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Abstract

The aqueous solubility of oxyanion (e.g. phosphates and arsenates), and thereby their
mobility, bioavailability (phosphates) and toxicity (arsenates), in soils and sedisients
dependent upon their chemical speciatiarcomplex, multicomponent systems,
equilibrium modelling can be a useful tool to predict chemical speciation. When
establishing a model, it is essential to understand the interactions between all the
components not only in solution but also on minerdiesas at a molecular level. By
applying surface complexation models processes at mineral surfaces can be accounted
for.

This thesis is a summary of four papers and focuses on surface complexation of the
oxyanions arsenate, phosphate and monomethyl phespttstrbed onto the surface of
g o e t hFe®@H). Futthermoregdsorption angrecipitation of copper(ll) arsenates
from aqueous solutions has been studied.

Solid copper(ll) arsenates obtained in precipitation experiments were characterised and
five different solid phases with different Cu(ll) to As(V) ratio, as well as proton ahd Na
content were identified CusNa(HASQy)(ASO4)3(S), CusNap(ASOs)4(S), Cus(AsOa)o(S),
Cug(AsO,)(OH)s(s) andCux(AsO,)(OH)(s) The adsorption of arsenate and copper(ll) to
thegoethite surfacesould not be predicted by only applying the combined model from

the two binary systems, arsengteethite and copper(Hjoethite. Instead, two ternary
copperarsenategoethite surface complexes were added. In one of the surface complexes
arsenate is bound to goethite surface via a copper(ll) ion coordinating to surface hydroxyl
groups and in the other surface complex, copper(ll) is coordinating arsenate bound to the
goethite surface.

Surface complexation models, in agreement with maopsalata and detailed

spectroscopic results, were designed for monomethyl phosphate, phosphate and arsenate
adsorbed to goethite. The models contain monodentate inner sphere surface complexes
stabilized by hydrogen bonding to neighbouring surface sitescharge distribution of

the complexes was assigned according to Paul

The monomethyl phosphate model consists of three singly protonated surface isomers,
only differentiated by the location of the protoim the case of phosphate and arsenate,

six surface complexesjcluding two pairwise surfacesomers are suggested to form

[ FEOAKEO ([ FEOAGHE: (I FefAsOFe( [ Fe Qs O

[ FOH)"; (I FeHOASE@Feand [ F49D%AA @nbination of structural
information from spectroscopic measurements and quantitative data from spectroscopy,
potentiometry and adsorption experiments provides a better understanding of the
complexity of the coordination chemistry of partisi&#facesand forms the basis for
equilibrium models with high physical/chemical relevance.
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1. Introduction

Arsenic is an element of great environmental significasicee Iigh levels of arsenic in
groundwater ara severe threat to public health in many parts of the world. The source of
the high arsenic concenti@tsis primarilydue tonatural occurrences afsenian soils

and bedrock. A sharp increase in exposure observed during the lastsdearade

however, largely be attributed to recent human activities, such as extraction of
groundwater fromncreasingly greatedepths. In Europeayhile arseniccontamination is
commaly related to human activitieslated tamining, it also stems fronspills from

wood preservatiotechniques, whichisedfluids containing copper, chromium and

arsenic.

In naturaloxidisedwaters, arsenic is mostly foumdinorganic form ashe oxyanion

arsenate, AsgJ. Arsenate can react with metal ions in the solution and form soluble
complexes. Arsenate can also precipitate and form solid metal arsenates. Even if the
arsenate does not react directly with the other components in the solution, adsorption of
these otheramponents to mineral surfaces can affect the arsenate adsorption. The

arsenate adsorption can be increased or decreased depending on the nature of the surfaces
and the other adsorbed components.

An oxyanion with similar physicochemical properties asraseis phosphate. Unlike the
toxic arsenicphosphorus is an essential element to all known forms oPlifesphorus is
often a limiting factor for plant growttsince hebioavailable phosphorus specie,
phosphate, onlynakes ug minor fraction of theatal phosphorous in soils and
sedimentsThe larger fraction of phosphorus is retained in the soils by sorption to soil
particles, by precipitation with metal ions or incorporated into soil organic ndfter
Additionally, asubstantial part of the totphosphorusn soils consists of
organophosphatebke monomethyl phosphatethich makeghem an important potential
phosphous source for organisnig].

The aqueous solubility, and thereby the mobility and bioavailabdftgxyanionsn soils

and sediments is generatignsidered to be limited dsorption to particle surfacgy.
However, it is important to consider all possible reactions that may affect their solubility,
which includes not only adsorption processes butm@isoipitation/dissolution of solid
phases, mtonation/deprotonation of aqueous species and formationetdlrnomplexes

in solution.

To assess the risks associated with arsenic contamination, and to design remediation
measures in cases of strongly contaminates$,or to design efficient fertilisens the
case of phosphat,is of critical importance to understand the geochemddttiiese



anionsandtheir interaction with geologic material8 keyword in this sense is
speciation, i.e. the distribution of the ion between different chemical forms.

In complex, competitive, multicomponent systems, surface complexation modelling can
be a useful tool to predict speciatidWhen establishing a moded,i$ essential to
understand the interactions betweerttalcomponents in solution argh the mineral
surfaces at a molecular levBly basing the model on a combinationgofantitative dta

and structural characterizations from spectroscopic methiidsnodekanpredict the
speciatiorboth in solution and at mineral surfagasl would be valicita range of

chemical conditions.

2. Aim

The aim of this thesis is to contribute to the undemding of the geochemistry of
oxyanions and their interaction with geologic materials. In order to understand their
mobility and bioavailability, the agueous speciation of oxyanions needs to be further
studied.This wasaccomplishedby studying equilibriunteactions in binary systems
including goethite together with the oxyanions; arsenate, phosphate or monomethyl
phosphate. Furthermore, the ternary system coppard@nategoethite was studied to
investigate the impact of a metal ion on the solubilitgxofanions in these systems.

An important tool for understanding oxyanion mobility and bioavailability is equilibrium
modelling. Therefore, to fulfil the aim of this thesis, new mstiet are consistent with
spectroscopic dafar the investigated systerhave beemlevelogd



3. Solutions, Solids and Surfaces

A prerequisite for successful modelling of geochemical processes, e.g. in soils, is access
to consistent sets of model parameters, including all types of chemical eguilibr
involved It is of critical importance to be able to consider formation of possible soluble
complexes and solid species, as well as formation of surface complexes on mineral
particles Figure3.1). As anexample, the equilibrium model for the systefHAsO,” -
CU?*- goethite includeshydrolysis of C@", protonationdeprotonation of the hydrogen
arsenate ioandthe goethite surfac@ossiblecomplexation ofCL#* and arsenate in
solution, formation of solid copper(ll) (hydr)oxide and copper(ll) arsenates,
complexation oCU** and arsenateseparatelyandCu”* and arsenatmgether at the
goethite surface

U.2Jr HAS 042-

\ v /
Goethlte

Figure3.1. Cartoon of the components and equilibriums that have to be taken into account when modelling
a the ternary system copper{fsenategoethite.

To significantly improve the quality of the model it is of great value te Isimuctural
information on molecular level, as obtained from spectroscopic methods like EXAFS and
FTIR, availableIn the following sections, the available information from the literature
about reactions involved in the systems investigated in this isetiscussed.

3.1. Complexation in Solution

The acid/base properties of arsenate and phosphate are very similar. For instance, the
protonati ongy of tiAsE,T ia MM ion{c btrergyth i¥.13[4] and the
corresponding value fgghosphate i§.20[5]. Monomethyl phosphoric acid is a diprotic
acidwith one pKavalue at low pHand thesecondat 6.71 (I=0 M) wich is the only one to
consider in the pH gon studied herd6]. Also Cu(ll) can beconsidered as a weak acid.
Hydrolysis of CG" ions, which includes both formation of hydroxide complexes in
aqueous solution and precipitation of Cu(ll) hydroxides and oxides, generates protons
which are released to tiselution[7].

Consideing possible soluble copp@rsenate complexesyly two studies, by Marini and
Accornero[8] and Lee and Nriagl®], wer e found in | UPACGs stabi
databas¢l0]. Based on a theoretical approach, Marini and Accorf&noredicted

formation constants of aqueous metedenate complexes, including three different

3



complexes with a copper to arsenate ratio of one, i.e,&s04", CUHAsQ? and

CuAs(Oy. In an experimental investigation of the solubility product of metal arsenate
complexes, Lee and Nriagi] made an atimpt using ion chromatography to identify
agueous metarsenate complexes. For Cu(ll) no such complexes could be found at pH
3.6, which was the only pH investigated.

3.2.Solid Phases

3.2.1. Copper(lly Arsenates

The literature on metal arsenafgeciess limited, both for soluble complexes and solid
phasesMagalhaes et aJ11]studied the dissolution of a set of metal arsenate minerals
with copper to arsenate ratios ranging from 2 to 3. The copper isisérdied were
olivenite [Cy(AsOy)(OH)], cornubite [Cy(AsO4)2(OH)4] and clinoclase

[CusAsO,(OH)3]. Besides this study, Lee and Nrig@l and Chukhlantsepl 2] have
determined the solubility product Giug(AsOy),.

3.3. The Goethite Surface

Goethite is an iron oxyhydroxide casting of oxygen octahedra withvalent iron ions

in the middle. The main crystal plane of the needle shaped goethite particles is the {110}

plane. This plane represents more than 90 % of the total surfadd 3rdane {110}

plane exhibits singh( [ F €°®),Hloubly ( [ fOeP), andtriplyc o or di n#®OPRd (I Fe
oxygens in rows along the {00HBxis (Figure3.2) [14]. The crystallographic density of

singly- and triply-coordinated surface sites are 3.56 and 2.81 sitéséspectivelyj15],

which gives a total concentration of proton active sites of 6.37 urhol/m

{110}

0.5
Plane [ F©

[ Fe &H

[ F,@Hos*

Figure3.2. Schematic representation of #3610} planeof the goethite particleviodified from[16].



3.3.1. Copper(llyGoethite

It has been shown using EXAFS that copper(ll) can form ispbere complexes at the

edges of the goethite particles. Hydrekadged polymeric copper(ll) species are most

likely formed[17]. These polymeric species has been modeled previously with a range of

surface complexes, including polymeric spedi#g], [19]. Weng et al[20] suggested a

model consistig of four bidentate complexes, two mononuclear species

((I Fecdtand ( LGUOEH) and two binucCudCGH), speci es
and ( [LGuga)). Recently Heimstri21] proposed the copper atom to be

coordinatedy one singly and one t r;OReOH)CuOR).or di nat e

3.3.2. Copper(llyArsenateGoethite

Grafe and cawvorkers have published two EXAFS studies on thadsorption of
copper(ll) and arsenate onto the surface of goethite. In the first flagéonding
environment of arsenate on goethite and gibbsite in the presence of Cu(ll) and Za(ll) w
studied at pH 7.022). From thisdata the second nearest Cu(ll) neighbors could not be
ascertained unambiguously for the goethite samples. However, on gibbsitezsiing
with polymeric Cu species at the gibbsite surfgmeeared to take place. In the second
paper, Grafe et a]23], found evidence for a hydrated clinoclaklee (CusAsO4(OH)s

(s)) coppefarsenate precipitate at the goethite surface at pH 5.65 and Cu(ll) to As(V)
ratios greater than 5:Khaodhiar et al[24] modelledthe ceadsorption of copper and
arsenate at the surface of iroride-coated sand and concluded that the equilibrium
constants from the binary systems were not able to predict the adsamgtierternary
system.

3.3.3. Arsenate, Phosphate Monomethyl Phosphat&oethite

Oxyanions like arsenate and phosphate has been stuithedifferent spectroscopic

methods. The overall conclusion, until recently, was that arsenate and phosphate mainly

binds in an innesphere bidentate bridging mode to singly coordinated surfacg Zstes

29]. However, Loring et al.30], showed that results from arsengteethite EXAFS

analysis are better interpreted as caused by the formation of monodentate surface

complexes. Based on a combination of EXAFS and IR spectroscopy they concluded that

arsenate coordinates predominantly in a monodentate fashion to singlynetenldi

hydroxyl groups on the goethite surface and is stabilized by hydrogen bonding to

neighboring suace sites. Loring et abuggested three major surface complexes

dominating at different pH. Two of these complexessaréace isomers, i. assigned

the same overall stoichiometry but with different protgesmetries in the hydrogen

bond At pH>10 an unprotonated (with respect to As(V)) complex was identified with the
tentative strucltRérGHAt( [pHe AA$05 a compl ex was:
the proton is bound to the adsorbed arsenate ion instead of to the neighboring hydroxyl
group, GH;FelORs@A) nally, at pH O 3 a doubly p
( [ Fe QHed & e OMas suggested. However, from the respitesented byoring
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et. al[30] it is not possible to determine if the oxygen of the neighboring site is singly,
doubly or triply coordinated with respect to Fe and whether the proton is located closer to
the arsenate group or at the neighboring surface site.

Persson et aJ6] drew similar conclusions in the monomethyl phagphsystem. Using

IR spectroscopy, three monodentate surface complexes hydrogen bonded to a
neighbouring surface site weletectegdone singly protonated complex hydrogen bonded

to a unprotonated neighboring site dominating at pH <6, one complex wh@metbe is
locatedbetween the ligand and the neighbouring site dominating at®Ertslone
unprotonated surface complex hydrogen bonded to a protonated neighboring surface site
dominating at pH >8

The adsorption of arsenate phosphatéo the goethitewgface has by several authors
been modeled by formation of bidentate bridging surface compl8%€3].

Monodentate surface complexes have also been presentedenat¢34, 35]. Recently
SalazatCamacho and Villalobd86] modeled the adsorption with a monodentate
complexat singly coordinat surface sites and hydrogen bonded to neighboring singly
or doubly coordinated sites.



4. Experimental Procedures

4.1. Goethite
Goethite was synthesized as ctésed by Hiemstra et. §87]. Briefly, NaOH was added
to a 0.5 M Fd(l) solution at a slow rate. The suspension was stirred with a propeller at

room temperature. The precipitate was aged f

weeks to remove dissolved counter ions and excess hydroxide. The resulting particles
were dentified to be goethitasingX-ray powder diffraction and the surface area was
determined using the BET,Mdsorption method {Brunauer, 1938

#42}. A stock suspension (10 g/L of goethite; 0.1 M NaCl) was adjusted to pH 4.3 and
bubbled with nitrogen toemove carbonate adsorbed at the goethite surface and any
dissolved CQin solution.

4.2. Potentiometric Titrations

Poentiometric titrations wereonductedo characterize any possible aqueous complexes
in the copper arsenate system and to determine thenptizio constants for HAs®

(Paper ). Btentiometric titrations weralsoused to study the acid/base reactions at the
goethite surface in the presence of arseaatk orcopper(ll)(Paper 1) monomethyl
phosphatéPaper 11l) angphosphatéPaper 1V).Furthermore, p@ntiometric titrations

wereused to determine the concentration of the stock solution of arsenate and phosphate.

Automated potentiometric titrations were performed according to Gin$88ip,The
atmosphere in the closed titration vessel was kept inert by a constant flowg)f ahd
the temperature was kept constant at 25 £0.1

Thefree proton concentration in solutisrasdetermined using both a glass and an
Ag/AgCl reference electrod&he EMF of the cell was measured and the free proton
concentration was calculated according to:

E=B&+glogH]+E (1)

Eo is an apparatus constant for the cell determined by calibration in solutions with known
proton concentration and 0.1 M NacCljis The
the liquid junction potential between the solution and the salt bridge

The mtentiometric titrations of arsenate, phosphate and monomethyl phosphate adsorbed
onto the goethite surface were performed utilizing the St&dhnique (Simultaneous

Infrared Potentiometric Titration) where an infrared spectrum was recorded at every
titration point[3Q].



4.3. Batch Adsorption Experiments

Batch adsorption experiments wexanducted t@uantitativdy studythe adsorption of
copper, arsenate and phosphate at the gostinitace. The experiments were performed
in a glove box under nitrogen atmosphere.

A volume of ligand solution was addg&mithe goethite suspensionliong the total ligand
concentrationn the suspension to the desired concentration, and then the suspension was
titratedand volumes of suspension were collected at desiredipdarsenate, or

phosphate, solution was added to the goethite suspension at pH 10 and the copper
solution was aded at pH 3In the copper(lBarsenategoethitesystem copper(ll) and

arsenate were added simultaneously at pH 6. A previous test series concluded that the
order of copper(ll) and arsenate addition, or initial pH, had no effect on the equilibrium
concentations.

The concentrations of As(V) and P(V) were analysed by ion chromatography (IC).
Atomic absorption spectrometry (AAS) was used to analyse the concentration of
copper(ll) in the supernatant. AAS was also used to detect any iron that may have been
present due to dissolution of goethifehe concentrations of monomethyl phosphate in
solution were analysed colometrically with the ammonium molybdate mg3Shd



5. Equilibrium Modelling

In complex, competitive, multicomponent systems, equilibrium modelling can lefd us
tool to predict speciation in solution and at particle surfaces as well as the formation of
solid phases. The models are valid at any pH and reactant concentrations, provided that
the models are established using an extensive set of experimental data.

5.1. Surface Complexation Models

Surface complexation models (SCM) are used to describe equilibrium reactions at the

mineral surfacewaterinterface.The formation of surface complexes cardescribed by

mass law equations in a similaay as complexationeactions in solutionThe formation

constants for surface complexes must, howevetphected for the electrostatic effects

that arebuilt up at the surface when protons and chélhgandsare adsorbed he

charge dependent formation constant for aam@ftomplex, the apparent formation

consty@nts (e product o fiy)thahigvalid fotan uncharged con st @
surfaceand a correction term for electrostatic effects.

r

f I B Q 2

whereN is the number of planes at which charges are assumed to be located, and this is
dependent on which SCM that is appliedz is the difference in charge between the
formed and reacting surface species at'thelane  arisdhe gotential at this plane.

5.1.1. The Basic Stern Model

In this thesishie Basic Stern Model (BSM) is useddmrrect for electrostatic forces due

to adsorption of charged ionBhe BSM is one of the simplest masiat accounts for

ionic strength dependence and it is valid over a broad range of ionic strengths. The

electrostatic double layer consists of an inner compact layer and a diffuse layer of counter

ions, the charge of the surface complexes can be plabed aitthe surface plane-(0

pl ane) or at the plane that sepgdanedat es t he i n
(Figureb5.1). The surface charge is related to the surface potential according to the Gouy

Chapman theory40Q]. Thesurface potential of the diffuse layer decreases to zero with

distance to the surface. Electroneutrality of the interface is defined by:

&0+ b'lEl d|l°§F 0 (3)

w h e rg,epdin ¢ aréthe charge densities at thpl@ e , -planesandbin the diffuse

|l ayer, respecti vel y. galrdg argrcaldulatedsaccardingtohe p ot en
Yo-Ypo=—" 4)



where GemliS the capacitance of the chaifyee Stern layer, located between thpgl&ne
and -plane. b

k4
SOH |
SOH,*
so |
SOH,*
SO
sL
SOMe*

(Sr:m

diffuse layer

o) op Gg

Figure5.1. Schematic representation of the waderface interface according to the Basic Stern Model. The
potenti al (Qq) as a function of [4dli st ance from the surf

5.1.2. Charge Distribution

In this concepbf charge distributionthe charge of the surface complex is distributed

overtheOp | a ne aplamk. Atfracgon 6f the total charge is located at tidade

and the other fraction is assigned tobhglane. The charge of the®l ane and t he b
plane are denotedy@nd @, respectivelyThe distribution of the charge betweepapd

Qp canbe optimized bubften the values of gand @ are assumed using Paul@&adhond

valance theory

The charge of the surface sites is determined by the coordination mode of the metal in the
crystal structure and i s b48sAssumiogthatRh@ ul i ngo s
charge is distributed symmetrically over surrounding bonds, a formal bond valance (

can be defined as:

5 — (5)

wherezis the charge of the metal ion and CN is the coordination number. With regard to
goethite, the charge of the iron is neutralized by six oxygen atoms, leading to a formal
charge of +0.5 at eaddond.Thecharge of the surface (hydr)oxyl, is partly neusedi by

the iron oxygen bond whiclgives that the charge of the unprotonated siaghyg triply
coordinated surface sites a5 and the doubly coordinated sites are neutral.

In a monodentately coordinated arsenate ion, the surface oxygen is pardyisediby
the iroroxygen bond, and partly by the arsenrateygen bond. The As(V) ion is
coordinated to four oxygen atoms, leading to a formal charge of 1.25 at eacf'thend.
charge of thesurface oxygems-0.25 (0.5-2 + 1.25 =0.25), and this fractia of the total
charge of the surface complex is assigned to {plale
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If amonodentatiy adsorbed arsenate aefs a hydrogen bond donorarsurface complex
stabilised byhydrogen bonishg to a neighbouring sitéhe charge ithe Gplanefor the
complecis -0.75. If the neighbouring sitecs as the hydrogen donor, the charge in the O
plane is 0.25.

5.2. Complexation at the Goethite Surface

The heterogeneity of the goethite surface is addressed using the MUSIC model developed
by Hiemstra and cavorkers[37, 42], which uses crystallographic information to
distinguish singly, doubly, and triply coordinated O(H) and OH(H) surfacewgrs of
(hydr)oxide minerals.

The singlyc o or d i n a t*%add thefipfye€ ©ld r d i n:@°C arelcorsiffeeed to
be responsible for the reactivity of the goethite surface in the pH rabp44]. Based
on crystallographic data for goethite the site densities of siagly triply coordinated
surface sites are 3.56 and 2.81 site$/raspectively{15]. Protonation reactions,
protonation constants, aegtlarge distributiomver the @plane and thé-planefor the
singly- and triply-coordinated surface sites are:

| Qinb) Qo; Qb
[ Fe®HH'f [ Fe JH 9.4 0.5:0
[ F0%° +H™§ [ F;@H"" 9.4 0.5:0

Charged ions from the ionic media act as counter ions in the diffugeblatyiney also
interact with the oppositely charged surface sitethe modelgpresented in this thesis
surface complexes involving Nand Clions have been includgds).

I ginf Qo; Qo
[ Fe®HNaf [ Fe OR™Na -0.98 -0.5;1
[ F@°% +Na' £ [ Fs@oNa** -0.98 -0.5;1
[ Fe &HH +CI'f | Fe @i® 8.83 0.5;-1
[ F38%% +H" +CI £ [ Fs@HCP*® 8.83 0.5;-1

Looking at the goethite surface, the singly coordinated surface sites adsorbing ligands are
close enough to both other singly coordinated sites and triply coordinated sites to form
bidentate surface complexes or in the case of monodentate complexes doogehy

bonds to neighbouringjtes Figureb.2). Underthe chemical conditions applied in this

thesis, with total concentrations of ligands lower than the total nuafilsengly

coordinated surface sites, modelling was not a tool to determine if the ligands coordinate
to singly or triply coordinated surface sites.
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Figure5.2. Section of the {110} plane of thgoethite surface. An arsenate atom is adsorbed in a
monodentate fashion to a singly coordinated surface site to illustrate the possibility of hydrogen bonding to
a neighbouring singhor triply coordinated surface site.

By assigning the coordination afisorbed ligands to one singly and one triply

coordinated surface sjtthe problem oéxpressigthe law of mass action with regard to
representation of the concentration of surface sites in complexes involving two sites of

the same typean be avoidedAccording to the law of mass action the exponent in such
cases should be 2. This exponent reflects the probability that two surface sites of the same
type are brought together in one complex. Howgwben dealing with surface

complexes the two sites musteighbours. Hence, the probability term, i.e. the

exponent, should be lower than 2.
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6. Data Treatment

The ternary system copgHj- arsenategoethite isused as an example of the equilibrium
analysis performed in this thesis. The following reactingmonents are present in this
system: H, [ F°& 0 HOR% Cu/*, HAsQ, Na and Cl. A general equilibrium

reaction for the formation of soluble complexes, solid phases and surface complexes can
be written as:

pH" + q [ P®40Hr O e sCt*+tHAsO” + uNa + vClI ©
(HY( [ F @9 I O-%)(CLP")(HASO,”)(Na")u(Cl), (6)

This general reaction d¢&dfidkvnes the equilibriu

The total concentration of each component (C(tc)) is given bgtasconcentration in
solution (C(sIn)), its amount in the solid phases pet sbtution (n(sld)) and its total
concentration at the surface (C(srfc):

C(tc) = C(sIn) + n(sld) + C(srfc) )

The C(t9 of each chemical component is obtained by summing the products of the
concentration of each aqueous, solid and surface species times the stoichiometric
coefficient of the component in each species. For example, the total concentration of
protons (H) is tyen by the following equation:

H(tc) = H(sIn) + H(sld) + H(srfc)= [H - [OHT] - [CUOH'] - 2[Cu(OH)(aq)]-..-[AsO,*]
+ [HoASOs] + 2[H3ASOy] +...- 3n(CuNa(HASQ)(ASOy)s(s))-. . . . + ’f']+ F.e OH
2[ (I FeOASMER i [ ( ©EeOH)Cu(OHY- ........ (8)

The computer code WinSGW45] based on the SOLGASWATER algoritHd6] was
used to fit the equilibrium model to the experimental dA@SGW minimizes on the
total residual sum of squares (U), calculated from the total proton concentraijey) (U
and the concentration of copper(ll) and arsenate in solutiensihand Lhssiny.
U=Uy *+Ucuem * Yasen 9)

The total proton concentrations were analyzed by minimizing the following sum of
squares of the deviations:

N
UH(tC) = a (H (tc)i,calc - H(tc)i,exp)2 (10)
i=1

here H(tc). .. and H(tc)
concentrations, respectively, for tfedata point and N is the overall number of data

are the calculated and experimentaht@roton

i,calc i,exp
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points. H(tc), .., values were obtained from the potentiometric titration data and the batch

i,exp

experiments.

Similarly, adsorption data were treatctording to:

N
UCu(sIn) = a (Cu(8|n),calc - Cu(8|n),exp)2 (11)
UAs(sIn) = a (AS(Sln),calc - 'A‘S(Sln),exp)2 (12)
i=1

with Cu(sln)exp and As(sln)ey, Obtained from the batch experiments.

The Davies equatiof#7], equation B, wasapplied to adjust activity coefficients in the
extrapolation of constants to I= 0.1 M.

L =- 9.509%° ol 02|8 13
0g=-9. i%_ 218 13

9 is the activity coefficient for thé"ispecies, izs the charge of the species and | is the
ionic strength in molar. The Davies equation was used because it represents the data best
at the ionic strength of 0.1 MQ].

The results of the potentiometric titrations wisualized a¥ - curves. 4 is defined as
the average number of protons bound per surface site, and is calculated according to

Equation 4.

Zy= (H(tc)i [H1+[OHD /([ I FE€QH + :QH*P(e) (14)
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7. Results

7.1. Composition and Solubility of Precipitated Copper(ll) Arsenates

The aqueous solubility of arsenic in soils and sediments is generally considered to be
limited by the adsorption of arsenic anions to particle surfaatger than by
dissolution/precipitatio of arsenic containing solid phag&s However, to be able to
distinguish between precipitation and/or adsorption reactions, composition and stability
of the solid phases must be knowvihen the solubility product afoppe(ll) arsenate in
water is to be determideit is of critical importance to be able to correct for the
formation of protonated arsenate species as well as the possible formation of soluble
Cu(ll) arsenate complexes.

The objectives of the study iraper | were to determine i) the protonationstants for
HAsO,?, ii) possible complexation between Cu(ll) and As(V) in solution and iii)
composition and solubility of precipitates formed in Ci{Wjs(V) solutions.

7.1.1. Protonation Equilibria of HASGY
The protonation constants for HAgOwere deterrimed and the following values were
obtained (28C, I= 0.1 M NaCl):

HASOZ +H 'z JASOy logk= 6.68 N 0.015(30)
HASOZ + 2H' Z  BASOs log(K>K3)= 8.93 + 0.009

These constants implies that 4K;AsO,) [ logKs = 2.25. An extrapolatioto zero ionic
strength (using Davies equation) of the two protonation constants given above, results in
logK,? = 7.13 and log(KK3)° = 9.61. This also implies that Bi{HsAsO,) = 2.48. This

value is about 0.2 log units higher than those found in the IUPAC Stability Cor{st@nts
(25 I= 0 M). A linear regression analysis of data for lg@ém the databaséas been
performedand theregression yields the value Kg'= 2.48+ 0.01 This valueis in
excellentagreement with the valugbtained in the present study

7.1.2. Copper(ll) mmplexation with HASE

No evidence of any soluble coppér@arsenate complexes were found in the pH range
studied. Potentiometric titrations of pure arsenate solution and solutions with different
copper to arsenate ratios were performed thatitration curve forAs(V) in solution
remained unaffected by thegsence of copper at pH below 4, regardless of Cu(tc) and
As(tc). Precipitategormed at pH > 4

7.1.3. Coppe(ll) Precipitation with HASGF
The solid phases formed in batch experimantifferent pH and at different total
concentrations aopper(ll)andarsaatewere analysed with respect to Cu/As ratio,
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basicityand N& and/or Cl content.An averageCu/Asratio can be calculated knowing

the difference between experimental Cu(tc) and Cu(sln) and As(tc) and As(sIn)
respectivelyand also byhemical analysisef the different dissolved precipitate
Furthermore, XPS and SEMDS analysis provide information about the average Cu/As
ratio at the surfacelThe basicity of the precipitates, i.e. the number of protons released
from HAsQ (or CUf") during formation of the solid phase calculatedas-
H(sld)/As(sld)and-H(sld)/Cu(sld) respectivelyThe results from both the XPS and the
SEM measurements give clear evidences that most of the preciptategt the most
alkaling contain Naions The Na/As ratio is obtained after adjustment for the content of
chloride ions assuming that all the chloride ions are present in the solid phase in the form
of NacCl.

In summarythe present experimentaltdahowformation of precipitates with varying

composition with respect to Cu/As ratio, as well as basicity. The SEM and XPS analysis

also show the solid phasestocontaifNam ns. Wi th the average valu
3.4;: 0.8 O basicity O 4.0; and 0 OaeNa/ As O O
possible. As the XRD measurements gave no indicafierhich phases are presewg

assumed that two Na@ontaining phases with the stoichiometric compositions

CusNa(HAsQ))(AsOy), and CyNax(AsOy),are formed Both have a Cu/As ratio of 1.25,

an As- basicity of 0.75 and,Xespectivelyand a Na/As ratio of 0.25 and 0.5. A good

candidate for a solid phase with Cu/As = 1.5 ig(880s),, which has a basicity of 1.

Furthermore, Cu/As ratios of 2 and 3 with basicities b#42seem likely thinking oftte

mineral giverby Magalhde®t al.[11]. Phases with the compositions (AsO,)(OH),

and Cy(AsO4)(OH); therefore are likely candidates.

Based on the collective information from the experimental analyses, a model with five
solid phasesvasproposed.

lg b
5CU* + 4HASQ® + Na 2z GNa(HAsQ)(AsOy)s(s) + 3H 29.23N 0.12(340)
5CU* + 4HASQ? + 2N&d 2 GNax(AsOy)4(s) + 4H 25.47 + 0.07
3CUE + 2HASQ® 7 G(ASOu)o(s) + 2H 13.52 + 0.08
3CUE + HASOZ 2 G(ASO,)(OH)s(s) + 4H -5.86 + 0.09
2CU" + HASO®Z 2 G(AsO,)(OH)(s) + 2H 291+ 0.03

Depending on total concentration of the componehéssolid phases are formed within
different pH ranges. Diagrams with distribution of the solid phases folon&do
differentCu/As ratiosare shown irkFigure7.1. The soluble fraction of Cu amks
(experimental and calculated) are included as well. These diagrams also show
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overlapping pH rangeswithin which the different solid phases are stable. As can be
seenin Figure7.1b, up tothree ceexisting solid phases are presensome pH ranges.

1 3
Cu:Na(HAsO,)(AsOy); a) CusNa(HAsO,)(AsOy)3 b)
CusNay(AsO,), 2.5 Cu;(AsQy),
0.754 Cu;AsO,4(0OH);
- — | = 27 Cu;sNay(AsOy),
g. 0.5 : ;“—E 1.5+ CUQASO;;(OH)
% As % - CuzAs0,(OH);
0.25
0 | | | e
4 5 6 7 8 9

Figure7.1. Concentration of copper and arsenate in solution as a function of pH. Symbols represent
experimental data, () denotes coppep() denotes arsenate, and thin solid lines represalculated values
according to the proposed model. Bold lines indicate the pH interval where the different solid phases are
stable. The copper to arsenate ratio (Cu(tc)/As(tc)) & irdland inb) 3/2

The presence dfia’ in two of the coppétl) arsenates phases obtairteas noto our
knowledgebeenreportedpreviouslyin the literature. Although not reported as minerals,
these phases may precipitate to significant amounts in natural environments containing
high sodium concentrations (mM conceritras).

A predominance area diagrasmowingstability fieldsfor copper(ll) arsenate phases as a
function of pNa and pH is presentedrigure?.2. The Cu(tc)/As(tc) is here 1/1.
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1.5
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2.57 Cu3(AsOy), Cu3AsO4(OH);
371 Cu,AsO,(OH)
3.5
4 T T T T
4 5 6 7 8 9

pH

Figure7.2. Predominance area diagram for copper(ll) arsenates as a function of pNa and pH. Cu(tc)/As(tc)
1 mM/ 1 mM. Shaded areas show fields with two or threexisting solid phases.

The solubility of copper(ll) arsenates wikfferent Cu(tc) toAs(tc) ratioshas been
calculated accordintp the proposed mod@Figure?7.3). Cu(sIn) has solubility minima at

pH 89 and the solubility, logCu(sln), varies betweérand-7 depending oiCu(c) to

As(tc) ratio. As(sln) has a minima at pH7®and the solubility, logAs(sIinyaries between
-3.5 and-7.0. This means that even very low concentrations, on the uM scale, can result
in precipitation.The solubility pattern seen Figure7.3 can be explained by ti@u(tc)

to As(tc) ratis of the solid phases formdd, f. Figure7.2). For example,le increase in
arsenate solubility at pH 7 (in ratios 1, 1.25 and 2), can be explained by the formation
of Cug(AsQ,)(OH)s(s) which has the highe§tu(tc) to As(tc)atio.
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log As(sln)
log Cu(sln)

pH pH
Figure7.3. The solubility of a) arsenate and b) copper as a function of pHolablk curverepresent
Cu(tcy As(tc)=1,green = 1.25, red = 2 and purple = 3, respectivihg total concentration @u(ll) and
arsenate is 1 mM (1= B1).

7.2. Complexation of Arsenate and Copper(ll) at the Goethite/ Water Interface

7.2.1. ArsenateComplexation

When modelling the adsorption of arsenate to the goethite surfacdjéeéive was to
design a simplified model with #sw parameters as possibBesides a determination of
the formation constants tla@proach was to optimisikee charge distribution for each
stoichiometry to give a mean value of the possibdations of the proton. Thaodel
consists otwo species witlthe stoichiometries 1:1:1:1 and 2:1:1:1 for the components
H*: HAsO,”: =FeOH"*: =Fe,0°~. These stoichiometries represent the average
composition olun, singly- anddoubly protonatedarsenate ionglenoted $ns andS2as
below; and the following formation constants and charge distribsitiaare obtained:

lg R Qo; Qo
Sias( FEOASQH ; FeJO)* / 18.71+0.02 -0.68;-1.32
( FeQAsO;; FeOH)?
Soas( FEOASQHy;, FeO)' / 24.00+0.01 -0.54;-0.46

( FeOAsSQH ; FefOH)*

The distribution of théwo different surface species as a function of pH is presented in
Figure7.4. Themore acidiccomplexes) (I FHOAS@E (I FEHOAs O

[ Fs®H)", is dominating at pH 6 and the singiyun-protonateccomplex(es)

(I Fe Qs OOFle ([ Fg OA&GHJ, dominates at pkt 6. The charge
distributionfor S; s, With -0.68 of the charge in theplane, implies that the proton in the
hydrogen bond is located close to the adsorbed arsenateddn the case &;as, the
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proton is located in the middle betweihe arsenate and the neighbouring (Sexe
section5.1.2and7.3for a more detailed discussion about charge distribution according to
Paulingdéds val.ance bond theory)

0.8

SIAs

pH
Figure7.4. The distribution of arseteat the goethite surfaes a function of pHT otal concentration of
arsenate is 2.85 umolfiF s is the fraction of total AsThe different complexes are for simplicity
presented with Ss where Sasr e pr e s e AsOs$l,; ( KGFe@ O ( ASOHO  JOR)Eand Sas
represent$ [ FAs@; EOHE/ ( Ab(sH;O {OF.e

7.2.2. Copper(ll)Complexation

The adsorption of copper(ll) at the goethite suriagaodelled witifour bidentate
bridging inner sphereomplexesThe set of complexes atige charge distoution are
based on the model presentgdVideng et al[20]. A modification of the model presented
here is that the bidentatemplexes are coordinated to one singly and one triply
coordinated surface site, as proposed by Hienmiafja

The for mat i o) amdthe charge distributign{Q@gp for the complexes
are:

Igbintr QO; Qb
Sicul ( FOBeOH)CH" 12.12+0.02 -0.1; 1.1
Socu [ ( FOEeOH)Cu(OH) 5.49+0.01 -0.1; 0.1
Sscul ( OEeOH)Cy(OH),™ 5.63+0.02 -0.1; 1.1
Sicul ( FOBEOH)Cu(OH)° -2.79+0.02 -0.1; 0.1

To illustrate the relative importance of the different copper(ll) surface complexes as a
function of pH a distribution diagram has been constructed, representing a case with high
surface coverage of copper(lliigure7.5). Besides the bidentate, binuclear complex

[ ( JOBeOH)Cu(OH)'", the two monomeric copper(ll) species are predominant over
the whole pH range at the concentrations studiepH5 the hydrolysed species are
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dominating. Calculations at different copper(ll) to goethite ratios show that dimeric
species become more significant at higher total copper(ll) concentrations and is
domi nating at pH & 5 at2b5wmwail copper (1)

4 6 8

pH
Figure7.5. The distribution of copper at the goethite surface as a function.dfqtel concentration of
copper(ll) is 2.81 pmol/f . Feyis the fraction of totaCu The differentcomplexes are for simplicity
presented with &, whereS,c,, Scw, Sscu and Sc, representd  ( JOEeOH)Ca*, fﬂ)Flé@H)Cu(OH‘j,
[ ( $OEeOH)CY(OH),"*a n d ;ORe®H)CY(OH) respectively.

7.2.3. ArsenateCopper(ll) Complexation

Thebasis of thanodel for the ternargystemarsenateoppergoethite is a combination

of the copper(lBgoethite modelgection7.2.2 and the arsenatgoethite model with two
surface complexes with optimized chadjstribution €ection7.2.1). The adsorptiomf

the individual ions coultiowevemot fully be predicted by the combined model from th
two-component systenEhe possibility of precipitation of solid copper¢Hysenate

phases &s considered, btihere washo indication otheformation of solids reported by
Nelson et al[4]. An alternag¢ explanation for thenhanced adsorpti@bserveds the
formaion of ternary surface complexes. The search for the set of surface complexes best
describing experimental data included ternary surface complexes arranged in the order
surfacemetatligand (type A) ad surfacdigand-metal (type B)In fact, the resulting

model consists of one complex of each tyfiee charge distribution of the ternary
complexes wsset to be the same as for the corresponcamgplex in the binary system

on

The final mo d el Il ncludes tih)andthargd owi ng f or ma

distributions (Q; Qp):

lg R Qo; Qb
Sicuas [ FeOAsQCuO'S’ 13.42+0.08 -0.25;-0.25

Sscuas [ (FESOFEOH)Cy(OH),HASO,"  13.15+0.12 -0.1;-0.9
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Figure7.6. The distribution of copper(ll) and arsenate at the goethite surface as a functionTafttaH
concentration oéirsenatandcoppefll) is 2.57 pumol/m. Fc, and R is the fraction of totaCu and As
respectivelyThe different complexes are presented as stoichiometries BRer&scy, Sicw, Sas Sias
Srcuns@nd Scuast € P r e s @OFeQH)CE'( F RQFE@H)CY(OH),", sOReBH)Cy(OH):’,

(1 Fe Qhs ORCFe ([ FgHOA OB, (1 Be GAMED ([ RHe; O AGFCe
[ Fe OAP®andl ( JOEeOH)Cy(OH),HAsO, respectively.

By applying the presersturface complexatiomodeltogether with the precipitation
modelsome interesting observatioweremade. Stability fields of the different arseriate
copper(ll) precipitates as well as surface and solution specaiobe calculated.
Furthermoresolubility curves as a function of pH with respect to As(V) and Cuadi)

be obtained.

Precipitationof copper(ll) arsenates can be expected to form at pH > ataothl solid
concentratiork 3 g/L, i.e. at a totalancentration of both copper(l&nd arsenate
equivalent to 6.5 umol/fmif the concentratioof Na' is high(Figure7.7). In the case of
low Na" concentrationprecipitation can be expected to form at a slightly higher solid
concentratior{Figure7.8).
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Figure7.7. Stability area diagram for solid copper(ll) arsenates and a) domiratppegr(Il) surface
complex and b) dominating arsenate surface complex, as a function of solid concentration (g/L) and pH.
The total concentration of Copper (Il) and arsenate is 1 mM and thefdhconcentration is 100 mM.
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Figure7.8. Stability area diagram for solid copper(ll) arsenates and a) dominating copper(ll) surface
complex and b) dominating arsenate surface complex, as a function afaadiehtration (g/L) and pH.
The total concentration of Copper (Il) and arsenate is 1 mM and thetsdhconcentration is 100 mM.

Thesolubility of copper(ll) decreaswith increasing pH, at the higher solid
concentrations. This can be explained lyréasing adsorption with increasing pH, but
even in the case okry lowor zeroconcentration of solids the concentration of
copper(ll) in solution is less than 1 umol/L at pH >6 due to precipitation of solid
copper(ll) arsenatds, f. Figure7.7a).
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The solubility of arsenate shows a different solubility pattern than that of copper(ll). In
absence ofjoethite (I inFigure7.9b) the solubilityof arsenatelecreasswith increasing

pH due to precipitation of copper(ll) arsenategure7.7b). With 2 g/l of goethite (Il in
Figure7.9b) arsenate formsurface complexes at low pH and shows minimum solubility
at pH 6 dudo precipitation. At higher pH the precipitate is dissolved due to the strong
affinity between the copper(ll) ions and the goethite surface, and the arsenate ions are
released into the &dion. The same shape of the solubility curve can be seen with 4 g/l of
goethite but here no precipitation is formed, only surface complexes. At high surface
concentrationly in Figure7.9b) thesolubility is only dependent on adsorption.

-2
_4 4
— ~—
= £
Zz N
=2 77 _
o o <
en eh 6 4
< 2
-8 ;
14
—]0 T | T ‘ -8 T | T I
4 6 8 4 6 8
pH pH

Figure7.9. The solubility ofa) copper and) arsenate as a function of pH. The different curves represent
different solid concentrations (g/l), I) 0, 1) 2, 1ll) 4 and 1V) 10 g/I. The total concentration of Cu(ll) and
arsenate is 1 mM (1= 0.1 M).

7.3. Complexation of Monomethyl Phosphate, Phosphate and isenate at the
Goethite/ Water Interface

When modellingadsorption of arsenate, phosphatel monomethyl phosphate at the
goethite surfacehestrategy othe modellingwasto find a modethatbestdescribedhe
macroscopicata and alswasin agreemenwith thedetailedspectroscopic result
presented by Loring et a[30] and Persson et 4b], i.e. monocdentate surface complexes
stabilizzd by hydrogen bonding to neighbouring surface sites.

One of the challengaghen constructing a model in agreement with the overall
spectroscopic evidence is that two, or three, of the suggested surface complexes have the
samestoichiometry butifferentlocation of the proton in the hydrogen boidone case

the proton is assueal to be located at the ligand and in the other case the proton is
assumed to be located closer to the neighbouring surfac@lsttie is also the possibility

of a transition where the proton is located somewhere between the two extremes.
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Previously suface speciation of arsenate to goethite was given with a simplified model
involving only two surface specig¢section7.2.], [48]). However, these species are to be
regarded as representing the average stabilityrendverageharge distribution of the
following surface isomer6 [ F e QiA;s OOF/e( [ F e A §0B¥ and

([ Fe Qs T0)"/ ([ FelAs RA)Erespectively.

The model with ptimised charge distrision describes the proton data and the
adsorption data very wdbutthe spectroscopinformation tellsusthat the picture is
evenmore complicated than that. A different approach was used when modelling the
monometyl phosphatgoethite system inadper Il andhe arsenatandphosphate
goethite systems indper IV. Here, the charge distribution was usesefarate
complexes with theame stoichiometrigut with different hydrogen bonding
characteristics

Appl yi ng vaRacebdond thep§y for the charge distribution, a compiath the
proton located close theligand would have a §rharge 0f0.75 and a complex with

the proton at the neighbouring site would have, af@.25 This apprach gives six
possible surface species in the case of arsenate and phoBjghuate?.10. By repladéng

the proton of the top hydroxyl group with a methyl group, three species are possible to
form in the methyl phosphate systehhis Figure does not show possiblensrs where

the proton is in transition betwe#me ligandandthe neighbouring site.

H 2 {';)' 2:0 H 11
0 (0]
I | |
O=Als._.o-|-| 0=A|S-O-H.’ O=As=0,, H
“ -
! SR
Fe Fe Fe Fe Fe
i i 3 1 3
1,0 0;1 0
0 N ’ 7
0:-.A|s—O-H\ o-ﬁs-a" ’ O—Als—O
A T T v
Fe Fe Fe Fe Fe
i 3 [ 3 i

Figure7.10. Cartoons showing possible stoichiometries and protonation modes of monodesaatde
(phosphategoethite complexes hydrogen bonded to a neighboring surface site. Inset figures denote the
number of protons bonded to the arsenpb®$phate) anion and the neighboring surface site.
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7.3.1. Complexatiorof Monomethyl Phosphate

In the case of the adsorption of monomethyl phosphate to the goethite duwtace
proton data, adsorption data and speciopic information waavailable(Paper I1l) The
spectroscopic informatiois both qualitative andemiquantitative Figure7.11a.

Thespectroscopic dateonveysthat the model shoulcbntainthree monodentataner
spheresurface isomers stabilized by hydrogen bonding to a neighbouring surface site, all
having the same overall stoichiometry but with different location of the protoe in th
hydrogen bondone singly protonated complex hydrogen bonded to a unprotonated
neighbauring site dominating at pH <6, one complex where the proton is located between
the ligand and the neighbouring site dominating at fHafid one unprotonated surface
complex hydrogen bonded to a protonated neighhg surface site dominating at pH >8

Appl ying Paul i ng 0 ssephratdetiveen aurfacanisomerstgives thatg t o
complex with the proton located at the monomethyl phosphate ion would have a Q

charge of0.75 and a complex with the proton at the neighing site wouldhave a @

value of 0.25. For the complex where the proton is located somewhere between the two
extremesthe best fit to experimental data was obtained thiéhcharge in the-plane set

to be zero. Theomplexes are for simplicity laetl according to number of protons

bonded to the monomethyl phosphate anion and the neighbouring surface site

Thef or mat i on g)andthe charge distripdtian Q) for the monmettyl
phosphateyoethite surfaceomplexes are:

lg R Qo; Qb
1.0 ([ FepleH), (OFe 215 -0.75;-0.25
0.3;.0.7( [ Fe HIPCH;; EOHg)"  23.9 0.0;-1.0
001 ([ FefR0 GLOFE 24.2 0.25;-1.25

The distribution of monomethyl phosphate in solution and at the goethite surface was
calculated applying the proposetbde| Figure7.11b. At pH < 5 the dominating

complex is 1;0 for which MMP acts as a donor group in the hydrogen bond. In this pH
region both 0.3;0.7 and 0;1-exist with 1;0, but at significantly lower fraotis. With
increasing pH the importance of 0.3;0.7 and 0;1 increddqsH > 8.7the major part of
MMP exists as free unprotonated MMP in solution. This species distribution is in very
good agreement with the ATRTIR data (c.fFigure7.11)
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Figure7.11. Distribution diagram for monomethyl phosphate in solution and at the-gagthite interface,
a) from the multivariate curve resolution analysis of the infrared spbaecording tahe proposed
model. The total concentration of monomethyl phospisa®e81 pmol/m. F is the fraction of total
concentration of monomethyl phosphate

7.3.2. Complexation oPhosphate

Phosphatevasassumedo adsortonthe goethitesurfaceasillustrated inFigure 7.10,
andall the six possible monodentate surface complexesethe phosphatatom is
hydrogen bonded to a neighbouring surfacevgéeeincluded and the charge distribution
waskept fixedacwrding to Paulin@ bond valence thearyhe following results were
obtained:

Ig fﬂtr QO; Qb
0 [ Fe QPO 7.61+0.03 -0.25;-2.25
01 ([ FeHP QOHE 20.51+0.02 0.25;-2.25
1.0 (I Fef{lPOJOFe 19.59+0.01 -0.75;-1.25
11 ([ Fe 4P OJOR)E 26.41+0.02 0.25;-1.25
20 ([ Fe4pPp O gOfe 23.58+0.02 -0.75;-0.25
2 [ Fe QGRY 19.59-0.04 -0.25;-0.25

The experimental results and the results from calculations using the model are presented

in Figure7.12 andFigure7.13.
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Figure7.12. Adsorption of phosphate as a function of pH. Symbols represent experimental data and solid
lines denote values calculated aeling to the model with six complexes. Total concentration of
phosphatep 0.38,R 0.77,& 1.15A 1.53,q 1.91,1 2.30and 3.07 pmol/ni.
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Figure7.13. Z as a function of pH. Symbols represent experimental data and solid lines denote values

calculated according to the model with six complexes. Total concentration of phogpHags,3 0.77,
1.15,A 1.54,1 2.30 andq 3.07 pmol/ni.

The surface speciation with respect to adsorbed phosphate is illustraigdrai/.14.
Predominatingspecies in the pH range studiedre( [ F e $HiP O (OF @nd

( [ Fe P O4OF €;0 and 1;0jn which phosphatects as &ydrogen bond donor
The protonation constant forh e ¢ o mp POgHx;, {OIEREEDto give

( [ FRODI,; tOF€2;0) is approximatel@.5at low coverage an8l athigh coverage
(Figure7.14a and b). This difference reflects the impact of surface charge on the
formation constantg$-urthermore, the protonation constant fgPB)y in solution is 2.15,
which means that phosphate adiged to gethite has aigher affinity for protons than

28



phosphate in aqueous solution. This can (partly) be explained by hydrogen bond
stabilization.

Furthermore, the 0;1 species in whpdtosphatés a hydrogen bond acceptor is favoured
by a low coverage and high pH values, whereas the 1;1 species is only &brinngial
coverage.

1 1

pH pH
Figure7.14. Distribution of phosphate species at totalamrirations of g0.6 pmol/nf andb) 2.7
umol/n?. . Fp is the fraction of total PThe complexes are labedl according t&igure 7.10; O representing
[FeQP Q01 ([ Fsp OFOBIE, L0 ([ F,OFE®)*, 11 ([ F:el OPJOR)E 20
(I Fepp O kOfand2l Fe ORY.

7.3.3. Complexation oArsenate

Two different approaches have been used when modelling the adsorption of arsenate at
the goethite surfacén the first case, the charge distribution each stoichiometry was
allowed to vary to give a mean value of gfessible locations of the protgsection7.2.,
(Paper I)[48].

In the second modellingrsenatés assumed to adsorb at the goethite surface in the same

way asphosphatésection7.3.2, i.e. monodentate surface complexes hydrogen bonded

to a neighbouring triply coordinated surface site. The model with six possible complexes

and charge distri butndeatencatheorywas appligdtdtioe Paul i ng
arsenatggoethite system and the following results were obtained:

lg R Qo; Qb
0 [ Fe OA3 O 6.04+0.08 -0.25;-2.25
01 (I Fe QAsKHE 19.65+0.02 0.25;-2.25
1.0 (I Fe QHA;s OOF e 18.57+0.02 -0.75;-1.25
11 ([ Fe QKA;s OOR)E 25.07+0.02 0.25;-1.25
2,0 ([ Fe Qs OtOFe 23.46+0.04 -0.75;-0.25
1 [ Fe OAL"® 29.33+0.05 -0.25;-0.25
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The val grare slighfiylowegrbcomparison to thphosphateystem. This is in
agreement with the general observation that phosphate anions form stronger complexes
than arsenate aniorisor the model with six possible surfamemplexestwo distribution
diagrams, Figure7.15), have been constructed to illustrate the relative importance of the
different surface complexes, one at low cover@g@ jimol/nf ) where all arsenate are
adsorbed and one agh coverage2.7 umol/nm).
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Figure7.15. Distribution of arsenate at totabncentrations of &).6 umol/nf and2.7 pmol/nt. Fa is the
fraction of total AsThe complexes are labeled accordingigure7.10;0r e pr esent ifAgxll Fe OAs O
(I Fe QASKOFE, 10 (I FeHOAS@F &1 (I FeHQAS@AE 20 ([ FgH3As O
[ F:®)%and 2l F e OAK’D
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