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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 sediments is
dependent upon their chemical speciation. In complex, 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 mineral surfaces 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 phosphate adsorbed onto the surface of
goethite (a-FeOOH). Furthermore, adsorption and precipitation of copper(Il) arsenates
from aqueous solutions has been studied.

Solid copper(Il) arsenates obtained in precipitation experiments were characterised and
five different solid phases with different Cu(II) to As(V) ratio, as well as proton and Na"
content, were identified; CusNa(HAsO4)(AsO4)3(s), CusNay(AsOy4)4(s), Cusz(AsO4)a(s),
Cu3(As0O4)(OH)s(s) and Cuy(AsO4)(OH)(s). The adsorption of arsenate and copper(Il) to
the goethite surface, could not be predicted by only applying the combined model from
the two binary systems, arsenate-goethite and copper(Il)-goethite. Instead, two ternary
copper-arsenate-goethite surface complexes were added. In one of the surface complexes
arsenate is bound to goethite surface via a copper(Il) ion coordinating to surface hydroxyl
groups and in the other surface complex, copper(Il) is coordinating arsenate bound to the
goethite surface.

Surface complexation models, in agreement with macroscopic data 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 sites. The charge distribution of
the complexes was assigned according to Pauling’s valence bond theory.

The monomethyl phosphate model consists of three singly protonated surface isomers,
only differentiated by the location of the proton . In the case of phosphate and arsenate,
six surface complexes, including two pair-wise surface isomers, are suggested to form,;
=FeOAsO;>"; (EFe0AsO;; =Fe;0H)”;(EFeOAsOsH; =Fe;0)”; (EFeOAsO;H;
=Fe;0H)""; (EFeOAsO;H,; =Fe;0)' and =FeOAsO;H,"~". A combination 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 particle surfaces and forms the basis for
equilibrium models with high physical/chemical relevance.
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1. Introduction

Arsenic is an element of great environmental significance, since high levels of arsenic in
groundwater are a severe threat to public health in many parts of the world. The source of
the high arsenic concentrations is primarily due to natural occurrences of arsenic in soils
and bedrock. A sharp increase in exposure observed during the last decades can,
however, largely be attributed to recent human activities, such as extraction of
groundwater from increasingly greater depths. In Europe, while arsenic contamination is
commonly related to human activities related to mining, it also stems from spills from
wood preservation techniques, which used fluids containing copper, chromium and
arsenic.

In natural oxidised waters, arsenic is mostly found in inorganic form as the oxyanion
arsenate, AsQg4>". 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 other components 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 as arsenate is phosphate. Unlike the
toxic arsenic, phosphorus is an essential element to all known forms of life. Phosphorus is
often a limiting factor for plant growth, since the bioavailable phosphorus specie,
phosphate, only makes up a minor fraction of the total phosphorous in soils and
sediments. The larger fraction of phosphorus is retained in the soils by sorption to soil
particles, by precipitation with metal ions or incorporated into soil organic matter. |1]
Additionally, a substantial part of the total phosphorus in soils consists of
organophosphates, like monomethyl phosphate, which makes them an important potential
phosphorus source for organisms .

The aqueous solubility, and thereby the mobility and bioavailability, of oxyanions in soils
and sediments is generally considered to be limited by adsorption to particle surfaces .
However, it is important to consider all possible reactions that may affect their solubility,
which includes not only adsorption processes but also precipitation/dissolution of solid
phases, protonation/ deprotonation of aqueous species and formation of metal complexes
in solution.

To assess the risks associated with arsenic contamination, and to design remediation
measures in cases of strongly contaminated sites, or to design efficient fertilisers in the
case of phosphate, it is of critical importance to understand the geochemistry of these



anions and their interaction with geologic materials. A 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 speciation. When establishing a model, it is essential to
understand the interactions between all the components in solution and on the mineral
surfaces at a molecular level. By basing the model on a combination of quantitative data
and structural characterizations from spectroscopic methods, this model can predict the
speciation both in solution and at mineral surfaces and would be valid at a range of
chemical conditions.

2. Aim

The aim of this thesis is to contribute to the understanding of the geochemistry of
oxyanions and their interaction with geologic materials. In order to understand their
mobility and bioavailability, the aqueous speciation of oxyanions needs to be further
studied. This was accomplished by studying equilibrium reactions in binary systems
including goethite together with the oxyanions; arsenate, phosphate or monomethyl
phosphate. Furthermore, the ternary system copper(Il)-arsenate-goethite was studied to
investigate the impact of a metal ion on the solubility of oxyanions in these systems.

An important tool for understanding oxyanion mobility and bioavailability is equilibrium
modelling. Therefore, to fulfil the aim of this thesis, new models that are consistent with
spectroscopic data for the investigated systems have been developed.



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 equilibria
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 . As an example, the equilibrium model for the system H'-HAsO,* -
Cu’"- goethite includes; hydrolysis of Cu®", protonation/ deprotonation of the hydrogen
arsenate ion and the goethite surface, possible complexation of Cu®" and arsenate in
solution, formation of solid copper(Il) (hydr)oxide and copper(Il) arsenates,
complexation of Cu®” and arsenate, separately, and Cu”" and arsenate together at the
goethite surface.

Cuzt\ /HASO,;;Z-
\ H* /
P
Goethite

Figure 3.1. Cartoon of the components and equilibriums that have to be taken into account when modelling
a the ternary system copper(Il)-arsenate-goethite.

To significantly improve the quality of the model it is of great value to have structural
information on molecular level, as obtained from spectroscopic methods like EXAFS and
FTIR, available. In the following sections, the available information from the literature
about reactions involved in the systems investigated in this thesis is discussed.

3.1. Complexation in Solution

The acid/base properties of arsenate and phosphate are very similar. For instance, the
protonation constant (logf; ;) of HAsO,” in 0 M ionic strength is 7.13 [4] and the
corresponding value for phosphate is 7.20 . Monomethyl phosphoric acid is a diprotic
acid with one pKa value at low pH and the second at 6.71 (I=0 M) wich is the only one to
consider in the pH region studied here. @ Also Cu(Il) can be considered as a weak acid.
Hydrolysis of Cu" ions, which includes both formation of hydroxide complexes in
aqueous solution and precipitation of Cu(Il) hydroxides and oxides, generates protons
which are released to the solution .

Considering possible soluble copper-arsenate complexes, only two studies, by Marini and
Accornero |8] and Lee and Nriagu E], were found in [IUPAC’s stability constants
database Based on a theoretical approach, Marini and Accornero |8] predicted
formation constants of aqueous metal-arsenate complexes, including three different
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complexes with a copper to arsenate ratio of one, i.e. CuH,As04", CuHAsO40 and
CuAsOy'. In an experimental investigation of the solubility product of metal arsenate
complexes, Lee and Nriagu E] made an attempt using ion chromatography to identify
aqueous metal-arsenate complexes. For Cu(Il) no such complexes could be found at pH
3.6, which was the only pH investigated.

3.2. Solid Phases

3.2.1. Copper(ll)}-Arsenates

The literature on metal arsenate species is limited, both for soluble complexes and solid
phases. Magalhaes et al. studied the dissolution of a set of metal arsenate minerals
with copper to arsenate ratios ranging from 2 to 3. The copper minerals studied were
olivenite [Cuy(AsO4)(OH)], cornubite [Cus(AsO4)2(OH)4] and clinoclase
[Cu3AsO4(OH);]. Besides this study, Lee and Nriagu E] and Chukhlantsev have
determined the solubility product of Cus(AsOy),.

3.3. The Goethite Surface

Goethite is an iron oxyhydroxide consisting of oxygen octahedra with trivalent 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 surface area . The {110}
plane exhibits singly- (EFeOH™ "), doubly- (=Fe;OH"), and triply-coordinated (=Fe;0™)
oxygens in rows along the {001} axis . The crystallographic density of
singly- and triply-coordinated surface sites are 3.56 and 2.81 sites/nm? respectively ,
which gives a total concentration of proton active sites of 6.37 pmol/m?.

{110}
Plane

EF63 OH0‘5+

Figure 3.2. Schematic representation of the {110} plane of the goethite particle. Modified from .



3.3.1. Copper(ll)-Goethite

It has been shown using EXAFS that copper(I) can form inner-sphere complexes at the
edges of the goethite particles. Hydroxo-bridged polymeric copper(Il) species are most
likely formed . These polymeric species has been modeled previously with a range of
surface complexes, including polymeric species , . Weng et al. suggested a
model consisting of four bidentate complexes, two mononuclear species
((FeOH),Cu' "and (=FeOH),Cu(OH)®), and two binuclear species ((EFeOH),Cu,(OH),"
and (=FeOH),Cu,(OH);). Recently Heimstra proposed the copper atom to be
coordinated by one singly and one triply coordinated surface site (=(Fe;OFeOH)CuOH").

3.3.2.  Copper(ll)-Arsenate-Goethite

Grife and co-workers have published two EXAFS studies on the co-adsorption of
copper(Il) and arsenate onto the surface of goethite. In the first paper, the bonding
environment of arsenate on goethite and gibbsite in the presence of Cu(Il) and Zn(II) was
studied at pH 7.0 . From this data the second nearest Cu(II) neighbors could not be
ascertained unambiguously for the goethite samples. However, on gibbsiteAsO,4 bonding
with polymeric Cu species at the gibbsite surface appeared to take place. In the second
paper, Gréfe et al. , found evidence for a hydrated clinoclase- like (CuzAsO4(OH);
(s)) copper-arsenate precipitate at the goethite surface at pH 5.65 and Cu(Il) to As(V)
ratios greater than 5:1. Khaodhiar et al. modelled the co-adsorption of copper and
arsenate at the surface of iron-oxide-coated sand and concluded that the equilibrium
constants from the binary systems were not able to predict the adsorption in the ternary
system.

3.3.3.  Arsenate-, Phosphate-, Monomethyl Phosphate- Goethite

Oxyanions like arsenate and phosphate has been studied with different spectroscopic
methods. The overall conclusion, until recently, was that arsenate and phosphate mainly
binds in an inner-sphere bidentate bridging mode to singly coordinated surface sites
. However, Loring et al. , showed that results from arsenate-goethite 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 singly coordinated
hydroxyl groups on the goethite surface and is stabilized by hydrogen bonding to
neighboring surface sites. Loring et al. suggested three major surface complexes
dominating at different pH. Two of these complexes are surface isomers, 1. e. assigned
the same overall stoichiometry but with different protons geometries in the hydrogen
bond. At pH>10 an unprotonated (with respect to As(V)) complex was identified with the
tentative structure, (FeOAsO;; =FeOH,)*". At pH = 6.5 a complex was suggested where
the proton is bound to the adsorbed arsenate ion instead of to the neighboring hydroxyl
group, (EFeOAsO;H; =FeOH)”". Finally, at pH < 3 a doubly protonated complex,
(=FeOAsO;H,. =FeOH)'” was suggested. However, from the results presented by Loring
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et. al 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 al. @ drew similar conclusions in the monomethyl phosphate system. Using
IR spectroscopy, three monodentate surface complexes hydrogen bonded to a
neighbouring surface site were detected; one singly protonated complex hydrogen bonded
to a unprotonated neighboring site dominating at pH <6, one complex where the proton is
located between the ligand and the neighbouring site dominating at pH 6-8 and one
unprotonated surface complex hydrogen bonded to a protonated neighboring surface site
dominating at pH >8

The adsorption of arsenate or phosphate to the goethite surface has by several authors
been modeled by formation of bidentate bridging surface complexes .
Monodentate surface complexes have also been presented for arsenate . Recently
Salazar-Camacho and Villalobos modeled the adsorption with a monodentate
complex at singly coordinated surface sites and hydrogen bonded to neighboring singly
or doubly coordinated sites.



4. Experimental Procedures

4.1. Goethite

Goethite was synthesized as described by Hiemstra et. al . Briefly, NaOH was added
to a 0.5 M Fe(III) solution at a slow rate. The suspension was stirred with a propeller at
room temperature. The precipitate was aged for 100 h at 60 °C and then dialyzed for two
weeks to remove dissolved counter ions and excess hydroxide. The resulting particles
were identified to be goethite using X-ray powder diffraction and the surface area was
determined using the BET N, adsorption 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 to remove carbonate adsorbed at the goethite surface and any
dissolved CO; in solution.

4.2. Potentiometric Titrations

Potentiometric titrations were conducted to characterize any possible aqueous complexes
in the copper arsenate system and to determine the protonation constants for HAsO,*
(Paper I). Potentiometric titrations were also used to study the acid/base reactions at the
goethite surface in the presence of arsenate and/ or copper(Il) (Paper II), monomethyl
phosphate (Paper I1I) and phosphate (Paper IV). Furthermore, potentiometric titrations
were used to determine the concentration of the stock solution of arsenate and phosphate.

Automated potentiometric titrations were performed according to Ginstrup, . The
atmosphere in the closed titration vessel was kept inert by a constant flow of N (g), and
the temperature was kept constant at 25 + 0.1 °C.

The free proton concentration in solution was determined using both a glass and an
Ag/AgCl reference electrode. The EMF of the cell was measured and the free proton
concentration was calculated according to:

E=E0+g10g[H+]+Ej (1)

Ey is an apparatus constant for the cell determined by calibration in solutions with known
proton concentration and 0.1 M NaCl. The constant g is equal to 59.16 mV at 25 °C. E; is
the liquid junction potential between the solution and the salt bridge.

The potentiometric titrations of arsenate, phosphate and monomethyl phosphate adsorbed
onto the goethite surface were performed utilizing the SIPT- technique (Simultaneous
Infrared Potentiometric Titration) where an infrared spectrum was recorded at every

titration point .



4.3, Batch Adsorption Experiments

Batch adsorption experiments were conducted to quantitatively study the adsorption of
copper, arsenate and phosphate at the goethite surface. The experiments were performed
in a glove box under nitrogen atmosphere.

A volume of ligand solution was added to the goethite suspension to bring the total ligand
concentration in the suspension to the desired concentration, and then the suspension was
titrated and volumes of suspension were collected at desired pH. The arsenate, or
phosphate, solution was added to the goethite suspension at pH 10 and the copper
solution was added at pH 3. In the copper(Il)-arsenate-goethite system, copper(Il) and
arsenate were added simultaneously at pH 6. A previous test series concluded that the
order of copper(Il) and arsenate addition, or initial pH, had no effect on the equilibrium
concentrations.

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(Il) in the supernatant. AAS was also used to detect any iron that may have been
present due to dissolution of goethite. The concentrations of monomethyl phosphate in
solution were analysed colometrically with the ammonium molybdate method .



5. Equilibrium Modelling

In complex, competitive, multicomponent systems, equilibrium modelling can be a useful
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 surface/ water interface. The formation of surface complexes can be described by
mass law equations in a similar way as complexation reactions in solution. The formation
constants for surface complexes must, however, be corrected for the electrostatic effects
that are built up at the surface when protons and charged ligands are adsorbed. The
charge dependent formation constant for a surface complex, the apparent formation
constant (Bapp), 1s the product of the intrinsic constant (Bine) that 1s valid for an uncharged
surface and a correction term for electrostatic effects.

N (_AzilpiF)
.Bapp = Bintr 2i=1 e RT (2)
where N is the number of planes at which charges are assumed to be located, and this is
dependent on which SCM that is applied. Az; is the difference in charge between the
formed and reacting surface species at the it plane, and v; is the potential at this plane.

5.1.1.  The Basic Stern Model

In this thesis the Basic Stern Model (BSM) is used to correct for electrostatic forces due
to adsorption of charged ions. The BSM is one of the simplest models that accounts for
1onic 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 placed either at the surface plane (0-
plane) or at the plane that separates the inner plane from the diffuse layer (B-plane)
(Figure 5.1). The surface charge is related to the surface potential according to the Gouy-
Chapman theory . The surface potential of the diffuse layer decreases to zero with
distance to the surface. Electroneutrality of the interface is defined by:

G()+0[3+0d1:0 3)

where 6, og and o4 are the charge densities at the 0-plane, the B-plane and in the diffuse
layer, respectively. The values of the potentials, yo and g, are calculated according to:

Oo

Yo - yp= 4)

Cstern



where Cgypp 1s the capacitance of the charge-free Stern layer, located between the 0-plane
and the B-plane.

¥

diffuse layer

Gy GB [eX]

Figure 5.1. Schematic representation of the water-surface interface according to the Basic Stern Model. The
potential (V') as a function of distance from the surface (x). Modified from .

5.1.2.  Charge Distribution

In this concept of charge distribution, the charge of the surface complex is distributed
over the 0-plane and the B-plane. A fraction of the total charge is located at the 0-plane
and the other fraction is assigned to the B-plane. The charge of the 0-plane and the -
plane are denoted Qo and Qpg, respectively. The distribution of the charge between Qg and
Qg can be optimized but often the values of Qg and Qg are assumed using Pauling’s bond
valance theory.

The charge of the surface sites is determined by the coordination mode of the metal in the
crystal structure and is based on Pauling’s bond valance theory . Assuming that the
charge is distributed symmetrically over surrounding bonds, a formal bond valance (1)
can be defined as:

v=— (5)

where Zis 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 each bond. The charge of the surface (hydr)oxyl, is partly neutralised by
the iron- oxygen bond which gives that the charge of the unprotonated singly- and triply
coordinated surface sites are -0.5 and the doubly coordinated sites are neutral.

In a monodentately coordinated arsenate ion, the surface oxygen is partly neutralised by
the iron-oxygen bond, and partly by the arsenate- oxygen bond. The As(V) ion is
coordinated to four oxygen atoms, leading to a formal charge of 1.25 at each bond. The
charge of the surface oxygen is-0.25 (0.5 -2 + 1.25 = -0.25), and this fraction of the total
charge of the surface complex is assigned to the 0-plane
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If a monodentately adsorbed arsenate acts as a hydrogen bond donor in a surface complex
stabilised by hydrogen bonding to a neighbouring site, the charge in the 0-plane for the
complex is -0.75. If the neighbouring site acts as the hydrogen donor, the charge in the 0-
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 co-workers , which uses crystallographic information to
distinguish singly-, doubly-, and triply coordinated O(H) and OH(H) surface groups of
(hydr)oxide minerals.

The singly-coordinated, =FeOH""" and the triply-coordinated =Fe;0°* are considered to
be responsible for the reactivity of the goethite surface in the pH range 1-11 . Based
on crystallographic data for goethite the site densities of singly- and triply- coordinated
surface sites are 3.56 and 2.81 sites/nm” respectively . Protonation reactions,
protonation constants, and charge distribution over the 0-plane and the B-plane for the
singly- and triply-coordinated surface sites are:

lgB(intr) QOa QB
=FeOH*> +H" 2 =FeOH,""" 9.4 0.5;0
=Fe;0%> +H" 2 =Fe;OH™" 9.4 0.5; 0

Charged ions from the ionic media act as counter ions in the diffuse layer but they also
interact with the oppositely charged surface sites. In the models presented in this thesis
surface complexes involving Na™ and Cl” ions have been included .

1gBintr) Qo; Qp
=FeOH"> +Na" 2 =FeOHNa">* -0.98 0.5; 1
=Fe;0"> +Na' 2 =Fe;0Na’>" -0.98 -0.5; 1
=FeOH"> +H" +CI" 2 =FeOH,C1** 8.83 0.5; -1
=Fe;0*> +H' +CI" 2 =Fe;OHC1"> 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 form hydrogen
bonds to neighbouring sites . Under the chemical conditions applied in this
thesis, with total concentrations of ligands lower than the total number of singly
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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=FeOHO%>-

Figure 5.2. Section of the {110} plane of the goethite 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 singly- or triply coordinated surface site.

By assigning the coordination of adsorbed ligands to one singly and one triply
coordinated surface site, the problem of expressing the law of mass action with regard to
representation of the concentration of surface sites in complexes involving two sites of
the same type can be avoided. According 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. However, when dealing with surface
complexes the two sites must be neighbours. Hence, the probability term, i.e. the
exponent, should be lower than 2.
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6. Data Treatment

The ternary system copper(Il)- arsenate- goethite is used as an example of the equilibrium
analysis performed in this thesis. The following reacting components are present in this
system: H', EFeOHO'S', EFe3OO'5', Cu2+, HAsO42', Na" and CI'. A general equilibrium
reaction for the formation of soluble complexes, solid phases and surface complexes can
be written as:

pH™ + q=FeOH""" + r=Fe;0%” + sCu®" + tHAsO4> + uNa'" + vCl =
(H),(ZFeOH")4(=Fe;0°)(Cu*)y(HAsO, > )(Nah),(Cl), (6)

This general reaction defines the equilibrium constant By v tu.v-

The total concentration of each component (C(tc)) is given by its total concentration in
solution (C(sln)), its amount in the solid phases per dm’ solution (n(sld)) and its total
concentration at the surface (C(srfc):

C(tc) = C(sln) + n(sld) + C(srfc) (7

The C(tc) 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 given by the following equation:

H(tc) = H(sln) + H(sld) + H(srfc)= [H'] - [OH] - [CuOH] - 2[Cu(OH),(aq)] -...-[AsO4]
+ [HoAsO4] + 2[H3A504] +....- 3n(CusNa(HAsO4)(AsO4)3(s)) -....+ [EFeOH, |+ ...+
2[(EFe0AsOs; =Fe;0H,)' ] — [=(Fe;0FeOH)Cu(OH) J- ........ ®)

The computer code WinSGW, based on the SOLGASWATER algorithm was
used to fit the equilibrium model to the experimental data. WinSGW minimizes on the
total residual sum of squares (U), calculated from the total proton concentration (Upc))
and the concentration of copper(Il) and arsenate in solution (Ucysiny and Uag(sin))-

U= UH(tc) + UCu(sln) + UAs(sln) (9)

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

N
UH(tc) = z (H(tc)i,calc - H(tc)i,cxp)z (1 0)
i=1

here H(tc). . and H(tc). . are the calculated and experimental total proton

i,calc i,exp

concentrations, respectively, for the i"™ data point and N is the overall number of data
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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 treated according to:

N
UCu(sln) = Z(Cu(sm)i,calc - Cu(Sln)i,exp)2 (1 1)
i=l1

N

UAs(sln) = Z(AS(Sln)i,calc - IAS(Sln)i,exp)2 (12)

i=1

with Cu(sIn); exp and As(sln); exp oObtained from the batch experiments.

The Davies equation , equation 13, was applied to adjust activity coefficients in the
extrapolation of constants to [= 0.1 M.

1+ﬁ

vi is the activity coefficient for the i™ species, z; is the charge of the species and I is the
ionic strength in molar. The Davies equation was used because it represents the data best
at the ionic strength of 0.1 M .

Log yi=—0.509z { J1 —0.21} (13)

The results of the potentiometric titrations are visualized as Zy- curves. Zy is defined as
the average number of protons bound per surface site, and is calculated according to
Equation 14.

Zy = (H(tc) — [H'] + [OH]) / ([=FeOH""] + [=Fe;0H"*)(tc) (14)
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7. Results

7.1. Composition and Solubility of Precipitated Copper(l1) Arsenates

The aqueous solubility of arsenic in soils and sediments is generally considered to be
limited by the adsorption of arsenic anions to particle surfaces, rather than by
dissolution/precipitation of arsenic containing solid phases . However, to be able to
distinguish between precipitation and/or adsorption reactions, composition and stability
of the solid phases must be known. When the solubility product of copper(Il) arsenate in
water is to be determined, it 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(II) arsenate complexes.

The objectives of the study in Paper I were to determine 1) the protonation constants for
HAsO,”, ii) possible complexation between Cu(Il) and As(V) in solution and iii)
composition and solubility of precipitates formed in Cu(Il) - As(V) solutions.

7.1.1. Protonation Equilibria of HAsO#
The protonation constants for HAsO,> were determined and the following values were
obtained (25°C, I= 0.1 M NaCl):

HAsO,” + H" & H,As04 logK,=6.68 + 0.015(36)
HAsO,” +2H" & H3As0, log(K,K3)= 8.93 + 0.009

These constants implies that pK,(H3AsO4) = logK3 = 2.25. An extrapolation to zero ionic
strength (using Davies equation) of the two protonation constants given above, results in
logKZO =7.13 and log(Kz'K3)O =9.61. This also implies that pKOa(H3AsO4) = 2.48. This
value is about 0.2 log units higher than those found in the [UPAC Stability Constants
(25°, I= 0 M). A linear regression analysis of data for logK; from the database, has been
performed and the regression yields the value logK3°= 2.48 & 0.01. This value is in
excellent agreement with the value obtained in the present study.

7.1.2.  Copper(ll) complexation with HAsO/

No evidence of any soluble copper(Il) 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, and the titration curve for As(V) in solution

remained unaffected by the presence of copper at pH below 4, regardless of Cu(tc) and
As(tc). Precipitates formed at pH > 4.

7.1.3. Copper(ll) Precipitation with HAsO#
The solid phases formed in batch experiments at different pH and at different total
concentrations of copper(Il) and arsenate were analysed with respect to Cu/As ratio,
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basicity and Na" and/or CI” content. An average Cu/As ratio can be calculated knowing
the difference between experimental Cu(tc) and Cu(sln) and As(tc) and As(sln),
respectively, and also by chemical analysis of the different dissolved precipitate.
Furthermore, XPS and SEM-EDS analysis provide information about the average Cu/As
ratio at the surface. The basicity of the precipitates, i.e. the number of protons released
from HAsO4* (or Cu®") during formation of the solid phase, is calculated as -
H(sld)/As(sld) and -H(sld)/Cu(sld), respectively. The results from both the XPS and the
SEM measurements give clear evidences that most of the precipitates, except the most
alkaline, contain Na" ions. 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 NaCl.

In summary, the present experimental data show formation of precipitates with varying
composition with respect to Cu/As ratio, as well as basicity. The SEM and XPS analysis
also show the solid phases to contain Na™ ions. With the average values 1.25 < Cu/As <
3.4; 0.8 < basicity <4.0; and 0 < Na/As < 0.5 a great number of phase compositions are
possible. As the XRD measurements gave no indication of which phases are present, we
assumed that two Na' containing phases with the stoichiometric compositions
CusNa(HAsO4)(AsO4)4 and CusNay(AsOy)4 are formed, Both have a Cu/As ratio of 1.25,
an As - basicity of 0.75 and 1, respectively, and a Na/As ratio of 0.25 and 0.5. A good
candidate for a solid phase with Cu/As = 1.5 is Cu3(AsQys),, which has a basicity of 1.
Furthermore, Cu/As ratios of 2 and 3 with basicities of 2 — 4 seem likely thinking of the
mineral given by Magalhaes et al. . Phases with the compositions Cu,(AsO4)(OH),
and Cu3(AsO4)(OH)s therefore are likely candidates.

Based on the collective information from the experimental analyses, a model with five
solid phases was proposed.

1
5Cu*" + 4HAsO4” + Na" — CusNa(HAsO4)(AsO,)s(s) + 3H 29.27g i 0.12(30)
5Cu*" + 4HAsO4> + 2Na™ > CusNay(AsO4)4(s) + 4H" 25.47+0.07
3Cu*" + 2HAsO4” > Cus(AsOg4)a(s) + 2H" 13.52 +0.08
3Cu*" + HAsO,* — Cus(AsO4)(OH)s(s) + 4H" -5.86 + 0.09
2Cu*" + HAsO4* — Cux(AsO,)(OH)(s) + 2H" 2.91 +0.03

Depending on total concentration of the components, the solid phases are formed within
different pH ranges. Diagrams with distribution of the solid phases formed for two
different Cu/As ratios are shown in The soluble fraction of Cu and As
(experimental and calculated) are included as well. These diagrams also show
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overlapping pH — ranges, within which the different solid phases are stable. As can be
seen in|Figure 7.1p, up to three co-existing solid phases are present in some pH ranges.

1 3
Cu:Na(HAsO,)(AsOy); a) CusNa(HAsO,)(AsOy)3 b)
CusNay(AsO,), 2.5 Cu;(AsQy),
0.757 Cu;AsO,4(0OH);
s e s 2 Cu;sNay(AsOy),
= Al =
= As =,
S S Cu CU3ASO4(OH)3
1 —]
0.25
0.5
0 | | | e 0-
4 5 6 7 8 9 4

Figure 7.1. Concentration of copper and arsenate in solution as a function of pH. Symbols represent
experimental data, (®) denotes copper (A) denotes arsenate, and thin solid lines represent calculated 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)) is in a) 1/1and in b) 3/2.

The presence of Na' in two of the copper(I) arsenates phases obtained has not to our
knowledge been reported previously in the literature. Although not reported as minerals,
these phases may precipitate to significant amounts in natural environments containing
high sodium concentrations (mM concentrations).

A predominance area diagram, showing stability fields for copper(Il) arsenate phases as a
function of pNa and pH is presented in The Cu(tc)/As(tc) is here 1/1.
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Figure 7.2. Predominance area diagram for copper(Il) arsenates as a function of pNa and pH. Cu(tc)/As(tc)
1 mM/ 1 mM. Shaded areas show fields with two or three co-existing solid phases.

The solubility of copper(Il) arsenates with different Cu(tc) to As(tc) ratios has been
calculated according to the proposed model . Cu(sln) has solubility minima at
pH 8-9 and the solubility, logCu(sln), varies between -6 and -7 depending on Cu(tc) to
As(tc) ratio. As(sln) has a minima at pH 6-7 and the solubility, logAs(sln), varies 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 in|Figure 7.3|can be explained by the Cu(tc)
to As(tc) ratios of the solid phases formed, (c.. For example, the increase in
arsenate solubility at pH > 7 (in ratios 1, 1.25 and 2), can be explained by the formation
of Cu3(AsO4)(OH)s(s) which has the highest Cu(tc) to As(tc) ratio.
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log As(sln)
log Cu(sln)

pH pH
Figure 7.3. The solubility of a) arsenate and b) copper as a function of pH. The black curve represent
Cu(tc)/ As(tc) = 1, green = 1.25, red = 2 and purple = 3, respectively. The total concentration of Cu(Il) and
arsenate is 1 mM (I= 0 M).

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

7.2.1. Arsenate Complexation

When modelling the adsorption of arsenate to the goethite surface, the objective was to
design a simplified model with as few parameters as possible. Besides a determination of
the formation constants the approach was to optimise the charge distribution for each
stoichiometry to give a mean value of the possible locations of the proton. The model
consists of two species with the stoichiometries 1:1:1:1 and 2:1:1:1 for the components
H": HAsO4>: =FeOH""": =Fe;0°”". These stoichiometries represent the average
composition of un-, singly- and doubly- protonated arsenate ions (denoted S;as and S2as
below) and the following formation constants and charge distributions were obtained:

lgBintr QO; Qﬁ
S1as (EFeOAsO;zH; =Fe;0)* / 18.71+0.02 -0.68; -1.32
(=FeOAsOs; =Fe;OH)™
Syas (EFeOAsO;3Ha; =Fe;0)'/ 24.00+0.01 -0.54; -0.46

(=FeOAsO;H; =Fe;0H)"

The distribution of the two different surface species as a function of pH is presented in
The more acidic complex(es), (EFeOAsOsH,; =Fe;0)'/ (EFeOAsOsH;
=Fe;OH) ", is dominating at pH < 6 and the singly-/un-protonated complex(es),
(=FeOAsO;H; =Fe;0)*/ (FeOAsOs; =Fe;0H)*, dominates at pH > 6. The charge
distribution for S5, with -0.68 of the charge in the 0-plane, implies that the proton in the
hydrogen bond is located close to the adsorbed arsenate ion and in the case of S;as, the
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proton is located in the middle between the arsenate and the neighbouring site (See
section(5.1.2 and for a more detailed discussion about charge distribution according to
Pauling’s valance bond theory).

|

HAsO,> ~
=

Figure 7.4. The distribution of arsenate at the goethite surface as a function of pH. Total concentration of
arsenate is 2.85 pmol/m?. F , is the fraction of total As. The different complexes are for simplicity
presented with Sy, where S, 5 represents (EFeOAsO;H,; EFego)l' / (EFeOAsOsH; EFe3OH)1' and S aq
represents (EFeOAsOs; EFe3OH)2' / (=FeOAsO;H; EFe30)2'.

7.2.2. Copper(ll) Complexation

The adsorption of copper(Il) at the goethite surface is modelled with four bidentate
bridging inner sphere complexes. The set of complexes and the charge distribution are
based on the model presented by Weng et al. . A modification of the model presented
here is that the bidentate complexes are coordinated to one singly and one triply
coordinated surface site, as proposed by Hiemstra .

The formation constants (IgBinr) and the charge distribution (Qo; Qp) for the complexes
are:

1gBintr QO; Qﬁ
S1cu =(Fe;OFeOH)Cu'* 12.1240.02 0.1; 1.1
Sacu =(Fe;OFeOH)Cu(OH)? 5.49+0.01 -0.1;0.1
Sscu =(Fe;OFeOH)Cuy(OH),'* 5.630.02 -0.1; 1.1
Suca =(Fe;0FeOH)Cuy(OH);° 22.79+0.02 -0.1;0.1

To illustrate the relative importance of the different copper(Il) surface complexes as a
function of pH a distribution diagram has been constructed, representing a case with high

surface coverage of copper(Il), (Figure 7.5). Besides the bidentate, binuclear complex
=(Fe;0FeOH)Cu,(OH),'", the two monomeric copper(Il) species are predominant over

the whole pH range at the concentrations studied. At pH>5 the hydrolysed species are
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dominating. Calculations at different copper(Il) to goethite ratios show that dimeric
species become more significant at higher total copper(Il) concentrations and is
dominating at pH = 5 at total copper(II) concentrations > 2.5 pmol/m’.

pH
Figure 7.5. The distribution of copper at the goethite surface as a function of pH. Total concentration of
copper(Il) is 2.81 pmol/m?. . F¢, is the fraction of total Cu The different complexes are for simplicity
presented with Sxc, where Sicy, Sacu, S3cu and Syc, represents E(Fe3OFeOH)CuH, E(Fe3OFeOH)Cu(OH)O,
=(Fe;0FeOH)Cu,(OH),'" and =(Fe;O0FeOH)Cu,(OH),’ respectively.

7.2.3.  Arsenate-Copper(ll) Complexation

The basis of the model for the ternary system,arsenate-copper-goethite, is a combination
of the copper(II)-goethite model (section and the arsenate-goethite model with two
surface complexes with optimized charge distribution (section. The adsorption of
the individual ions could however not fully be predicted by the combined model from the
two-component systems.The possibility of precipitation of solid copper(Il)-arsenate
phases was considered, but there was no indication of the formation of solids reported by
Nelson et al. . An alternate explanation for the enhanced adsorption observed is the
formation of ternary surface complexes. The search for the set of surface complexes best
describing experimental data included ternary surface complexes arranged in the order
surface-metal-ligand (type A) and surface-ligand-metal (type B). In fact, the resulting
model consists of one complex of each type. The charge distribution of the ternary
complexes was set to be the same as for the corresponding complex in the binary system.

The final model includes the following formation constants (IgBin) and charge
distributions (Qo; Qp):

lgBintr QOa Qﬁ
S7cuas =FeOAsO;Cu’> 13.42+0.08 -0.25; -0.25
Sscuss =(FesOFcOH)Cuy(OH),HAsO,"  13.150.12 20.1;-0.9
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Figure 7.6. The distribution of copper(Il) and arsenate at the goethite surface as a function of pH. Total
concentration of arsenate and copper(Il) is 2.57 pmol/m>. F¢, and F is the fraction of total Cu and As
respectively. The different complexes are presented as stoichiometries where Scy, S3cu, Sacus S2ass S1ass
Socuas and Sgcuas represents =(Fe;0FeOH)Cu'", =(Fe;0FeOH)Cu,(OH),'", =(Fe;OFeOH)Cu,(OH);’,
(EFe0AsO;H,; =Fe;0)" / (EFeOAsO;H; =Fe;OH)", (=Fe0AsO;; =Fe;OH)* / ( =FeOAsO;H; =Fe;0)*,
=FeOAsO;Cu’" and =(Fe;OFeOH)Cu,(OH),HAsO, " respectively.

By applying the present surface complexation model together with the precipitation
model some interesting observations were made. Stability fields of the different arsenate—
copper(Il) precipitates as well as surface and solution speciation can be calculated.
Furthermore, solubility curves as a function of pH with respect to As(V) and Cu(II) can
be obtained.

Precipitation of copper(Il) arsenates can be expected to form at pH > 4 and at total solid
concentration < 3 g/L, i.e. at a total concentration of both copper(Il) and arsenate
equivalent to 6.5 ],Lmol/mz, if the concentration of Na" is high . In the case of
low Na' concentration, precipitation can be expected to form at a slightly higher solid

concentration (Figure 7.8).
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Figure 7.7. Stability area diagram for solid copper(Il) arsenates and a) dominating copper(Il) surface
complex and b) dominating arsenate surface complex, as a function of solid concentration (g/L) and pH.
The total concentration of Copper (II) and arsenate is 1 mM and the Na" total concentration is 100 mM.
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Figure 7.8. Stability area diagram for solid copper(Il) arsenates and a) dominating copper(Il) surface
complex and b) dominating arsenate surface complex, as a function of solid concentration (g/L) and pH.
The total concentration of Copper (II) and arsenate is 1 mM and the Na" total concentration is 100 mM.

The solubility of copper(Il) decreases with increasing pH, at the higher solid
concentrations. This can be explained by increasing adsorption with increasing pH, but
even in the case of very low or zero concentration of solids the concentration of
copper(Il) in solution is less than 1 umol/L at pH >6 due to precipitation of solid

copper(Il) arsenates,(c. f.|Figure 7.73).
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The solubility of arsenate shows a different solubility pattern than that of copper(Il). In

absence of goethite (I in|Figure 7.9p) the solubility of arsenate decreases with increasing
pH due to precipitation of copper(Il) arsenates (Figure 7.7p). With 2 g/I of goethite (II in

) arsenate forms surface complexes at low pH and shows minimum solubility
at pH 6 due to precipitation. At higher pH the precipitate is dissolved due to the strong
affinity between the copper(Il) ions and the goethite surface, and the arsenate ions are
released into the solution. 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

concentration (IV in|Figure 7.9b) the solubility is only dependent on adsorption.

3
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Figure 7.9. The solubility of a) copper and b) arsenate as a function of pH. The different curves represent
different solid concentrations (g/1), I) 0, II) 2, III) 4 and IV) 10 g/l. The total concentration of Cu(II) and

arsenate is | mM (I= 0.1 M).

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

When modelling adsorption of arsenate, phosphate and monomethyl phosphate at the

goethite surface, the strategy of the modelling was to find a model that best described the

macroscopic data and also was in agreement with the detailed spectroscopic result

presented by Loring et al., and Persson et al. @l, i.e. monodentate surface complexes

stabilized by hydrogen bonding to neighbouring surface sites.

One of the challenges when constructing a model in agreement with the overall
spectroscopic evidence is that two, or three, of the suggested surface complexes have the
same stoichiometry but different location of the proton in the hydrogen bond. In one case
the proton is assumed to be located at the ligand and in the other case the proton is
assumed to be located closer to the neighbouring surface site. There is also the possibility
of a transition where the proton is located somewhere between the two extremes.
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Previously, surface speciation of arsenate to goethite was given with a simplified model
involving only two surface species (section ). However, these species are to be
regarded as representing the average stability and the average charge distribution of the
following surface isomers (=FeOAsOsH; EFegO)z'/(EFeOAsog; EFegOH)Z' and
(EFe0AsO;H,; =Fe;0)" /(EFeOAsO;H; =Fe;O0H)' respectively.

The model with optimised charge distribution describes the proton data and the
adsorption data very well but the spectroscopic information tells us that the picture is
even more complicated than that. A different approach was used when modelling the
monometyl phosphate-goethite system in Paper III and the arsenate-and phosphate-
goethite systems in Paper IV. Here, the charge distribution was used to separate
complexes with the same stoichiometry but with different hydrogen bonding
characteristics.

Applying Pauling’s valance bond theory for the charge distribution, a complex with the
proton located close to the ligand would have a Q, charge of -0.75 and a complex with
the proton at the neighbouring site would have a Qq of 0.25. This approach gives six
possible surface species in the case of arsenate and phosphate, Figure 7.10. By replacing
the proton of the top hydroxyl group with a methyl group, three species are possible to
form in the methyl phosphate system. This Figure does not show possible isomers where
the proton is in transition between the ligand and the neighbouring site.

H 2 '.* 2,01 H 11
0 ; i
O=As—0=H O=As—0=H, O=As=0,,

| I ™ “HQ

7 7 (I) I |

Fe Fe Fe Fe Fe

] 1] m3 1 m*
o 1;0 o 0;1 o 0
] |

O=As=0-H, O—Als— O, o-AIs—o
I I j
|

Fe Fe Fe Fe Fe
1] m3 I TE 1]

Figure 7.10. Cartoons showing possible stoichiometries and protonation modes of monodentate arsenate
(phosphate)-goethite complexes hydrogen bonded to a neighboring surface site. Inset figures denote the
number of protons bonded to the arsenate (phosphate) anion and the neighboring surface site.
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7.3.1.  Complexation of Monomethyl Phosphate
In the case of the adsorption of monomethyl phosphate to the goethite surface, both
proton data, adsorption data and spectroscopic information was available (Paper III). The

spectroscopic information is both qualitative and semi quantitative,|Figure 7.114.

The spectroscopic data conveys that the model should contain three monodentate inner
sphere surface isomers stabilized by hydrogen bonding to a neighbouring surface site, all
having the same overall stoichiometry but with different location of the proton in the
hydrogen bond; one singly protonated complex hydrogen bonded to a unprotonated
neighbouring site dominating at pH <6, one complex where the proton is located between
the ligand and the neighbouring site dominating at pH 6-8 and one unprotonated surface
complex hydrogen bonded to a protonated neighbouring surface site dominating at pH >8

Applying Pauling’s bond valance theory to separate between surface isomers gives that a
complex with the proton located at the monomethyl phosphate ion would have a Qo
charge of -0.75 and a complex with the proton at the neighbouring site would have a Qg
value of 0.25. For the complex where the proton is located somewhere between the two
extremes, the best fit to experimental data was obtained with the charge in the 0-plane set
to be zero. The complexes are for simplicity labelled according to number of protons
bonded to the monomethyl phosphate anion and the neighbouring surface site.

The formation constants (IgBinr) and the charge distribution (Qo; Qp) for the monomethyl
phosphate-goethite surface complexes are:

1gBintr Q07 Qﬁ
1;,0  (2FeOPO;HCH;; =Fe;0)" 21.5 -0.75;-0.25
03,07 (EFGOPO3H0.3CH3; EFC3OH0.7)1_ 23.9 00, -1.0
0;1  (EFeOPO;CHj; =Fe;OH)" 24.2 0.25;-1.25

The distribution of monomethyl phosphate in solution and at the goethite surface was
calculated applying the proposed model,. 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 co-exist with 1;0, but at significantly lower fractions. With
increasing pH the importance of 0.3;0.7 and 0;1 increases. At pH > 8.7 the major part of
MMP exists as free unprotonated MMP in solution. This species distribution is in very

good agreement with the ATR-FTIR data (c.f|Figure 7.11}
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Figure 7.11. Distribution diagram for monomethyl phosphate in solution and at the water-goethite interface,
a) from the multivariate curve resolution analysis of the infrared spectra b) according to the proposed
model. The total concentration of monomethyl phosphate is 0.81 pmol/m”. F is the fraction of total
concentration of monomethyl phosphate.

7.3.2.  Complexation of Phosphate

Phosphate was assumed to adsorb on the goethite surface as illustrated in
and all the six possible monodentate surface complexes where the phosphate atom is
hydrogen bonded to a neighbouring surface site were included and the charge distribution
was kept fixed according to Pauling’s bond valence theory. The following results were
obtained:

0
0,1
1;0
1;1
2:0
2

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

=FeOPO;>>"

(=FeOPO;; =Fe;0H)>

(EF eOPOsH;
(EF eOPOsH;

EFC3O)2-
=Fe;0H)"

(=FeOPO3Hy; =Fe;0)"
=FeOPO,H,"*

in|[Figure 7.12|and|Figure 7.13|

27

1gBintr
7.61+0.03

20.51+0.02
19.59+0.01
26.41+0.02
23.58+0.02
19.59+0.04

Qo; Qp
-0.25; -2.25
0.25; -2.25
-0.75; -1.25
0.25; -1.25
-0.75; -0.25
-0.25;-0.25



(3]
1

P .4s pmol/m?

pH
Figure 7.12. Adsorption of phosphate 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
phosphate: A 0.38, € 0.77, + 1.15, B 1.53, ¥ 1.91, % 2.30 and @ 3.07 umol/mz.
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Figure 7.13. 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 phosphate: A 0.38, € 0.77,
@ 1.15, M 1.54, % 2.30 and ¥ 3.07 pumol/m*.

The surface speciation with respect to adsorbed phosphate is illustrated in
Predominating species, in the pH range studied, are (EFeOPOsH,; =Fe;0)' and
(=FeOPO;H; =Fe;0)* (2;0 and 1;0) in which phosphate acts as a hydrogen bond donor.
The protonation constant for the complex (EFeOPO;H; =Fe;0)* (1;0) to give
(=FeOPO;H,; =Fe;0)' (2;0) is approximately 2.5 at low coverage and 5 at high coverage
and b). This difference reflects the impact of surface charge on the
formation constants. Furthermore, the protonation constant for H,PO4 in solution is 2.15,
which means that phosphate adsorbed to goethite has a higher affinity for protons than
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phosphate in aqueous solution. This can (partly) be explained by hydrogen bond
stabilization.

Furthermore, the 0;1 species in which phosphate is a hydrogen bond acceptor is favoured
by a low coverage and high pH values, whereas the 1;1 species is only formed at high
coverage.

pH pH
Figure 7.14. Distribution of phosphate species at total concentrations of a) 0.6 pmol/m* and b) 2.7
umol/m”. . Fy is the fraction of total P. The complexes are labelled according to Figure 7.10; 0 representing
=FeOPO;”™, 0;1 (EFeOPO;; =Fe;OH)™, 1;0 (FeOPO;H; =Fe;0), 1;1 (EFeOPO;H; =Fe;OH)", 2;0
(EFeOPO;H,; =Fe;0)" and 2 =FeOPO;H," ™.

7.3.3.  Complexation of Arsenate

Two different approaches have been used when modelling the adsorption of arsenate at
the goethite surface. In the first case, the charge distribution for each stoichiometry was
allowed to vary to give a mean value of the possible locations of the proton (section

(Paper II) .

In the second modelling, arsenate is assumed to adsorb at the goethite surface in the same
way as phosphate (section|7.3.2), i.e. monodentate surface complexes hydrogen bonded
to a neighbouring triply coordinated surface site. The model with six possible complexes
and charge distribution according to Pauling’s bond valence theory was applied to the
arsenate-goethite system and the following results were obtained:

lgBintr QO; QB
0 =FeOAsO;>> 6.040.08 -0.25;-2.25
0;1 (=FeOAsOs; =Fe;O0H)* 19.65+0.02 0.25;-2.25
1,0  (EFeOAsO;H; =Fe;0)* 18.57+0.02 -0.75; -1.25
1;1  (EFeOAsO;H; =Fe;OH)" 25.07+0.02 0.25;-1.25
2;0  (=FeOAsO;H,; =Fe;0)" 23.46+0.04 -0.75; -0.25
1 =FeOAsO;H,"> 29.33+0.05 -0.25;-0.25
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The values of 1gfin are slightly lower in comparison to the phosphate system. This is in
agreement with the general observation that phosphate anions form stronger complexes
than arsenate anions. For the model with six possible surface complexes, two distribution
diagrams, , have been constructed to illustrate the relative importance of the
different surface complexes, one at low coverage (0.6 pmol/m? ) where all arsenate are
adsorbed and one at high coverage (2.7 pmol/m?).

b)

0 T T T

4 6 8
pH
Figure 7.15. Distribution of arsenate at total concentrations of a) 0.6 umol/m” and 2.7 pmol/m’. F », is the
fraction of total As.The complexes are labeled according to Figure 7.10; 0 representing =FeOAsO5>>", 0;1
(ZFeOAsOs; =Fe;0H)?, 1;0 (EFeOAsO;H; =Fe;0)*, 1;1 (EFeOAsO;H; =Fe;OH)", 2;0 (=FeOAsO;H,;
=Fe;0)" and 2 =FeOAsO;H,™".
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8. Summary and Conclusions

Based on data from potentiometric titrations, no significant formation of complexes
containing Cu®" and AsO,> ions in aqueous solution could be detected, irrespective of pH
and ratio in total concentrations of Cu(Il) and As(V).

Mixing of Cu®" and HAsO4* solutions at different proportions in the range 4<pH<9
resulted in precipitation of solid phases of five different stoichiometric compositions.
Precipitation occurred at pH above 4, at all copper to arsenate ratios. The solubility of the
solid phases was lowest under neutral and weakly alkaline conditions. Na" was found to
be a component in two of the solid phases (CusNa(HAsO4)(AsO4); and CusNay(AsOy)s),
which were formed at all Cu(II) to As(V) ratios.

The adsorption of arsenate to the goethite surface was explained in the simplified model
by introducing two different proton stoichiometries. Both stoichiometries represent
monodentate inner-sphere arsenate groups and involve hydrogen bonding to a
neighbouring triply coordinated oxide group. The refined charge distributions indicate
that these stoichiometries represent the average charge of two (or more) surface species.
The adsorption of copper(Il) was described with four inner-sphere surface complexes, all
involving two adjacent surface sites, one singly coordinated hydroxyl group and one
triply coordinated oxide group. In the mixed system, the arsenate and copper(Il)
adsorption could not be predicted by applying the combined model from the two binary
systems. A sensitivity analysis showed that the additional effects could not be explained
by the formation of precipitates. Instead, two ternary copper- arsenate- goethite surface
complexes were found to give a good fit. One of the ternary complexes is arranged in the
order surface hydroxyl-copper-arsenate and the other surface hydroxyl-arsenate-copper.

The adsorption of arsenate or phosphate anions at the goethite/water interface is more
complex than previously assumed, a great number of species seem to form. Several of
these can be regarded as surface isomers. In the monomethyl phosphate system three
isomers are formed with the difference being found in the location of the proton in the
hydrogen bond, giving rise to different surface charge distributions. In the arsenate (and
phosphate) systems the number of surface species is amounts to six Viz. =FeOAsO;”";
(=Fe0AsO;; =Fe;0H)*;(EFeOAsOsH; =Fe;0)”; (EFeOAsOsH; =Fe;0H)';
(EFeOAsO;H;; EFe3O)]' and =FeOAsO;H,">". Two + two isomers are formed, but it
seems likely that even more are formed also here as in the MMP system with three
1somers for the same stoichiometry. However, more detailed spectroscopic data is needed
before such interpretations can be made. Furthermore, the charge distribution of the
different surface species in which not only the surface itself and the anions play a role,
but also the location of the proton in the hydrogen bond, reveals the complexity of the
electrical double layer.

31



Including precise spectroscopic data in the modelling results in a greater number of
adjustable parameters but gives models with a more physical/chemical relevance and also
a more detailed understanding of the complexity of the coordination chemistry of particle
surfaces.
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