0.03
NO5*t -0.67 £ 0.02 -0.33 +0.02 -0.53 + 0.03

a.

The charge was placed by definition since the matieled that
almost the total charge remains at this plane.

The log K value was not fitted but chosen, duenwlow sensitivity
of the data.

b.

Table 2. The affinity constants of CGj®as derived from modeling of the
goethite titration data (Rietet al., 2000). The modeling was done using
CD model for outersphere complexes.

Az Azy log K
'ClO, ™ -0.59 £ 0.03 -0.41 £0.03 -0.95 £ 0.06

"The proton affinity was set on 9.25 as given bytRiet al. (Rietraet
al., 2000). The capacitances andNand NQ™ affinities are taken from
Table 1.
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Figure 3. The experimental data and model desonptif the surface
charge of goethite in different monovalent elegtied as background
salt. The CD model for outersphere complexation usexd to describe
the titration data.

The capacitance of the Stern layer

The capacitance of the Stern layer can be intexgriet terms of a distancd,
between the two electrostatic planes of the doudyer (Bourikaset al., 2001),
according to:
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€€,
=g [5]
in which ¢, and ¢, are respectively the absolute (8.85%1@V'm™) and relative
dielectric constant. Note that in case of two Steyers we may write for the total
distance d=g+d,, i.e. 1/C = 1/G+1/C,.

In principle, the distance of approach of elect®mlyons may be different,
leading to an ion dependent capacitance. It isepabfe to make the capacitance a
general characteristic of the solid/solution iraed in case of application to multi-
component systems. In the present approach, the Biger capacitance is taken as a
constant and the effect of the position of the abiarge in the compact part of the
double layer profile is taken into account via tharge distribution. In this approach,
the capacitance of the inner Stern layer is detexthiby the minimum distance of
approach of the ion closest to the surfacé'Ghhile the capacitance of the second
Stern layer is determined by the minimum distanicapproach of the electrolyte ion
that is the furthest away from the surface, in shigly (K and C8).

C

Distances

The fitted values of the capacitances are in theesarder of magnitude (€ 1
F/mf). It does not necessarily imply that both layeid have the same thickness,
since the dielectric constant may change in thékoayer profile. A point of concern
is the use of a macroscopic quantity in the usee@iation [5] and a precise
interpretation on a micro-scale. Nevertheless, wWetwy to relate the capacitance to
distances to sharpen our picture of the doublerldfevater in the outer Stern layer
has properties similar to that of watey={8), or slightly lower due to the presence of
electrolytes, the capacitance 6f 0.9 F/nf leads to ¢=7.7 A (7.7x10° m). The
distance should be considered as a maximum.

If the dielectric properties of the inner Sterndagapacitance are similar to that
of the outer Stern layer, the capacitance of 1°Rénequivalent with a distance d
~6.9 A, being about 2-2.5 water molecules. In the modeling, thé ®h was found
to determine the capacitance of thel&@yer. The distance & =6.9 A would be lead to
the picture in which Clis bound as a primary hydrated ion at the interfatowever,
if the value of the relative dielectric constanha&f way between that of wates;£78)
and goethiteg=11), the capacitance;®f 1 F/nf is equivalent with ¢ 4 A. In that
case, the Clion is directly coordinating to the surface graufslistance of about 4 A
corresponds with the radius of 1.8 A) plus the distance of half a water molecule
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This representation is given in Figure 4. The givepresentation gives more credit to
the idea that considerable ion pair formation imslated by local electrostatic forces,
which are larger when the opposite charges aréoas as possible together. Recently,
Predota et al. (Predot al., 2004) have simulated with molecular dynamics the
binding of CI* at the TiQ solid-solution interface. They found that the'@ns were
directly coordinating with the surface groups.

The K™ ion is found to determine the largest minimumatise of approach
(d= di+d,). This distance may relate te+d, < 4+7.7=12 A. The size of the second
Stern layer (gk7.7 A) might imply that the large electrolyte iofi6™, Rb™, Cs™?) ions
remain hydrated with a sheet of primary and seagndeater molecules. The total
distance can be explained as the sum of the iawlicis of the electrolyte ion (r = 1.33,
1.47, 1.67 A) and the size of two water molecue$ R). The position is given in
Figure 4.

Surface Stern layers DDL Free solution

Metal (hydr)oxide

Figure 4. The double layer structure based onrttegpretation of the CD
of outersphere complexes (IK™, Na™) in the compact part of the
double layer of metal (hydr)oxides in case theeirend outer Stern layer
have a different dielectric constant.

The N&* and Li™ ions were found to distribute their charge abautadly over
the 1- and 2-plane (Table 1). It indicates thathbmins have a position that is
intermediate between the €lon and the K' ion. Interpretation of this conclusion
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points to the presence of Naand Li* in the double layer which is hydrated with
primary water molecules, but stays at a largeradist of the surface thanCldue to
the maintenance of a hydration shell of ions (Fégd). The Cf ion coordinates
primarily in the above picture with the surfaceups in contrast to Na

In this double layer picture, also the locationtleé anions can be indicated
(Figure 5). For N@*, the charge distribution factor indicates thabasiderable part
of the charge (2/3) is in the 1-plane. This mighply that NQ™* partly penetrates into
the layer where also the €ion is bound. This might be with one or two ligantive
have also modeled the charge distribution of ClQuike Na™, this ion has a charge
distribution in which the charge is about equalistiibuted over the 1- and 2-plane.
This might be interpreted as a structure in whioé bound CI@Q" keeps a layer of
primary water molecules (Figure 5).

In the double layer picture of Figure 5, the maximdistance between surface
and outersphere complexes is about 12 A. The mimimistance between surface and
outersphere complexes is 4 A.

Surface Stern layers DDL Free solution

Metal (hydr)oxide

0 1 2 distance

Figure 5. The double layer structure based onrttegpretation of the CD
of outersphere complexes of anions {CNOs;*, and CIQ") in the
compact part of the double layer of metal (hydrjesi.

26



A New Surface Structural Approach to ...

Conclusions

 The minimum distance of approach of adsorbed icgedds on the
finite size of ions and their degree of hydratiaimich determine their
relative distances to the surface of minerals.

 The TP model can be used as a framework to accoamediue ion pairs
within the Stern layer, while their charge is dmited spatially between
two electrostatic planes. This indicates that iamrgare not treated as
point charges at the solid-solution interface afienals anymore.

* The relative attribution of the charge of electteljons to the 1-plane is
proportional with their size; a smaller distancecloflsest approach leads
to better screening of the surface charge affectiteg pH dependent
surface charging.

 The capacitance of inner Stern layer is determibgdhe minimum
distance of approach of the ion closest to theaserf while the
capacitance of the outer layer is determined bymimemum distance of
approach of the ion furthest away from the surface.
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Inner- and Outersphere Complexation of lons

Abstract

Formation of inner- and outersphere complexes ofirenmentally
important divalent ions on the goethite surface esamined applying
the charge distribution CD model for inner- and eosphere
complexation. The model assumed spatial chargeldisbn between
the surface (0-plane) and the next electrostatanel(1-plane) for
innersphere complexation and between the 1-pladdarehead end of
diffuse double layer (2-plane) for the outerspheoenplexation. This
approach has been used because the distance e$tcaygproach to a
charged surface differs for different ions. Thisvngpproach has been
applied to describe the adsorption of magnesiutniwa, and sulfate. It
has been shown that the concept can successfukgride the
development of surface charge in the presenceesktions as a function
of pH, loading, salt level, and also the shifthe isoelectric point (IEP)
of goethite. This surface structural approach lgadte use of a Three
Plane model for the compact part (Stern layer) olidssolution
interface, which is divided into two layers. Theckmess of each layer
depends on the capacitance and the local dielexinstant.

Keywords: Diffuse double layer; Basic Stern; Three Plane ahod
Adsorption; Electrolyte ions; Calcium; Magnesiunulf&te; Iron oxide;
Goethite; CD model; MUSIC model

Introduction

Mineral surfaces may be charged due to adsorpti@esorption of protons by
surface oxygens. Based on the principle of eleewbmlity, the surface charge must
be compensated by accumulation of counter-ion agpletion of co-ions in the
solution near the surface. This structure is kn@asrthe diffuse double layer (DDL)
(Gouy, 1910), (Chapman, 1913).

Electrolyte ions like N&, K™, NO;*, and CI* may exhibit ion-specific weak
interactions. This phenomenon is known as ion feamation (Yates, 1975), (Daves
al., 1978) and the complexes are named outerspher@leoes. The affinity for
various monovalent electrolyte cations and anides Li**, Na™*, K*', Cs?, CI?,
NO;*, and CIQ™ can be derived using consistent sets of titratiata (Rietraet al.,
2000), (Bourikast al., 2001), (Rahnemaiet al., Ch 2).

In natural systems like soils, sediments, and freaters, dominant electrolyte
ions may be C3Z Mg and SQ? These ions have a larger interaction with the
mineral surfaces than monovalent ions (BreeuwsmlLgktEma, 1973), (Ridlewt al.,
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1999), (Pocharet al., 2002), (Criscenti and Sverjensky, 1999). This lbardue to the
formation of innersphere complexes. For instartdeas been shown with in situ-FTIR
analysis that sulfate may be adsorbed as innemspheface complexes. However,
under certain conditions, the same ions are alsondboas outersphere surface
complexes (Wijnja and Schulthess, 2000), (Peafl., 1999). For SF, a similar
behavior is found. It has been shown with EXAFSIi@®et al., 1998), (Sahagt al.,
2000) that this divalent ion may form innerspheoenplexes as well as outersphere
complexes. It is possible that this behavior $9dbund for C& and Md? ions. In the
present study, we will analyze the interaction of(MOs), and Ca(N@), with
goethite.

The compact part of the double layer is cruciainterface chemistry because
there the potential changes strongly over smalhdees. Rahnemaie et al. (Rahnemaie
et al., Ch 2) have used a charge distribution model taveethe location of
monovalent ion pairs. In the modeling, the charf#e ions has been allowed to be
distributed between two electrostatic positionghim compact part of the double layer
(Three plane approach). The derived charge distoitsi show that the Clion is most
closely located to the surface, followed by @t a slightly more outward position
and CIQ™ ion, being located somewhere between both defitectrostatic planes.
The N&' ion was also found at an intermediate positionwbeh these two
electrostatic planes, while the large ions like€ Knd C&" are found to be present at
the largest distance.

In the present study, we will analyze the positisrMg*™® and C& ions in a
similar way. However, for these ions we will alsavk to account for the possibility
that these cations will form innersphere as welloasersphere complexes. Both
adsorption phenomena will be treated with the obaligtribution CD approach for
inner- and outersphere surface complexation (Rahieeeh al., Ch 2). This model
approach will also be applied to the binding of,$Qising data of Rietra et al. (Rietra
et al., 1999b). In the model approach, the surface chgrig described with the
MUSIC model approach (Hiemstra and VanRiemsdijlQ6)9 Parameters and details
have been described by Rahnemaie et al. (RahnetraieCh 2).

Material and methods

The experiments were done using a goethite susperieat was prepared
based on the method of Atkinson et al. (Atkingbal., 1967), as described in detail
by Hiemstra et al. (Hiemstrat al., 1989). The BET(M specific surface area of
goethite was determined at 98.6 gt
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The charging behavior of goethite in the preserfceattium and magnesium
lons was measured using titration experiments. dfoaccurate interpretation of the
data in various electrolytes, it is essential gihtharging data are measured relatively
to each other in a consistent manner. This was®aediby doing all titrations using an
acidified salt-free stock suspension, from whictb-samples were taken for the
various experiments. This assures that the instimface charge of the goethite can
serve as the reference charge point. The refergioc& suspension was prepared by
acidifying a salt-free suspension of goethite to 85 and purging it continuously
with purified N, to remove (bi)carbonate.

Certain amounts of a specified salt solution wedeled to the series of
individual batches of goethite suspension. Thigldeto a fixed concentration of
goethite (16.52 g') for the series of titrations in different backgnal electrolyte ions.
Each batch of goethite suspension, which contamé&down amount of a specified
salt, was titrated from its initial pH to a pH obaut 10.5. With this approach
individual one way titrations were done for diffete&eoncentrations of 0.05, 0.10 and
0.20 M Mg(NGy),, and 0.10 and 0.20 M Ca(N)@ Each titration was started after
equilibrium for half an hour and each data poinswallected 15 minutes after an
addition, when the drift was lower than 0.02 mV hitt is important to note that the
maximum pH range of titration in Mg(N{ was smaller to prevent any precipitation
of magnesium as magnesium hydroxide.

The goethite stock suspension was acidified wiimall amount of 1 M HNg)
and the titrations were done with 0.100 M NaOH.sTprocedure introduces small
amounts of N& and NQ™ ions. Actually, these concentrations are neglegilvhen
compared with the background electrolyte level @f?Cand Md?% However, the
amount of these two ions was calculated for eath pl@int and taken into account in
the modeling.

Results and discussion
Treatment of goethite titration data

For each addition of base, a change in surfacegehaan be calculated
relatively to the starting point of the titratioRigure 1 illustrates as an example the
relative surface charge of goethite in a 0.2 mstdutions of calcium and magnesium
nitrate which are compared with data for other tetdgte ions (Rahnemaiet al., Ch
2). The data in Figure 1 show that the chargingvesirare strongly different for
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different cations. This is due to a different elestatic interaction with the proton
charge at the surface. The effect is strongerHerdivalent cations like calcium and
magnesium than monovalent ions. This stronger drion to the surface charge is
partly due to a better screening of the surfacagehaf divalent ions compare to
monovalent ions. However, the large difference leetwMd? and C&* also points to
specific chemical effects due to the formation leémical bonds with surface groups,
leading to outersphere and/or innersphere compléxesoth divalent ions (to be
discussed later).

H desorption, pmol m?

5 7 pH 9 11

Figure 1. The relative surface charge of goethstaféected by the type
of cations of the background electrolytes (0.2 Medi The different
symbols on the figure show the exact measured sand the lines are
interpolation between the experimental data.

The above H desorption is known on a relative adsorption sd@lassically,
titration data are transformed to an absolute sogleising the common intersection
point (CIP) of titrations at different electrolytencentrations. In case of symmetrical
ion pair formation or in absence of ion pair forraaf the common intersection point
(CIP) of the titration data coincides with the pris point of zero charge (PPZC). This
enables transformation of the relative surface gdhaf goethite to an absolute scale.
The data of Figure 1 show that the affinity of jpairs may be unequal. This implies
that the PPZC can no longer be experimentally nbthiunequivocally with these
electrolyte ions as background salt. The uncegtamPZC increases proportional with
the difference in the affinity between the catiow ahe anion of the background salt.
Preliminary analysis of the titration data in moal@nt electrolytes (Rahnemageal .,
Ch 2) shows that the affinity for sodium and chderions differed the least. Therefore,
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the goethite surface charge was scaled from tlaivelto the absolute charge using
the CIP charge in NaCl (Rahnemaial., Ch 2).

Model approach

The titration data in calcium and magnesium nitiaées modeled allowing the
formation of innersphere as well as outersphereptexes. We applied the charge
distribution (CD) approach for inner- and outergghesurface complexation
(Rahnemaiet al., Ch 2). The charge for the innersphere compleaasbe distributed
between the surface and the first plane (Hiemstich \AanRiemsdijk, 1996). The
charge of the outersphere complexes is distributedthe second Stern layer
(Rahnemaiet al., Ch 2).

The charge distribution of the innersphere com@esan be coupled to the
structure of the complexes at the surface, in @aer to the relative number of ligands
that are involved in the chemical binding (Rie@taal., 1999a). In case of hexa-
coordination of calcium and magnesium ions and ledjg&ribution of charge over the
bonds, the Pauling bond valence is +0.33 v.u. plies that the formation of a
monodentate surface complex would have approximat€lD value oAz,=0.33 v.u.
and Az;=1.67 v.u. In case of a bidentate complex the CDesare approximately
Azy=0.67 v.u. and\z;=1.33 v.u. In this paper, the reactions will beniafated based
on the CD value found in the modeling.

The fitted charge distribution of any calcium ancgmesium outersphere
complexes will reveal the relative position of thesns. The capacitance of the inner
and outer Stern layer and the affinity constantsewiaken from Rahnemaie et al.
(Rahnemaiet al., Ch 2) as given in Table 1.

Table 1. The CD values and the affinity constaritadsorbed sodium
and nitrate on goethite, and the capacitance @&riand outer Stern layer
as derived from modeling of titration data using t&@D model of

outersphere complexation (Rahnenstial., Ch 2).

lons Azq Az Az, log K
Na™ 0 0.50 0.50 -0.27
NO;? 0 -0.67 -0.33 -0.53
C, F m? 1.00

C, F m? 0.89
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Interaction of Mg

The adsorption mechanism of calcium and magnesiumgoethite has not yet
been studied by spectroscopy. However, the elactmoperties of these two ions are
related to strontium. Spectroscopic measurememtstfontium has revealed that at
high pH the SFion is adsorbed as an innersphere surface complt&aiza lower pH
as an outersphere surface complex (Cobired., 1998), (Sahadt al., 2000).

The data for the titration of goethite in magnesmitnate solution are given in
Figure 2. A very large interaction exists, which figpical for innersphere
complexation. One may illustrate the importance ainsemi-quantitative manner
assuming an estimated proton co-desorption valuld pfAl'y,=1-1.5 for the specific
Mg binding. Based on this ratio, a measufdd, of 3 pmol n¥ is equivalent with
Alyg = 3-4.5 pmol . The calculation shows that in the system, the larnof
specifically adsorbed M@ (Tmg) can be very high. This high specific adsorptien i
especially due to the high magnesium concentrati@s-2x10" M) used in the
titrations. The high magnesium loading will incredke particle charge considerable.
As a result, hydrolysis of the adsorbed ipn is stimulated. We found indeed that
the description of the titration was not possiblthaut the assumption of formation of
a hydrolyzed complex (MgOH adsorption). This complex is important at the kigh
pH values.

In the modeling, the magnesium adsorption reactiogr® formulated based on
the formation of an innersphere and an outersptwrlex. The CD values and log K
values were fitted using the titration data. Theules show that only innersphere
complexation is needed to describe the data. Tlkeriggion of the data cannot be
improved by the introduction of outersphere comatmn. This indicates that under
the current experimental conditions innerspherepteration is dominant. As will be
discussed below, outersphere complexation may ognder other conditions. The
absence of outersphere complexation under thesditioms can be understood based
on electrostatics. The introduction of much positicharge due to innersphere
complexation of magnesium ions creates a relatinggyn change in the potential in
the 1- and 2-plane. These potential changes wlbsess the formation of outersphere
complexes due to lower attraction or increased|sgpu

In Table 2, the parameters of the modeling arergivdie modeling revealed
the charge distribution of the innersphere magmestoamplexes aAz,=0.6 v.u. and
Az;=-1.4 v.u. This can be interpreted as formatioradbidentate surface complex,
which in the most simple picture, as discussedreefs expected to result &r,=0.67
v.u. andAz;=-1.33 v.u. As estimated above, the specific magneadsorption is very
high, which implies that the description of theala sensitive to the number of sites
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involved. A good description was possible if weoaled the magnesium to form
innersphere complexes with singly as well as tripbprdinated surface groups. To
minimize the number of parameters, we assumed dhee saffinity constant. The
following reactions were formulated:

2=FeOH" +Mg*(OH,), == (FeOH)"**Mg(OH,)"% +2H,0 [1]
2=FeOH" +Mg*(OH,), «=(FeOH)""*MgOH(OH,)*4™ +H*" +2H,0 [2]
2=Fe,0™ +Mg™(OH,), - = Fe,0),"**Mg(OH,)53 +2H,0 3]
2=Fe, 0™ +Mg*”?(OH,), == Fe0)," " MgOH(OH,)5a™" +H™ +2H,0 [4]

It is also possible that the magnesium bidentateptex is formed from the
combination of a FeOM? and a FgO™"/ surface group. It is interesting to note that the
adsorption of magnesium has shifted the IEP ofjtiethite to 5.4 (Figure 2).

2
“.‘E 1 4
©
e
=3
c 01
9
=
o
g -1-
© o 0.05 M Mg(NOy),
T e 0.10
2 - A 0.20
—— modeled O
-3 T T T T
4.5 6.5 8.5

pH

Figure 2. The experimental goethite titration data model description
in presence of Mg(Ng)..

Based on the difference in log K values for thectieas [1] and [2] or [3] and
[4], one can calculate the log K value for the pnattion of the OH ligand in the
hydrolyzed surface complex. The log,; Kalue is equal to 10.7. The value is rather
close to the value found for the protonation of Ntjé§aq), which has a log Kvalue
of 11.5.
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Table 2. The affinity constants of interaction aignesium and calcium
ions with goethite as derived from modeling of goethite titration data
using the charge distribution model of the outeesphcomplexes over
the 1- and 2-plane.

lons Az, Az, Az, log K
Mg*-is® 0.60+0.02 1.40+0.02 0 4.39+0.03
MgOH*-is 0.60 +0.02 1.40-1+0.02 0 -6.37 +0.09
Mg*%-od - - - -
Cais 0.22+0.02 1.78+0.02 0 3.21+0.07
CaOHis 0.22+0.02 1.78-1+0.02 0 -852+0.16
Ca'os 0 p4 0 3.15+0.02

The suffixes is and os stand respectively for tmeeisphere and
outersphere surface complex.

The charge of both magnesium surface species was|sal.
Hydrolysis of a water ligand (deprotonation) resutt a release of 1
V.u.

The charge of both calcium surface species wasoget.

The charge was placed by definition since the matieled that
almost the total charge remains at this plane.

Interaction of Ca'?

In Figure 3, the titration data in 0.1 and 0.2 Mctan nitrate are given. The
titration data in magnesium nitrate are also represi for comparison. It shows that
the concentration dependency of surface charg€#&ris significantly smaller than
for Mg*2. Probably, this is due to the lower affinity of €m comparison with M.

The above model approach for Mgvas also applied to ¢a For C&? we
came also to the conclusion that the data can berided using only innersphere
complexes. For the conditions studied (0.1-0.2 tikg, description of the data was not
sensitive to the introduction of outersphere coxgse

The titration data in calcium nitrate can be ddsaiusing only the adsorption
of Ca%. However, the quality of the fit benefited frontrisduction of hydrolysis. The
difference in the affinity constant of the reacsoiiTable 2) showed that the
corresponding protonation reaction of the hydradlyzealcium species was log
Ky=11.6. The value is rather close to the value fodod the protonation of
CaOH™(aq), which has a logKvalue of 12.5.

A remarkable difference between *€and Md? adsorption was the much
lower CD value for C&. It may point to another binding mechanism. In [€ah the
parameters of the modeling are given. The charggilgition of the innersphere
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calcium complexes arAz,=0.22 v.u. andA\z;=-1.78 v.u. This can be interpreted as
formation of a monodentate surface complex, whiththe most simple picture is
expected to result iNz;=0.33 v.u. and\z;=-1.67 v.u. The low CD value leads to the
formulation of the following reactions:

= FeOH"? + Ca”?(OH,), ==FeOH"***Ca(OH,)}% +H,0 [5]
= FeOH™ + Ca'?(OH,), «=FeOH"***CaOHOH,)>2™" +H" +H,0 [6]
=Fe,0™ +Ca”(OH,), ==Fe0 " Ca(OH,),3 +H,0 [7]
=Fe,0™ +Ca?(0H,), ==Fe,0"**CaOHOH,)%3" +H" +H,0 [8]
2
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Figure 3. Goethite titration data in Ca(By9@and model description as a
function of pH and calcium concentration. The titm data in
magnesium nitrate are included for comparison p@gegpo

It is important to stress that the absence of sptesre complexation in our
experiments does not imply that this phenomenors doe exists for both ions. With
calculations, it can be shown that outersphere ¢axapon becomes relatively more
important at a low loading. Since our concentraicare relatively extreme in
comparison to concentration used in adsorption rxeats (10-10° M), another
type of experiments is necessary to probe and pesire this potential adsorption
mechanism.
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Outersphere Ca -adsorption

Rietra et al. (Rietrat al., 2001b) have studied the adsorption edges ofuralci
on goethite in 0.01 and 0.1 M NaNOTwo different loadings of Cahave been used.
The equilibrium concentrations in these experimamngsvery low (Figure 4). Rietra et
al. (Rietraet al., 2001b) could model the adsorption data usingeeiim innersphere
monodentate surface complex or an innersphere faiiesurface complex alongside
an outersphere monodentate. Monodentate complexiatioot observed for Srwith
spectroscopy.

When applying our parameters for innersphere coxapien, the data at the
low Ca'? level could not be described satisfactorily. Hoamewncluding an outersphere
complex leads to a good description of the adsampdiata (Figure 4). The fitted CD
value for the calcium outersphere complex shows diacharge is situated at the 1-
plane (Table 2). Using this result, the titraticatadin the presence of calcium nitrate
(Figure 3) were remodeled. Addition of the outeesphcomplex, with the parameters
found from modeling of the adsorption edge datayyfe 4), did not change the
previous model description. It indicates that tivation data are fully dominated by
the presence of the innersphere complex.
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Figure 4. The calcium adsorption edges (Rietral., 2001b) in 0.01
(open symbols) and 0.1 M (solid symbols) NaNO

With the derived parameters, one can analyze theéitons at which inner-
and outersphere complexation takes place. The GBryers for C& complexes
show that the charge for outersphere complexesadaager distance from the surface
than for innersphere complexes. As pointed out ieyr& et al. (Rietrat al., 2001a), it
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implies that the proton co-desorption for innerspheomplexes is larger than for
outersphere complexes. Based on the thermodynarmcigle of consistency, it
indicates that the process of innersphere comptexaias a stronger pH dependency.
If both processes are simultaneously present, timersphere complexation will
become relatively more important when increasirgyfhl, since this process is most
pH dependent. It implies that outersphere compiexatill be found at relatively low
pH values and is taken over by innersphere comptexat higher pH values.

Although the potential at O-plane is hardly affelcby the adsorption, however
analysis of the effect of calcium loading indicateat the potentials in the 1- and 2-
plane change strongly when the calcium loadingeases lowering the total affinity
for binding. Since outersphere complexation hashilgaest charge attribution to the
outer parts of the Stern layer, it means that tleeseplexes experience the largest
decrease in total affinity with increasing loadings a result, the outersphere
complexation is suppressed relatively to the inpieese complexation. The change of
the speciation with pH is given in Figure 5 for ddions, which normally found in
natural systems like soils, i.e. 0.001 M magnesamah calcium in 0.1 M NaN{

o 0.6 — Mg-is a 0.6 Ca-is b
) . . .07 — — CaOH-is
— — MgOH-is \
© ? (\E - - - -Ca-ot
IS [=}
= €
- 3
g’ 0.4 < 0.4
° (@]
@ /
£ / kS
3 2 i
5 0.2 / 5 0.2
< 3
/ <
/
0 T T 0
5 7 9 11 5 7 9 11

pH pH

Figure 5. Simulation of (a) magnesium and (b) celfcsurface speciation
on the goethite using the CD values and affinitystants given in Table
2. The suffixes is and os stand respectively fomersphere and
outersphere surface complex.

Interaction of SQ?

Sulfate is an important anion in environmental gstans. Rietra et al. (Rietra
et al., 1999b), (Rietrat al., 2001a) have studied sulfate adsorption on geethitey
concluded that sulfate adsorption can be modeladgusither a monodentate
innersphere surface complex or a monodentate iphers alongside a monodentate
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outersphere surface complex. The latter optiom @greement with the spectroscopic
information (Wijnja and Schulthess, 2000), (Peek al., 1999). Spectroscopic
information shows that sulfate is adsorbed as aergphere surface complex at low
pH. An outersphere surface complex dominates tifatsuadsorption at pH values
above 6.

In the present approach, the sulfate adsorptioma datRietra et al. were
modeled using the CD approach for inner- and opkene complexation. The
capacitances and ion pair formation constants Herldackground electrolytes were
taken from Rahnemaie et al. (Rahnenghia., Ch 2) as given in Table 1.

The model was able to describe sulfate adsorptatisfactorily. The sulfate
adsorption affinity and its charge distribution &&son this approach are given in
Table 3.

The sulfate adsorption was formulated in the mdakded on the following
equations.

= Feo|_gl/2 + Sof (aq) o= FeO+1/2+AZOSO:)A‘Zl + HZO [9]
= FeOH? +SO7(aq) - = FeOH ... 2150L% [10]

in which the ... expresses the weak bond in caseitefgphere complexation.

Figure 6 presents a simulation of sulfate surfageeigtion using an innersphere
and an outersphere surface complex based on pamsmgiven in Table 3. The
simulation is in agreement with spectroscopic infation.

Table 3. The CD values and affinity constants ofocslded sulfate on
goethite as derived from modeling of adsorptionesdgnd titration data
of Rietra et al. (Rietrat al., 1999b)

lons Az, Az, Az, log K
SO, %-is? -0.40 -1.60 0 0.54 + 0.63
SO %0 0 2P 0 1.45%

The suffixes is and os stand respectively for tmeeisphere and
outersphere surface complex.

The charge was placed by definition since the matieled that
almost the total charge remains at this plane.

The affinities of inner- and outersphere surfaceglexes of sulfate
were optimized on the data in such a way that aie of these two
species agrees with estimates based on FTIR anébes text).
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Figure 6. Simulation of sulfate surface speciationthe goethite taking
into account a monodentate innersphere and a mataideoutersphere
surface complexes. The calculation was done useryet parameters
(Table 3) from modeling of sulfate adsorption dattdrietra et al. (Rietra
et al., 1999b). The modeling was performed by the CD ehfatr inner-
and outersphere complexation in 0.01 M NaNO

Location of ions in the double layer profile

Modeling of the data with the CD model for innernda outersphere
complexation shows that the full charge of the mytieere complexes of calcium and
sulfate are situated at the 1-plane, i.e. thesg @ve as close as possible to the surface
for outersphere complexes, similar as found fof i6h (Rahnemaiet al., Ch 2). Due
to this behavior, the charge of the innerspherearndrsphere complexes of €and
of SO,% are predominantly present at the same electrostaisition, since the
majority of the charge of the innersphere compleisealso present at the 1l-plane
(Table 2). This characteristic makes it difficuit derive the adsorption parameters
unequivocally. For sulfate, the calculation was @lem such a way that the model
parameters describe satisfactorily the adsorptiestherm data and proton co-
adsorption data in presence of sulfate, while rafioanner- and outersphere surface
complexes of sulfate are in accordance with IR pscopy information (Figure 6).

The relative location of the ions is indicated iigufe 7. In this picture, it is
assumed that the inner Stern layer of the doulyler laas a lower dielectric constant,
resulting in a thickness of aboutd The thickness of the outer Stern layer is about
double in size (8Y). In this layer, outersphere complexes of ion&'Ns&O; ™, CIO, ™,

K** and C&' are located. See discussion in (Rahnerezé, Ch 2).
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Figure 7. The double layer structure based onrttegpretation of the CD
of outersphere complexes of €and SQ? and innersphere complexes
of Ca? Mg*? and SQ2.

Conclusions
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The charge distribution model for inner- and oyitkese complexation
can successfully describe the adsorption of magnescalcium, and
sulfate on goethite.

Low ion concentrations and relatively low pH aredeable conditions
for the formation of outersphere complexes of magme and calcium
ions. The formation of outersphere complexes offasal ions is

stimulated at relatively high pH.

The minimum distance of approach of the outersplieraplexes of
calcium and sulfate is relatively close to the acef (1-plane). This
makes it difficult to detect the outersphere comeseby ion adsorption
modeling, and the spectroscopic information is meglito get consistent
results.



Inner- and Outersphere Complexation of lons

* High loading of magnesium and calcium on the charg@face favors
the deprotonation of a water ligand of the cation.

» The charge distribution values of innersphere cemngs of magnesium
and calcium ions indicate that magnesium is dontipadsorbed as a
bidentate, while calcium adsorption is dominated éoymonodentate
surface complex.
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Phosphate Adsorption on Goethite

Abstract

Phosphate adsorption on goethite was extensivaltjiest over a wide
range of salt concentration, phosphate loading, @tdThe data were
modeled using the CD model for inner- and outersphsurface

complexation. The CD values were not fitted butevderived using
guantum chemical calculation that determines thaildel geometry of
phosphate surface complexes. These calculated ClDesvawere

relatively close to the values derived using Paulbond valences,
which assume a homogeneous distribution of chauge the ligands.
The new approach is especially significant for pinetonated bidentate
species that shows about 0.2 v.u. charge transfethé surface in
comparison to the first application of the CD modht resulted in
about 0.5 v.u. when the CD is fitted. Phosphateogudi®n data can
successfully be described using the CD model, when charge
distribution of phosphate complexes is constraimgeduantum chemical
information. However, more surface species aretifigth compare to a
fitted procedure when the CD value is fitted. Tlesvrapproach shows
the presence of a singly and doubly protonated memate surface
species and a protonated bidentate species inadtbt non-protonated
mono- and bidentate species. It has been shownthibahew surface
speciation is in reasonable agreement with FTIR ctspgcopic

information.

Keywords: Phosphate; Adsorption; Diffuse Double Layer; BaStern;
Iron oxide; Goethite; CD model; MUSIC model; Sudaspeciation;
Quantum chemistry; IR spectroscopy

Introduction

Metal (hydr)oxides are present in all mineral saitgl sediments. The amount
of these minerals may vary, but they can have gortant effect on the chemical
properties of these systems, in particular ion iigd

The surface charge of metal (hydr)oxides is comgtexaisby the adsorbing ions.
In natural systems, phosphate and organic acids sivibngly interact with metal
(hydr)oxides. Phosphate is important since itpsd of the life cycle. Phosphate binds
strongly to metal (hydro)oxide surfaces. Therefaretrongly influences the surface
charge properties and colloidal stability. The katancentration of phosphate in
solution is usually very low compared to other asidike chloride, sulfate, and
bicarbonate. However, even at a very low concaotrah the solution, the adsorbed
amount of phosphorus on the surface is still neddyi high. Therefore, it will always
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play an important role at the surfaces of metalrbyides in natural systems. It
indicates that in any application of surface comai®n models in natural systems,
inclusion of phosphate in the description of data prerequisite.

Several surface complexation models have been peobdo describe the
phosphate adsorption (Goldberg and Sposito, 19Biwkeet al., 1989), (Dzombak
and Morel, 1990), (Tadanier and Eick, 2002). Duéhtothermodynamic character, in
general these models are able to describe quitsfegabrily the macroscopic ion
adsorption data in case of a free choice of typesidace species and types of sites.
The chosen types of species and sites may notdbisti@ from the perspective of a
spectroscopist. Even if models do describe adswrptata satisfactory, a large
variation may exist irprediction of ion competition and cooperative adsorption with
the various models. One of the main reasons isvéing different treatment of the
electrostatic interaction, which can be consideasda key factor for a correct
description of ion-ion interactions.

A way to improve the quality of surface complexatimodels is to approach
physical reality as far as possible by accounting $tructural information. An
important advantage of such a model approach isptissibility to validate the
adsorption models using spectroscopic derived ecairfapeciation and surface
coordination rather than simply make a satisfacttggcription of macroscopic data.
Hiemstra and van Riemsdijk (Hiemstra and VanRiejksdi996) developed the
charge distribution (CD) model, in order to conndet microscopic surface speciation
to macroscopic ion adsorption phenomena. In then@idel, an interfacial charge
distribution of the adsorbed ions is assumed wisclkelated to the structure of the
surface complex as given by spectroscopic informnati

Currently, the charge distribution values of vasadsorbed ions have been
derived from modeling of the adsorption data bystdering it as a fitting parameter
(Hiemstra and VanRiemsdijk, 1996), (Hiemstra anch VRaemsdijk, 1999), (Rietrat
al., 2001), (Hiemstrat al., 2004), (Villalobost al., 2001), (Araiet al., 2004).

For phosphate, the fitted CD of the non-protonatpdcies ¥Fe,0,P0O,) is
almost in agreement with the structural picturebafentate species (Hiemstra and
VanRiemsdijk, 1996). However, the fitted CD valué tbe protonated bidentate
surface speciessFe,0,POOH) deviates considerably compare to the expecitee
based on the homogeneous charge distribution conmegrauling. It has been
interpreted as a shift of charge in the surfacepterndue to protonation. Based on the
Brown bond valence approach (Brown, 2002), (Browd Altermatt, 1985), such a
shift will be connected with a change in the P-@ddength. In the present research,
we will use quantum chemical calculations to derthe CD value based on a
calculated geometry of the phosphate surface cowmpleThis geometry will be
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interpreted with the Brown bond-valence model, itesy in a calculated charge
distribution of the surface complex. The calculateD values will be used as a
constraint in the surface complexation modelingimplies that only the affinity

constants of adsorbed complexes will be optimiZédxd results will be compared with
the situation in which charge distribution values fiited on the adsorption data.

For the adsorption modeling, we will use a new apph for describing the
location and binding of electrolyte ions in the qmauot part of the double layer
(Rahnemaieet al., Ch 2). As shown by Hiemstra and van Riemsdijk9@)9 the
position of electrolyte ions in the double layeoffe is of strong influence on the salt
dependency of the phosphate adsorption. Therefiens, PQ° adsorption data as a
function of pH, loading and electrolyte concentratwill be presented. Moreover, the
solution speciation of phosphate as a functionhef MaNQ concentration will be
critically evaluated.

The results of the CD modeling will be compared hwipectroscopic
information on P@® binding to iron oxides ((Russedt al., 1974), (Parfitt, 1979),
(Tejedor-Tejedor and Anderson, 1990), (Arai andrigpa2001)). Since arsenate and
phosphate have a very similar behavior in termsuoface and solution chemistry, we
will include a discussion on recent EXAFS data enmg the binding of arsenate to
goethite (Sherman and Randall, 2003).

Material and methods

Preparation of reagents

To avoid (bi)carbonate contamination, all chemsgwlutions (Merck p.a.) were
made under purified Natmosphere. To be free of silica, these solutiwese stored
for a short time in polyethylene bottles. The asutltions were stored in glass bottles,
since it was found that the acid solutions can berpolluted by release of organic
materials in polyethylene bottles. A stock solutmihNaOH was prepared Gdree
from a highly concentrated 1:1 NaOBM The mixture was centrifuged to remove
any solid NaCOs. The sub-sample of supernatant was pipetted ilita pure water
and stored in a desiccator, equipped with a &lé3orbing column.

All experiments were performed in polyethylene e¢ssinder N atmosphere.
The ultra pure water~(0.018 dS/m) was used throughout the experimentsadtbeen
pre-boiled to remove dissolved g¢efore using it in the experiments. The
experiments were done in a constant temperatura (86-22°C).
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Preparation and characterization of the goethite

The goethite suspension was prepared based ondti@anof Atkinson et al.
(Atkinson et al., 1967), and described in detail by Hiemstra et(ldlemstraet al.,
1989). A freshly prepared 0.5 M Fe(B)owas slowly titrated with 2.5 M NaOH to pH
12. The suspension was aged for 4 days &€ &hd subsequently dialyzed in ultra
pure water. Before using it in the experiments, dbethite suspension was acidified
(pH~= 5) to desorb and remove the (bi)carbonate, byipgrg continuously with N
for at least one day. The BET{\specific surface area of goethite equals to 8§

The surface charge of goethite was measured in NablGtions. A sample of
goethite was titrated forward and backward by ks acid within the pH range of
almost 4 to 10.5. The temperature was fixed at02D°C using a thermostated
reaction cell. The details of the experimental geand data handing is given
elsewhere (Rahnemageal., Ch 2).

Phosphate speciation in solution

The solution speciation of phosphate was measuyedtiation 0, 0.0001,
0.001, and 0.01 M NajRO, concentrations in 0.05, 0.1, and 0.5 M NaNd 0.1 M
NaH,PO, in 0.5 M NaNQ. The solutions were prepared under dimosphere. The
experiments were done in a 100-ml thermostatediogacessel at 20+0.9C under N
atmosphere. The titration was carried out in fodvand backward pH cycles at fixed
salt concentration. In the beginning of the tiyatithe pH of solution was kept at
about 3 for half an hour while purging it with, b remove CQ

Phosphate Adsorption edges

Adsorption experiments were performed in individgabk-tight 23.6 ml low-
density polyethylene bottles with fixed amountssaft, goethite, and phosphate at
different pH values.

All solutions were added to the bottles undgralimosphere to avoid carbonate
contamination. A certain amount of HNOr NaOH was added to the vessels, in order
to obtain final pH values within the relevant pthga. NaNQ was used to fix the salt
concentration of suspensions. The final volumehaf suspensions was 20 ml. The
bottles were equilibrated for 24 hours on the ewer@end shaker. After
centrifugation, a sample of the supernatant wasentakor phosphate analysis.
Phosphate concentration was determined using amiaptl molybdate blue method.
The pH of suspensions was measured in the re-mswspensions under >N
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atmosphere. For each data point, the total coratgmts of components of the system
were calculated based on a book keeping of theerdrations of the added solutions.

The amount of adsorbed phosphate was calculated difference between the
total initial phosphate concentration and finaliBguum concentration.

Results

Quantum chemical geometry calculations

Fe- Octahedra

The quantum chemical calculations were done witle thoftware of
Wavefunction (Spartan’04). As a starting point,adefined a cluster with two Fe oxide
octahedra with the appropriate multiplicity (m=1This cluster served as a template
to mimic the goethite mineral. The Fe coordinatienvironment in goethite is
asymmetrical and is characterized by two main Faéistances in the lattice=196 and
=210 pm). In the calculations, the Fe-O distancekaayles of the two octahedra were
kept equal to the values found for goethite by Hzen et al. (Hazemanet al.,
1991). The location of the protons in goethite banderived from the isostructural
mineral diaspord-AIOOH). It was used to construct the Fe-O octaheddditional
protons were added to neutralize the structures@i@H bonds point in the direction
of the H bridges found in a complete goethite stmec The O-H distances were set at
104 pm. The octahedron is completed with protoas$ fibrm water molecules at the
top and bottom of the octahedra resulting in the-oharged cluster HEOH)s(OH,),
(z=0), which is given in Figure 1.

Complexes formation

A series of phosphate complexes were defined biganging PQ@? against one
or two of the coordinated J@ (d Fe-O=196 pm) ligands on top. These exchanged
ligands (Figure 1) are equivalent with the singhpinated surface groups at the 110
face of goethite. It resulted in the monodentatdéase complexesFeOPQ (z=-3),
=FeOPQOH (z=-2), andcsFeOPO(OH) (z=-1), and the bidentate surface complexes
=Fe,0,P0, (z=-3) and=Fe,O,POOH (z=-2). Figure 2 shows a bidentate phosphate
surface complex, which is formed through ligandrextge with the singly coordinated
groups.

The lowest (PM3) energy configuration served asadisg point for the later
geometry optimizations applying a model using dgni&inctional theory (DFT) for
electron exchange-correlation. Pseudo potentiafned in Spartan‘04 as LACVP+**
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(Los Alamos Core Valence Potentials) were useds Ebt comprises the 6-31+G**
basis set for main group elements H-Ar. The firebrgetry was calculated with the
Becket Perdue (BP86) model (Kodal., 2000).

Figure 1. Two Fe(lll)-O octahedra with Fe-O distami@nd angles as found in
goethite (-FeOOH). Big black spheres are oxygen, small whkfikeres are
proton, and central gray spheres are iron.

¢

Figure 2. Two Fe(lll)-O octahedra with a bidentgtbosphate surface
complex. The complex is formed by exchanging the P€pecies with two
coordinated KO that are equivalent with singly coordinated geowt the

goethite interface.

56



Phosphate Adsorption on Goethite

Phosphate complexes

Two different situations were explored. In thetfiapproach, the Fe octahedral
structure was combined with only PO During the optimization of the geometry, the
Fe-O distances were fixed to mimic the goethitek mttucture. Both upper oxygens
were free to relax. The important characteristitdhe calculated geometry of the
different iron-phosphate complexes are given inlddb To explore the influence of
hydration water, we added in the second approadhi@ual water molecules, which
were linked to the P$} moiety via hydrogen bonds. One® was coordinated via
one H bond to each common oxygen ligand of the Helidkage. Both other oxygens
of the PQ3 moiety were connected via H bonds to two wateretuaes. The results in
case of a hydrated structure are given in Table 2.

In Table 1 and Table 2, the O-P distances refdisiance between the common
O ligand and the P ion. The P-O and P-OH distaneies to the bond between the P
ion and respectively the outer O or OH ligand(s).addition, the Fe-O distance
between the Fe ion and the common ligand has bieen ¢p judge the phenomenon
of (surface) relaxation. The Fe-P value has beeengsince this value has been
measured with EXAFS for small Fe-hydroxidefQ@lusters in the early stages of
polymerization (Rosest al., 1997). Rose et al. (Ros# al., 1997) found Fe-P
distances ranging from 3389 to 3057 pm with an average of 3241. At the highest
degree of neutralization of Fe (n=2) two Fe-P disés have been resolved, i.e. B27
pm and 3185 pm. The first set of distances is close to olsutated values for mono
and bidentate complex formation. The distancesrgimehe tables are the average in
case of two or three distances. The maximum vana# indicated with & symbol.
The £ symbol in the last row with the experimental valuefers to experimental
uncertainty and/or variation.

Table 1. The calculated average and variatibnirg distances (pm) in the
geometry of non-hydrated phosphate complexes aptisnwith the DFT-B86

model.

Species O-P P-O P-OH Fe-O Fe-P o R
FeOPQ 162.7 160.2+0.08 - 205.5 330.0 170.2
FeOPQOH 160.5 155.40.5 170.3 203.4 321.1 168.2
FeOPO(OH) 158.3 152 16481.7 206.7 3135 167.6
FeO,PO;, 163.6¢0.0 156.81.7 - 196.50.1 317.#0.1 168.3
FeO,POOH 160.20.0 152.2 166.2 198#.0 318.6:0.0 167.6
FeO,P(OH) 154.9+0.5 - 163.5+£1.0 209.8+0.7 309.3+0.6
Experimental - s 196  324+11° 161.7°

& Distance present in the goethite structure witmelztxation.
P EXAES data (Roset al., 1997)
¢ Average R for P in minerals (B=37 pm) (Brown and Altermdt®85)
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Table 2. The calculated average and variatibnirg distances (pm) in the
geometry of hydrated phosphate complexes optimétd the DFT-B86

model.
Species O-P P-O P- OH Fe-O Fe-P o R
FeOPQ 162.5 159.14.1 - 200.0 326.9 169.5
FeOPQOH 161.7 156.60.7 164.0 199.0 317.2 167.7
FeOPO(OH) - - - - - -
FeO.PO, 161.6:0.2 157.4:1.8 - 200.21.8 325.51.1 167.7
FeO,POOH 157.3#1.4  155.1 164.9 2032.0 320.31.3 167.6
FeO,P(OH) - - - - - -
Experimental : 1986 324+11° 161.7°

& Distance present in the goethite structure witmelztxation.
P EXAFS data (Roset al., 1997)
¢ Average R for P in minerals (B=37 pm) (Brown and Altermdt®85)

The geometries of Table 1 and 2 can be interpratederms of charge
distribution using the Brown bond-valence concéuaicording to Brown (Brown and
Altermatt, 1985), the bond valengas related to the distaneeas:

g = g(RRo)/B [1]

in which B is a constant ang, is the element specific parameter. The value,aé
chosen such that the sum of the bond valences a@rtenP ion corresponds to the
formal P valence (z=+5). These bond valences cavakiated in terms of interfacial
charge distribution values. Brown and AltermattdBn and Altermatt, 1985) used the
value B=37 pm. More recently, it has been suggesiatithe B value is elements
specific and coupled to the ionization potentiar P the value of B is 43.7. Using it
in equation [1] will result soft bond valences. Tt¢edculated CD values are however
almost not affected when the soft Bond valencepiglied (B=43.7 pm). The CD
values are given in Table 3 for the non-hydratedvalt as hydrated options. Thg n
value is the charge of R®attributed to the common ligand(s) andis the charge
attributed to outer ligands. In case of protonatibe total charge on the outer ligands
Is increased with the formal charge of the protpras

Table 3 shows that the calculated CD values fonthvehydrated and hydrated
structures are significantly different. In casetlé presence of hydration water, more
negative charge remains on the outer ligands ofP@®ctually, the charge is
distributed more evenly over the ligands. This ue do the larger possibility for the
outer ligands to be neutralized via H bridges fairbg the water molecules. It may be
expected that the calculated structures in cabgdration are closer to the situation in
agueous solutions. The CD values of the hydratdatbopvere used in our further
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model calculation with the CD model. It is interagtto notice that the calculated Fe-
P distance in the hydrated structure (Table 2)#éhin the range of distance observed
with EXAFS for small Fe-hydroxide-PQOclusters (Roset al., 1997).

Table 3. CD values grand n; nyp + m = -3) calculated using the optimized
geometries given in Table 1 and 2 using soft boalénces. The numbeg z
added to ndenotes the number of proton charges assignée touter ligands.

. Non-hydrated Hydrated
Species
No Mm+zy No Mm+zy
FeOPQ -0.81 -2.18 -0.83 -2.17
FeOPQOH -0.77 -2.23+1 -0.68 -2.32+1
FeOPO(OH) -0.72 -2.28+2 -0.62 -2.38+2
FeO,PO;, -1.70 -1.30 -1.63 -1.37
Fe,0,POOH -1.55 -1.45+1 -1.42 -1.58+1
FeO,PO(OH)  -1.25 -1.75+2 - -

The calculated CD values of Table 3 can be compargdCD values expected
in case of a homogeneous distribution of the chafdg&over the coordinating ligands,
i.e. the use of Pauling Bond valences. Figure 3vsha schematic representation of
phosphate surface complexes in which the chargthefcentral ion, P, has been
equally divided among the ligands based on the ilaubond valence concept
(Pauling, 1929). It shows that the CD values cal®ad using quantum chemistry
technique are close to the values of Pauling batenee, i.e. maximum deviation of
0.10t0.03 v.u. Comparison of both data sets illustrétes the presence of proton(s)
on the solution-oriented ligands leads to a sHifsmme charge to the surface, i.e. a
maximum shift of about 0.2 v.u. This shift is quaenaller than the value of 0.5 v.u.
that follows from fitted CD values (Hiemstra andnRiemsdijk, 1996).

Phosphate solution chemistry

Description of adsorption data is affected by thleition speciation of adsorbed
ions as well as its surface speciation. In our grpents, a considerable part of the
data refers to high ionic strength, where formatémon pairs may occur in solution.
To consider the possible presence and relativefisignce of these molecules, the acid
base titrations were done in different phosphatetisns varying in background
electrolyte concentrations. In the calculation, #fiénities of protonated phosphate
species were fixed to values given by Lindsay dkay, 1979). For NaHR®, the
fitted affinity constant was equal to the log Kpoeted by Turner et al. (Turnet al.,
1981). However, the modeling revealed a highemigfifor NaPQ? (log K=2.05)
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compared to the previously reported value of loglie=of Millero and Schreiber

(Millero and Schreiber, 1982). The NaPQpecies is important at high pH. Table 4
presents the solution speciation of phosphate ilNOdaas used in the model

calculation.

/O /O OH
Fe O P\ O Fe O P\ OH Fe O P\ O
O @) OH
-0.75 -2.25 -0.75 -2.25+1 -0.75 -2.25+2
-0.83 -2.17 -0.68 -2.32+1 -0.62 -2.38+2

Fe—O 0 Fe—O 0 Fe—oO OH
\P / \P e \P /
Fe—O/ \o Fe—O/ \OH Fe—O/ \OH
n=-15  n=-15 15 -1.5+1 1.5 -1.5+2
n=-163 n=-137 -1.42 -1.58+1

Figure 3. Charge allocation scheme of phosphat@aircomplexes at the
interface of goethite based on the Pauling boneéned concept using a
symmetrical distribution of the*Pcharge over four ligands, which leads to a
v=1.25, compare to the values derived from quantim@mical calculation
(italic values).

Charging behavior

Rahnemaie et al. (Rahnemaeal., Ch 2) have measured and modeled the
surface charge of goethite in different backgrowiectrolytes including sodium
nitrate, using the CD model for inner- and outeesphsurface complexation. The
charge of the electrolyte ions is distributed aer outer electrostatic planes. We used
their parameters (Table 5) to predict the surfdtarge of the goethite used in our
experiments. Figure 4 shows the titration expertaledata and the purely predicted
surface charge.
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Table 4. Phosphate aqueous speciation reactionghamdequilibrium constant
in the NaNQ medium

Species Reaction Log K
HPO,?2 PQ 2 + H © HPQ,? 12.35
H,PO,t PQ 3+ 2H! © H,PO! 19.55
HsPOy PQ % + 3H & HPO, 21.70
NaHPQ?! PQ2+Na™t+H?! & NaHPQ? 13.40°8
NaPQ2 PO %+ Na™t < NaPQ? 2.05
H,O H'! + OH! © H,0 14.00
NaNO; Na™ + NOs* & NaNG; -0.60

From "Lindsay (Lindsay, 1979); tSmith et al. (Smith andarMll, 1981);
*Turner et al.(Turneet al., 1981), and this study.

Table 5. Goethite interface parameters of Rahneetas. (Rahnemaiet al.,
Ch 2). The ion pair formation constants have beetived using the charge
distribution model for outersphere complexes. Tragnm affinity constant for
singly and triply coordinated surface groups iskaeg9.0.

lon No n n, log K
Na™ 0 0.50 0.50 -0.27
NO;? 0 -0.67 -0.33 -0.53
C,F m? 1.00
C,F m? 0.89
2.1
o m 0.011 M NaN@
E A 0.028
2 1.4+ A 0.069
=1 o0 0.122
T — modele(
5 0.7-
8
3 0-
b}
QO
'07 ) ) )
3.5 5.5 oH 7.5 9.5

Figure 4. Experimental data and pure predictedasertharge of the goethite
in presence of different levels of NahOrhe surface charge was predicted
using the parameter values given in Table 5.
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Phosphate adsorption edges

It has been shown (Russellal., 1974), (Parfitet al., 1975), (Sun and Doner,
1996) that oxyanions like phosphate only react witiyly coordinated surface groups.
The formation of phosphate complexes with thesdéasargroups, which leads to
either monodentate or bidentate species, are givéable 6. The affinity of adsorbed
surface complexes of phosphate were derived basétese reactions.

Table 6. Phosphate reactions with the singly coateid groups on the
goethite surface. The values of and n represent the charge of PO
distributed between 0- and 1-plane.

Reaction logK

= FeOH"” + H*'(ag)+ PO;*(aq) = = Fed*"?PO}* +H,0 log K _eopo,

= FeOH™" + 2H" (ag)+ PO;*(aq) - = FeO**"*PO, (OH)™" + H,0 log K _¢eopo,0m
= FeOH™" + 3H" (aqg)+ PO;*(aq) = = FeO"""*PO(OH)** + H,0 log K reopo(om),
= 2FeOH™"? + 2H"' (aqg)+ PO’ (aq) = = Fe,0) PO} +2H,0 l0gK _¢e.0,00,

= 2FeOH"* + 3H" (ag)+ PO;*(aq) = = Fe,0°""POOH""" + 2H,0 log K _¢c.0,p00H

= FeOH™ + 2H™ (aq)+ Na™ (aq)+ PO;’ (aq) = = Fed*"*?PO,(OH)™"*Na* +H,0
logK =FeOPQOHNa
= 2FeOH"? +2H" (ag)+ Na"(ag)+ PO, (aq) = = Fe,05°""PO:Na™ +2H,0 109K . 6 pona

The effect of lonic strength on the phosphate adston

Phosphate adsorption was determined as a functipid pphosphate loading,
and salt concentration. lonic strength is an ingartfactor in the ion adsorption
process. For a phosphate-goethite system with iéial i loading of 0.4 mmol¥,
which is equivalent to 1.5Fmol m?, the equilibrium P@® concentration is given in
Figure 5. The experimental data show an interseqtimint, which is corresponding
with the isoelectric point (IEP). Due to the oduction of negative charge of the
PO, the pristine IEP (PZC=9.0) has shifted to a loweue (IEP=5). On either side
of the IEP, the salt effect is opposite. This dffet salt on ion adsorption can be
explained by an increased screening of the surteege (Strausst al., 1997).
Increased salt effect lowers the electrostatic rdaution to the binding, leading to
decrease in binding below the IEP and increasénitiig (lower repulsion) above the
IEP.

62



Phosphate Adsorption on Goethite

The data in Figure 5 show that the salt effechéshiggest at the very low salt
level. The salt concentration is below 0.001 M aud really constant for all data
points. These data were excluded in the fittingcpdure. Once the parameters were
found, these data were predicted using the obtasnadtants of the known salt levels
and resulted in an excellent prediction.

Equil. P conc., log mol'l

3.5 6.5 9.5 12.5
pH

Figure 5. Experimental data and model descriptiosati-dependent phosphate
adsorption edges as a function of pH. The data texhe symbols in the
legend represent the concentration of backgrourdt sa. NaNQ. The
adsorption data represent phosphate equilibriuncernation and the lines
describe predicted adsorption edges based on thenpter values of Table 9.
The experiments were done using 3'gbethite and 0.4 mmof Iphosphate.

The effect of loading on the phosphate adsorption

The adsorbate-adsorbent ratio is a key factor enatthsorption process. This is
due to the number of available adsorption sitesichivldetermine the adsorption
maximum. Moreover, the change in the potential nlearsurface strongly affected by
the amount and the speciation of the bound phospfdis effect on the phosphate
adsorption was studied applying different phosplgatthite ratios in 0.5 M NaNO
Figure 6 illustrates the concentration-dependentyhe PQ® binding at various
phosphate/goethite ratios. The corresponding atlsars shown in Figure 7. At a
certain P loading of the system, the highest adigorgs found at the low pH range.
There, the adsorption is not very sensitive to HHs interesting to note that the
theoretical adsorption maximum of the dominant fiek is 2.85 pmol thin case of
bidentate binding, and double in case of monoderiguding.
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Figure 6. The effect of different phosphate loadinghe phosphate adsorption
edges. The data next to the symbols in the legepdesent the ratio of
phosphate concentration (mdi)land goethite concentration (§) las applied
in the experiments. The lines show the model dpson of data based on the
parameter values of Table 9.
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Figure 7. Phosphate adsorption on the goethiteasesfas a function of pH and
different levels of phosphate loading. The symliefgesent the corresponding
adsorption of P measured as equilibrium conceotrat{Figure 6), which were
calculated by the CD model.
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The CD modeling

The adsorption data were used to derive the relathportance of the various
surface species of phosphate, constrained by t#geldistribution values as derived
from the quantum chemical calculations (Table 3he Tformation constants of
adsorbed complexes were calculated using the CDemdte log K values for the
individual data sets (Figure 5, Figure 7) were ropted separately (Table 7, Table 8)
and can be compared with the results for all dagdolg 9). It is interesting to see that
the constants fitted from the two completely diéigr data sets correspond, within the
uncertainty of the parameter values, very well. Tmy exception is the double
protonated monodentate surface species, whichparaptly not of relevance for the
data where the salt effect was studied. This spangy thus only be of relevance at a
quite different loading of the system. This will fuether addressed in the next section.

Table 7. The affinity constants of phosphate s@faomplexes as derived
from modeling the data for different salt levelgg(ife 5). The CD values were

set equal to the values calculated using quantuemigtry technique for the
hydrated ions.

Species [ N np log K
FeOPQ -0.83 -2.17 0 20.46 +0.25
FeOPQOH -0.68 -1.32 0 -
FeOPO(OH) -0.62 -0.38 0 -
FeO,PO, -1.63  -1.37 0 29.47 £0.08
Fe0O,POOH -1.42 -0.58 0 33.92 +0.04
FeO,PONa -1.42  -0.58 0 28.93 +0.02
FeOPQOHNa -0.68 -1.32 1 27.90 £ 0.04

Table 8. The affinity constants of phosphate sefaomplexes as derived
from modeling the data for different loading of gpbate (Figure 6). The CD

values were set equal to the values calculatedguguantum chemistry
technique for the hydrated ions.

Species ) N Ny log K
FeOPQ -0.83 -2.17 0 19.92 £ 0.09
FeOPQOH -0.68 -1.32 0 -
FeOPO(OH) -0.62 -0.38 0 29.59 + 0.39
FeO.PO, -1.63 -1.37 0 29.59 £ 0.04
Fe,0O,POOH -1.42 -0.58 0 34.19 £ 0.06
Fe0.PONa -1.42 -0.58 0 28.86 £ 0.03
FeOPQOHNa -0.68 -1.32 1 27.82 £ 0.05
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Table 9. The affinity constants of phosphate s@faomplexes as derived
from modeling simultaneously the data for differsatt levels and different
phosphate loading (Figure 5 and Figure 6). The @ias were set equal to
the values calculated using quantum chemistry igdlerfor the hydrated ions.

Species § n np log K
FeOPQ -0.83 -2.17 0 20.14 +0.07
FeOPQOH -0.68 -1.32 0 -
FeOPO(OH) -0.62 -0.38 0 29.90 +0.19
FeO,PO;, -1.63  -1.37 0 29.54 +0.03
Fe0O,POOH -1.42  -0.58 0 34.02 +0.05
FeO,PONa -1.42  -0.58 0 28.95 +0.02
FeOPQOHNa -0.68 -1.32 1 27.89 £ 0.04

Phosphate surface speciation

Figure 8 shows the mole fraction of the phosphattaese species as a function
of pH, calculated for three R®loadings, covering the low, intermediate, and High
loading of our experiments (see Figure 7). Caloutadf surface speciation shows that
the non-protonated bidentate complex is the majdiase species for the studied pH
range and phosphate loading. At low pH, the prdemhdidentate species becomes
important. Moreover, at low pH and only at high dading the doubly protonated
monodentate contribute to phosphate adsorption. Adreprotonated monodentate
species is formed at high pH, where the amount idértate complex decreases
rapidly. The surface complexes of phosphate al®vant with sodium and can form a
sodium-phosphate surface complex, i.exdsBO,Na and FeOP&@HNa. The singly
protonated sodium phosphate surface complex irttevath surface groups at mid pH
range, while the bidentate sodium phosphate comiglexgnificant at the pH range
above 6. These two complexes are especially negedsa describe the salt
dependency data correctly.

Discussion

Experimental FTIR surface speciation

The calculated surface speciation can be comparéd wpectroscopic
information. Tejedor-Tejedor and Anderson (Tejedlejedor and Anderson, 1990)
have studied the phosphate surface complexatiahegoethite as a function of pH
and P loading using CIR-FTIR. The non-protonatetébiate has been found to be the
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main surface complex. At low pH, protonation ofstisiomplex has been claimed. At
high pH (pH>8), a monodentate surface complex nighpresent. Recently, Arai and
Sparks (Arai and Sparks, 2001) have studied thg’Peciation for HFO, using

ATR-FTIR. As for goethite, the main surface spedgethe non-protonated bidentate
surface complex. However, their work suggests dh&w pH the speciation might be

due to the presence of protonated bidentate as aselprotonated monodentate
complexes. This is in agreement with our calculasg@éciation using CD values

derived from quantum chemistry. For this reason.cammpared the model speciation
(Table 9) quantitatively with the spectroscopicadat Tejedor-Tejedor and Anderson
(Tejedor-Tejedor and Anderson, 1990). In the calioh, we assumed that the amount

12
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Figure 8. Calculated mole fraction of phosphatdasar species on goethite as
a function of pH and loading in 0.01 M Nakhe calculation is based on the

data of Table 9.
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of protonated species can be summed, since onlyseh®f frequencies has been
identified by Tejedor-Tejedor and Anderson, andi/rad Sparks. We calculated the
relative abundance of protonated species and tmepraionated species for the
conditions in the CIR-FTIR experiments.

In Figure 9, the relative abundance of phosphatese species is shown based
on the spectroscopic data given by Tejedor-Tejesloal. (Tejedor-Tejedor and
Anderson, 1990). The figure shows two kinds of nhodescription. In the first
approach, it was assumed that the species havenitarsimolecular absorbance
coefficient. The model cannot satisfactory desctibe FTIR data (Figure 9, dash
lines). It may denote that the species havierdnt absorbance coefficients. Since

100 100

80 4 30 -

60 60 1

190 pmol P §
goethite

150 pmol P d
goethite

40 - 40 1

Relative intensity, %
Relative intensity, %

201 20 1

100

£ 801
2 !
z
5 Y 100 pmol P §
= goethite
2 401
o
& 204

0 RLECER

2 4 6 pH 8 10

Figure 9. Relative intensity of IR spectroscopitadaf phosphate adsorption
on goethite (SA=81 fmg™) at three levels of loading and in 0.01 M NaCl
(Tejedor-Tejedor and Anderson, 1990). The rectaarguhd triangular symbols
represent the bidentate and protonated bidentatgleaes respectively. The
lines illustrate the pure model prediction using gurface speciation found in
this study (Table 9) for two situations, assuminthex similar molecular
absorbance coefficient (dash lines) or differemfioient (solid lines).
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these coefficients are not known, therefore a lanmmyalue was assumed for the
protonated species vs. non-protonated speciessiithdation showed that the ratio of
coefficient might be in the order of 3-5. Figureill@strates the model description
(solid lines) when the coefficient has been setaétm 4. The figure shows that the
model can describe spectroscopic data satisfacteith this assumption.

Modeling of phosphate adsorption data by fittingetltharge distribution
parameter

In the previous section, the derivation of the geadistribution values from
quantum chemical calculation was discussed. Prehipthe PQ* adsorption data
have been described by optimizing the CD valueral &and error (Hiemstra and
VanRiemsdijk, 1996), (Geelhoetlal., 1998), or fitting (Rietr&t al., 2001), (Tadanier
and Eick, 2002). For comparative purpose, we aledaied the new adsorption data
of phosphate by choosing the charge distributioa &ing parameter. The modeling
was done for the salt dependency data and contientidependency data separately
and as a whole. The results are presented in THblén this approach, the model
excluded the monodentate species and its protoriatets from the calculation. The
quality of the model description is comparable wviftl previous option.

The fitted CD value (@f¥-1.26) of the non-protonated bidentate species is
reasonably close to the expected value based ocaulbn® bond valence approach
(n,=-1.50) and to the value derived from quantum cleamcalculation (p=-1.63).
However, the fitted f1value of the protonated bidentate (-0.85) is fami the
expected value based on the Pauling bond valenm®agh (g=-1.50) and the value
according to quantum chemistry,€A1.42). This denotes the presence of much smaller
negative charge at the surface. This might be dderimation of monodentate instead
of bidentate.

Actually, the fitted value for the protonated spsc{nR=-0.85) is between the
values obtained from quantum chemical calculationnhonodentate (#-0.62 or -
0.68) and bidentate {#1.42) complexes. Attempts to fit the data freagsuming
simultaneously the presence of a singly protonatedo- and bidentate complex did
not resolve both species. This can be done byadlluy more charge at the surface
(higher CD value) or by more species. The formelose when the CD is assumed as
a fitting parameter while the latter denotes thespnce of additional types of surface
species.
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Table 10. The affinity constants of adsorbed phasplsurface complexes as
derived from modeling of phosphate adsorption datafitting the charge
distribution parameter. The modeling was done falt and concentration
dependency data separately and together.

Species ) n Ny log K
Salt dependency data
FeO,PO, -1.35+0.03 -1.65+0.03 0 30.68 £ 0.05
Fe,O,POOH -0.99£0.12-1.01 £0.012 0 35.89 £ 0.50
Fe.O.,PO:Na -1.67 £0.03 -0.33 +£0.03 0 28.68 £ 0.07
Concentration dependency data

FeO.PO, -1.30+0.04 -1.70+£0.04 0 29.70 £0.12
FeO,POOH -0.83+£0.04 -1.17 £ 0.04 0 36.50 £ 0.22

Fe.O,.PONa -1.39+0.03 -1.00 £0.03 0.39+0.0629.65 +0.14
Both data sets

FeO.POG, -1.26 £ 0.03 -1.74 +£0.03 0 29.92 + 0.07

Fe,O,POOH -0.85+0.04 -1.15+0.04 0 36.37 £0.21

FeO,.PONa -1.44 +0.03 -0.88 +0.03 0.32+0.0629.56 +0.14

Doubly protonated bidentate surface species

Arsenate is electronically comparable with phosphatiemstra and van
Riemsdijk (Hiemstra and Van Riemsdijk, 1999) naditleat As(V)-P competition data
for goethite could only be described if similarfage species were used. It suggests a
similarity in surface species for both elementscdtdly, surface complexation of
arsenate onto iron (hydr)oxides has been studieBXA&FS spectroscopy (Sherman
and Randall, 2003). The authors studied the Asibghdn goethite at pH 3.9 at a
As/Fe ratio of 3.5%., equivalent with 1.16mol m? For these conditions, they
suggested the formation of a doubly protonatedriiate innersphere surface complex,
l.e.=Fe,0,As(OH),.

Based on CD modeling, we can exclude the formatioa doubly protonated
bidentate surface species for phosphakefO,P(OH),). Dominance of this species at
low pH would lead to a far too high positive pddicharge, i.e. the measured shift of
the IEP (Figure 5) would be far too small. Writitige overall adsorption reaction for a
neutral goethite particlesFeOHY? + =FeOH," %+ HPO, & =Fe,0,P(OH), + 2H,0
illustrates that no or little negative charge isaduced in the surface for this case. For
phosphate, we calculate with the CD model at sutteding that the P surface
species are a mixture of non-protonated and sipghyonatedbidentate complexes.
Monodentate complexes are not important under theaditions of pH and loading
(Figure 8), which agree with the conclusion of $f&n and Schreiber for arsenate.
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Particle charge

From an electromobility point of view, the doubss/ér may be considered to
be consisting of two layers: an inner layer in whions bind strongly to the surface
and an outer layer in which the ion concentratiesrdases continuously toward the
bulk solution. The potential in this region decas the distance from the surface
increases until it reaches the bulk solution value.

In an electric field a charged particle and its tmesely associated ions will
move. The boundary between the particle and the@wading medium for a moving
particle is known as the plane of shear or slipgilagne and the potential of this plane
is named the zeta potential The exact position of the slipping plane is unkno
Hiemstra and van Riemsdijk (Hiemstra and VanRiejksdB96) located the slipping
plane in the diffuse double layer at a distancatwjut 0.8 nm from the head end of
DDL (BS approach).

Tejedor-Tejedor and Anderson (Tejedor-Tejedor amilekson, 1990) have
measured the electromobility of goethite as a foncof pH and phosphate loading.
The mobility data have been transformed to the getantial (Figure 10). These data
can be described with the CD model for inner- antéisphere surface complexation
(Rahnemaieet al., Ch 2). We assumed that the position of the stigpplane is
identical with the head end of diffuse double layer. the 2-plane. The lines in Figure
10 show the calculated potential at the 2-plan@ isystem containing a series of
different levels of phosphate in 0.01 M NaCl. Tihee$ in the figure indicate that
within the uncertainty the model can successfuligdict the zeta potential and the
IEP. This denotes that the position of the 2-planthe present CD model (Rahnemaie
et al., Ch 2) is approximately identical with the slipgiplane and the potential at this
plane can be considered as the zeta potential.iFhimis in contrast with the earlier
version of the CD model, where it had to be assuthatlthe slipping plane is further
away from the head end of the DDL.

The present CD approach leads to a lower poteatit#ie solution side of the
Stern layer due to the smaller capacitance of tlierdtern layer. This is equivalent
with a larger distance, over which the potentialayes before the DDL starts.

Conclusions

 Quantum chemical calculations show that protonatjtnPQ{3 surface
species leads to only a limited transfer of forroaarge in the surface
complex (<0.2 v.u.).
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Figure 10. The zeta potential at the slipping plé#ased on the measured
electromobility of a goethite suspension as a foncbf phosphate loading and
pH in 0.01 M NacCl (Tejedor-Tejedor and Anderson9dpP The lines present
the calculated zeta potential with the CD model ifarer- and outersphere
surface complexation assuming that the positioslipping plane is identical

with the head end of DDL (2-plane).

Hydration of a surface complexes leads to a mouvaledjstribution of the
charge over the coordinating ligands.

The PQ™ adsorption data can be described assuming themmesf only

3 surface species when the CD values are considgerathconstrained
adjustable parameters

The fitted surface charge attribution)of the dominant bidentate surface
complex is reasonably close to the value found bsntum chemical
optimization of the surface geometry of this comp{an, < 0.37 v.u.).
The fitted surface charge attribution#£r0.85 v.u.) assuming a protonated
bidentate is roughly average of the values caledldbr a protonated
monodentate complexes £10.62-0.68) and protonated bidentate
complex (R=-1.42) using quantum chemical calculations.

The PQ?* adsorption data can be described using CD valoestmined
by quantum chemical optimized geometries of théasercomplexes.

The protonated species at low pH are a combinatibrmono- and
bidentate surface complexes.

Doubly protonated bidentate species do not cortgibio the PQ?
binding.

The calculated surface speciation is in reasonagecement with
spectroscopic information.
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« The CD model for inner- and outersphere surfaceptexation predicts
correctly the zeta potential, considering it isnieal with the potential at
the head end of the DDL (2-plane).
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Abstract

The adsorption of carbonate on goethite has beeluaed, focusing on
the relation between the structure of the surfacemptex and
corresponding adsorption characteristics, like @dethdency and proton
co-adsorption. The surface structure of adsorbeg’®@s been assessed
with 1) a reinterpretation of IR spectroscopy dajagetermination of the
charge distribution within the carbonate complexingis surface
complexation modeling and 3) evaluation of the qmoto-adsorption of
various oxyanions, including carbonate, in relatianth structural
differences. Carbonate adsorption leads to a degre of thevs IR
vibration. Currently, the magnitude of th®; band splitting is used as a
criterion for metal coordination. However, the nmpi@tation is not
unambiguous, since the magnitudé\of is influenced by polarization and
additional field effects, due to e.g. H bonding.r @ualuation shows that
for goethite the magnitude of band splittifg; falls within the range of
values that is representative for bidentate compternation, despite
contrarily assignments made in literature. Deteatnom of the charge
distribution (CD), derived by modeling availablerlmanate adsorption
data, shows that a very large part (2/3) of thba@aite charge resides in
the surface. Interpretation of this result withand valence and a ligand
charge analysis strongly favors the bidentate sart@mplexation option
for adsorbed carbonate. This option is also supgdsly the proton co-
adsorption of carbonate. The H co-adsorption isy vieigh, which
corresponds closely to an oxyanion surface comiplexhich 2/3 of the
ligands are common with the surface. The high Hadsserption is in
conflict with the monodentate option for adsorbe&d:€ The study shows
that the H co-adsorption of GBis almost equal to the experimental H co-
adsorption obtained for Sg® adsorption, which can be rationalized
supposing for both X¢¥ complexes the same ligand distribution in the
interface, i.e. bidentate complex formation.

Key words. carbonate, sulfate, selenite, chromate, proton,
adsorption, co-adsorption, goethite, hematite,, ismdaminum, oxide, IR,
ATR, FTIR, DRIFT, EXAFS, spectroscopy, CD model, ade
distribution, SCM, MUSIC, monodentate, bidentateface, charge.

Introduction

Infrared (IR) and Raman spectroscopy can be usestumy the structure of
surface complexes. Currently, in-situ approachesused (ATR-FTIR, DRIFT). The
identification of the binding mode with IR spectopy is not an easy task as is
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illustrated in the history of the identification tie SO4 and SeO4 surface complex
structure on goethite, bouncing between bidentatenodentate and outersphere
complexation (Parfitt and Smart, 1978), (Perssoth laovgren, 1996), (Hug, 1997),
(Rietraet al., 1999), (Peakt al., 1999), (Wijnja and Schulthess, 2000), (Ostergteah.,
2000a)).

The surface structure of adsorbed carbonate hasdhedied recently with in-situ
IR spectroscopy for goethite (Wijnja and SchultheX¥01), (Villalobos and Leckie,
2000), (Villalobos and Leckie, 2001), (Barghual., 1999), (Ostergred al., 2000b) and
Al-(hydr)oxide (Wijnja and Schulthess, 1999). Basewd the splitting of the CO
stretching frequency due to metal coordination, shdace complex of C{Qon these
metal (hydr)oxides has been categorized as a mataddennersphere complex.

As will be argued, the issue of monodentate andritade complex formation is
particularly of interest for understanding the pependency of ion adsorption. In case of
monodentate formation, the interaction of carbonates with the surface is rather
limited since only one out of three ligands is mpavated in the surface and the other two
ligands remain at some distance. In contrast, batiersurface complexation will lead to
a large interaction with the surface because in tame 2/3 of the ligands with
corresponding negative charge is present in thiacuplane. The interaction of the
negatively charged CO3-2 ion with the surface \a&dd to additional adsorption of
protons, i.e. H co-adsorption. In case of monodertamplex formation, co-adsorption
of H+ will be smaller than in case of bidentatenfation as has been demonstrated by
Rietra et al. (Rietrat al., 1999). This is a very important observation beedeerona and
Leckie (Perona and Leckie, 1985) have shown, dreariodynamic basis, that' to-
adsorption is linked to the pH dependency of treogation of the ion. The combination
of both issues shows that a distinct relation wiist between the macroscopic pH
dependency of adsorption and the microscopic strecif the surface complex.

The key factor in the relationship betwasth dependency & structure of surface
complexes resides in the electrostatics of charged surfaties.double layer potential
near the surface varies very strongly with distafodkink et al. (Fokkinlet al., 1987)
have shown that the pH dependency of ion adsorfgidightly connected to the exact
location of the ion charge in this electrostaticlole layer profile. Therefore, location of
charge is a key factor in understanding pH deperydenhe Surface Complexation
Models (SCM) of the first generation locate thergkeof the innersphere complexes at
one electrostatic position (surface), treating @m as a single point charge. It is clear
from the structure of innersphere complexes tht part of the adsorbing ion and the
corresponding charge is incorporated in the surfabde the other part is located at a
some distance from the surface. The latter partdvasr interactions with the protons at
the surface, i.e. a lower co-adsorption of H. Thege differences in structure of
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innersphere surface complexes and correspondiragidacof charge cannot be easily
introduced in single point charge models. Thislaad to the development of the charge
distribution (CD) model (Hiemstra and VanRiemsdijl996). In the CD model, the
charge of an adsorbed ion is distributed overigands. In turn, these ligands are
distributed over the electrostatic interface lanadi depending on the structure of the
surface complex. This concept will be used heresttmly the relation between pH
dependency of carbonate adsorption and the steucfuhe carbonate surface complex.

In the neutral pH range, the carbonate ion is pattd in solution (HCg)),
whereas it is non-protonated at the surface (Wijam Schulthess (Wijnja and
Schulthess, 2001) according to IR analysis. Théoproarbonate adsorption ratio for
goethite has been established experimentally. Wimnd Schulthess (Wijnja and
Schulthess, 2001) reported a value of 1.54 andlvbbs and Leckie (Villalobos and
Leckie, 2000) found 1#0.2 in a series of experiments (§Qused as reference species).
As noticed by Wijnja and Schulthess (Wijnja and \8ittess, 2001), these values are
high for monodentate complex formation. We consittex high proton-carbonate
adsorption ratio for goethite as representativeidéntate formation (Rietra al., 1999),
(Hiemstra and Van Riemsdijk, 2002). In the preséudy, this issue will be addressed.

Our contribution will start with a critical evaluan of the current criteria used in
IR spectroscopy for the distinction between montaterand bidentate coordination of
CO,;2 The outcome of the semi-quantitative approach bel used to pinpoint the
structure of the carbonate surface complexes. titiace complex structure will also be
assessed from the determination of the chargahdison in the interface using SCM
(CD model). In addition, proton co-adsorption of £L@vill be evaluated and compared
with other oxyanions. In the modeling, the excdltigta set of Villalobos and Leckie for
carbonate adsorption on goethite (Villalobos andkiee 2000), (Villalobos and Leckie,
2001) will be used.

Infrared spectroscopy

In several studies, the binding of carbonate orhgeehas been examined with in
situ IR spectroscopy (Wijnja and Schulthess, 20Q¥)llalobos and Leckie, 2001),
(Bargar et al., 1999), (Ostergremt al., 2000b), (Russelét al., 1975), (Zeltner and
Anderson, 1988), (Su and Suarez, 1997). A non-coaietl CO3-2 in vacuum has a
calculated symmetric stretching frequendy at 1010 cm-1 and two asymmetric OCO
frequenciex3 at 1447 cm-1 (quantum chemical calculation LMR&leh using the cc-
pVTZ basis set). In an aqueous solution, the CQag) ion has an experimental
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asymmetric OCO stretchingB at 1390 cm-1 (Wijnja and Schulthess, 1999). Ailaim
value (1370-1390 cm-1) is found for the non-coamtbd CO3-2 ion in crystalline
Co(Il(NH3)6 Cl CO3 (Nakamotet al., 1957).

In case of metal coordination, the symmetry of ¢agbonate ion may change.
This leads to a split of they band, as shown experimentally (Nakameital., 1957) for
a series of cobalt-ammine-carbonates. The degrsplitiing, given afv3, depends on
the type of coordination. For monodentate (M) cbhaimine-carbonate complexes
(Figure 1) a relatively smaliv3 (80-120 cm-1) is found (Nakamot al., 1957),
(Goldsmit and Ross, 1968) while formation of a mandear bidentate (MB) Co(lll)
carbonate complex results in a large split (300-@40). This observation is widely used
for identification of the type of carbonate comm@sx

§ P

Monodentate Mononuclear-Bidentate Binuclear-Bidentate
M MB BB

Figure 1. The structure of a monodentate, a mond-aabi-nuclear bidentate
XO3 complex

The Av; value of bidentate Cu(ll) carbonate complexes nystalline
Na,Cu(CQ,), (138 cnt) and NaCu(CQy),3H,0 (140-195 cr) is considerably lower
compared to the bidentate carbonate complexes (fl)C@olivet et al., 1982). The
lower Av3 value can be related to the polarization powé¢h@icoordinating metal ion(s),
generating an interacting electrostatic field. Tieéd strengthe of a point charge is
proportional withzr2, wherez is ion charge and the distance from the point charge.
The influence of polarization of metal ions on thend splittingAv3 was shown by
Jolivet et al. (Jolivett al., 1982) for a series of solid carbonate complexés avknown
complex structure (MB complexes). This correlatisnshown in Figure 2 (open
diamonds). The triangles in Figure 2 are fiwy values for monodentate Co(lll)-
ammine-carbonates (M).
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400
Avsz cm™ B
3007 a-FeOOH "
T
2000 &% 0 A T M

100~ -

Figure 2. The relation between the; band splitting of C@? and the field
strength of the coordinating metal ions. All diardsrrefer to mononuclear
bidentate (MB) complexes. The order of the ion$wicreasing field strength
is: La(lll), Ce(lV), Th(IV)/Cu(ll), Sc(lll), Co(ll). The black diamonds are
related to MB-carbonate complexes that are inflednby hydrogen bond
formation (Th(IV), Ce(lll), Sc(lll)). In the lattecase, a strong reduction in
band splitting occurs. The series of triangles datk monodentate (M)
complexes in crystalline Co(lll)-penta-ammine-cardies. The dark area
indicates the field where bidentate complexes loarfound. The series of
black squares indicate th®;values of carbonate surface complexes measured
in goethite suspensions and an aged Al-oxide sgspenThe position of these
Avs suggests that the G@omplex at the goethite surface might be a bidenta
complex and that the complex at aged@Imight be a monodentate surface
complex.

Three important observations were reported by doét al. (Jolivett al., 1982).
First of all, they showed that the band splitirgy tarbonates of Céand TH
(Nag[Ce(CQOy)5).12H,0 and NgTh(CGy)s).12H,0) strongly decreased (vertical arrows
in Figure 2) from respectively 185 and 189 (opmdbnds) to respectively 117 and 124
cm® (dark diamonds) if the Naons in the solids were replaced by C@¥4 while
maintaining the bidentate structure for the car®man. The difference in splitting is
attributed to the presence of additional field @fecounteracting the polarization of the
metal ion. Jolivet et al. (Jolivet al., 1982) suggested that this might be due to foonati
of hydrogen bonds. These H bonds are requirechéoneutralization of the oxygens of
CO; in case of the removal of the Neharge.

A second important observation of Jolivet et adliyét et al., 1982) was related
to the Sc(C@," moiety in which carbonate is bound as a mononudidentate
complex. The structural unit can be found in thestalline state as well as in solution.
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The band splitting is however very different. Inusion, where it may form H-bonds, the
band splitting is only 100 c(dark diamond) while in the crystalline state 200" is
found (open diamond). Both mentioned observatioggeast that H bond formation may
lead to a considerable reduction of the band sjitiv3. The reduction is indicated in
Figure 2 with vertical arrows. The dotted lingFigure 2 gives the estimated lower limit
of theAv3 values for mononuclear bidentate complexes.

The third point is the difference between mono- duahuclear bidentate
complexes (MB and BB in Figure 1b,c). In crystaliNgCu(CG;),.3H,O both types of
bidentate complexes are found (Jolieetl., 1982). TheAv3 values of this compound
are 140, 170 and 190 cm-1. In crystalline,®l#§CG;), only binuclear bidentate
complexes are found (Healy and White, 1972). &A@ value for this compound is 138
cm-1, which coincides with the lower value of.8a(C(Q,),.3H,0. It illustrates that BB
complexes may have a low&v3 than MB complexes, in contrast to suggestionsemad
in some generaAv3 classification schemes. The lowAw3 value for crystalline
NaCu(CQy), falls in the darkAv3 area for bidentate complexes in Figure 2. In
conclusion, in the mentioneflv3 area of Figure 2, bidentate complex formation is
plausible.

We are now ready to introduce the carbonate batittirgy for a-FeOOH
(goethite) and ADs;. Wijnja and Schulthess (Wijnja and Schulthess,12G0und for
adsorbed CQin a goethite suspensidk3 =195 cnif. The most frequently reported
band splitting is however 156 10 cni* (Villalobos and Leckie, 2001), (Barget al.,
1999), (Ostergrert al., 2000b), (Zeltner and Anderson, 1988). For age®@£4Av3 of
120 cmt is found (Wijnja and Schulthess, 1999). This vatuelose to the lower line in
Figure 2. Apparently, thAv3 values for the Fe and Al (hydr)oxides are notdifierent.
However, the polarization power of Fe and Al défestrongly. TheAv; values for the
surface complexes are plotted in Figure 2 (sqlaildse position of thé\v; values
suggests that the G@omplex at the goethite surface might be a bidergad that the
complex at AJO; might be a monodentate surface complex. In therpretation, the
agueous surface complexes of FeOOH an@#dre in the lower parts of tidw; area of
respectively bidentate (B) and monodentate (M) dergs (Figure 2).

Surface Complexation modeling

Villalobos and Leckie (Villalobos and Leckie, 200@Yillalobos and Leckie,
2001) have provided an extensive data set for catboadsorption on goethite. The
adsorption of carbonate has been measured in p&s 9f systems, i.e. gas closed and
open systems. In the closed systems, a known anuwfuparbonate is added. The
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experimental C@pressure results from the speciation processsaluion, the binding
of carbonate at the surface and the gas/water eotatio \j/V,. In the open systems, the
CO, pressure is kept constant. The total amount dioreate in the system will vary
depending on the speciation in solution and thengxaf surface complexation. The pH
dependent carbonate adsorption has been measuteattien of the ionic strength (0.01
and 0.1 M) and the type of electrolyte (NaCl, NaNO

Primary charge

The primary charging behavior of goethite is dueptotonation of singly
(EFeOH(H)) and triply coordinate&lfe;O(H)) surface groups as found at the dominant
110 face, each having a site densiyoN3 s/nnf (Hiemstraet al., 1996). The 001 and
021 faces at the top end of goethite needles hagly €oordinated surface groupsseN
7-8 nmz). In case of a 90 % contribution of the 110 fdahe, overall mean site densities
are 0.75+2.7 and 2.7 s/Arfor respectively theeFeOH(H) and=Fe;O(H) groups. The
protonation constants for both types of surfaceigscare set equal to the value of the
PZC. The ion pair formation reactions with corresing constants for NaCl, NO;*
and CIQ™ are taken from Rietra et al. (Rieteaal., 2000) (Table 1). We used a
capacitance of 0.9 F/m2 (Basic Stern model) asraatafor well-crystallized goethites
(Hiemstraet al., 1989), (Hiemstra and VanRiemsdijk, 1996), (Rietral., 2000), (Boily
et al., 2001). All calculations have been done with tH&OSAT software (Keizer and
van Riemsdijk, 1998) in combination with FIT (Kitwirgh, 1993).

Table 1. Primary charging reactions of goethite

Reaction

=FeOH"? +H™" ~ FeOH;"? logK ceon,

= FeOH"? + Na™ < FeOH"?...Na" 109K reorma
=FeOH 2 +H™ + NO;! « FeOHY?...NO;! logK eoipno,
=FeOH"? +H" +CI™" = FeOHY?...CI™" log K keonci
=FeOH"? +H™ +CIO;* = FeOH"?...ClO}* l0g K reoricio,
=Fe, 0"’ +H" -~ Fe,OH™"? 109K e 01
=Fe,0"*+Na™ = Fe,0™"?..-Na" logK ¢eona
=Fe,0™"* +H" +NO;' = FeOH™?...-NO;" 109K ¢ 0mo,
=Fe, 0" +H" +CI™" = FgOH™?...CI"" l0gK to0nici
=Fe,0™"?+H™ +CIO;' = Fe,OH""?...CIO;' 109K ro 01100,

Log Ky=9.2, log K= -1, log Kyos= -1, log Ke=-0.5, log Keios=-1.7, C=0.9 F/ﬁ\(BS), N(FeOH)=3.45
nm?, NFe0)=2.7 nnt
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Carbonate adsorption on goethite

Based on the above evaluation of the IR spectrgsdaga, one may define a
binuclear bidentate adsorption reaction as:

2 = FeOH'* +CO? - =Fe0,°CO" +2H,0 [1]

in whichp+g= -1, the total charge of the surface species.

In this paper, the interfacial charge distributi@D) of the C@? ion will be
expressed in the valence@ andnl. These values are defined as the partial chafges
the CO3-2 ion which are attributed to respectitké/0- and 1-plane in the BS approach
(n0+nl= -2). Note that then values are equal to the Boltzmann coefficientshé t
reactions are defined with FeOH2+1/2 as referenmapg(eq.[1]). If FeOH-1/2 is used as
reference, the Boltzmann coefficiea@® andzl arez0 =n0 + nH andzl =nl, in which
nH equals the total number of protons adsorbinge£fFeOH surface groupskl=2, in
case of ZFeOHY? + 2 H + CO;? <=>=Fg0,CO + 2 HO).

The data sets for the open and closed, Ggstems have first been fitted
separately. The formation constants used for agulaCQ(aq) and NaHCg) (aq) are
respectively logk=1.02 and logR= -0.19 (Millero and Schreiber, 1982). All singly
coordinated surface sites are assumed to be reawiilr respect to carbonate (Ns=3.45
nm-2). For the open systems one finds = -1.33:0.02 andnl =-0.650.02 with
logKCO3 = 4.020.04 (R2=0.974). For the closed systems onen§ets-1.31%+0.02 and
nl = -0.620.02 with logkC0O3=3.850.03 (R2=0.978). The fitting shows the charge
distribution values are very similar for both da&s. The mean CD value can be given
asn0 = -1.33 anahl = -0.67. The corresponding affinity constanbigi=3.90. With the
CD values obtained, we are also able to describ€d3-2 adsorption data sets of van
Geen et al. (Vangeeat al., 1994) measured in 0.1 M NaClO4 (R2=0.99, logK¥&rid
of Villalobos et al. (Villaloboset al., 2001) measured in 0.01 M NaN@R’=0.98,
logK=3.7).

The description of the adsorption data of Villalskand Leckie (Villalobos and
Leckie, 2000), (Villalobos and Leckie, 2001) mighte improved assuming also the
presence of a Na-carbonate interaction, i.e. thredtion of=Fe,0,CO-Na:

2=FeOH"?+CO? +Na" ==Fe0,’CO-Na"" +2H,0 [2]
In the calculations, the charge of the*Nan is attributed to the 1-plane (BS

model). In case of the simultaneous presence d&f utface species (reaction [1] and
[2]), the fitted CD values (120.976) for the C¢’ ion aren0 = -1.320.02 andnl =-
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0.63:0.02 and the corresponding affinity constants agKCO3=3.7%0.02 and
logkCO3Na=4.4%0.17 (open systems). For the closed systems or&nsbiO=-
1.33:0.01 and n;=-0.6/40.01 with logkeo=3.9t0.02 and logkosns5.06£0.05
(R?=0.988). Note that the correlation coefficient lighly higher when theeFe,0,CO-
Na species is introduced. Only calculated linestlf@ simplest option are shown in
Figure 3, i.e. the presence of only one surfaeeisp.

For further analysis, we have also determined tli2 @lues in case the
adsorption would not be due to the formate,0,CO but to other surface complexes.
The formation of the surface specieBe,0O,COH (protonated bidentatexFeOCQ
(non-protonated monodentate) e&tfeeOCQH (protonated monodentate) can be defined
respectively with the reactions:

2=FeOH" +HCO; = =Fe,05COH® +2H,0 [3a]
1= FeOH" +CO? = =FeOCO," +1H,0 [3b]
1=FeOH,"* + HCO;' - =FeO’COOH® +1H,0 [3c]

The results of the modeling process with each speaadividually are given in
Table 2. The fitted charge distribution valuesha& tarbonate ionr{) in Table 2 refer to
the net charge introduced in the interface,nd3n1=-2 for CO3-2 on0+nl=-1 in case
of the formation of a protonated carbonate surtaaplex. It is striking to see that the
fitted value in Table 2 for the charge attributitmthe 1-planenll) remains almost
constant, independent of the formulation of thectiem (protonated versus non-
protonated surface complex). In contrast, the spoedingnO values increase strongly if
a protonated surface complex is defined, i.e. tldop charge is apparently redirected
towards the surface plane. The steadinesg shows that the charge attribution to the 1-
plane is the most essential parameter needed indekeription of the adsorption
behavior. This is due to electrostatics. At a gipéh the charge attributianll regulates
predominantly the electrostatic potential in theldne ¢1). Therefore, the potential will
change rapidly with increasing ion adsorption, \whwill strongly affect the overall
affinity of the adsorption reaction. This phenomem® also extremely important in ion
competition as has been discussed previously inena@mtail (Hiemstra and Van
Riemsdijk, 1999). The potential of the surface plé&m) is less strongly influenced by
the charge attribution0. The main reason for this phenomenon is the boffeof the
surface charge by the presence of proton reactiveace groups, enabling H co-
adsorption. If one defines in an adsorption readt@ involvement of more protons (e.g.
eq.[3c] instead of [3b]), that proton charge isam&bly pushed to the surface plane in the
fitting procedure. The surface will react vismaller co-adsorption of protons on the
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86

Adsorption Cmol/m?

log Adsorption

log Adsorption

Figure 3. The adsorption of carbonate on goethit€e@, closed (3a) and open (3b,c)
systems in 0.01 M (dark symbols) and in 0.1 M N@pken symbols) at various levels
total carbonate (3a) or P-G{3b,c). The data are from Villalobos and Leckie
(Villalobos and Leckie, 2000), (Villalobos and Léek2001). The gas volume /water
volume ratio in Figure 3a was set af/W¥=0.77 I/l. The lines are calculated with the
CD-model using the charge distribution #re202CO of g= -1.33 and = -0.67
(notm= -2). In Figure 3a the total carbonate is 188ol/l (squares), 9qumol/l
(triangles) and 63umol/l (circles). In Figure 3b the partial G@ressures and solid
concentrations are P-GO5.59 mbar ang=14.7 g/l (squares), P-G© 240pubar and
p=10 g/l (triangles), P-C& 413 pbar andp=2 g/l (circles). The P-C& 331 pbar
andp=9.4 g/l (squares) in Figure 3c.
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Table 2. Four options with individually fitted clggr distributions of bidentate
and monodentate (H)GQurface species. The sum of the charge allocétion
the 0- and 1-plane ¢hny) is equal to -2 in case of adsorption of £20
(eq.[1,3b]) and equals -1 (eq.[3a,c]) in case aftqmation of the carbonate
complex (zos+ z4=-2+1 = -1). The quality of the fits is characted with the
correlation coefficient B

Species ) n No*+Ny R?

=F&,0,CO -1.33 -0.67 2 0.975
=Fe,0,COH -0.25 -0.75 -1 0.973
=FeOCQ -1.35 -0.65 -2 0.973
=FeOCOOH -0.29 -0.71 -1 0.950

proton reactive surface groups. However, the fotation co-adsorption (H in the surface
complex reaction plus the H+ co-adsorbed on othefase groups) remains almost
constant. This is necessary for a good descriptibrthe pH dependency of the

adsorption, because the total proton co-adsorpiohpH dependency of ion adsorption
are thermodynamically linked (Perona and Lecki®5)9(Hiemstra and Van Riemsdijk,

2002).

Villalobos and Leckie (Villalobos and Leckie, 200ave fitted the carbonate
data using the CD concept in a hybrid combinatiath ¥he 2-pK model. They derived
for the monodentate and bidentate surface compiailas values for n1 (n% -0.7-0.8)
at the same quality of fit. As in our case (Tahl&®2), the quality of fits was in all cases
acceptable. It illustrates that quality of fit istrof much help in discriminating between
different options. Interpretation of the fitted @Rlues in relation to surface and complex
structure with the bond valence concept can be wseful tool (Rietrat al., 1999). This
approach will be discussed in the next section.

Discussion

Charge distribution

The above data analysis revealed that the mainopéine CO3-2 charge=(-1.3
v.u.) is present in the surface plane. The chardba 1-plane is relatively smad ¢0.7
v.u.). This can also be concluded from the modelmgk of Villalobos and Leckie
(Villalobos and Leckie, 2001).

The fitted CD values can be compared with the tesof a simple model
calculation in which one combines the interfacigbhihd distribution of the surface
complex with the Pauling bond valence concept (Rgul929). An equal distribution of
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the divalent carbonate charge over the three oxjigands, leads to a mean oxygen
charge of -0.67 v.u. In case of bidentate formatimo oxygen ligands are present in the
surface, yielding a Pauling valencemd = -1.33 (= 2 -0.67) v.u., and one oxygen ligand
Is present in the 1-plane, yieldimd=-0.67 v.u.. These calculatedvalues are equal to
the values obtained by fittingn@= -1.330.04,n1= -0.640.04 v.u.). This similarity is
not found for the other surface complex options@néed in Table 2. For instance, using
the same approach, one calculates for the monddesdenplex the charge distribution
coefficientsn0 = -0.67 andn, = -1.33, which are very different from the fitt€zD
coefficients (Table 2). The analysis advocates #hhtdentate structure is more likely
than a monodentate structure.

The fittedn values, obtained for the four different surfacenptexes of Table 2
(EFe202C0,=Fe202COH anEFeOCO2,=FeOCO2H), can be interpreted in more
detail by calculating the corresponding chargehanligands of the various complexes.
This is shown in Figure 4. For each option, tha & the charges on the outer ligand(s)
is equal to the correspondimj value in Table 2. The charge at the common seirfac
ligands (coordinated to C and Fe simultaneously) lma calculated using0 and the
bond valence contributios of the Fe-O bond(s). For the singly coordinateougs on
the 110 face of goethite the Brown bond vales@guals +0.6 v.u. (Hiemstrat al.,
1996). It should be noted that the Brown bond \adewalues is different from the
classical Pauling bond valengeused in the formulation of the charging reactibhe
Pauling bond valence is merely used as an ovdralige book keeping tool, while the
Brown bond valence traces the local formal chamgyethie surface complex. The
calculation with the Brown bondvalence approachwshthat formation of the non-
protonated bidentate complex (Figure 4.a) leada tather acceptable charge on the
common surface ligands, which is close to zerahtnother three cases, the common
oxygen(s) is/are strongly over-saturated (4b,@tmngly under-saturated (4c).

A second feature that can be resolved from theebgand charge calculation is
the symmetry in the charge distribution within @@3 moiety. In the bidentate complex
option (Figure 4a), one finds an equal chargeibigion of C over the three coordinated
oxygens (s=1.33 v.u.). This is equivalent with égGa0 distances (Brown, 1977),
(Brown, 1978), (Brown and Altermatt, 1985). Howevirthe adsorption has to be
explained exclusively by protonated bidentate cexgsd (option 4b), the actual bond
valence s of the C-OH bond would be only s=0.25. ilbe value for both other C-O
bonds, directed to the surface, is in this opteh.87 v.u. The first value is extremely
low, the latter one is very high. It would implyspectively very long and very short C-O
distances, making the protonated bidentate optitikaly.
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Bidentate

CHNC]
I O I I O H

Fe Fe Fe Fe

a)

Monodentate

H
c¥clic¥o
L

Fe Fe

Figure 4. The ligand (O or OH) charge in non-prated and protonated
bidentate and monodentate carbonate surface coewmplealculated on the
basis of the fitted charge distribution. The ligahérge at the common ligands
is in three cases strongly under-saturated (c)var-saturated (b, d). The
charge distribution iEFe,0,CO (a) is most likely since I) the carbon charge is
well distributed over the three oxygens of {J@auling distribution) and since
II) the common surface ligands of tE-e0,CO are all most completely
neutralized. The charge attribution coming from Eeeion is set equal to 0.6
v.u. in the calculations.

A bond valence analysis of the C-O distances istatyne carbonates such as
Na2CO3, CaCO3, MgCO3, PbCO3, Na2Cu(C03).3H20, CdZOO3 etc.
(Anonymous, 1995) shows that the difference in bealénce chargeA§) of the C-O
bonds is generally low, in the rangeAs=0-0.2 v.u. It means that the carbon charge is
rather symmetrically distributed. For bicarbondites crystalline NaHCO3 and KHCO3,
the asymmetry in the CO3 moiety is larger, i.e.dlference in bond valence is larger
(As=0.2-0.3 v.u.). In some particular cases like mstalline cobalt(lll)-ammine-
carbonates (e.g. Co(NH3)4BrCO3, (Co(NH3)4ANO3CORR and
Co(NH3)5BrC0O3.H20), exceptionally large differencase found, being between
As=0.3 andAs=0.4 v.u. TheAs values in crystalline materials can be compargd w
those required in both monodentate surface cong@éans (Figure 4 c, d). The required
As values in these surface complexes are much |#$=0.6-1 v.u.), i.e. a rather
unlikely high asymmetry would exist.
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Summarizing, the ligand charge analysis as wedinasthe analysis of the charge
distribution in the adsorbed CO3 favor the bidensatrface complexation option.

It has been suggested that H bond formation betyeetcular surface groups
and the carbonate surface complex may lead totriedison of charge in the complex
(Russell et al., 1975), (Wijnja and Schulthess,120The question arises whether this
suggestion can explain the low charge in the leplancombination with monodentate
surface complexation. Indeed, additional OH stiatglirequencies are observed in the
IR spectrum. However, the OH stretching bands @uad in the range 3700-3400 cm-1
(Wijnja and Schulthess, 2001). It can be shown (fbiighed results) that the H bonds
formed in this range are quite ordinary H bond$aim O-H........ O charge distribution
close to the value for H bonds in water. It impliest one type of H bond is replaced by
an almost similar type during the formation of thaface complex. Therefore, no
considerable redistribution of charge via H borsd=sxpected in the interface.

Proton co-adsorption

A high negative charge attribution to the surfad# lwad to a high proton
coadsorption (Rietret al., 1999), (Hiemstra and Van Riemsdijk, 2002). Figbirghows
the calculated proton co-adsorption (lines) forekperiments of Villalobos and Leckie
(Villalobos and Leckie, 2000) in NaCl and NaiN®he predicted H co-adsorption is in
line with the experimental data.

The H co-adsorption due to carbonate binding candmepared with the H co-
adsorption found for other oxyanions. Usually, pineton co-adsorption is determined at
constant pH. In the experiments of Villalobos arathie the pH varied. Therefore, we
will rely for carbonate on the calculated protoradsorption in order to compare it with
other experimental data sets where the H co-adsorpas been measured at constant
pH. The calculated proton - carbonate interactisnbased on the above-derived
parameter set.

In Figure 6, the experimental H co-adsorption iigig for a series oxyanions
(Se03-2, CrO4-2, SO4-2). The proton co-adsorptambdeen determined by Rietra et al.
(Rietraet al., 1999) with pH-stat ion titrations at a relativédigh solid/solution ratio.
This technique allows a simple but accurate deteatwin of the H co-adsorption for
these ions. The ions considered are all divaledt farm, at the conditions studied,
innersphere complexes (Hug, 1997), (Peai., 1999), (Wijnja and Schulthess, 2000),
(Hayeset al., 1987), (Fendorét al., 1997). Selenite (Hayes al., 1987) and chromate
ions (Fendorfet al., 1997) form bidentate surface complexes. Sulfatbdund as a
monodentate complex (Hug, 1997), (Peakl., 1999), (Wijnja and Schulthess, 2000),
(Rietraet al., 2001).
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H coadsorption Omol/m 2

0 0.5 1 1.5 2
CO,” adsorption Cmol/m?

NaNOs

H coadsorption Omol/m 2

0 0.2 0.4 0.6 0.8 1
Co,? adsorption Cmol/m?

Figure 5. The H co-adsorption in the £@dsorption experiments of
Villalobos and Leckie (Villalobos and Leckie, 2000he full lines and dark
symbols refer to 0.01 M. The dashed lines and ggyenbols are for 0.1 M.
The CQ pressure and solid concentratiop} &re respectively: P-CS 5.59
mbar, p=14.7 g/l (triangles), P-C& 240 ubar, p=10.0 g/l (circles) and P-
CO,= 331pbar,p=9.4 g/l (squares).

The SeQ@ ion has, on a relative basis, the highest numbexygens common
with the surface (2/3). It therefore has the highesgative charge attribution to the
surface, which results in the strongest interactioterms of the uptake of additional
protons, i.e. the highest proton co-adsorption. difvemate ions have the same number
of oxygen ligands common with the surface. Howeadsorbed chromate ions have, in
contrast to adsorbed Sg©two oxygens in the 1-plane. In other words, propoally a
smaller part (2/4) of the divalent charge is atiigal to the surface, leading to a lower H
co-adsorption. The sulfate ions have the lowestbaimof oxygens common with the
surface. Three quarters of the ligands are pra@séhné 1-plane. It means that a relatively
small portion of the -2 v.u. charge is directlyeratcting with the surface, i.e. one expects
the lowest H /ion ratio.
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Figure 6. The H co-adsorption of protons due te binding of CQ?
SeQ?, CrO;% and SQ?on goethite in 0.01 M NaNgat pH=4.2. The dashed
lines indicate the expected co-adsorption in cliseracharge (-2) is present
or in the surface plane or in the 1-plane (BS apghd, yielding respectively a
very high or a low H co-adsorption. The full linage calculated assuming a
Pauling distribution of charge of the central ioreothe coordinating ligands,
leading to a surface charge attribution of respebti2/3, 2/3, 2/4 and 1/4 of
the anion charge (-2). Data for SFQCrO,? and SQ? (dark symbols) are
from Rietra et al. (Rietret al., 2000). The points for GO (open symbols) are
generated using the parameter set derived in thay swhich is based on the
work of Villalobos and Leckie (Villalobos and Leeki2000).

Figure 6 shows that for the conditions given, theokadsorption due to carbonate
adsorption is almost equal to that for seleniteogut®n. For the H co-adsorption at pH
6.2 (Rietraet al., 1999) the same conclusion can be drawn (not shdvae similarity in
H co-adsorption can be understood assuming thhtdmhplexes have the same ligand
and corresponding charge distribution in the iamf Selenite ions form bidentate
complexes (Hayest al., 1987), i.e. the striking similarity of the H cdsmrption of
C0O3-2 and Se03-2 strongly suggests that carbomatisa bound as a bidentate surface
complex.

The lines in Figure 6 have been calculated fdeaht charge distributions. The
charge distribution can vary between two extrensegddotted lines in Figure 6). The
highest dashed line in Figure 6 refers to the fddsorption in case all divalent charge is
located in the surface plane. The lower dotted lepresents the situation in which all
charge is present in the 1-plane at the head ettt @DL. These two lines set the upper
and lower limit of H co-adsorption for the specificsorption of divalent ions (BS
approach). The full lines in Figure 6 are caladgbredictions based on the known
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structures of the various surface complexes inehlassuming a Pauling distribution of
charge within the adsorbed ions, i.e. the linesrnarefitted (Rietraet al., 1999). The
calculations show that even without any adjustnoérnthe CD value, the results give
acceptable predictions of the H co-adsorption. I$p allustrates that a quantitative
relation exists between the interfacial ligand ribstion and proton co-adsorption. A
comparable Figure is discussed in more detail lgmidtra and Van Riemsdijk
(Hiemstra and Van Riemsdijk, 2002).

Summarizing, one observes a striking similaritynasn the H co-adsorption of
SeQ? and CQ? The proton co-adsorption of both ions is highjohtpoints to a high
attribution of negative charge to the surface. Hgsees with the formation of bidentate
innersphere complexes, as determined for selepiteXAFS (Hayest al., 1987). The
similarity in co-adsorption of Se® and CQ? supports the hypothesis that carbonate
ions form bidentate surface complexes.

Conclusions

Our evaluation of carbonate adsorption by goetlatebe summarized as follows:

« Carbonate ions may show a degeneration ofvth€CO) IR vibration,
which not only varies with the metal coordinatiordahe field strengtla
generated by the coordinating metal ion(s), buegalso due to additional
field effects in relation to H-bonding. The expesimal band splitting\v,
for goethite (155-195 ci) is relatively high. The magnitude of tie,
values falls within the range of values that apresentative for bidentate
complex formation, despite contrarily assignmendsienn literature.

» Description of the pH dependent carbonate adsormtada of Villalobos
and Leckie (Villalobos and Leckie, 2000), (Villatmband Leckie, 2001)
with the CD model leads to derivation of the chadigribution in the
carbonate surface complex. About 2/3 of the diatanbonate charge is
present in the electrostatic surface plane, 1{8dasent in the 1-plane (BS
model).

* A bond valence and ligand charge analysis of tifasel complex, based
on the fitted charge distribution, favors the bidém surface complexation
option for carbonate.

» The proton co-adsorption due to anion binding lsted to the structure of
a surface complex. For homovalent oxyanions, theokadsorption is
determined by the relative number of oxygen ligatidg are common
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with the surface, i.e. the ligand distribution. Tm®ton co-adsorption of
carbonate is high and almost equal to the H corptisn found for the
bidentate innersphere complex formation of $eQhis similarity in H
co-adsorption of both X ions also strongly advocates the bidentate
complexation option for carbonate.
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Competitive Adsorption of Phosphate and Carbonate

Abstract

Competitive adsorption of phosphate and carbonaigoethite has been
guantitatively studied, since these anions are lywigeesent in soils,
sediments, and other natural systems. Metal hydeoaurfaces are
positively charged at normal range of pH and aterofesponsible for
binding of anions such as phosphate and carboAdsarption edges of
phosphate were performed in a binary system cantaphosphate and
carbonate, as a function of phosphate and carboloaiging and

background salt concentration. It was compared \atlsorption of

carbonate in a ‘single ion’ system. The adsorptata were described
using the CD model for inner- and outersphere sarf@omplexation.
The charge distribution of innersphere surface dergs of phosphate
and carbonate was constrained using quantum chlecailcallation. The

constants for carbonate species were derived froodeimg of

carbonate-phosphate interaction data. These obtaspastants were
used to predict the carbonate adsorption in abseh@idosphate with
good results. The carbonate adsorption data weeessfully described
using an innersphere bidentate complex, which yparieracts with

sodium, resulting in an innersphere sodium-carlesatface complex.
A monodentate outersphere sodium-bicarbonate compkey form at

relatively high pH and high carbonate loading. Ttaenplex becomes
non-protonated at a higher pH range. At low loaddgarbonate, the
bidentate complex strongly dominates the carboadserption.

Keywords. phosphate; carbonate; adsorption; diffuse dolayler; basic
Stern; iron oxide; goethite; CD model; MUSIC moddurface
speciation; IR spectroscopy;

Introduction

Anion and cation adsorption at the solid-solutioteiface of minerals plays an
important role in processes in the natural envireninReactive surfaces are very
important in bioavailability, retention, and transpof ions. Clay minerals and organic
matter provide negative charge in soils and sedisnélfhese surfaces are important
for cation binding, like binding of the macro-eleme Nd*, K**, Cd? Mg* and of
trace elements, in particular heavy metal caticklsand Fe (hydr)oxides have a
positive surface charge. This surface charge catobgensated by specifically bound
oxyanions like S@? CO;? and PQ>.

The binding of cations and oxyanions on metal osiddaces can be described
with surface complexation models. For applicatibrsurface complexation models in
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natural systems, information is needed with resped¢he binding of those ions that
are omnipresent. Phosphate is an anion, whichesept in the environment at a rather
low concentration level (often 1-16M scale). However, phosphate ions have a very
high affinity for metal oxide surfaces of Al and.Reimplies that phosphate will be a
dominant ion at the surface. This ion strongly uefices the particle charge and
therefore the binding of other anions and catidnsnacro-element like calcium is a
typical example of an ever-present cation that &dasonsiderable interaction with
phosphate. The process can be considered as ctepdramding. The variation in
Cd" activities is rather high, ranging from™10/ in river waters of the Amazon to
102 M in seawater and soils. This variation influentes PQ™ adsorption in the pH
range above 5 (Rietet al., 2001).

At low pH (pH<5), sulfate ions are a competitor fiirosphate (Geelhoetlal .,
1997). Sulfate is less strongly bound to Fe oxislesomparison with phosphate.
However, the lower affinity is compensated by ahkigconcentration (1 mM scale) in
the environment, in particular in the industriada@s with air (Sg) pollution.

In this study, we will focus on another ubiquitopsesent oxyanion, i.e.
(bi)carbonate. The concentration of this anion etated to the local partial GO
pressure and the pH. In ground water, the nateratentration range is Ta10% mM.
The dissolved forms of CQi.e. bicarbonate and carbonate, may adsorb oetalm
oxide surfaces. This process induces competitiocadbonate with phosphate. In the
Olsen phosphate extraction procedure (Olsen andh,D&854), the competitive
interaction between phosphate and bicarbonate lisedgately used to desorb F®
from soil.

Carbonate adsorption has been studied as a ‘smglsystem (Vangeest al.,
1994), (Villalobos and Leckie, 1999), (Villalobosnda Leckie, 2000) and in
interactions with other ions like arsenate (Aetial., 2004), uranyl (Waznet al.,
2003), (Villaloboset al., 2001), and chromate and lead (Villalobsl., 2001). With
IR spectroscopy, the adsorption mechanism of cateonas been studied (Villalobos
and Leckie, 2001), (Wijnja and Schulthess, 200dijidlly, it has been concluded for
goethite (FeOOH) that carbonate ions are adsorlze@d amonodentate complex.
Recently, Hiemstra et al. (Hiemstet al., 2004, Ch 5) have reinterpreted the
spectroscopy data and argued that bidentate sweplexation is more likely.

In the present study, we will measure20G0; interaction. The interaction will
be described with the charge distribution (CD) niolde inner- and outersphere
surface complexation (Rahnemage al., Ch 2). For phosphate, we will use the
parameters derived previously by Rahnemaie etRdahiiemaieet al., Ch 4). The
authors have derived the CD values of adsorbed lexap from quantum chemical
optimized geometries of the various phosphate cexesl and interpreted with the
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Brown bond valence approach (Brown and Alterm&85), (Brown, 2002). The same
approach will be followed here to derive the CDuesl of adsorbed carbonate. For the
description of the C@PQ, interaction only the affinity constant for the muoe
complex(es) will be used as adjustable parameférs. CD model for inner- and
outersphere surface complexation will be used tcrlee the C@ adsorption in a
‘single ion’ system in comparison with G®0, competition adsorption data.

Material and methods

Preparation of reagents

Without precautions, preparation of solutions imtegt with the atmosphere
will lead to dissolution of C® To prevent this source of contamination, all cloats
(Merck p.a.), except carbonate solutions, were mewier purified N atmosphere and
stored for a short time in polyethylene bottledbéofree of silica. The acid solutions
were stored in glass bottles to avoid contaminadtyporganic materials (Rahnemate
al., Ch 4). A stock solution of NaOH was prepared ,;@@e from a highly
concentrated 1:1 NaOH#B. The mixture was centrifuged to remove any solid
Na,COs. The sub-sample of supernatant was pipetted itta pure water and stored
in a desiccator, equipped with a €@bsorbing column. The ultra pure wate0.018
dS/m) was used throughout the experiments. It hesn bpre-boiled to remove
dissolved CQ before using it in the experiments. The experimemse done in a
constant temperature room (20°22).

Preparation and characterization of the goethite

The goethite suspension was prepared based ondti®adnof Atkinson et al.
(Atkinson et al., 1967), as described in detail by Hiemstra et(ldlemstraet al.,
1989). A freshly prepared 0.5 M Fe(i)ewas slowly titrated with 2.5 M NaOH to pH
12. The suspension was aged for 4 days &€ &hd subsequently dialyzed in ultra
pure water. Before using it in the experiments, dbethite suspension was acidified
(pH=5) to desorb and remove (bi)carbonate, by contislyopurging with N for at
least one day. The BET{Nspecific surface area of this goethite equalsn8§™. The
same batch of goethite has been previously usé&tbhypemaie et al.(Rahnematel.,
Ch 4).

The surface charge of goethite was measured in NablGtions. A sample of
goethite was titrated forward and backward by ks acid within the pH range of
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almost 4 to 10.5. The temperature was fixed at02D°C using a thermo stated
reaction cell. The details of experimental setud data handing is given elsewhere
(Rahnemaiet al., Ch 2).

Carbonate-Phosphate Adsorption edges in a binany gystem

Adsorption experiments were performed in individgak-tight 23.6 ml low-
density polyethylene bottles with fixed amounts sat, goethite, carbonate, and
phosphate at different pH values.

All solutions, except (bi)carbonate, were addetht bottles under a clean, N
atmosphere to avoid carbonate contamination. Aairedmount of HN@ or NaOH
was added to the vessels, in order to obtain fakhlvalues within the relevant pH
range. The carbonate solution was added at thaféadthe N flushing was stopped.
The pH range in the experiments was limited to @slnigher than 6.5 to minimize the
amount of carbonate in the gas phase of the b@He8 |adlsowion)- IN the modeling,
we corrected for the amount of carbonate as ®Ghe gas phase of the bottles by
calculation. NaN@was used to obtain the intended concentratiom@fstispensions.
The final volume of the suspensions was 20 ml. boitles were equilibrated for 24
hours in an end-over-end shaker at 20°22 After centrifugation, a sample of the
supernatant was taken for phosphate analysis. Ratesponcentration was determined
using an adapted molybdate blue method. The pHeoftispensions was measured in
the re-mixed suspensions. For each data pointothé concentration of components
of the system was calculated based on a book kgegirthe concentrations of the
added solutions.

The adsorption experiments were performed at thmes#otal amount of
phosphate and various levels of (bi)carbonate.tdta initial phosphate concentration
was 0.4 mmolt. The added initial carbonate concentration wa8.08, 0.1, 0.2, or
0.5 mol I'. The total background electrolyte concentratiors @& mol T Na', which
was achieved by adding the appropriate amount ®iQda The experiments were
done at two different levels of goethite, i.e. 3d@hg I}, resulting in two levels of
loading of phosphate and a wide range of carbar@teentration.

An additional system was prepared at lower saltceotration. In these
experiments, four levels of carbonate were usatidting 0, 0.05, 0.1 and 0.2 mdl.|
The total amount of sodium was adjusted to 0.2 MplThe systems contained 0.4
mmol I phosphate and 6 § Igoethite. The goethite used in this set of expenits
was from a different batch. It was also preparadguthe above mentioned method.
However, it has a slightly higher surface areaq98. g").
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The amount of adsorbed phosphate was calculatedtire difference between
the total initial phosphate concentration and thalfequilibrium concentration.

Carbonate Adsorption edges in a ‘single ion’ system

In order to study the carbonate adsorption in theeace of any specific
competitor, adsorption edges of carbonate were unmedsin a system without
phosphate. Three levels of carbonate (1.2, 2.2, 3admmol 1) were used. The
systems contained 10 g foethite and 0.1 mol'INaNG;, in the pH range of 6.5 to
10.5. The used goethite was from the second baiithtiae surface area equals 98.6
m? g*. After equilibration and centrifugation, a samplesupernatant was taken for
analysis. The carbonate concentration in the smythase was measured with a TOC
analyzer. The TOC analyzer was adapted to meabkarearbonate concentration by
excluding the acidification sequence and the proeedvas carefully checked by
measuring a series of organic and inorganic stansi@utions.

Results and discussion

Quantum chemical derived CD values

The surface structure of adsorbed carbonate ornigedias been studied by in
situ FTIR spectroscopy (Wijnja and Schulthess, 2004illalobos and Leckie, 2001).
The data have been reinterpreted by Hiemstra @temstraet al., 2004, Ch 5). They
have concluded that carbonate is adsorbed as atatdennersphere surface complex.

Rahnemaie et al. (Rahnemaieal., Ch 4) have used a method to derive the
charge distribution of adsorbed phosphate complexeisg quantum chemical
calculation. Based on this method, the geometrthefbidentate surface complex of
carbonate was derived using the software of Wawtiom (Spartan’04). The starting
point in the calculation is a cluster with two Bade octahedra serving as a template
to mimic the goethite mineral (Rahnemateal., Ch 4). The Fe-O distances (d=196
and 210 pm) and angles of the two octahedra repréise values found for goethite
(Hazemanret al., 1991). Additional protons are added resultinghe zero-charged
cluster Fg(OH)e¢(OH,)4(z=0), which is given in Figure 1.

103



Chapter 6

Figure 1. Two Fe(lll)-O octahedra with Fe-O distem@nd angles as found in
goethite ¢-FeOOH). Big black spheres are oxygen, small whkfikeres are
proton, and central gray spheres are iron.

The bidentate COcomplex was defined by exchanging botifOHnolecules on
the top of the cluster against €Olhese two exchanged ligands (Figure 1) are
equivalent with the singly coordinated surface gsoat the 110 face of goethite. The
geometry optimizations were done using density tional theory (DFT). Pseudo
potentials, defined in Spartan‘04 as LACVP+** (Loslamos Core Valence
Potentials) were used. This set comprises the &31-basis set for main group
elements H-Ar. The final geometry was calculatethwhe Becket Perdue (BP86)
model (Konget al., 2000) as presented in Figure 2.

In order to explore the effect of hydration, adshal calculations were done by
defining extra water molecules that interact vidttiges (O-H..O) with the bound
COs? ion. We defined one 40 per common O ligand in both Fe-O-C bonds. The non
coordinated oxygen of GOwas allowed to interact with three water molecwi@sO-
H...H bridges. The results of the calculations aremineTable 1.

In Table 1, the O-C distance refers to the distame®veen the common O
ligand and the C ion. The variation in both disesis indicated with & symbol. The
C-O distance in Table 1 refers to the bond betwikerC ion and the outer O ligand. In
addition, the Fe-O distance between the Fe iontla@d¢ommon oxygen and the Fe-C
distance are given. As shown in Table 1, hydrateads to rearrangements in the
surface complex, as previously also observed fosphate (Rahnemagtal., Ch 4).
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Figure 2. Two Fe(lll)-O octahedra with a bidentedéebonate surface complex.
Left hand side, the complex is formed by exchandhey CQ? species with
two-coordinated BO molecules that are equivalent with singly cocatkol
groups at the goethite interface. Right hand dide,hydrated bidentate GO
complex with one water molecule coordinating tonreeemmon oxygen of the
carbonate complex and three water molecules aredic@bing via H bonds
with the outer oxygen ligand.

Table 1. The calculated average and variationing distances (pm) in the
geometry of non-hydrated and hydrated carbonateplmas optimized with
the DFT-B86 model.

Species O-C C-O Fe-O Fe-C
=Fe,0,CO non-hydrated  133tD.0 126.7 200.40.0 304.30.0
=Fe,0,CO hydrated 131:.1 129.3 203.#0.4 303.€0.8

The optimized C-O bonds were interpreted with thew bond valence
approach (Brown and Altermatt, 1985), relating lio&d valences to the distanc®
as:
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s=gRRo/B [1]

in which B is a constant ang, is the element specific parameter. The value,a
chosen such that the sum of the bond valences a@rtnenC ion corresponds to the
formal C valence (z=+4). Using tre value equal to 42.1 pm leads to soft bond
valences. The CD values are given in Table 2 femibn-hydrated as well as hydrated
options. The results illustrate that the presenic@ydration water leads to a more
equal distribution of carbon charge over the thigends. In case of an equal charge
distribution (Pauling bond valence of 0.67 v.uhg interfacial CD value would have
been g=-1.33 v.u. and 1%-0.67 v.u. The values for the hydrated surfaceisgevere
assumed to be representative for the carbonataceudomplex at the goethite water
interface.

Table 2. CD values ¢grand n with np + m; = -2 v.u.) based on the optimized
geometries as given in Table 1 using soft bondneae (B=42.1).

Species Non-hydrated Hydrated
No Mm Mo n
=Fe,0,CO -1.49 -0.51 -1.39 -0.61

Modeling primary charging

Rahnemaie et al. (Rahnemateal., Ch 2) have modeled the primary charge of
goethite using a charge distribution approach fecteolyte ions. The charge of the
electrolyte ions is distributed over the two owérctrostatic planes of a Three Plane
(TP) model. The relevant parameters are given bieTa and have been applied in the
modeling of our experiments.

Table 3. Goethite interface parameters of Rahneetas. (Rahnemaiet al.,
Ch 2). The ion pair formation constants are basethe charge distribution of
electrolyte ions in the outer part of the compaat f the double layer. The
proton affinity constant for singly and triply camated surface groups was
set to log K=9.0.

lons n m N, log K
Na™ 0 050 050 -0.27
NO;? 0 -0.67 -0.33 -0.53
C, F m? 1.00

C, Em? 0.89
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Surface chemistry of phosphate

The phosphate surface complexation on goethitebban studied by Tejedor-
Tejedor et al. (Tejedor-Tejedor and Anderson, 1998)ng in situ CIR-FTIR. The
main surface phosphate species identified is ankatle surface complex. This
complex is protonated at low pH. The fraction obtpnated bidentate complexes
increases with increasing surface coverage, wiiatue to the change of the particle
charge induced by the binding of negatively chargbdsphate. At high pH levels,
some monodentate complexation may take place.

Recently, Rahnemaie et al. (Rahnemadieal., Ch 4) have interpreted the
adsorption of PQwith the Charge Distribution (CD) model for inn@and outersphere
surface complexation. They have used quantum clamaiculation to derive the
geometry of the various surface complexes and eeérithe corresponding charge
distribution. They have shown that phosphate isnipaadsorbed as a bidentate
complex at low and intermediate P®ading. At low pH and a relatively high RO
loading, phosphate is also adsorbed as a protomatetwdentate complex. In the
modeling, we used the phosphate adsorption paresnééeived by Rahnemae al.
(Rahnemaiet al., Ch 4) as represented in Table 4.

Table 4. Surface speciation of phosphate as derivech modeling of
phosphate adsorption edges using the CD modelnfugri and outersphere
surface complexation (Rahnematel., Ch 4).

Species H m n, Log K

FeOPQ -0.83 -2.17 0 20.14 £ 0.07
FeOPO(OH) -0.62 -0.38 0 29.90 £0.19
FeO.PO, -1.63 -1.37 0 29.54 £ 0.03
Fe,0O,POOH -1.42 -0.58 0 34.02 £ 0.05
FeO,PONa -1.42 -0.58 0 28.95 £ 0.02
FeOPQOHNa -0.68 -1.32 1 27.89 +0.04

Phosphate-carbonate interaction

In Figure 3, the experimental phosphate adsorpgigiven as a function of pH,
carbonate and phosphate loading, and electrolyteertdration. The data of Figure 3a,
3b, and 3c respectively refer to three levelgyokethite concentration, i.e. 3, 9, and 6
g I'Y, which leads to 3 levels of phosphate loading. &le concentration is 0.5 molar
in Figure 3a and 3b, and 0.2 molar in Figure 3c.

The adsorption data show that carbonate ions camnpith phosphate species
for the surface sites. With increasing £ @he phosphate concentration in solution
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increases due to decreasing adsorption qof Pe competitive effect of a certain ¢O
concentration is larger at a lower Pl@vel (compare Figure 3a and 3b).

The experimental data show that the maximum interadetween carbonate
and phosphate ions takes places at the lower panegpH range of our study. The
competitive interaction of C{decreases as the pH increases. It is very weak at
above 10.5. These observed effects are partly altieet adsorption behavior of GO
As shown by Villalobos and Leckie ((Villalobos ahéckie, 2000), the binding of
CGOs in a closed system has a maximum value at a pabotit 6-7. It decreases at
higher pH values.

CD-Modeling

Figure 3 presents the model description of all phage adsorption data, using
the PQ parameters of Rahnemaie et al. (Rahnemtaak, Ch 4) given in Table 4. The
affinity constants for the carbonate species wetarozed by a simultaneous fit to all
data of Figure 3. The CD modeling revealed thay arsing the bidentate carbonate
surface complex=Fe,0,CO, does not lead to a satisfactory descriptionthef
interaction. The data were described well when &iom of a sodium-bicarbonate
surface complex, i.esFe,0,CONa, was included. It indicates that the bidentate
carbonate surface species may interact with a sotha. Such an interaction is also
found for CQ? in solution with the formation of NaG®(aq) and NsCO;’(aq). We
note that a similar complex has been suggestedillaiolbos and Leckie (Villalobos
and Leckie, 2000) and Hiemstra et al. (Hiemstra., 2004, Ch 5).

One may also expect the formation of outersphemgace complexes for
carbonate at high pH, since it has been foundifoilag anions (in terms of charge)
such as selenate and sulfate, by in situ FTIR spsmipy (Pealet al., 1999), (Wijnja
and Schulthess, 2000). Formation of an outerspheriace complex has not been
detected for carbonate by spectroscopy, which migshtrelated to the studied pH
range. However, in our experiment, including a nuemate outersphere NaHgO
complex, i.e. FeOH.NaHCGQ;, which becomes non-protonated at higher pH range,
I.e. FeOH..NaCG;, leads to a better description of the adsorptia et the mid~( 8-
10) and high pH range (>10). The charge distributralue of these complexes was
derived from modeling of the adsorption data.

The reaction of innersphere and outersphere sudaoglexes of carbonate
were formulated in the CD model based on the egustgiven in Table 5. The
optimized affinity constants of the adsorbed cadtencomplexes and their charge
distribution based on the quantum chemical calmafor innersphere complexes or
based on the optimization for outersphere complaxesepresented in Table 6.
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Figure 3. Experimental data and model descriptibplosphate adsorption

edges as a function of different levels of carbenpH, and salt concentration.
The total amount of phosphate is 0.4 mnfolThe goethite concentration is 3,

9, and 6 gt in Figure 3a, 3b and 3c respectively, which leadbree levels of
phosphate loading. The lines are the simultaneocodemdescription of the
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equilibrium phosphate concentration. The modelires wlone with the CD
model for inner- and outersphere surface compleratising the phosphate
surface speciation given by Rahnemaie et al. (Rahrext al., Ch 4), and the
electrolyte parameters of Rahnemaie et al. (Rahiestaal., Ch 2). The
affinity constants of adsorbed carbonate complevea® optimized on the data
as well as the CD values for the outersphere coraple

Table 5. Carbonate reactions with the singly cowmtid groups at goethite
surface. The gnand n values define the charge distribution of a surface
complex.

Reaction logK
= 2FeOH "% + 2H™ (ag) + CO;* (ag) = =Fe,0°"CO™ +2H,0 logK ¢, oo
=2FeOH™"? +2H™ (ag) + Na™ (ag) + CO;” (ag) = =Fe,0)"CO™Na* +2H,0

logK Fe,0,CONa
=FeOH"? +H" (@g) + Na™ (ag) + CO;” @g) = =FeOH"?..." NaHCQO}
logK

FeOH/2...NaHCO,

= FeOH"? + Na™ (ag) + CO;* @g) = =FeOH™"?...™ NaCQO} l0gK oz, pacor

Table 6. Surface speciation of carbonate as derfv@sh modeling of the
carbonate-phosphate adsorption edges. The modshsgdone using the CD
approach for the inner- and outersphere surfacelaxas.

Species I n n, log K
Fe0,CO -1.39 -0.61 0 21.70 + 0.07
Fe,0O,CONa -1.39 -0.61 i 22.38 £0.15

FeOH..NaHCG; O 0.46 £+0.06 -0.46 +0.0612.72 +0.07
FeOH..NaCG, 0O -0.12+0.30-0.88+0.30 2.13+0.10

4The charge was placed here by definition sincarthdel showed that almost
the total charge remains at this plane

With reference to Figure 3, the model descriptisnslightly different for
different loading. It may relate to the relativeljfferent adsorption of carbonate
surface complexes at different loading. Individuaddeling of these three data sets
revealed that at higher loading of carbonate amuspimate species, the ,©egCONa
species is of more importance than at low loading.

Figure 4 illustrates the calculated phosphate arthomate adsorption edges
based on the total adsorbed phosphate and carbambatke surface, using the
parameters derived from the data in Figure 3.
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Figure 4a, 4b, and 4c demonstrate the effect ééreift levels of carbonate on
phosphate adsorption. Figure 4a shows that thdiaadf carbonate ions decreases
the phosphate adsorption. This effect becomesgtronith increasing the carbonate
concentration. However, in relative terms the affiecreases. Figure 4b and 4c show
the situation at a lower loading of goethite witmopphate and carbonate ions. Note
that the amount adsorbed in Figure 4b is roughbly third of the amount adsorbed in
Figure 4a due to the lower loading.

Figure 4c has an intermediate loading, betweennéh4d, and a lower salt
level. The decrease in salt level will lead towedang of the electrostatic interactions.
The net electrostatic effect on the phosphate b for these data always repulsive,
meaning that the lowering in salt will lead to av&y amount adsorbed. It is clear from
the results that loading is the dominant factor.

Figure 4d, 4e, and 4f demonstrate the carbonater@iitsn edges based on the
total adsorbed carbonate at the surface, which wlereved from the phosphate-
carbonate adsorption edges (Figure 3). The figsinesv that carbonate adsorption is
increased with increasing the carbonate loading. Surface coverage with carbonate
is for these conditions very high and is highenttia amount of phosphate adsorbed.
The value of 3 pmol ihis close to the theoretical adsorption maximumnuimssg
bidentate adsorption. The relative adsorption obaaate is increased when the total
number of surface sites per liter solution is iased (For instance, Figure 4e vs. 4d).

The adsorption of carbonate in different carborasaling is relatively less
dependent on pH than phosphate, since the avéyabil surface sites is strongly
regulated by phosphate adsorption. The figures ghawthe maximum adsorption of
carbonate is at about pH 7-9, which depends ototdding and salt concentration.

Adsorption of carbonate in a ‘single ion’ system

The binding properties of GQwere derived from a binary system, containing
carbonate and phosphate. Only the affinities obdmxi carbonate species and the CD
values of outersphere surface complexes of carbamete optimized. The adsorption
of carbonate in a ‘single ion’ system was meastwezgkamine whether the CD model
with derived affinities is capable to predict camhte adsorption in a ‘single ion’
system, at a much lower carbonate loading and baakg salt concentration. In fact,
this system is much closer to situations that ntyna&cur in natural systems.

In Figure 5a the experimental data of the carboads®rption edges are given
as a function of pH and carbonate concentratioe. Gdiculated lines are pure model
prediction using the values of Table 6. It showat tvithin the uncertainty and taking
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Figure 4. Phosphate and carbonate adsorption ealges function of pH,

phosphate and carbonate loading, and salt contienttaased on the amount
of adsorbed ion at the surface. The data were elkrivom phosphate-
carbonate adsorption edges (Figure 3).

into account the large differences between the raxeatal conditions, the model can
successfully predict the carbonate adsorption edges
To illustrate the relative importance of carboraigdace complexes, the surface
speciation of carbonate for these conditions isigivn Figure 5b for a level of
carbonate loading. It shows that in relatively lemic strength (0.1 M), which is
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closer to the natural media, the bidentate comgtexrinates the carbonate adsorption.
The sodium-carbonate surface complex contributegklyein carbonate adsorption
below pH 9. The monodentate outersphere NaklC@mplex becomes important
above pH 8, while the monodentate outersphere NaG@®plex almost has no effect
in studied pH range.
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Figure 5. (a) experimental data of carbonate adisordges in a single ion
system as a function of pH and carbonate concémtrat 0.1 M NaNQ. The
lines show pure predicted equilibrium carbonate ceotration taking into
account the carbonate surface speciation as givdrable 6. Figure b shows
the corresponding surface speciation of adsorbdabnate complexes for 3.2
mM total carbonate at 10 g boethite.

Modeling of the adsorption data using fitted CD v

The charge distribution of adsorbed ions has ofteen used as a fitting
parameter (Hiemstra and VanRiemsdijk, 1996), (Riettial., 2001), (Hiemstrat al.,
2004, Ch 5), (Tadanier and Eick, 2002). To complaeequality of the fitting and the
calculated CD values with the above given approdehadsorption data of phosphate
and carbonate were modeled in such a way that thev&ue of phosphate and
carbonate adsorbed complexes were treated ag fjgainameters. The CD value and
affinity of adsorbed phosphate complexes were tak@m Rahnemaie et al.
(Rahnemaiest al., Ch 4), while the CD and affinity of adsorbed cardte complexes
were optimized on the data. The result is givehahle 7.

Results show that the fitted CD of carbonate comeelatively close to the
one derived from quantum chemical calculation. Wael description is almost the
same as in the previous option.
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Table 7. The surface speciation of carbonate athgeesurface as derived
from modeling of the carbonate-phosphate adsorpdidges. The modeling
was done using the CD model for inner- and outersplsurface complexes.
The surface speciation of phosphate was used aogotal Rahnemaie et al.
(Rahnemaiet al., Ch 4).

Species H n N, log K
FeO,PO, -1.26 -1.74 0 29.92
Fe,O,POOH -0.85 -1.15 0 36.37
FeO,PONa -1.44 -0.88 0.32 29.56
FeO,CO -1.09 £ 0.03-0.91 £ 0.03 0 22.31 £ 0.06
Fe,0O,CONa - - - -
FeOH..NaHCG 0 0.55+0.05 -0.55+0.0513.20+0.13
FeOH..NaCQ, 0 0 -£ 2.34+0.17

#The charge was placed by definition since the meteived that almost the

total charge remains at this plane

Conclusions
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The CD model for inner- and outersphere surface ptexation can
successfully describe carbonate adsorption dateyuke derived charge
distribution from quantum chemical calculation.thre CD model, the
charge distribution was used for adsorbed ionshosphate, carbonate,
and salt ions, which were adsorbed either as inoemls outersphere
surface complexes.

Carbonate ions bind mainly as an innersphere atieisturface complex.
At high salt concentration, a sodium-carbonate derpontributes to
the carbonate adsorption. At high carbonate loadimd) relatively high
pH, an outersphere monodentate sodium-bicarbonateplex, i.e.
FeOH..NaHCG;, may form. This complex becomes non-protonated at
higher pH range.

Carbonate binds much weaker than phosphate ab#thite surface.
Maximum adsorption of carbonate take places at 1 which depends
on the carbonate loading and the ionic strength.
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Determination of the Effective Reactive Surfacedre

Abstract

Any application of surface complexation modelingnmlticomponent

systems like soils and sediments requires infognatn the reactive
surface area (RSA) of the various reactive ph&sas.adsorption, which
is used to measure the RSA in model systems likeira mineral, is

problematic for soils since they are heterogenedums.approach has
been developed to estimate the effective RSA oahmdtides in soils by
means of surface complexation modeling. This apgprazses the CD
model for inner- and outersphere surface compleratwith defined

binding parameters to link the effective reactiueface area to the total
amount of a reversibly bound ion. For this purpogseosphate was
chosen, since it does not bind to the organic phadesince it is present
in all biogeochemical environments. The adsorptmarameters of
phosphate, carbonate, calcium, and relevant iais pare implemented
in the model. The model was successfully appliedatseries of

phosphate extraction data, using the sodium-bicetgoextraction. The
effective RSA and the amount of reversibly boundgghate in the soil
were fitted. The calculated effective reactive acef area strongly
correlates with the oxalate extraction method. Tinedel shows that
there is a considerable amount of reversibly bgoimosphate at oxidic
mineral surfaces. At 0.5 M sodium bicarbonate caotretion (adjusted

to pH 8.5) and about 1/20 soil-solution ratio oaljout 25% of the total
adsorbed phosphate is extracted from soils. Theselittons are in

accordance with the widely used Olsen phosphataaidn method that
IS used in soil science to estimate phosphateadikiy .

Keywords. Surface complexation; Surface area; Phosphatéju®o
bicarbonate; Extraction; Olsen extraction metho®;, @odel; MUSIC
model;

Introduction

The surface composition of natural particles arel gblution composition in
natural systems are continuously changing, sinesetlsystems are thermodynamically
open and multicomponent. Any change in the systemposition may lead to a
change in the competitive and cooperative adsorpativions. Surface complexation
models (SCM) have been developed to account focdmeplex interaction between
ions and mineral surfaces. Ideally, surface congiler models may predict changes
in the situation where the experimental data ateailable or difficult to achieve.
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Mineral surfaces are usually charged, radiatingleatric field, which interacts
with adsorbing ions. Surface complexation modelsoant for the electrostatic
interaction. Electrostatic models require an exgagsper unit of reactive surface area
(RSA). Any application of electrostatic surface qbexation models to natural
systems like soils, sediments, and aquatic medjaines information on the reactive
surface area.

In model systems with a single metal oxide, thefamar area is usually
determined by gas adsorption (BET method). Thishogtcannot be used in natural
soils since soils are heterogeneous in the semdepént of the surface will be non-
reactive. Several approaches have been used agstthe reactive surface area of
soil materials, in particular focusing on Fe and#dr)oxides.

Most frequently, soils are extracted to determime amount of Fe and/or Al
(hydr)oxides. Extraction with Dithionite-Citrate-&irbonate (DCB) (Mehra and
Jackson, 1960), or Nfbxalate (Schwertm, 1973), (Kinniburgh and Smedkg01),
(Wenget al., 2001), or ascorbate (Kostka and Luther, 1994kiih& and Comans,
1998) are interpreted as yielding respectivelyttital and the reactive fraction of iron
(hydr)oxides. The next step is the transformatidntle extracted amount to a
corresponding surface area. The specific surfae® @ir reactive iron oxides is usually
assumed to be equal to the surface area of Hyd¥eug Oxide, HFO (Davist al.,
1978), (Dzombak and Morel, 1990). The DCB extractioay represent the sum of the
reactive and the more crystalline Fe fraction afssdsoethite is the dominant Fe-
oxide mineral in most soils. The surface area @tigoe may be in the order of 20-100
m® g%, based on the measured values for synthetic gesthi

Another approach is to apply SCM with known bindipgrameters to soil
adsorption data and fit the effective reactive atgfarea of metal oxides, needed to
explain the experimental adsorption (Lofts and irigp 1998). If adsorption data of
heavy metals are used, the major disadvantagatishid metal binding in soils is often
dominated by the organic fraction of the soil (Wehgl., 2001). To assess a realistic
apparent effective reactive surface area for mstdl oxides the use of a dominant
binding anion is more appropriate. Phosphate casohsidered as a good candidate.

Phosphorus is an essential nutrient for organismistiaerefore present in most
biogeochemical environments. If expressed peraurface area, it is available in large
guantities in soils and sediments, even at verydolution concentrations. This is due
to the very high affinity character of this aniar Al and Fe (hydr)oxides. Moreover,
the ubiquitous presence of phosphate in soils @dihents implies that the charge
properties of metal oxides are strongly influend®ad the presence of adsorbed
phosphate. It puts forward that any successfuliegmn of SCM in natural systems
will benefit from the incorporation of this ion the description of the adsorption of
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other ions under study. In addition, one shouldantfor Cd?as an omnipresent ion,
since it may strongly interact with phosphate (Rietal., 2001b).

The accommodation of ROin surface complexation modeling requires
information on the initial reversible adsorbed pittte fraction. There are several
methods to estimate the available P fraction itssdhese methods use salt, acidic, or
basic solutions to desorb readily extractable Infemil. Olsen and Dean (Olsen and
Dean, 1954) proposed a method to estimate plankabiea phosphorus in the soils.
The Olsen method uses 0.5 M NaH{C4dljusted to pH 8.5 to extract P from soils. In
this method, increase of soil pH leads to a deerefithe cooperative adsorption of
Ca, which may stimulate desorption of P from sd&larbonate ions at a high
concentration will be able to compete with the giade ions for the same sites on the
mineral surfaces. The competition will release & p&the adsorbed phosphate ions
(Rahnemaieet al., Ch 6). A second function of bicarbonate ionshis simultaneous
decrease of the Caactivity by producing less soluble calcium carliena lower
Ca'? activity will decrease the calcium binding at thetal oxide surface and decrease
the cooperative interaction with adsorbed phospluate (Rietraet al., 2001b). As a
result, more phosphate will desorb. A lower*€activity also contributes to the
elimination of the precipitation of secondary Cagphates. A third effect of a high
HCO;* concentration is the buffering of the pH at a higltue, where the phosphate
binding is less significant. This triple action nregk0.5 M NaHC@ a relevant P
extractant for both acid and calcareous soils.

The aim of this study is to use the NaH{®traction method to determine the
effective reactive surface area of the metal oxidessoils. Simultaneously, the
reversible phosphate fraction can be determine@. &ttraction will be interpreted
with surface complexation modeling. In this systdhe interactions are strongly
dominated by PQ’ and CQ?, while the ionic strength and the ions in doublgel are
fully dominated by the Naand HCQ™ ions. Moreover, binding of sulfate at the high
pH (8.5) is not relevant (Rietet al., 2001a) and any influence of Gavill be limited
(low Ca'? activity). The created system contains most inigred to treat it as a semi-
binary system.

To test the method for the determination of thfamgr area, we will use an
excellent and extensive data set published by Bamod Shaw (Barrow and Shaw,
1976b), (Barrow and Shaw, 1976c), (Barrow and SH&w6a) comprising a series of
experiments done on two Australian soils. We withleate the main characteristics of
these data sets, i.e. the effect of variation & liicarbonate concentration and soil-
solution ratio on the amount of soil extractableogfhorus. These data will be
analyzed with the Charge Distribution (CD) moddl iftner- and outersphere surface
complexation (Rahnemaiet al., Ch 2). The model parameters are taken from
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Rahnemaie et al. (Rahnemateal., Ch 2), (Rahnemaiet al., Ch 3), (Rahnemaiet

al., Ch 4), (Rahnemaiet al., Ch 6). Authors have studied the effect of thetetdyte
ions on the surface charge and the effects of cateaand phosphate loading, pH, and
ionic strength on the adsorption of phosphate bstlgte in single ion and RECO;
competition systems.

Theory and concept

In metal oxide systems, phosphate ions can be lagidayn the surface or be
present in solution. The total amount in the sysiemepresented by the sum of the
ions in both compartments of the system:

Te=ATpr+p'Co [1]

in which Ty is total reversibly bound fraction of adsorbed siifmte in mol kg, A is
specific effective reactive surface area i ky™, I'p is the amount of adsorbed
phosphate in mol M p is solid-solution ratio in kg™ and G is the solution
concentration of phosphate in mdl In soil, the total amount of phosphate is usually
different from the reversibly bound fraction, 1since part of the phosphate may be
present in Ca, Al, and Fe phosphate minerals, @luded in metal hydroxide
precipitates. Via an extraction of the soil, thehorphosphate concentration @
solution is experimentally determined.

The phosphate adsorption isotherm is the actu&l thetween the solution
concentration, & and its concentration on the surfad®, Surface complexation
models are the typical tool to derive the adsormpiip on the basis of the measured
concentration €in solution. The total amount of reversibly boystibsphate dcan
be found for a given solid solution ragiponce the effective reactive surface are&sA
known. Both parameters {Bnd A) are unknown, but can be derived in principle by
analyzing the solution concentration i@ extracts with two (or more) different solid-
solution ratiosp, and corresponding calculation 6 for these systems with the CD
model.

Soil characteristics and method of experiments

Barrow and Shaw (Barrow and Shaw, 1976c) studiecetfect of the period of
desorption, the effect of soil-solution ratio, thiearbonate concentration, and the pH
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on the amount of extractable phosphorous from thi Shey used sodium
bicarbonate as an extraction solution. The maieihce with the Olsen extraction is
the much longer extraction time (16 hours vs. 30utas).

Barrow and Shaw used in their experiments mainhatve yellowish-brown
loamy sandy soil (Bakers Hill), which had never meertilized with phosphate
(Barrow and Shaw, 1976b). The pH of the soil inlOM calcium chloride is 5.5. The
soil has a CEC of 103 meq kgwhich binds exchangeable sodium 1.3, potassi@n 3.
magnesium 9.6, and calcium 34 meq'kdhe extractable amount of iron and
aluminum was determined with NHbxalate extraction (Coffin method) resulting in
0.24% Fe and 0.17% Al (Barrow and Shaw, 1976b)ckvaire equivalent with 0.46%
Fe(OH)} and 0.49% AI(OH,.

Since the native soil had never been fertilizedobgsphorus, the amount of P
in the soil is expected to be low. The effect af thicarbonate concentration on the
desorption of the phosphate has been studied bypgddcertain amount of P (400 mg
P kg" soil equal to 12.9 mmol P Kgsoil) to the soil sample that has been incubated a
70 °C for 3.75 days. It has been shown that this treatnis equivalent with an
equilibration time at 25C of about 320 days (Barrow and Shaw, 1976c¢). Tie s
samples were extracted (16 hours) with sodium baaate solution, ranging from 0 to
1 molar. NaCl was added to these extraction salatto reach a Neconcentration of
1 M. A range of soil-solution ratios was used ie #xtraction, i.e. 1/6, 1/12, 1/24,
1/60, 1/120, 1/300. The phosphate and carbonateeatration has been measured
from samples of the supernatant after centrifugind filtering.

In a second experiment, Barrow and Shaw (Barrow Snaw, 1976b) have
used a different soil, i.e. a loamy soil from WungpWestern Australia. The pH of
this soil was measured in 0.01 M Ca&$ 5.4. The CEC of the soil was 131 med.kg
It has exchangeable sodium 3.1, potassium 2.4, esagn 2.1, and calcium 30 meq
kg'l. The extractable amount of iron and aluminum wetemined with a Nioxalate
extraction (Coffin method) resulting in 5.4% Fe ah®% Al (Barrow and Shaw,
1976b), which are equivalent with 10.32% Fe(@thd 2.89% AI(OH). In this
experiment, four levels of phosphate (600, 900,012%d 1500 mg P Kgsoil) have
been added to the soil samples and then incubatedlf days at 25C. After that,
samples were shaken for 16 hours with 0.5 M sodiigarbonate.

Surface complexation modeling

In this study, the adsorption behavior, i.e. thek Ibetweenl s and G, was
calculated with the CD model for inner- and outbese surface complexation
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(Rahnemaiet al., Ch 2) for the variable conditions used in theezkpents of Barrow
and Shaw. The model parameters (Table 1) have determined studying electrolyte
ion binding and the carbonate-phosphate interacdiogoethite (Rahnemaet al., Ch

2), (Rahnemaiet al., Ch 3), (Rahnemaiet al., Ch 4), (Rahnemaiet al., Ch 6). In this
approach, we will implicitly assume that all oxidiarfaces present behave similar to
goethite. The surface area that is determinedisnvihy is thus not equal to the area of
goethite in the soil but should be seen as an tefee®SA for the mixture of metal
(hydr)oxides.

Table 1. The affinity of ion pairs, phosphate, aratbonate and the charge
distribution of adsorbed complexes at the solidisoh interface of goethite
(Rahnemaieet al., Ch 2), (Rahnemaiet al., Ch 3), (Rahnemaiet al., Ch 4),
(Rahnemaiet al., Ch 6). The capacitances of inner and outer 3égers were
respectively set equal to 1.0 and 0.89°E m

Species B ny n, log K
FeOH 1 0 0 9.0
Fe;OH 1 0 0 9.0
FeOH-Na 0 0.5 0.5 -0.27
Fe;0O-Na 0 0.5 0.5 -0.27
FeOR-CI 1 -1 0 8.34
Fe;OH-CI 1 -1 0 8.34
FeOHCa 0.22 1.78 0 3.21
Fe;OCa 0.22 1.78 0 3.21
FeOHCaOH 0.22 0.78 0 5.48
Fe;OCaOH 0.22 0.78 0 5.48
FeOH-Ca 0 2 0 3.15
Fe;0-Ca 0 2 0 3.15
Fe(OH),Mg 0.60 1.40 0 4.39
Fe;0.Mg 0.60 1.40 0 4.39
Fe(OH),MgOH 0.60 0.40 0 7.63
Fe;0,MgOH 0.60 0.40 0 7.63
FeOPQ -0.83 -2.17 0 20.14
FeOPO(OH) -0.62 -0.38 0 29.90
FeO,PO, -1.63 -1.37 0 29.54
Fe,O,POOH -1.42 -0.58 0 34.02
FeOPQ(OH)Na -0.68 -1.32 1 27.89
Fe0O,PONa -1.42 -0.58 0 28.95
Fe,0,CO -1.39 -0.61 0 21.70
Fe,0O,CONa -1.39 -0.61 1 22.38
FeOH-NaHCQ 0 0.46 -0.46 12.72
FeOH-NaCQ 0 -0.12 -0.88 2.13

124



Determination of the Effective Reactive Surfacedre

Results and discussion

Bakers Hill soil

Figure 1 illustrates, for the Bakers Hill soil, theffect of bicarbonate
concentration on the phosphate concentratipm@he extraction solution for various
soil-solution ratiop. The data show that the total amount of the et@éthphosphate
increases with the bicarbonate concentration. Hudikrium phosphate concentration
Cpdecreases with decreasing soil-solution ratio.

The experimental data were modeled using the CDeméar inner- and
outersphere surface complexation, taking into actdlie phosphate and carbonate
surface speciation as described in Table 1. Tled éftective reactive surface area A
of metal hydroxides and the total amount of phosphee the parameters, which were
adjusted on the experimental data. The lines inuréigl show that the model can
successfully describe the experimental data. Thetien of the model description is
higher for small solid-solution ratios. This midie due to disequilibrium at low solid-
solution ratios because of short extraction timeisTmay in particular be true for
solid-solution ratios above about 1:50 as showrBayrow and Shaw (Barrow and
Shaw, 1975).

0.5
_ 1/6
£ 0.4 1
9]
S 0.3 A 112
o
(%)
(@)
3 oA
g ' 1/24
(&)
© i
g 01 - —» 1/60
L — O 1/120
= m 1/300
O ) 1 1
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Equilibrium HCO3 conc., molT

Figure 1. Effect of bicarbonate concentration and-solution ratio on the
extracted phosphate from the Bakers Hill soil thas incubated with 400 mg
P kg* soil at 70°C for 3.75 days. The experimental data were takem f
Barrow and Shaw (Barrow and Shaw, 1976c¢). The lgiesv the description
of the phosphate concentration in the extractidatiem using the CD model
for inner- and outersphere surface complexation.
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The fitted effective reactive surface areg, Was found to be 44D.2 nf g™.
The reversible phosphate fraction was found t8®810 mg P kg or 9.94 mmol
kg*, which is equivalent with about 3/4 of the adddémsphate. The corresponding
loading is 2.17umol m This indicates that the total amount of reacvéhat was
found in the calculation is smaller than the amair® that has been added to the soil,
which may denote the effect of long-term reactiondowering the total extractable P.

It is interesting to notice that only a small tian (about 2-50 %) of the added
phosphate is really extracted. The major part remadsorbed, illustrating the high
affinity character of the phosphate binding andrtatively low competition power of
carbonate. The amount of extracted phosphate dspemwd the bicarbonate
concentration and soil-solution ratio. The bicalitenconcentration has a positive
effect on the amount of extractable phosphate.aepecific soil-solution ratio, the
extractable phosphate is increased with increas$iagpicarbonate concentration. The
total amount of extracted phosphate has an invetatonship with the soil-solution
ratio, which is due to the lower P concentrationlat solid-solution ratio. The
phosphate concentration in solution decreases dathneasing soil-solution ratio. The
effects of bicarbonate concentration and soil-sotutratio on the total extracted
phosphate and total adsorbed phosphate are iledtra Figure 2.

There is no independent information available oa ihtial P level in the
Bakers Hill soil. Barrow and Shaw has reported 20§ P kg* soil as a total acid
soluble P in a comparable soil near Bakers Hillr(Ba, 1974). Summation of this
value with the added phosphate leads to a valabaofit 600 mg P kbsoil, meaning
that only about 50% of total phosphate is reactind of maximum about 30% of the
total phosphate has been extracted by the sodinardmnate solution.
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Figure 2. The model calculation of (a) total extealc and (b) adsorbed
phosphate as a function of bicarbonate concentratiad soil-solution ratio.
The calculation was done using the CD model foreinrand outersphere
surface complexation with respect to the data gife 1.
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Wungong soil

Barrow and Shaw (Barrow and Shaw, 1976b) have stlstdied the extraction
of phosphate for a very different type of soil,. itke Wungong soil. This soil is
characterized by a much higher amount of extraetélel and Al. The soil is rich in
metal oxides.

The effect of phosphate loading on the amount dafaeted phosphate was
measured at different soil-solution ratios on sasmf Wungong soil by adding four
levels of phosphate. The added amounts of P aré tauger than for Bakers Hill soill,
since this soil has a much higher P buffer capacgadue to the high content of metal
oxides. The Wungong soil was incubated during @ilydays at 25C. This reaction
time is rather small compared to the previouslgwuised Bakers Hill soil.

Figure 3 illustrates the experimental data andntioglel description. It shows
that the amount of extracted phosphate is increagil increasing the added
phosphate at all different soil-solution ratios.

1 4 added mgP kg1
- 2 1500
©
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Figure 3. The effect of phosphate loading on thzaeted phosphate from
Wungong soil as a function of soil-solution ratio

The P concentration in the NaHg@éxtract was described very well using only
one effective reactive surface area(#6+1 nf g* soil) and a linear relation between
the amount of phosphaéelded and total amount of adsorbed P in the sg)l The
initial amount of P in this soil was found to be50%40 mg P kg. This value is much
larger than the initial amount for the Bakers I&ll. This is not surprising since this
soil has much higher metal oxide content (15 tintlesh the Bakers Hill soil.
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A linear relationship may be expected as a firslieorapproximation between
the effective reactive surface area and the amotimhetal hydroxides in soil. In
Figure 4, the relation is given for the two soiladsed. It shows that the amount of
metal hydroxides in these soils is linearly relaiedhe effective reactive surface area.
This relation between the surface area and the Fes#{ent can be used to calculate
the apparent specific surface area of the reactieeal (hydr)oxides in the soil. It
yields a specific surface area of about88Dnt g*. This agrees with the idea that an
oxalate extraction removes especially the finestiggas in an extraction. It is also
possible to explain the data points based on twarfeeAl oxide fractions; a fraction
of amorphous Fe and Al (hydr)oxides with approxehaB00 nf g* and a fraction of
crystalline Fe and Al (hydr)oxides with approximgt#00 nf g*. The fraction of each
type (smaller and bigger particles) of (hydr)oxiden thus be derived from the
calculated specific surface area. For this examplgghly 50% of the total metal
(hydr)oxide fraction is amorphous.
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Figure 4. Relation between calculated effectivectiea surface area per gram
of soil and the total amount of metal hydroxideshe Bakers Hill soil and
Wungong soil. The dotted lines indicate a hypotta{presence of amorphous
and crystalline iron oxides in soil, with a higs00 nf g*) and low (100 rh
g') specific surface area. A combination of these kimals of oxides leads to
the calculated value for the effective reactivdag area.

Effect of Cd* and Mg™

It has been shown that calcium can have a cons@enafluence on the
adsorption of phosphate in soils (Riettal., 2001b). In the calculation, the binding of
calcium was taken into account, using as a resmicthat the CH activity is
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Determination of the Effective Reactive Surfacedre

determined in the extract solution via the soliypibf calcite. The calculation shows
that calcium adsorption is important at low carlien@oncentration. This denotes the
presence of calcium adsorption interaction with gut@ate. However, this effect
becomes less important with increasing the carleor@ncentration. At 0.5 M
carbonate concentration, which is correspondindp Wie recommended value in the
Olsen method, calcium almost has no adsorptiomaoti®on with phosphate.

In addition to calcium, magnesium may also interaith phosphate in soils.
Magnesium shows higher affinity for surface siteant calcium does (Rahnemase
al., Ch 3) and it stimulates the binding of phosphategoethite (Geelhoed, 1998).
Therefore, in the calculation, the binding of Mgsmaken into account, using as a
restriction that the Mg activity is determined via the solubility of MgGOThe
calculation shows that Mg adsorption is importdribe carbonate concentration. This
effect decreases dramatically with increasing #ré@nate concentration.

These calculations imply that the calcium and mamme adsorption cannot be
ignored in the calculations, when the carbonateeotmation is low. The effect of the
carbonate concentration and the soil-solution ratiothe calcium and magnesium
adsorption is respectively given in Figure 5a abgvithich have been calculated based
on the data of Bakers Hill soil.

5]
(6]

soil/solution
1/6
1/12
124
1/60
1/120
1/300
0 ¥ T ¥ T ¥ T ¥ T A T 0 ¥ T ¥ LI

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
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Figure 5. Effect of carbonate and soil-solutioniorabn the calcium and

magnesium adsorption on the metal (hydr)oxide ivacof the soil. The

calculation was done using the CD model for inraerd outersphere surface
complexation based on the data of Bakers Hill soil.

Conclusions

* The parameterized CD model is able to describetfieet of variation in
NaHCGQO; concentration and solid-solution ratio on the Rasmtration in
the extraction solution.
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Chapter 7

 There is a considerable amount of adsorbed phasgtathe mineral
surfaces even in pristine soils with respect tosphate. This amount of
adsorbed phosphates correlates with the amount eofakd Al
(hydr)oxides.

* Sodium bicarbonate extraction, based on the Olse@thod (0.5 M
NaHCG; at pH 8.5), desorb about 25% of the total adsogdezkphate
from soils.

» The calculated effective reactive surface areanit$ strongly correlates
with the oxalate extractable fraction. The appasg®cific surface area
of this fraction is about 360 g™

¢ Calcium and magnesium affect on the phosphate piisorat low
carbonate concentration
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Summary
In English

Mobility and bioavailability of ions in natural sgsns, such as soils and
sediments, is strongly influenced by the physical ehemical properties of the porous
media. The composition of the porous media can vadgly, which complicated the
development of prediction models for mobility anavailability. Adsorption and
desorption of ions in the environment is always aticomponent process. Metal
(hydr)oxides dominate the adsorption of anions ailss since these mineral are
positively charged at the normal pH range in s@isethite is perhaps one of the most
important crystalline metal (hydr)oxides in envinoental systems.

Among anions, phosphate and carbonate are omnipresenatural systems.
These ions interact with adsorption of other iond with themselves. Phosphate is a
nutrient for organisms and an important elemenstudying the interactions of the
solid-solution interface of minerals. Carbonatealso very important. It has been
shown that carbonate competes with anions for tiface sites while it sometimes
encourages the adsorption of other ions.

Moreover, electrolyte ions, such as'.iNa?, K™, cs?, ca? Mg*, CI*, and
NO;* are present in natural systems. These ions playngmortant role in the
development of the surface charge at the solidtisolunterface of minerals. It has
been shown that some of these ions lik&' LNa?, K™, cs? crt, and NQ*! are
mainly adsorbed as outersphere surface complexalsiu@ and magnesium may
adsorb partly as an innersphere and party as aerspliere surface complex,
depending on the solution concentration and thefptHe medium.

Adsorption models should at least obey the macmscoaws of
thermodynamics. These macroscopic laws are valgspective the molecular level
detail of the adsorption process. This may seemmasadvantage and one may be
tempted to ignore the molecular level detail. Homrevdue to its nature the
thermodynamic concept does theoretically not necégspredict the behavior of a
multicomponent system, if the model has been chor only in simple systems. The
closer the model is to physical reality the moreelly it is that the predictive
capabilities are good.
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The challenge is thus to take into account thecgiral information of adsorbed
ions and of surface sites as much as possiblearatisorption modeling. The CD
model may be considered the most physically réalistodel among the various
surface complexation models. This model uses tledamation and structure for the
adsorbed ions on the basis of available spectrasaojpormation. In the CD model, a
spatial charge distribution is assumed for the rigplgere surface complexes. The
outersphere surface complexes have been treateiracharges so far.

Improvement of the surface complexation model ideorto account for the
surface structure and the structure of outerspduiedennersphere surface complexes is
an interesting and an important goal in ion adsonpinodeling. InChapter 2 and 3 of
this thesis, a new surface structural approacimti®duced, which accounts for the
variable position of outersphere surface compleXbs approach is based on the CD
model, meaning that the position of the outersplseréace complexes is traced by
calculation of the charge distribution in the ifdee. Based on this approach, the
outersphere complexes at the solid-solution interfaf minerals are not treated as
point charges anymore. The model uses a Three Riadel in which the innersphere
surface complexes are located between the surfagdale) and 1-plane and the
outersphere surface complexes are located betweehplane and the head end of the
DDL (2-plane). The model calculation shows that tieimum distance of approach
of adsorbed ions depends on the finite size of amtktheir degree of hydration, which
determine their relative distances to the surfdcainerals.

It has been shown @hapter 4 that the new approach can successfully describe
the adsorption of phosphate in a ‘single ion’ sys&s a function of pH, phosphate
loadi