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Abstract

Abstract

Stachowicz, M. (2007%olubility of Arsenic in multi-component systems. Fom the
microscopic to the macroscopic scale.

Doctoral thesis, Wageningen University, the Neteitk

Arsenic in groundwater has generated one of thé mygsrtant problems with respect to
the quality of drinking water in the modern worlthe discovery of arsenic contamination in
groundwater around the world has stimulated thensidic community to initiate research
activities. For a better understanding of what @dors in nature cause naturally elevated arsenic
concentrations as well as for designing bettetrimeat techniques an increase in our fundamental
knowledge on the interaction of arsenic in compmaxironmental matrices with iron oxides is
essential.

The aim of this thesis has been to answer sevedtipns related with identifying the
chemical and geochemical processes responsiblargamic (de)contamination of water. The
research tactics have included 3 sequential s{@psobtaining adsorption datasets for mono-
component and multi-component systems simulatitgvaat groundwater field situations; (2)
interpretation of these data with a molecular basdgbrption model and to apply the model in
order to predict the adsorption behavior of arsefuic a very wide range of chemical
compositions as they are observed in the field;p{®yiding quantitative understanding of the
behavior of arsenic in natural waters. In Chaptef 2his thesis the adsorption of As(lll) and
As(V) on goethite has been studied as a functioptbfand loading. This section gives insight
into the basic factors that influence the surfasecgtion of an adsorbed arsenic ion for both
arsenite and arsenate. Since natural systems grea@plex some macro-elements, often found
in high-As-groundwater, could potentially be relewéor the release of arsenic. Chapter 3 and 4
provide the knowledge on major macro elements dmil effect on the behavior of As. In
Chapter 3 of this thesis attention is paid maiolyhe effects of carbonate on the arsenic sorption.
Our goal was to establish a direct link betweenghesence of bicarbonate and the release of
As(V) and As(lll) in goethite systems using a pHlaoncentration range that is relevant for field
situations. In Chapter 4 the adsorption of As(@ifid As(V) on goethite in the presence of “Mg
cd’, PQ*, HCO; has been studied, using ‘single-, dual- and tiphe systems. The
information on As adsorption on goethite has cetatscientific basis for Chapter 5, in which the
arsenic adsorption and the primary charging behasfogoethite and HFO is modeled in a
coherent manner using the CD model approach. EBigdted in one set of adsorption parameters,
common for both materials. All data were modelethgighe CD model incorporating the




Abstract

available structural information of both the sudaand the adsorbed species. Chapter 6 of this
thesis uses the information that has been develapetie preceding chapters to perform a
scenario/sensitivity analysis of arsenic behavwwrBangladesh conditions. The aim is to asses as
good as possible for the present state of theharfactors and processes that govern the arsenic
behavior in such aquifers. This knowledge may dbute to the long-term solutions for arsenic
problems, such as an optimization of arsenic remdr@an drinking water as well as a
methodology to guide the positioning of new arsdrae wells.

Key words: arsenic, arsenite, As(lll), arsenate, As(V), apBon, goethite, HFO, iron oxides,
CD model, charge distribution, surface speciatgugntum chemical calculations, spectroscopy,
Bangladesh
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Introduction

General

Arsenic contamination in groundwater has been meéiged in many aquifers in Asia
(Bangladesh, China, India), South America (ArgemtiBolivia, Chile), North America (USA,
Mexico) and Europe (Greece, Germany, England, Meinds)(BGS and DPHE 2001; Mandal
and Suzuki 2002). In most cases arsenic is a nigtwecurring pollutant. Its presence has
generated one of the most important problems veisipect to the quality of drinking water in the
modern world.

In 1970s, many countries in Asia, led by an asjpinato attain a microbiologically safe
water source, made a large-scale shift from surfeater to groundwater as a water resource
(Frankerberger 2002). For years groundwater sedike@ secure solution for widespread water
demand. Less than two decades later “the arsemis’eemerged (Alaerts and Khouri 2004).

Groundwater contamination with arsenic quickly lmeeaa key-issue on political agendas
around the world, as it turned out that the nundigreople affected by this problem worldwide
is increasing. In Bangladesh alone it is estimalbed tens of millions of people are affected by
too high concentrations of arsenic in drinking wa@®landal, Chowdhury et al. 1996;
Chakraborti, Biswas et al. 1999; BGS and DPHE 2@MHakraborti, Rahman et al. 2002). The
subject remains highly relevant, since chronic expe to arsenic in drinking water poses serious
health risks, such as: cancer in lungs, bladdemeki, skin and other skin changes (Gomez-
Caminero, Howe et al. 2001; Chakraborti, Rahmaal.e2002). Until now, the actual impact of
arsenic exposure on human health has not beenadelyuevaluated. Taking into account the
length of the exposure in the areas affected bgnarscontamination with regard to the latency
period of human cancer (Yoshida, Yamauchi et a@420it is certainly possible that this process
will require as much as several decades of res¢arcbmplete. Several millions of people have
been already diagnosed with chronic arsenism, amdinaber of skin cancer cases has been
already reported (Yoshida, Yamauchi et al. 2004).

The need to initiate immediate remedial actionsbrasight many governments to costly
investments in new technological solutions. At #ane time, the modern water remediation
technologies can serve only as a temporary strafdygy directly eliminate health risks caused

by drinking contaminated water, nonetheless they pfoduce immediate toxic wastes (BGS and
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Chapter 1

DPHE 2001) followed by long-term disposal problermasr countries like Bangladesh or India
the technological solution will not ease the prablas long as the public supply of treated water
is limited. The population extracts water localtprh tube-wells reaching subsurface alluvial
aquifers, which happen to be often contaminate¢h waturally occurring arsenic. Locating an
alternative source of safe water is not easy, lmxdue degree of contamination varies widely
even within very short distances(BGS and DPHE 28dndal and Suzuki 2002).

There is a tendency to lower the limit for arsemcdrinking water in the western
legislations. At first, increased health risks hde=n reported in association with ingestion of
drinking water of arsenic concentrations excee@@gg/l (Gomez-Caminero, Howe et al. 2001).
Since 1994 World Health Organization (WHO) recomdshOug/l as a maximum level content
of arsenic in drinking water (Nickson, McArthur at 2000). The actual value differs among
countries, according to the national drinking watgrality standards determined by related
legislation. In Bangladesh the limit is now 50,Enrope-10 (BGS and DPHE 2001) and in the
USA it will become as low as |59/l (Frankerberger 2002). However, the lower wetlsetquality
standards, the more difficult it is to meet thechtecally.

The discovery of arsenic contamination in groun@watround the world has stimulated
the scientific community to initiate research aitiés. The data obtained in field studies point to
iron oxides as a source of arsenic in water. Bssidest of the water purification and waste
treatment techniques related with arsenic contamimare either based on co-precipitation with
iron oxides (Sparks 1995; Han, Zimbron et al. 2083)/or adsorption on iron oxides (Arienzo,
Adamo et al. 2002; Katsoyiannis and Zouboulis 2@@@schamps, Ciminelli et al. 2003; Manna,
Dey et al. 2003; Su and Puls 2003; Zeng 2003) aHeetter understanding of what conditions in
nature cause naturally elevated arsenic concemtsgtas well as for designing better treatment
techniques, an increase in our fundamental knowlemygthe interaction of arsenic in complex
environmental matrices with iron oxides is esséntiChapter 2 of this thesis the adsorption of
As(lll) and As(V) on goethite has been studied dsarection of pH and loading. This section
gives insight into the basic factors that influetioe surface speciation of an adsorbed arsenic ion
for both arsenite and arsenate. Adsorption edge® leen measured for both species for
different loadings (Fig.1) and linked to the expentally observed surface speciation using
spectroscopy, which can be found in the literatlitee data were modeled using the CD model

incorporating the available structural informatiohboth the surface and the adsorbed species.
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The results of quantum chemical calculations @igthat are used to derive anpriori
estimated CD value have been compared with thdtsesuthe modeling of the adsorption data
using spectroscopic information on As(QHW)nding to iron oxides.

Fig. 1. Experimental set-up for sorption experinsent

The amount of mobile arsenic at field conditionoften linked to the amount of iron
found by oxalate extraction (BGS and DPHE 2001is helieved, that the oxalate-extractable Fe
is related to oxide material with a high reactiveface area (Roden and Zachara 1996), and for
this reason HFO has been considered a useful pooxield’ conditions. The information on As
adsorption on goethite has created a scientifisibas Chapter 5, in which the arsenic adsorption
and the primary charging behavior of goethite af@®Hare modeled in a coherent manner, using
the CD model approach. This resulted in one seddsbrption parameters, common for both
materials.

Since natural systems are very complex some maenoeats, often found in high-As-
groundwater, could potentially be relevant for thkease of arsenic. Moreover, the effectiveness
of water treatment techniques may be optimizeché tinderstanding of the multi-component

interactions is available. Chapter 3 and 4 provfde knowledge on major macro elements and
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their effect on the behavior of As. In Chapter 3to$ thesis attention is paid mainly to the effect

of carbonate on the arsenic sorption (Fig.1.).

As(11D As(\V)

Fig.2. The MO/DFT optimized geometries of As(llgng structure shown) and As(V) complexes (thregcaires)
used to describe the adsorption of As(lll) and AW goethite”.

Our goal was to establish a direct link betweenptt@sence of bicarbonate and the release
of As(V) and As(lll) in goethite systems, usingld pnd concentration range that is relevant for
field situations. In Chapter 4 the adsorption ofIAsand As(V) on goethite in the presence of
Mg®, C&*, PQ¥, HCO; has been studied, using ‘single-, dual- and tiipi systems.

Arsenic contamination of groundwater has been widaldied (Chowdhury, Basu et al.
1999; BGS and DPHE 2001; Harvey, Swartz et al. 280d2edley and Kinniburgh 2002; Swartz,
Blute et al. 2004; Harvey, Swartz et al. 2005; Zhevan Geen et al. 2005). Consequently, a
number of explanatory theories have been generkii@gdever, until now the exact combination
of natural biological and geochemical processescanditions, that cause mobilization of arsenic
compounds from the solid to the aqueous phasendtear. Chapter 6 of this thesis uses the
information that has been developed in the pregediapters to perform a scenario/sensitivity
analysis of arsenic behavior for Bangladesh caomiti The aim is to asses as good as possible
for the present state of the art the factors andgwses that govern the arsenic behavior in such
aquifers.

The aim of my project as a whole has been to anseeeral questions related with
identifying the chemical and geochemical processspgonsible for arsenic (de)contamination of

water. The research tactics have included 3 se@listeps: (1) obtaining adsorption datasets for
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mono-component and multi-component systems sinmgjatlevant groundwater field situations;
(2) interpretation of these data with a molecukssdd adsorption model and the application of the
model in order to predict the adsorption behavibarmsenic for a very wide range of chemical
compositions, as they are observed in the fiell;p(8viding quantitative understanding of the
behavior of arsenic in natural waters.

This knowledge may contribute to the long term 8ohs for arsenic problems, such as
an optimization of arsenic removal from drinkingtera as well as a methodology to guide the

positioning of new arsenic-free wells (Nickson, Mt#Aur et al. 2000).
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Surface Speciation of As(lll)
and As(V) in Relation to
Charge Distribution




Chapter 2

Stachowicz M., Hiemstra T., and van Riemsdijk W(2006) Surface Speciation
of As(lll) and As(V) in relation to charge distrition. J. Colloid Interface Sci.
3021), 62-75.

Abstract

The adsorption of As(lll) and As(V) on goethite Haeen studied as function of pH and
loading. The data can be successfully describeti wie charge distribution (CD) model
(extended Stern option) using realistic specieeofesi by EXAFS. The CD values have been
derived theoretically. Therefore, the Brown bontemae approach has been applied to MO/DFT
optimized geometries of a series of hydrated corgseof As(ll) and As(V) with
Fe(lll)(hydr)oxide. The calculated ionic CD valuleave been corrected for the effect of dipole
orientation of interfacial water, resulting in oakrinterfacial CD coefficients that can be used to
describe the surface speciation as function of pd ading. For As(lll), the main surface
species is a bidentate complex and a minor cotitnibwf a monodentate species is found, which
is in agreement with EXAFS. The CD values have d&sen fitted. Such an analysis of the
adsorption data resulted in the same surface specide fitted CD values for the bidentate
complex points to the presence of strong As-O bavittsthe surface and a weaker As-OH bond
with the free OH ligand. This agrees quantitativeligh the MO/DFT optimized geometry.
Interpretation of free fitted CD values for As(Mnbing suggests that the main surface species is
a non protonated bidentate complex (B) with a dbuation of a singly protonated surface
complex (MH) at sub neutral pH and high loading.abidition, a protonated bidentate surface
complex (BH) may be present. The same speciesoarelfif the theoretical CD values are used
in the data analysis. The pH dependency of surfgeziation is strongly influenced by the
charge attribution of adsorbed species to therelgtetic surface plane while the effect of loading
is primarily controlled by the amount of chargeihtited to the 1-plane, illustrating the different
action of the CD value. The MO/DFT geometry optiatians furthermore suggests that for
As(V) the B, MH and BH surface complexes may hagg/\similar As-Fe distances which may

complicate the interpretation of EXAFS data.
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Surface speciation of As(lll) and As(V)

1. Introduction

Metal (hydr)-oxides are omnipresent in nature. Timay contribute to the control of the
mobility and bioavailability of many elements iretlenvironment via adsorption and desorption
processes. lon binding properties of metal (hydijies are strongly determined by the structure
of the surface and the structure of the surfaceptexes formed. The microscopic binding modes
and structures of surface complexes have been yvaletlied using various in-situ techniques
such as X-ray Spectroscopy like XANES, EXAFS andSXRHayes et al., 1987) and InfraRed
spectroscopy (Tejedor-Tejedor and Anderson, 19907 &d Doner, 1996; Eggleston et al.,
1998). Incorporation of the microscopic informatiae. the structure(s) of the adsorbed entities,
in the interpretation of macroscopic adsorptionrabteristics, is vital for a valid modeling of
transport processes and the bioavailability ofd@tements in the environment.

Surface speciation is not a static concept. Timglibg mode of ions may for instance
change as function of the local conditions. It Elwnown that ligands of surface complexes may
protonate or deprotonate. This process is usualiycaptured by EXAFS, but may be part of IR
studies. Surface complexation modeling (SCM) canabéool to trace changes in surface
speciation due to proton exchange reactions. Itardy be reliable if the model and preferably
the parameters are tightly linked to the microscaiucture of surface complexes involved. This
requirement is very important since surface congiien models have a thermodynamic basis
that allows description of adsorption data with ¢ityjetical species, if type and number of species
can be freely chosen without constraints.

The CD model (Hiemstra et al., 1996) is a typeehmple of a SCM that is founded in a
structural approach and that can link experiment@ditermined structures to parameter values.
An essential parameter in this respect is the ehaligtribution (CD), which will strongly
determine the pH dependency of the adsorption. idhie charge distribution is related to the
structure of the complexes. Recently (Hiemstra \eand Riemsdijk, 2006), it was shown that the
introduction of ionic charge in the interface magd to an electrostatic feedback, as result of the

orientation of water dipoles in the created elestatic field. This feedback depends on the type

19



Chapter 2

of species formed and is usually small. The ovelaittrostatic energy is the combination of both
processes. The value of the CD may be used tdragmshe type of surface species present, as
was recently shown for the adsorption of £®@n goethite. Based on the CD value derived for
the carbonate adsorption, it has been hypothegtinstra et al., 2004) that GDis mainly
bound as a bidentate complex. The dominance ofdrisplex was confirmed in a combined
study of ATR-FTIR and MO/DFT calculations (Bargaiaé, 2005).

Surface speciation is not only affected by pH. theo factor is surface loading. For
instance, it has been shown for phosphate adsorptioron hydroxides (Tejedor-Tejedor and
Anderson, 1990; Arai and Sparks, 2001) that thetiked intensity of various IR bands is not only
determined by pH, but that it is also affected Iy total phosphate loading of the systems. An
example of the change in the structure of surfamaptexes with loading is found for Cd(ll)
binding to goethite and hydrous ferric oxide (HF@®).low loading, Cd(Il) may bind at surfaces
in complexes with edge linkage, whereas at higlditan also double corner complexes are
formed (Spadini et al., 1994; Venema et al., 197adini et al., 2003; Boily et al., 2005). The
last example is for Zn(ll) adsorption on silica. Aeresting phenomenon has been reported. It is
claimed that the Zn(ll) ion changes its primary rctation number CN from 6 to 4 as function
of loading (Roberts et al., 2003).

Arsenite (As(OH)) and arsenate (AsO) are typical examples of adsorbed oxyanions
that have been studied frequently over the lasadleavith EXAFS. A series of authors have
studied the surface structure of As(V), adsorbedyoethite (FeOOH) ((Fendorf et al., 1997)).
This was also done for As(lll) (Manning et al., 89%arquhar et al., 2002; Manning et al., 2002;
Ona-Nguema et al., 2005). As pointed out by Onadidgu et al.(Ona-Nguema et al., 2005),
EXAFS results are susceptible to incorrect intdgiren due to the limitations of the technique
and the literature may not give unambiguous answer$o the exact surface speciation. For
instance for As(V), different conditions have bemiplied in the measurements and different
conclusions have been drawn with respect to thestyyd species that are found to be present.
Besides uncertainty in the transformation of theectqal data to reliable electron shells,
interpretation of the meaning of the measured sgpiea in relation to the speciation measured
under other experimental conditions (pH, loadimagic strengthetcetera) is difficult without a

proper insight in the factors that determine thecggion.
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Surface speciation of As(lll) and As(V)

In this paper, we will concentrate on the mechasishat may determine the change in
surface speciation. We will analyze new adsorptiata for As(lll) and As(V) adsorption on
goethite. The data will be modeled using the CD ehod/e will evaluate the charge distribution
obtained in relation to available structural infation. The ionic charge distribution for the
surface complexes involved will be derived from geometry of the surface complexes, using
the Brown bond valence concept (Brown, 1978; Bramd Altermatt, 1985). These structures
will be calculated using molecular orbital calcidas applying density functional theory
(MO/DFT). The ionic charge distributions derivedllwibe corrected for the dipole effect
(Hiemstra and van Riemsdijk, 2006). These resultsbe used in the CD model. The use of
calculated CD values, if reliable, has the prattmdvantage that the number of adjustable
parameters will be strongly reduced. In fact ohlg binding constant has to be derived for the
adsorption data. In this paper, we will focus om grocesses that determine the surface
speciation. It will be shown why and how surfaceaation changes with conditions and to what
extent speciation obtained with spectroscopy inousr experiments can be interpreted in one

general picture.

2. Experimental

2.1. Goethite material

Goethite material used in this study was prepa®zbrding to Hiemstra et al.(1989b).
Fresh solution of Fe(Ng, dissolved in ultra pure water, 5 dmof 0.5 M, was slowly titrated
with 2.5 M NaOH to a pH of 12. Base was added @it of 10 ciy min. The suspension was
aged at 60°C during about 100 hours and then dialyzed withbdiowlistilled water until the
electric conductivity (EC) was lower than u®/cm. The specific BET-surface area of goethite
measured by Ngas adsorption was 98°fy. The material was characterized in an acid-base
titration experiment for three salt levels: 3.0°M, 1.2 10 M and 0.1 M NaN@ by means of a
computer-controlled titrator. The initial goethitencentration used in the titration experiment
was 16.5 g/L.

For the determination of adsorption edges, tlieksbf the goethite suspension was
diluted with ultra pure water to a concentratiorapproximately 20.0 g/L. The pH was adjusted

to 5.5 and the suspension was purged with moesaneld N overnight to remove CO
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2.2. Reagents solutions

We prepared the stock solutions (NaAsRaHAsQ and NaNQ@) using ‘analytical grade’
chemicals (Merck). The solutions were diluted witltra pure water~ 0.018 dS/m) and later
stored in polyethylene bottles to avoid silica ewonination. In order to avoid GO
contamination, all solutions were prepared with-lppded water and under ;Natmosphere.
Concentrations of the stock solutions were detezthiny means of ICP-AES. The solution of
0.100 M NaOH was prepared gfee from Titrasol and stored in a plastic botdeavoid silica
contamination and placed in a dessicator to avdd €bntamination. The solution of 0.100 M
HNOs; was prepared from Titrasol and stored in a glasdebto avoid contamination by organic

material.

2.3. Adsor ption experiments

Adsorption experiments were carried out in gasttigB.6 ml bottles of low-density
polyethylene (Rietra et al., 2001) with fixed amtsuonf salt, goethite, arsenite and arsenate at
different pH values. The pH was adjusted with O®M or 0.100 M HNQ or NaOH. The
experiments were done in the pH range 3-11. Allitsmhs were added to the bottles under N
atmosphere to prevent GOontamination. The bottles were equilibrated féhdurs in a shaker
in a constant temperature room (~Z9. Next, the bottles were centrifuged and the $aspf
the supernatant were taken for the ICP-MS analy$is.pH was measured in the bottles after re-
suspension of goethite. The total concentrationsoofiponents in each bottle, representing one
data point, were calculated based on the amouts@mcentrations of the solutions added. We
used two initial concentrations of As(lll), 0.55d80.67 mM and three goethite concentrations
(3.00, 5.00 and 10.00 g/L), which resulted in fiwgial surface As(lll) loadings (2.23, 1.87, 1.12,
0.68 and 0.53umol/n). The initial concentration of As(V) was 0.50 mMdathree goethite
concentrations were used i.e. 3.0, 5.0 and 10.0rg4ulting in three initial As(V) loadings (1.70,
1.02, and 0.5pumol/n?). All background electrolyte concentrations werg00M NaNQ. The
total volume of the suspension in each individuattle was 20.0 ml. The amount of adsorbed
arsenite and arsenate was calculated as the diffieteetween the total initial arsenite or arsenate

concentration and the measured equilibrium conagatr.
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Surface speciation of As(lll) and As(V)

2.4. Quantum chemical calculations

The geometries of surface complexes of arsenite aasdnate were calculated using
software of Wavefunction (Spartan’04) (Devlin andcB, 1997). The geometry optimizations
were done using density functional theory (DFT)el®® potentials, defined in Spartan‘04 as
LACVP+** (Los Alamos Core Valence Potentials), werged. This set comprises the 6-31+G**
basis set for main group elements H-Ar. For As(lthe final geometry was calculated with
different models, including BP86, B3LYP, BLYP, EDRhd a Local (SVWN) model (Kong et
al., 2000). The calculated geometry has been irgtrg with the Brown bond valence approach
(Brown and Altermatt, 1985), in order to obtain #terge distribution value of the complexes.

For As(V), only the BP86 model was applied. Alledhtions were done on hydrated structures.

2.5. Qurface complexation modeling
The surface complexation modeling was done with BED (Keizer and van Riemsdijk,
1998) and FIT (Kinniburgh, 1993). The CD model (iHstra and van Riemsdijk, 1996) has been

used for modeling the ion adsorption behavior ogtigite.

3. Results and Discussion

3.1. Primary charge

The goethite of this study has been prepared samebusly with the goethite of Weng et
al. (Weng et al., 2005) and Rahnemaie et al. (Raareet al., 2006). The same methods were
used, resulting in very similar surface areas. Tharging behavior of these goethite materials
has been measured separately. The data can beethédy a given double layer structure.

Rahnemaie et al. (Rahnemaie et al., 2006) havkestihe charging behavior of goethite
for a wide range of electrolytes. The position loé¢ individual types of electrolyte ions in the
double layer profile was traced with the CD applofar outer sphere complexation. The charge
of the various electrolyte ions was allowed to deated in the compact part of the double layer
between a minimum distance of approach and the éedaf the diffuse double layer (DDL). A
critical reevaluation of the data indicates tha&t tharge of most electrolyte ions is approximately
at the same position in the compact part of thebldolayer (Hiemstra and van Riemsdijk, 2006).

The extensive data set can also be described asitagsical approach, locating the ion charge on

23



Chapter 2

a single electrostatic position (Hiemstra and vanigdijk, 2006). A simultaneous description of
all data is only possible if the head end of thiéude double layer (DDL) is separated from the
minimum distance of approach of electrolyte ionsablayer of some width. Charge separation
between the minimum distance of approach of oytéere complexes and electrolyte ions in
DDL is essential. This model can be classified mEatended Stern (ES) model (Westall and
Hohl, 1980). The data analysis showed that the aitgpere of the outer Stern layer,(€ 0.7
F/nf) is quite close to the capacitance of the inngerl&G~0.9 F/nf). This picture has recently
also been suggested by Sverjensky (Sverjensky,)2G0%as been suggested (Hiemstra and van
Riemsdijk, 2006), that the charge separation magiugeto ordering of water molecules near the
surface. As a consequence, the location of elgterabns may change in discrete steps in the
structured water layer when approaching the surf&ceh stepwise changes have for instance
been observed experimentally for the double layar mica surfaces (Israelachvili and
Wennerstrom, 1996).

Three types of surface groups exist on the mabh fate and 100 face (Weidler et al.,
1996) of goethite: singly coordinated FeOH(H), doubly coordinateet F&OH, and triply
coordinated= FeO(H) (Hiemstra and van Riemsdijk, 1996). It is ased that the primary
charging behavior of goethite is caused by theopation of the singly={ FeOH?) and triply &
Fe;0™?) coordinated surface oxygens, according to thieviahg reactions (Hiemstra and van
Riemsdijk, 1996):

= FeOH™® + H'' & = FeOH *0° log K reo
= Fe0 %° + H™ ¢ = FOH *%° log Keezo

The various batches of goethite material prodf@fkng et al., 2005), (Rahnemaie et al.,
2006) and this study), have comparable chargingegsti®s, but slight differences exist in the
experimental PZC value (9.0-9.3) and capacitanct@fStern layer (& 0.85-0.92 F/rf). The
goethite used for our experiments had a PZC oaf@dthe charging behavior could be described
with C;=0.85+0.01 F/rh The parameters are given in Table 1.
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Surface speciation of As(lll) and As(V)

Tablel. Table of surface species of, Mla” and NQ™ based on data of (Rahnemaie et al., 2006). Thegeha
allocation (z) and the affinity constants were dedi from modeling of the goethite titration data(BBhnemaie et
al., 2006) using the extended Stern model. Thedittapacitance of the first Stern layer ££0.85+0.01. The
capacitance of the second Stern laye=(Q.75+0.11 F/rf) is from (Hiemstra and van Riemsdijk, 2006). Thte s
density of reactive surface groups (FeOH=3.4%/antd FgO=2.7/nnf) were taken from the literature (Hiemstra and
van Riemsdijk, 1996).

Surface species =FeOH =FeO Az, Az; Az, H™ Na NO; logK

= FeOH? 1 0 0 0 0 0 O 0 0.00
= FeOH'? 1 0 1 0 0 1 0 0 9.20
= FeOHY?--Na" 1 0 0 1 0 0 1 0 -0.60
= FeOH™? --NO5 1 0 1 -1 0 1 0 1 852
= FeO™"? 0 1 0 0 0 0 0 0 0.00
= FeOH™"? 0 1 1 0 0 1 0 0 9.20
= FeO"%Na' 0 1 0 1 0 0 1 0 -0.60
= FeOH"™2--NO;* 0 1 1 -1 0 1 0 1 852

3.2. Arsenite, As(l11)

3.2.1. Two surface species

The solution chemistry of arsenite is relativalpgle. At high pH, arsenite is present as
H2AsOs" (aq). In the pH range below pH=9.24 (i.e. lpgKa non-charged, trigonal As(O$8q)
species is dominant (Frankerberger, 2002). Thigispemay adsorb, forming predominantly a
bidentate complex in which two of the ligands iatgrwith a Fe(lll) of the solid instead of
proton. This may lead to redistribution of the Ag(tharge in the complex. Preliminary CD
modeling suggests that some positive charge mdy tslwards the surface. If the individual
adsorption edges, which differ in As(lll) loadireye analyzed with the CD model, one observes
a decrease in the fitted CD valuk¥z{) with the increase of loading (Fig.1), if the prese of only
the bidentate species is assumed. The fitting r@say change if the presence of an additional
surface species assumed, i.e. besides the presércbidentate complex, also a monodentate
surface complex. In this second analysis, we asdhatethe charge attribution of As(lll) to the
surface is twice as high for the bidentate (B) atefcomplex compared to the monodentate (M)
surface complex, since the bidentatéeO,As(II)OH complex has two oxygen atoms common
with the surface while it is only one for the moeathte= FeOAs(III)(OH) complex. With this

25



Chapter 2

assumption, all data could be described very wetl the fitted CD value for the bidentate
complex becomes independent of the loadigy € 0.28:0.03 v.u.,Az = -0.280.03 v.u.), as
shown in Fig.1.

The above assumption of the presence of a secorfdcsuspecies may agree with the
spectroscopic observations (EXAFS) presented amditire (Table 2). Bidentate double corner
complexes 1C) are found to be dominant with a minor contribotof monodentate complexes
(*V-complexes). The longer As-Fe distanse365+5 pm) in the spectra is representative for the
v complex. The As-Fe distance in the bidentate demps = 334t3 pm. The reported
coordination number for both complexes differs andualitatively in agreement with the type of
complex that is suggested, i.e. CN=1 for a monatentomplex and CN=2 for a bidentate

complex.

0.4

02 - 5 \\Q 2 species
s RS
o o = \\\
N RS
q ~
I - <
T T 1 species

-0.4 T —

0 1 2 3

[ as am [umol/m 2]

Fig.1. The fitted charge attribution to the surfgdane f\z,) of a bidentate As(lll) surface complex, found by
modeling As(lll) adsorption data for various loaglifi ). Assuming the presence of only a bidentate Asgllirface
complex, the CD decreases with increase in sut@ading (the trend is shown as dashed line). Ire a#sthe
presence of two surface species, a monodentata bitbntate surface complex, the charge attributadneAz, for

bidentate complex formation becomes independetiteofoading (the trend is shown as full line).
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In the above analysis, the CD values are fittedvéier, it will be an advantage if the CD
can be derived independently, for instance fronargalysis of the structure of a surface complex.
The structure of a complex can be found by MO/DFplirization of the geometry and the
calculated bond lengths can be interpreted as balethce charge.

Recently (Hiemstra and van Riemsdijk, 2006), & baen shown that the introduction of
charge in the interface by an iom,(n;) and additionally protonsno, nn1), may results in an
electrostatic feedback due to the orientation diewenolecules in the Stern layer. To derive the
overall interfacial charge distributioAz,, Az) the dipole contribution can be combined with the

calculated ionic charge distribution found from lgee of the MO/DFT optimized geometry.

Table 2. The experimental coordination number CN aistances R (pm) reported in literature for A3(ll

complexation by goethite.

Reference CNs.o Ras-o CNas-re Ras-re Conditions
Manning et al. 1998 3.06t0.03 179t0.8 2.520.01 334+3 pH = 6.4-8.6
357+ | = 10° M NaCl
I > 1.9umol/n?
Manning et al. 2002 3.10 178 2.00 334 pH>=5
1.00 346 | = very low
[ = 0.75umol/n?
Farquhar et al. 2002 4.0 178 2.0 331 pH=6+0.5
- | = very low
I = 0.2umol/n?
Ona-Nguema et al. 20053.19 17741 14 334t5 pH =104
0.4 355+5 | =0.1 M NaCl
[ = 1.7umol/m?

Anoxic conditions

*1 The second shell ahg.= 357 pm improved the fit of the spectra.

3.2.2. Quantum chemical geometry calculations

As a starting point, we defined a cluster with teoxide octahedrons with the
appropriate multiplicity. The cluster serves asrapilate to mimic the goethite mineral. The
initial geometry of the octahedrons is set equahé&égeometry found for goethite (Hazemann et
al., 1991). Additional protons were added to obthanzero-charged clusterX®H)s(OH,)4
(z=0). The defined O-H distances were set at 104lpnie zero charge cluster, the Fe and OH

ions form a kind of central plane with @groups on top on both sides (Fig 2).
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Fig.2. Two Fe (ll1)-O octahedra with Fe-O distan¢@s) and angles as found in goethiteFeOOH).

The bidentate As(lll) complex was defined by exaiag both HO molecules on the top
of the cluster against O ligands that are coordiohaib As(lll). The As(lll) is in addition
coordinated to a free OH ligand. The exchanged li@and on top of each octahedron represents
a protonated singly coordinated surface group atlttO face of goethite. To mimic the influence
of hydration, the free OH ligand in the coordinatgphere of the adsorbed As(lll) was allowed to
interact with three water molecules via H bridg@sH O). In addition, we defined a hydrogen
bond between each common O ligand in the Fe-O-Ag@®ind and an additional water molecule.
Two additional protons are present to make a zkaoged cluster. These protons were located at
two singly coordinated OH groups of the central#d)s plane. Preliminary calculations showed
that these protons were needed to get chemicablestiydration water. Without these protons,
dissociation of two water molecules occurred. Thetgns became bound to most basic OH
groups of the central plane in the cluster. As san®le, the BP86 optimized As(lll) bidentate
cluster is shown in Fig.3. The relevant distancethe various optimized structures of the As(lIl)
bidentate complex using different MO/DFT models daveen given in Table 3. For the

monodentate complex, only one model (BP 86) calicuidhas been done (Table 4).
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Fig.3. Two Fe(lll)-O(H) octahedra with a bidentaisenite complex on top that is hydrated. The gégnhas been

optimized with the BP86 model. The overall charg#he cluster is zero.

The calculated distances for the bidentate comgtdxcan be compared with a previous
approximation given in literature usijg various MBB/T methods . These results are comparable
with the exception of the reported average Fe-@dces of about 180 pm. They are very short
compared to our optimized value of 196 pm (Tablew)ich falls within the range of expected
values for singly coordinated OH(H) groups on thdace of goethite. The difference is probably
due to our choice to constrain the lower part dhifée-O octahedrons to the geometry found in
goethite (Fe(OH)OHy)2(OHy). moiety, Fig 3).

It is interesting to notice that the calculated A%edistances in the hydrated bidentate
structure fall within the range of distances obsdrwith EXAFS for As(lll) adsorbed to goethite
(Table 3). For the monodentate complex (Table Kger value is calculated than the observed
(Ad as-re =20pm). An additional MO/DFT calculation in whithe position of the Fe ion of the
Fe(OH)(OH,)2(OH,), moiety (lower part of the octahedron) was allovwedelax, resulted in a

Fe-As distance of 365 pm, which is clostd fs.re =10pm) to the experimental value.
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Table 3. The calculated averages and variatiahg(distances (pm) in the geometry of hydrateemite bidentate

complexes optimized with various MO/DFT models. Boad lengths can be interpreted with the Brow bealdes

approach resulting in the ionic charge allocatiagtifo Ni+Nyy).

Method Local EDF1 BP86 BLYP B3LYP Exp
As-OH™* 186.1 189.6 191.0 190.3 186.7 ¥78
O-As’ 174.6 176.5 178.0 176.8 176.6 ¥78
O-As’ 178.1 177.0 178.0 178.7 174.7 ¥78
Fe-O 192+3.5 19%2.0 196:1.8 1981.5 1932.5 196°
Fe-As 334+0.6 33%0.7 343:0.6 3421.5 33%1.5 33535
Ro 179.3 180.6 181.9 181.5 179.0 178.9
No+Nio ° +0.17+0  +0.22+0  +0.22+0  +0.21+0  +0.19+0

NNy -0.17+0 -0.22+0 -0.22+0 -0.21+0 -0.19+0

! As-OH refers to the bond with the free OH ligamdi £-As to the bond with the common oxygen.

"2 EXAFS data for As(Ill) adsorbed to goethite g = 179 pm (Manning et al., 1998) d =178 (Manninglet
2002), d=177+1 pm (Ona-Nguema et al., 2005), dgdmi8Farquhar et al., 2002). EXAFS data for the As-O
distance of As(OH)(aq) d = 177 pm (Ramirez-Solis et al., 2004).
"3 Distance present in the goethite structure withielstxation.

" EXAFS data for the Fe-As distance d = 338+2 pm (Mag et al., 1998) d =334(Manning and Suarez,

2000), d=335+5 (Ona-Nguema et al., 2005), d=331panquhar et al., 2002).

"> Average R for As(lll) in minerals (Brown and Altermatt, 1985
"® The calculation method for the ionic charge disttitn is given in the Appendix.

Table 4. The calculated distances (pm) in the gégnoé a hydrated monodentate arsenite complexrdpéd with

the BP86 model and the ionic charge allocation.

distance BP86 Exp
As-OH* 186.6 178
As-OH* 182.3 178
O-As? 179.7 178
Fe-O 212 198
Fe-As 375 3555
Ro 182.8 178.9
No+Nio © +0.09+0

My+Neg ® -0.09+0

*165ee Table 3
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3.2.3. The charge distributions
The geometries of Table 3 and 4 can be interprietéerms of charge distribution using
the Brown bond valence concept. According to BrqBrown and Altermatt, 1985), the bond

valencesis related to the distanétas:

s= e_(R_Ro)/b [l]

in which b is a constant (b=37 pm) angl B the element specific parameter. The valuegSR
chosen such that the sum of the bond valences @rtenAs(lll) ion corresponds to the formal
valence (z=+3). The variousyRalues calculated for the optimized structure @ose to the R
value found for minerals, indicating that the agerds-OH distance is accurately predicted. The
calculated bond valences can be transformed imiac ioharge distribution valuesi(+ngo,
n;+ny1) (see Appendix). The calculated ionic CD valuess@a on Brown bond valences) differ
from the CD values based on the Pauling concept egual distribution. The Pauling bond
valence concept results &z;=0 andAz=0 v.u. The quantum chemical calculations show ithat
the As(lll) complexes the charge becomes asymnadiiridistributed. The arsenic-oxygen bond
length is shortened for the bonds with the commomens of the complex while the bond length
of the free (OH) ligand is made relatively longéimplies that more charge should be attributed
to the surface. The calculated amount is aboutdd.23 v.u. for the bidentate complex (Table 3).
The calculated ionic charge distribution for the nodentate complex (Table 4) is 0.09 v.u.,
which is almost half of the value found for the dnthte complex (0.22 v.u.) with the same
MO/DFT model (BP86).

The above derived ionic charge distribution caffits (g+nqo and ni+ny1) can be
corrected for the electrostatic dipole effect tisatnduced by the introduction of charge in the
interface. This correction results in the overabuge distribution coefficienté\g, Az;), which is
calculated according to Hiemstra and van Riemg#jkmstra and van Riemsdijk, 2006) as:

Az, =ny+N,,—¢(Ny +Ny +2NZ,) [2]

ref

and
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Az, =n +n,, —¢(Nyg+ Ny +2ZN,Z ) [3]
in which ng andn; are the charge attributions to respectively tlam@ 1-plane of the ion species
defined in the reaction equation amgh andny; is the charge attributed to the 0- and 1-plane of
any additional protons formulated in the reactiquation. The facto is a proportionality
constant ¢~ 0.17) andhs is the number of reference groups used in theigaandzes is the
charge of these reference group(s).

Application of eq.[2] and [3] will be illustratefbr the As(lll) adsorption. The formation
of the mono- and bidentate surface complex caniEngas a reaction of As(Okfaq) with

respectively one or two singly coordinated surfgaaips Qe =1 Or nyes =2) With chargez.er (-1/2

v.u.)
1=FeOH"? + As(OH)] @g) = =FeOY*™ As(OH)} +1 H,0O(I) [4]
2=FeOH"? + As(OH)) @g) = =Fe,0;"™ASOH™ +2 H,O(I) [5]

The adsorbing species is As(QHYaq), which is uncharged, i.e. the sug¥n; = 0. No
additional proton charges are involved,o =0 v.u. andny1=0 v.u.). The calculated interfacial
charge distribution coefficient?\f,, Az;) based on the calculated ionic charge distributen
given in Table 5. The difference between the vabfes,, Az; andng+nyo, N1+nyy represents the
dipole correction. These corrections are relatiVatge (respectively 0.0¥ 0.01 and 0.14 0.01
v.u) compared to the ionic charge distribution @adid 0.2G: 0.03 v.u.).

In the above calculations, the CD values are basethe geometry of a relatively small
cluster. It may be expected that a larger cluster another arrangement of the water molecules
may lead to difference in the details of the geoynddowever, we do not expect that this will
lead to a considerable difference in calculated difdribution coefficients since it has been
suggested (Hiemstra and van Riemsdijk, 2006) tmatMO/DFT calculated charge distribution
(CD) is relatively insensitive to the exact struetwf the metal octahedra that are directly

involved in the complexation.
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Table 5. The calculation of the interfacial CD dmiénts Az, andAz (v.U.) baed on the calculated ion charge distribution
derived from MO/DFT optimized geometries with catiens for the dipole energy changes using eq.af#] [3] for a

bidentate complex (B) and a monodentate complex (M)

Complex B M
No +0.24:0.03 +0.09
M -0.20+0.03 -0.0¢
Nho 0 0
NH1 0 0

2 Nref. Zret -1 -0.£
A zp* +0.34+0.03 +0.16
Az* -0.34+0.03 -0.1¢€

*Includes dipoles correction using~ 0.17

The CD values for PQobtained from structures with and without relass@tof the iron
octahedrons were found not to be significantly edéght at the 0.03 v.u. level of accuracy
(Hiemstra and van Riemsdijk, 2006). This contragith the presence of absence of hydration

water, which leads to larger differences (Rahnereta., 2006).

3.2.4. Surface complexation modeling

The above predicted charge distribution values lmartompared with the fitted charge
distributions. The fitted CD values found for tha&dntate surface complex varied for the
different experiments between 0.26 and 0.31 v.ouBaneous modeling of the adsorption data
for all loadings resulted in an average fitted Cidue 0fAz=0.28+ 0.03 andAz;=-0.28+0.03
v.u. for the bidentate complex. The value for thenodentate complex has been set to half of
those values, i.eAzp=0.14 + 0.02 andAz;=-0.14 £0.02 v.u.. Unfortunately, the data did not
allow a separate derivation of the CD of the momtale complex with a sufficient accuracy,
probably because of the relatively small contribitof this species. Within the uncertainty, the
experimental CDAz,, Az;) is almost equal to the values predicted (Tablé/M note that the
predicted charge distribution depends on the MO/Di€thod used (Table 3), but may depend

in these calculations on the number and locatiorthef water molecules used for hydration
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(Hiemstra and van Riemsdijk, 2006) as well. Foriram-silicate complex, this variation was
about 0.03 v.u.

We have used the predicted CD values of Tabledesaribe the adsorption data and we
have fitted the corresponding affinity constants. Rig. 4, the results of the adsorption
experiments for five different experiments are givexpressed in the logarithms of the As(lll)
equilibrium concentrations as a function of pH. Tberresponding affinity constants for
bidentate and monodentate complex formation arengim Table 6. The data can be described
very well (R=0.967).

Table 6. Table of surface species for As(lll) wike charge distribution (Table 5) and the affimonstants (lok),
optimized by fitting of the adsorption data.

Species =FeOH =Fg0 Az, Az, Az, As(OH) logK*
= FeOAs(OH) 1 0 0.16 £0.02 -0.16 £0.02 0 1 491 +0.05
= Fe,0O,AsOH 2 0 0.34+0.0. -0.34+0.0: 0 1 7.26 £ 0.0.

*NB, only the lod value is used as adjustable parameter.

log C- As(OH) 3 (mol/L)

pH

Fig.4. The equilibrium concentration of As(lll) the presence of goethite in 0.1 M NaiNSymbols represent the
experimental data for the five different initialsanite loadings i.e. 2.23 (triangles), 1.87 (cs¥lel.12 (squares),

0.68 (stripes) and 0.51 (stapsnol/n?. Lines are calculated with the fitted Kgalues (Table 6).
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3.2.5. Ag(l11) surface speciation

Once the parameters have been derived, we can éoctige question how the surface speciation
is expected to change as a function of pH and tgadDuring the preliminary modeling, we
experienced that the largest difference betweerate and the calculated curve occurred at low
pH and high As(lll) loading if we used only a bidat®@ complex. It indicates that the
monodentate species is probably most active urideset conditions. In Fig.5, we show the
calculated change of the surface speciation astitmof pH and as function of loading. The
highest contribution of the monodentate speciemdeed found at low pH and high loading

(Fig.5). The ruling factors behind this behavice 8y be discussed.

100y -
4
bidentate
- 8071 =Fe,0,AsOH
O
2
o) i
\‘2 601 A @02 pmol/m 2
o A < 2.0 pmol/m 2
S 40
0
<
20 ‘ monodentate
=FeOAs(OH),
A
O -
3 5 7 9 11

pH

Fig.5. The surface speciation of As(lll). Lines lwitlosed symbols show the calculated surface specitor a low
surface loading (about 0f2mol/n?) and the lines with open symbols are for high ingd2 umol/n?) at 0.1M
NaNQ;. Bidentate £#Fe,0,AsOH) is the dominant species over the whole pHyearirhe contribution of the

monodentate complex is low but increases at lowaldes and high loading.

3.2.6. pH dependency

The monodentate species has only one ligand conwitbnthe surface, which implies
less charge interaction with the surface in consparito the bidentate complex. Introduction of
positive charge in the surface leads to the releapeotons. In case of monodentate complexes,

the release of protonp)(will be less than in case of a bidentate species.
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A different proton release for mono- and bidenta&ctions will lead to a different pH
dependency of the formation reactions. To illusttais, we formulate an equation for the overall

thermodynamic reaction describing the interactibAs{OH); (aq) with a protonated surface SH:

=SH,, + As(OH)(ag) = =SH, ,As(OH);" + p H"(aq) [6]

Equation [6] shows that a highef oncentration will most strongly suppress the Wsbinding
of a surface species with a large release of psotph This is the surface complex that
contributes most charge to the O-plane (the bidertamplex). The smaller value pffor the
monodentate complexes will relatively favor thenfiation of the monodentate complex at acid

conditions.

3.2.7. Loading

A second feature of the change in surface speniatioelated to the loading. Fig.5 shows
that increase in loading will lead to a relativéigher contribution of the monodentate surface
complexes. This can be understood based on eltttoss As pointed out by Hiemstra and Van
Riemsdijk (Hiemstra and van Riemsdijk, 1999), tbenpetition of ions is, in many cases, mainly
due to electrostatic interactions. At a given plii potential of the 1-plane is most sensitive to
change in loading since this location is not buteby proton charge, in contrast to the surface.
With increase of loading, the potential in the & will increasingly counteract the binding of
species via the charge introduced by adsorbingegethe species which will induce the lowest
amount of charge in the 1l-plane will be relativéfvored. In our example, this is the
monodentate surface complex, i.e. it will be rekalir more important at high loading (Fig.5).

A different model approach for As(lll) has recgnileen proposed by Sverjenski et al.
(Sverjensky, 2005). The authors described the Bsgldsorption with the following reaction:
2SOH + 2H + AsQOH* - S** -—-(AsO,0H)* + 2H,0. This reaction implies a charge
distribution withng=+2 v.u. andn=-2 v.u. resulting from the assumption in their mlothat the
charge of the protons is located in the O-plane thedcharge of the arsenite ion in {Bglane
(TL model), where also the outer sphere compleXethe electrolyte ions are placed. The

location for the As(lll) moiety is difficult to uretstand from a spectroscopic point of view. The
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created charge distribution is then corrected byemimnemely large charge of 2 v.u., in their
opinion due to the potential dependent changepoldienergy coming from the release of 2DH
molecules from the surface plane, which leadstal to Az=0 v.u. andAz=0 v.u.. The proposed
interpretation of the dipole correction stronglyfelis from ours and is related to two different
types of water molecules. In the model of Sverjemrtkal. (Sverjensky, 2005), the potential
dependent dipole energy is related to water modsctilat coordinate strongly with the metal ions
of the solid, while in our approach the dipole otaion is related to weakly bound water
molecules present in the Stern layer. Accordinguo opinion, the orientation of coordinative
water molecules of the solid is independent ofngjtie of the field radiating from the surface in
contrast to the water dipoles present in the Stsrer. We note that we are not able to describe
our experimental data withz,=0 v.u. andAz;=0 v.u. We found on average,=+0.3120.03 v.u.
andAz;=-0.310.03 v.u.

3..3. Arsenate, As(V)

In the natural pH range, arsenate dominantly sxissolution as bAsO,* (between pH
2.2 and 6.9 and as HA® (pH 6.9-12.2) (Frankerberger, 2002). Arsenate ifV/solution is
fourfold coordinated with oxygen. The As-O bondd#nis quite sensitive to protonation as can
be shown with quantum chemical calculations resglth an As-OH bond length of 182 pm
and an As-O bond length of approximately #66om (Boily, 2003). According to EXAFS
measurements (Grafe and Sparks, 2005), the aqéa@©H? ion in solution has a mean As-O
bond length of 169 pm and a fourfold coordinatiathwexygen (CN=4.6).

A large series of EXAFS measurements on the As{W(libg to goethite has been done
(Table 7). Three important shells have been redoifbe most important shell is present at 335
pm. This is interpreted as the formation of doutener complexes”C). In addition, a shell at
285 pm has been found. Originally, it has beernbatiied (Manceau, 1995) to As(V) complex
formation at the edgéf) of the Fe octahedra of the solid. Recentlyai heen claimed that this
shell is a result of As-O-O-As multiple scatterif8herman and Randall, 2003). The shell with a
large distance of about 360 pm has been attribidettie formation of a monodentate surface
complex {v).
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Table 7. The experimental distances R (pm) and dioation number CN reported in literature for As(V)

complexation by goethite.

Reference CNso Ras-o CNas-re Ras.ee  Conditions
Waychunas et al. 1993* - - pH=8
YCN<4 325 1=10"M?

360 I =1-2umol/nf?
Fendorf et al. 1997 3.740.1 166 0.9+0.3 285 pH=6,8&9

1.3+0.3 324 1=10"M NaNG;
0.7+0.3 359 =20, 1.6&1.2umol/n?
Foster et al. 1998* 5.1 169 - - pH=5
3.0+0.3 330 1=10"M NaNG;
1.6£0.3 350 [ ~2-10 g As /kg goethite
Manning et al.2002 4.0 170 - - pH<5
2 336t6 | =verylow
1 3536 [ = 0.75umol/n?
Farquhar et al. 2002 4.0 169 05 293 PpH=6+£0.5
1.0 330 I=low
- - [ = 0.4pmol/m?
Sherman & Randall 1.0 163 - - pH = 3.9+ 0.05
2003* 3.0 170 2 330 1=0.1MNaClQ
- - [ = 1.16pmol/n?

*1Possible increase of double corner bindi@gd =325 pm) relatively to single corner binditwy(d= 360pm)
*2 Favorable monodentate bindifig (d= 360pm) at lowest surface coverage / highest p

*3personal communication.

**The As-Fe shell at about 285 pm is probably duest@®-0O-As multiple scattering (MS).

In the past, following the example of phosphate(\A adsorption on goethite has been
modeled with the CD model using three surface sgedie. a bidentate= (F&0,As(O,), a
protonated bidentate surface speciesF&0,AsOOH)(Hiemstra and van Riemsdijk, 1999;
Antelo et al., 2005), and a monodentat&¢OAsQ).

3.3.1. Quantum chemical geometry calculations

For the MO/DFT calculations, the zero-chargedteluse(OH)s(OH,)s (z=0) was used
(Fig.2). Three different As(V) complexes were definby the exchange of one or two water
molecules, representative for singly coordinatetiase groups on the 110 face of goethite. These
complexes are a non-protonated bidentatee0,AsO,, a protonated bidentate F&0O,AsOOH
and a protonated monodentat&eOAsQOH complex. Hydration was mimicked by interaction

of each free ligand of As(V) with two or three wataolecules via H bridges (O-HD). In
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addition, we defined a hydrogen bond between eaaim®mn O ligand in Fe-O-As(V) bond and
an additional water molecule. The geometries wetarized using the BP86 model option. The
relevant geometry data are given in Table 8.

The BP86-MO/DFT calculations result in quite sonsiation in the As(V)-O bond
length that is due to the interaction of these exygwith the Fe(lll) ion of the solid or a proton.
In the EXAFS analysis, usually only one averagéadise is reported. This average distance of
about 1682 pm is almost equal to the calculated As-O digtasicthe free oxygen ligand(s) in
the complexes, but is systematically different frme average distance (17205 pm). This
leads to a higherX182.2 pm) than found for minerals.

Table 8. The calculated average and variatigrir( distances (pm) in the geometry of hydrate@aase complexes

optimized with the DFT-B86 model.

Complex Bi Exp BiH Exp MH Exp
n-H,0 8 - 8 - 7 -
-O-As 175.7  16&2™ 173.3  1682" 173.7  1682"
-O-As 1755  16&2" 172.7  1682" - -
As-O 175.3  16&2" - - 169.2 1682
As-O 169.7 1682 168.9 162" 170.4  168&2*
As-OH - - 177.8  168:2" 184.4  168:2"
Fe-O 199:0.3 1962 202+0.6 1967 213 1967
Fe-As 333+1.0 33@5° 330:0.0 33G5° 329 35557
Ro 181.8 176.7 181.3 176.7 182.2 176.7
NHotNo > +2-1.64 - +2-1.50 - +1-0.74 -
N+ng ¢ -1.36+0 - -1.50+1 - -2.26+1 -

T EXAFS data for As-O are between = 166 and d =fifiQsee Table 7.

2 Distance present in the goethite structure withelaxation.

3 EXAFS data for Fe-As see Table 7

4R, value based on average As-O distance of 168 pifv)As minerals (B =176.7) (Brown and Altermatt,
1985).

">"® an example of the calculation is given Appendix

Sherman and Randall (Sherman and Randall, 2003 dptimized the geometry of some
Fe-As(V) complexes with MO/DFT. Their computatiomglproach differs from ours. The As(V)
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complexes were non-hydrated and the iron octahedveere allowed to relax freely. The IR
optimized structures are two types of doubly prated bidentate complexesFe0,As(OH),

i.e. edge or double corner sharing, and a doublgtopated monodentate complex
FeOAsO(OHj, i.e. single corner sharing. Our interpretatiorthedse reported structures with the
Brown bond valence approach gives an averageaRie of 1822 pm, which is equal to the
average number (180.5 pm) found in our calculations. A very remarlal@nd important
difference is the Fe-As distance. For the doublae@ocomplex, we find the same Fe-As distance
which corresponds to the main distance observed BKRAFS. However, the Fe-As distances in
the protonated monodentate complexes are totdfisrelnt.

In our calculation, the Fe-O-As bond gets an anfjle16°, whereas the Fe-O-As bond is almost
linear in the monodentate compleX/) calculated by Sherman and Randall (Sherman and
Randall, 2003). It is interesting to notice thanhdieg of the Fe-O-As bond is also found for
scorodite (FeAs@OH,),, s), an iron-arsenate mineral with a six fold caooation of Fe
(Kitahama et al., 1975; Hawthorne, 1976). This mahdas single corner sharing, as in the
calculated complex. The difference in bond anghel$eto a very different prediction of the As-Fe
distance which may have important consequencesoulf calculated Fe-As distance is
representative for monodentate complexation, inétgtion of the EXAFS shell at about 330 pm
can be ambiguous and the shell found can be dumaimo- as well as bidentate complex
formation. We note that for gibbsite, Ladeira et (akdeira et al., 2001) did not calculate an
important difference between the metal -As(V) dis&in the single (309 pm) and double corner
(318 pm) complexes (EXAF&x.asv) =319 pm).

Arsenate and phosphate have similar electronictstres and properties. Optimization of
the hydrated structure of a protonated monodemtatgplex of PQ (Rahnemaie et al.) resulted,
as for AsQ, in a relatively short Fe-P distance of 317 pmichhs of the same order as the Fe-P
distance in the bidentate complexdg=325 pm). In this calculation, the Fe-O-P bond aE®
bended. This has also been reported for the prt#dnamonodentate complex optimized with
MO/DFT by Kwon and Kubicki (Kwon and Kubicki, 2004n other words, the very comparable
results for As@Q and PQ support the proposition that differentiation betwe bidentate complex
and a protonated monodentate complex for AisGat present very uncertain on the basis of only

an experimental distance observed with EXAFS.
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3.3.2. Surface complexation modeling

The adsorption data of our experiments at variog§VA loading are given in Fig.6.
According to the general interpretation of EXAFSecposcopy data for As(V), bidentate
complex formation can be considered as most impbead it has been suggested (Hiemstra and
van Riemsdijk, 1999) that the adsorption data cardéscribed assuming only the presence of
protonated and non-protonated bidentate compldrea. first approach, we modeled our data

using only= Fe&,0,AsO, and= Fe,0,AsOOH. The reactions can be formulated as:

2=FeOH"? +2H" (ag) + AsO;’ @g) = = Fe,0,"™"*AsO} +2 H, (1) [7]

2=FeOH"? +3H" (ag) + AsO} @g) = =Fe,0,"™"?AsOOH"" +2 H,O(l)  [8]

in whichng+n;=-3 v.u.

The lo and CD values for the formation of both speciegehaeen derived by fitting,
yielding respectively the charge distribution caméints ofAz=0.35+ 0.02 v.u. and\z;=-1.65
+0.02 v.u. for the formation &f F&O,AsO, andAzy= 0.33% 0.03 v.u. and\z;=-1.33+0.03 v.u.
for the formation ok Fe&0,AsOOH (R=0.98). For the protonated species, the fitted @Devis
far from the theoretical CD calculated assumingaliRg distribution, i.eAz;=0.5 v.u. and\z;=-
1.5+1=-0.5 v.u. (the latter value includes thet@mocharge present on one of the outer ligands).
The fitted CD value £zp= 0.33 & Az;=-1.33), is more representative for the formatidnao
protonated monodentate instead of a protonatedtaittecomplex. The Pauling CD value of the
protonated monodentate complexim= 0.25 andAz;=-1.25. Therefore, we assumed in the next
approach, besides the presence of a bidentateespéckFe,0,As0,), also the presence of a

protonated monodentate specie&F€OAsQOH). The reaction for FEOAsQOH is given as:
1=FeOH"? + 2H" (@ag) + AsO; @@ag) = = FeO "™ AsO,OH™" +1H,0() [9]
The experimental data can be described reasonaglly (R*=0.98) and the fitted CD

values are\z,=0.62+0.02 v.u.,Az;=-1.690.02 v.u. for the bidentate species #@wrg=0.33t0.03

v.u.,Az;=-1.33t0.03 v.u. for the protonated monodentate speciefirsk glimpse, the values are
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not too different from the Pauling CD values, whatke respectivel$z,=0.5 v.u. &Az;=-1.5 v.u.
and Az;=0.25 v.u. & Az;=-2.25+1=-1.25 v.u. for a bidentate and a protahatenodentate
surface species. We experienced that in the abjgweach the number of degrees of freedom to
get a good description of the data is already Highio species are chosen. Introduction of a third
surface species, in combination with a free fitlo# CD values, does not lead to an improved
description of the data and does not point to tlesgnce of an additional species. For a further
modeling of the adsorption data, we followed theesapproach as described above for As(lll),

using predicted CD coefficients. This reduces tinalner of adjustable parameters from 4 to 2.

-3

log C- AsO 4> (mol/L)

pH

Fig.6. Equilibrium concentrations of As(V) in theegence of goethite (log scale). The initial As¢@hcentration
was 0.50 mM. Symbols represent experimental datthfee goethite concentrations, i.e. 3 g/L (triasy 5 g/L
(squares), and 10 g/L (circles). Full lines shoe simulation with fitted affinity constants (Tatd@) assuming the
presence of two surface species (option I). Dasihed show the simulation assuming three surfaeeisp (option

).

Correction of the ionic CD valuesoftnne, nmi+nyi) for the dipole effect results in the
overall charge distribution coefficientdz,, Az), given in Table 9. The fitted affinity constant
are in Table 10 for two different options, i.e.ngiB and MH (option 1) or B, BH and MH
(option 11). The new data analysis reveals thay @wb surface species are needed to describe the

data. The calculated adsorptions are given in FRag.8olid lines. The quality of the fit remains
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good (R=0.97), using only two adjustable parameters. Tiiad shows that we are not able to
distinguish between both model options. As willdbewn in the next paragraph, this is due to the
dominance of the bidentate species. The contributfoother complexes is relatively low in our
experiments.

In the above approaches, the reactions of ars@te[4-5]) and arsenate (eq. [7-9]) are
assumed to take place with singly coordinated sarfgroups % FeOH"?). Triply coordinated
surface groups=(Fe;0°?) are supposed not to form inner sphere compléis.is rationalized
on the theorem that over saturation of charge ofiraon oxygen ligand(s) in the innersphere

complex (> 0 v.u.) will lead to unstable structuBargar et al., 1997).

Table 9. The calculation of the interfacial CD daénts 4z, and 4z, (v.u.) based on the calculated ion charge
distribution derived from the MO/DFT optimized geetmes with corrections for the dipole energy chesgsing
eg. [2] and [3].

Complex B BH MH

Ny -1.64 -1.50 -0.74
ng -1.36 -1.50 -2.26
Nho 2 2 1
Nz 0 1 1
2Nt Zre -1 -1 -0.5
Az, +0.47 +0.58 +0.30
Az -1.47 -0.58 -2.30

Tablel0. Table of surface species for As(V). THmey constants (oK) were optimized by fitting of the adsorption
data (option I- two surface species, option ll-ethispecies). The charge distribution (CD) valuesewealculated

from the MO/DFT optimized structures (Table 9).

Species =FeOH =Fe0 Az, Az Az, H" AsQ”> logk
option| = FeOASQOH 1 0O 030 -130 0 2 1 26.76 + 0.05
R=0.97 = Fg0,AsO, 2 0 047 -147 0 2 1 29.28 +0.02
_ = FeOASQOH 1 0O 030 -130 0 2 1 26.62 + 0.12
O — Fe0,ASO, 2 0 047 147 0 2 1  29.29+0.02
= FeO,AsOOH 2 0O 058 -058 0 3 1 32.69 + 0.32
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3.3.3. A(V) surface speciation

The above parameter sets (Table 10) can be ussddalate the surface speciation. The
speciation for our experimental conditions is showiig.7 for option Il. The calculations show
that the main surface species is the non-protortaitezhtate (B) surface complexFe0,AsO..
It is dominantly present in our experiments atpl values (pH 4-10) and loading conditions
studied [~0.5-1.7 umol/r.

100 100

D 80 80 -
£ =FeOAsO,OH =Fe;0,ASO0H
S 60
S
S
wn
<

0 L] L] L] L]

3 5 7 9 11 3 5 7 9 11 3 5 7 9 11

pH pH pH

Fig.7. The surface speciation of As(V) calculatsthg option Il. The symbols show the surface spimidor three
initial surface loadings 1.70 (diamonds), 1.02 ésgs) and 0.5umol/n? (triangles) in 0.1M NaN@ Bidentate £
Fe,0,AsO,) is the dominant species; however, the monodenfaté&eOAsQOH) is becoming increasingly

important at lower pH. The presence of the monatteris more pronounced for higher loadings.

Another surface species is the protonated monotierfldH) = FeOAsQOH complex. This
species is found in the sub-neutral pH range bgibix~7. If the presence of a protonated
bidentate complex is assumed, this species isfoalyd at very low pH (pH< ~3-5). As can be
seen from the experiment, unfortunately almost ratadare present in this pH range.
Differentiation between both protonated surfacecsseis very uncertain and the data can be
described almost equally well using the combinaBelMH and B-MH-BH (see also Fig. 6).

3.3.4. pH dependency and loading effect
The above calculations show that the non-protonbtddntate surface species is in all
cases dominant. As follows from Fig.7, this is atarly true for a low surface coverade @s

has been used for instance in the experiments wfuRar et al. (Farquhar et al., 2002) and
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Manning et al. (Manning et al., 2002).(= 0.4-0.75umol/n?, Table7). With increase of loading,
the situation will change. According to our caldidas, a higher surface coverage, leads to an
increasing presence of the (protonated) monodesiseies. We have calculated the expected
surface speciation for the experiments of ShernmahRandall (Sherman and Randall, 2003) and
Fendorf et al. (Fendorf et al., 1997) with the pasters derived in the above given approach
(option 1). The experiments of Sherman and Ran(&tlerman and Randall, 2003) have been
done at pH=3.9 and a loading 6§ = 1.2 pmol/n? . According to our prediction, only a small
fraction is present as monodentate surface comple@ %). The most important species is the
non-protonated bidentate complex (~90%) For thepesmental conditions of Fendorf et
al.(Fendorf et al., 1997), we calculate for pH @Gr&l 9 respectively a contribution of ~30, ~11
and ~5% of the MH surface complex. These authceadéif et al., 1997) claimed the presence
of a monodentate complex on the basis of a featutee spectrum at ~360 pm. As discussed
above, it is possible that this shell is not du¢hi presence of the MH surface species, if the B
and MH species have almost indistinguishable Felissnces (Table 8).

The formation reactions of B (eq.[7]) and MH (ed).[@re written with the same number
of protons, whereas the last one increases at kbwtghe expense of the other (Fig.7). It nicely
illustrates that the pH dependency should not Hggd on the basis of the number of protons in
the formation reaction alone. What counts is theler of protons that are co-adsorbed with the
binding of the species. The proton co-adsorptioivesy strongly determined by the average
location of the charge in the interface, in patacihe charge attributed to the surface. In cdise o
the formation of the MH species, the net amourtharge added to the surface is 0.3 v.u. (Table
9) which is smaller than that for the B surfacecsg® (0.5 v.u.). The higher attribution of positive
charge results in a lower proton co-adsorptioncWiiinplies that the bidentate complex becomes
less favorable at low pH than binding of the prati@al monodentate species.

With respect to the effect of loading, one showdus on the amount of charge that is
introduced in the 1-plane. The B species introdunese negative charge (-1.47 v.u.) in the 1-
plane than the MH species (-1.30 v.u.), as follneen Table 9. As argued above for As(lll), it
leads to more accumulation of charge when the Bispés adsorbed and as a result the potential
in the 1-plane will change faster than in case &f Mnding. It is important to remember that the
potential in the O-plane is almost not affectedadgorption, due to the buffering by the protons

bound at the surface groups, i.e. the electrostffict of loading is mainly due to changes in the
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1-plane. The MH species introduces less chargkedritplane (Table 9), which implies that this

species is favored with increase in As(V) loaditrg.general, the species that introduces the

lowest amount of charge in the 1-plane is morered@t high loading.

. Conclusions

Adsorption of As(lll) and As(V) on goethite can tescribed successfully with the CD
model incorporating available structural informatidhe charge distribution values can
be calculated with the Brown bond valence approasimg the MO/DFT optimized
geometries of surface complexes in combination &itborrection for change in dipole
orientation. In case of As(lll), the dipole coriiect is relatively large compared to the
ionic charge distribution.

CD modeling reveals that the main As(lll) surfapedes is a bidentate complex. At low
pH and high loading also a monodentate complexrésegmt as a minor species. This
agrees with EXAFS data. The fitted CD of the bidémcomplex points to the presence of
asymmetry in the charge distribution, i.e. positi&arge is directed to the surface ligands
(Azp = + 0.28 v.u.). This conclusion is supported by tésults of MO/DFT calculations
(no=0.20+ 0.03 v.u.) and the expected dipole correction4@.11.).

Interpretation of free fitted CD values for As(Vilsorption suggests the presence of a
bidentate complex as the main species and somglagiin of a protonated species. The
use of theoretical CD values for As(V) reveals pinesence of two or three main surface
species, i.e. a dominant non-protonated bidenB}ep(esent over a wide range of pH
values, and a protonated monodentate complex (Midd at sub neutral pH values. At
very low pH, a protonated bidentate complex (BHymso contribute.

The MO/DFT calculations suggest that the main A\Miface species (B, BH and MH)
may have very comparable As-Fe distances which coayplicate the interpretation of
EXAFS data.

Surface speciation of the adsorbed species is @ifunof conditions such as pH and
loading. The pH dependency of adsorption is styonglated to the charge that is
introduced in the surface plane, since this fabs a strong influence of the proton co-

adsorption and is thermodynamically linked to thé gependency of adsorption. The
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charge attribution to the 1-plane is important whemng to understand the effect of
loading on the internal competition of the varieusface species. A surface species that
introduces a lower amount of charge in 1-planedsenfiavored at high loading.

* With increase in loading, monodentate complexe®\s(ill) increases relatively to the
bidentate complexation. For As(V), the protonatezhadentate is more favored than the

bidentate complexation at high loading.

5. Appendix

The MO/DFT approach allows the calculation of thstahces between atoms in the
structure of the complex (Tables 3, 4 & 8). Thesgadices can be interpreted with the Brown
bond valence concept, which describes the reldtipnigetween the calculated distanéesnd
the bond valencs (eq.[1]). The bond valences can be used to cakuke remaining formal
charge present on the ligands of the 0- and 1-plaeethe formal ionic charge distribution
(no+nHo, N1+nH1), Which can be corrected for the dipole effect usegd?] & [3]. The calculation
procedure is illustrated below for As(lll) and A3(V

In case of an As(lll) bidentate complex, the As-@itl O-As distances, calculated with
MO/DFT (BP86), are respectively ale = 191.0, 178.0 and 178.0 pm (Table 3). The
corresponding Brown bond valensecan be calculated using @ Ralue that results in a bond
valence sumXs) that is equal to the formal valence of As£+3 v.u.). Application of eq.[1]
with the appropriate Rvalue (Table 3) gives respectivedy= 0.88, 1.11 and 1.11 v.u. The
bidentate complex has two bonds with the surfaaeh attributing +1.11 v.u. to the O-plane. Also
the charge of two OHyroups is located in the O-plane (-1 v.u. eaclhp Total ionic chargeo
introduced in the surface with reaction eq.[5], &gy = 2 Saso + 2Zon = 2+ 1.11 + 2+ -1 =
+0.22 v.u. Because the As(Of$pecies is neutral, the suign;= 0 v.u., which leads to;=-0.22
v.u. In reaction equation [5], no additional prataare formulated, i.e40=0 v.u. andy;=0 v.u.
resulting inng+nyo= +0.22 v.u. andy+ny;= +0.22 v.u. This ionic charge distribution can be
corrected for the effect of dipole orientation gseq.[2] and [3], leading to the overall CD values
Azy and Az (Table 5).

47



Chapter 2

In case of an As(V) bidentate complex, the catedd-As distance corresponding to the
bonds with the surface arRe= 175.7 pm and 175.5pm (Table 8). Brown bond vaesguation
(eq.[1]) with the appropriate value of RRads bond valences of respectively 1.18 and +1.19
v.u. Also the charge of two oxygens is attributedhte surface, resulting = Saso+ 220 =
1.18+1.19 + 2 -2 = -1.64 v.u. Based on the charge of the Asfécges, we havey+n;=-3 v.u.,
leading ton;= -1.36 v.u. According to the adsorption reactieq.Y], two additional protons are
involved which are located in the 0-plane, hethyo= +0.36 v.u. andy+ny;= -1.36 v.u. Also
this ionic charge distribution can be corrected tfue effect of dipole orientation (eq.[2],[3]),

giving the overall CD valueAz, and Az of Table 9.
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Chapter 3

Stachowicz M., Hiemstra T., and van Riemsdijk W. (2007) Arsenic and
bicarbonate adsorption on goethiiviron. Sci. Technol. 41(16), p. 5620-5625.

Abstract

The As(V) and As(lll) interaction with HC has been studied for goethite systems using a pH
and As concentration range that is relevant fdd f@tuations. Our study shows that dissolved
bicarbonate may act as a competitor for both As{w) As(lll). In our closed systems, the largest
effect of bicarbonate occurs at the lowest expentalepH values (pH~6.5), which is related to
the pH dependency of the carbonate adsorption socEhe experimental data have been
modeled with the charge distribution (CD) modeleT®D-model was separately parameterized
for goethite with ‘single ion’ adsorption data ofCKs;, As(lll), and As(V). The competitive
effect of HCQ on the As(lll) and As(V) release could be predicteell. Application of the
model shows that the natural As loading of aquifeterials (~ < 0.01-0.1 pumolfmor <1-5
mg/kg) is at least about >1-2 orders of magnituamlker than the As loading based on the
competition of As-HC@ alone. It indicates that another, very promineantnpetitor, like
phosphate and natural organic matter, will strorgntribute to the control of As in natural

systems.
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1. Introduction

Arsenic contamination in groundwater has been tegdor many aquifers in Asia, South
America, North America and Europe (BGS and DPHHE)12Mandal and Suzuki, 2002). The
presence of arsenic is problematic since a chrexjposure to arsenic in drinking water creates
serious health risks, such as cancer in lungsdbladidney, and skin and also other skin changes
(Gomez-Caminero et al., 2001; Chakraborti et @02). In natural waters, arsenic is found
mostly in the inorganic form (Inskeep et al., 2002hder intermediate redox conditions, it may
be present in the oxidized form as arsenate, Af(\Wg/or in its reduced form as arsenite, As(lll)
(Smedley and Kinniburgh, 2002). While in many coigst the arsenic content in water exceeding
10 pg/L is considered as a health threat, the aqueonseatrations of arsenic can range from
<0.5 up to even 5000g/L (BGS and DPHE, 2001) in these aquifers.

A large number of chemical and biogeochemical ggses have been proposed that may
explain the mobilization of arsenic compounds (legret al., 2005). High arsenic concentrations
in groundwater are often accompanied by (bi)cart®or@ncentrations exceeding 300 mg/L
(BGS and DPHE, 2001; Garcia-Sanchez et al., 2@5bYar however, the literature sources give
contradictory information on what the relationifsany (Nickson et al., 1998; BGS and DPHE,
2001). Binding to minerals, in particular metalides, has been proposed to play a key role in
understanding the origin of the high As levels mundwater systems. It has been argued that
high arsenic concentrations can be explained bygdngpetitive action of bicarbonate (Appelo et
al., 2002; Anawar et al., 2004). Like arsenate ansénite (Wilkie and Hering, 1996; Raven et al.,
1998; Dixit and Hering, 2003; Arai et al., 2004)i)¢arbonate may adsorb strongly to iron oxides
(Villalobos and Leckie, 2000; Villalobos and Lecki#01) and therefore, it may influence the
speciation and mobility of arsenic. For this reasba effects of carbonate on the arsenic sorption
are particularly important to understand.

The competitive interaction of bicarbonate wittsadbed arsenate (AgOhas only been
studied experimentally by Arai et al. (Arai et &Q04), for FeO3 systems purged with argon or
air. The authors found suppression as well as emmaent of the As(V) binding. Some pseudo-
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equilibrium data suggest, according to the auth@ngery small effect that is only present at the
highest pH levels (pH~8). However, one may notibat tin contrast to the conditions in
groundwater systems, a very high As(V) concentnatied.4 mM) and a low COpressure was
used.

The arsenic content of sediments is related t@tasence of iron (BGS and DPHE, 2001,
Swartz et al., 2004). With respect to the choicetha Fe(lll) oxide materials in adsorption
studies, ferrihydrite is generally assumed to be itimajor Fe(lll) hydroxide in oxidized and
slightly reduced sediments. However, a recent suglgg Mdssbauer spectroscopy for a large
variety of lake sediments (van der Zee et al., 2608wed that the iron oxide fraction consisted
(except in one case) of nanogoethite particlesferahydrite. The particles are estimated to be 5
nm or smaller (van der Zee et al., 2003). Nanogteefgarticles were also identified as the major
iron fraction in two marine sediments, even und@&oxi conditions. The amount of
nanogoethite, determined in a soil with Mdssbaysrcsoscopy agreed with the amount of
ammonium-oxalate extractable iron oxide (Thompsdboal.e 2006). This latter fraction is usually
interpreted as resulting from ferrihydrite (Rodemd aZachara, 1996), but may also refer to
nanogoethite (Thompson et al., 2006). The abovgesig that goethite can be considered as a
simple proxy to improve our understanding of the interactions in soils and sediments that
have predominantly Fe(lll) oxides. Neverthelesss itmportant to note that at strong reduction
Fe(lll) (hydr)oxides may significantly transformtinfor instance magnetite (&), siderite
(FeCQ), or pyrite (Fe9 which are thermodynamically stable at a low pki®aln that case, a
relatively large acid-soluble Fe(ll)/Fe(lll) rati@.g. 0.3-0.9 (Horneman et al., 2004) can be
observed.

As(lll) can be a dominant species in groundwatmédley and Kinniburgh, 2002).
Therefore, the influence of bicarbonate on the ésase will not only be measured in the present
study for As(V) but also for As(lll). As(lll)-(bi)arbonate interaction is expected because Meng
et al. (Meng et al., 2002) have found less remo¥aAs(lll) from groundwater by iron oxide in
case of the presence of HE®loreover, Radu et al. (Radu et al., 2005) found column study
with iron oxide coated sand that an increase optréial pressure of C{iy) has a more distinct
influence on the mobility of As(lll) than of As(\gt pH 7.

Kim et al. (Kim et al., 2000) hypothesized tha¢ ttelease of As(lll) can be due to the

formation of aqueous As(lll)-carbonate complexestnkation of such complexes has recently
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been confirmed by Neuberger et al. (Neuberger aetk,H2005), but these complexes are
negligible at (bi)carbonate concentrations foundhimst natural waters. In case of extraction with
high HCQ concentrations (0.1-1.2M NaHGP (Anawar et al., 2004), arsenite-carbonate
complexes may contribute to the As(lll) release.

Given the arsenic water contamination concern &eddebate on the origin of arsenic
(Nickson et al., 1998; Appelo et al., 2002; Haret\al., 2002; Smedley and Kinniburgh, 2002),
as well as the correlation found with bicarbon&&$% and DPHE, 2001; Garcia-Sanchez et al.,
2005) and also the absence of strong experimeatal d is important to establish quantitatively
the effects of the presence of bicarbonate onrene adsorption by iron oxides. We will study
the direct link between the presence of bicarboraig the release of As(V) and As(lll) in
goethite systems using a pH and concentration rdragas relevant for field situations. The data
will be compared with model predictions using tharge distribution (CD) model, which will be
parameterized separately with adsorption data fremgle’-ion systems of As(lll),As(V)
(Stachowicz et al., 2006), and ¢illalobos and Leckie, 2000).

2. Experimental

2.1. Goethite material

Goethite material was prepared according to Hieamstral. (1989a). The specific,N
BET-surface area is 98 ¥g. The material has been characterized in an lzase- titration
experiment (Stachowicz et al., 2006). The PZC2s 9.

2.2. Reagents solutions

Stock solutions were prepared &ftee from ‘analytical grade’ chemicals (Merck) and
pre-boiled ultra pure water@.018 dS/m) under Natmosphere (except NaH@Cand stored in
polyethylene bottles, avoiding silica contaminatidine As concentrations were standardized
against commercial stock solutions using ICP-AES,he solution of 0.100 M NaOH was
prepared C@free from Titrasol and stored in a plastic bottidich was placed in a dessicator to
avoid respectively silicate and carbonate contatimna The solution of 0.100 M HN{Owas

prepared from Titrasol and stored in a glass battlavoid contamination by organic material.
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The pH of a goethite stock suspension diluted witta pure water to 20 g/L adjusted to 5.5 and

the suspension was purged with moistoMernight to remove CO

2.3. Arsenic-bicarbonate competition experiments

Adsorption experiments were carried out in gasttigB.6 ml bottles of low-density
polyethylene (Rietra et al., 2001). Appropriateefixvolumes of 2 M NaN©solution, 20g/L
goethite, and 11 mM arsenite or 10 mM arsenate aeded to each bottle. To create a pH range,
variable amounts of 0.1 M acid or base and wateewaeded. All solutions were added to the
bottles under a moist Natmosphere. Any 0.2 M bicarbonate solution waseddat the end,
without N, flushing, and the bottles were immediately cloSdte final volume was 20.0 ml. The
bottles were equilibrated for 24 hours in a shateoom temperature (~22). Next, the bottles
were centrifuged and the samples of the supernatarg taken for the ICP-MS analysis. The pH

was measured in the bottle after re-suspensidneofjoethite.

2.4. Calculations

The total concentrations of the components in daatle, representing one data point,
were calculated based on the amounts and condensaf the solutions added and used as input
in the surface complexation model. The amount dd@aate present as G the gas phase of
the bottles (3.6 ml gas per 20 ml solution) wastbérom chemical equilibrium calculations and
taken into account during modeling. All the modelcalations have been done with recent
versions of ECOSAT (Keizer and van Riemsdijk, 9@&d FIT (Kinniburgh, 1993).

3. Results and discussion

The effect of (bi)carbonate on the adsorption ofemate, KAsO,*** in batch
experiments is given in Fig.1. The total bicarbenadncentration used was 0.01 M. This value
was selected to reflect the average groundwatezecdration in Bangladesh, i.e. ~0.008 M (460
mg/L). To get a constant background electrolytellethe experiment was done in 0.1 M NalNO
The experimental pH range was limited to pHb.5 to minimize the amount of G@n the gas
phase above the suspension. Our calculations dhatvfor the conditions mentioned, less than

6.5% of the bicarbonate added was present in teg@lgase. The added amount of As(V) results
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in relevant arsenic concentrations in the pH rasfgaterest. Under our experimental conditions,
bicarbonate has influence on the adsorption of Ag@&fticularly in the lowest part of the pH
range (Fig.1).
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Fig.1. The logarithm of the equilibrium concentoas of As(V) as function of pH in the absence (oggmbols) and
presence (closed symbols) of 0.01 M (bi)carboriate.1 M NaNQ - goethite systems (5 g/L) with an initial As(V)
concentration of 0.50 mM equivalent with Juthol/m?. The full model line is calculated using paramefited for

‘single’ ion systems. The dotted model line is agoonodel prediction for the competitive system.

A pH of about 7 is typical for the groundwaterteyss of Bangladesh, but values well
above 8 can also be found in other aquifers wighraed As concentrations like in Spain (Garcia-
Sanchez et al., 2005). The observed effect of flonate on the As (V) concentration is rather
limited which agrees with other results. RadulefRadu et al., 2005) examined the influence of
COx(g) on As(V) mobility at pH 7 in column experimerasd found no effect of carbonate at low
partial pressures of C{)) corresponding to 3.6 mM or less total carbonatea very high Bo2
(10" bar), equivalent with 23 mM total carbonate, ardase in the As(V) adsorption (11%) was
observed. These observations illustrate the hidimitgf character of the As(V) binding in
comparison to (bi)carbonate.

The effect of the presence of bicarbonate in cdges(lll) is given in Fig.2. Similar as for

As(V), the presence of (bi)carbonate increasedatBenite concentration in solution, particularly
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evident in the pH range relevant for Bangladeshuiggavater. In our experiments, the As(lll)
concentration increased about 10 times at the lopisvalue due to the presence of 0.01 M
bicarbonate.

As(V) and As(lll) differ in competition with HC® Such differences may depend on pH

and loading and can only be interpreted in det#ile competition can be quantified in a model.

mAs(lll)+HCO3
OAs(lll)

L

LY
|

log C- As(OH) 3 (mol/L)
g

1
\l

Fig.2. The logarithm of the equilibrium concentoais of As(lll) as function of pH in the absencedosymbols)
and presence (closed symbols) of 0.01 M (bi)carteoita 0.1 M NaN@- goethite systems (5 g/L) with an initial
As(lll) concentration of 0.55 mM equivalent with1lumol/m?. The full model line is calculated using parameter

fitted for ‘single’ ion systems. The dotted modek! is a pure model prediction for the competisystem.

4. Modeling and predicting the As concentrations

For modeling of the data, we first describe theogolton model and the relevant
reactions. After parameterization on the adsorptilata of ‘single’ ion systems (‘pseudo-
monocomponent’ adsorption data), the effect of dbicaate on the arsenic adsorption will be
predicted and compared with the data.
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4.1. Double layer model

At an oxide surface, electrolyte ions can form owehere complexes (ion pairs) that
usually are located at the minimum distance of @gghn. The simplest representative model
approach is known as the Basic Stern (BS) modelst&leand Hohl, 1980). Recently, a
refinement of this double layer picture has beeygssted (Hiemstra and van Riemsdijk, 2006)
based on the analysis of a consistent set ofititratata obtained for goethite in the presence of
various types of electrolyte ions comprising,lNa’, K*, Cs, NOs, and Cl (Rahnemaie et al.,
2006). The data analysis shows that the head etitealiffuse double layer (DDL) is separated
from the minimum distance of approach of elect®lydns by a second Stern layer with a
capacitance of £0.9+0.3 F/mM (Hiemstra and van Riemsdijk, 2006), resulting iadel known
as the Extended Stern (ES) approach (Westall arnd, H880). According to Hiemstra and Van
Riemsdijk (Hiemstra and van Riemsdijk, 2006), thasible layer structure is due to the alignment
of water molecules near the surface in 2 to 3 wiatggrs, as can be observed spectroscopically
(Toney et al., 1995; Weidler et al., 1998; Fentet Sturchio, 2004; Catalano et al., 2006).

4.2. Primary charge

Electron microscopy shows for our goethite prepamnat needle-shaped particles. Such particles
have predominantly 110/100 and 001/021 faces (Weidt al., 1998; Manceau et al., 2000;
Gaboriaud and Ehrhardt, 2003). Three types of sarfgoups exist on these goethite faces, i.e.
singly = FeOH(H), doubly= FeOH, and triply = FeO(H) coordinated surface oxygens
(Hiemstra et al.,, 1996). The assumption for goetlst that the primary charging behavior is
caused by the protonation ef FeOH"? and = FeO™ according to (Hiemstra and van
Riemsdijk, 1996):

= FeOH" + H*(aq) = = FeOH;'? logK oo [1]

=Fe, 0" +H*(aq) = = Fe,OH™" l0gK res0 [2]

The proton affinity constant of both reactions haeen set equal to the value of the PZC (9.2).
The site densities of reactive surface groups NgEeOH)=3.45/nrh and Ny(Fe;0)=2.7/nnf
(Hiemstra and van Riemsdijk, 1996). The ion parnfation of these surface groups is defined in
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Table 1. The titration data can be described WithES model using a fitted inner Stern layer
capacitance of = 0.85 + 0.01 F/f(Stachowicz et al., 2006). The outer capacitanceeisat
C,=0.75 F/nf (Hiemstra and van Riemsdijk, 2006).

Tablel. Table defining the surface species 9fN#', NOs, CI, As(lll), As(V) and HCQ'".

Surface species =FeOH =Fe0 Az' Azt Az logk*?

= FeOH'? 1 0 0 0 0 0.00

= FeOH? 1 0 1 0 0 9.2

= FeOHY2--Na" 1 0 0 1 0 -0.60

= FeOH™? - -NO;? 1 0 1 -1 0 9.2-0.68=8.52
= FeOH™? --CI* 1 0 1 -1 0 9.2-0.45=8.75
= FgO™ 0 1 0 0 0 0.00

= FeOH™? 0 1 1 0 0 9.2

= FeO%-Na' 0 1 0 1 0 -0.60

= FgOH"™2--NO;* 0 1 1 -1 0 9.2-0.68=8.52
= FgOH"™2--CI? 0 1 1 -1 0 9.2-0.45=8.75
= FeOAsQOH 1 0 0.30  -1.30 0 26.62

= Fe0,As0; 2 0 047  -1.47 0 29.29

= Fe0,AsOOH 2 0 0.58  -0.58 0 32.69

= FeOAs(OH) 1 0 0.16  -0.16 0 4.91

= Fe0,AsOH 2 0 034 -0.34 0 7.26

= Fg0, CO 2 0 0.68 -0.68 0 22.33 £ 0.01

"I The charge allocatiom\g) for the arsenic and carbonate species are fespectively (Stachowicz et al.,
2006) and (Hiemstra and van Riemsdijk, 2006).

*2 The loK values for N4 NO; and Cl are from (Hiemstra and van Riemsdijk, 2006)). TdgK values for
As(V) and As(lll) are from (Stachowicz et al., 2Q006he lok for the carbonate species has been found in this
study by optimizing the data of (Villalobos and kix 2000)), for open (Id§= 22.34 +0.01, B= 0.970) and
closed systems (&G 22.32 +0.01, B 0.972).

4.3. CD modd

Near a surface, the gradient of the electrostatiengial is usually very large. In this
gradient, innersphere complexes are located. Tauledé the overall electrostatic interaction, the
charge is distributed over two electrostatic pos#i (0- and 1-plane) each with its own
electrostatic potential (Hiemstra and van Riemsdi®96). This charge distribution (CD)

approach is used in the modeling of the arseniqlancarbonate adsorption.
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4.4. Adsorption of Ag(111) and As(V)

The surface complexation of As(lll) has been stddm goethite with Extended X-ray
Absorption Fine Structure (EXAFS) (Fendorf et 4097; Manning et al., 1998; Farquhar et al.,
2002; Ona-Nguema et al., 2005). The data show As@lil) is predominantly bound as a
binuclear bidentate surface complex. At a very Hmgding, some formation of monodentate
complexes is observed. The reactions with singlyraimated surface groups (Sun and Doner,

1996) can be formulated respectively as:

2= FeOHY + As(OH),(aq) = = (FeO}*** ASOH + 2H,0 (I) [3]

1= FeOH" + As(OH),(aq) = = FeO"*"** As(OH)™ +1H,0 () [4]

in which the sum of the charge distribution valisesero Azo+Az;=0).

The charge distribution within the complex can tsaklished with a bond valence
analysis (Brown and Altermatt, 1985) of the geometir the surface complexes (Hiemstra and
van Riemsdijk, 2006). The geometry of hydrated {aosenite complexes can be found by
molecular orbital calculations (MO) using densitinétional theory (DFT) (Stachowicz et al.,
2006). To establish the interfacial CD coefficieatcorrection is required for changes in the
dipole orientation of water molecules adsorbed hie tnner Stern layer (Hiemstra and van
Riemsdijk, 2006). An independent calculation of @& values has the practical advantage that
the number of adjustable parameters is reducedfhgtar 2 in the modeling. The approach has
been applied to the modeling of the As(lll) adsmmpion goethite (Stachowicz et al., 2006). The
CD values and affinity constants are given in Tahlé'hese parameters can also describe the
As(lll) behavior reported previously by Dixit andeHng (Dixit and Hering, 2003), after a limited
adjustment of the Idgvalues ofAlogK = -0.4.

In the past, following the example of phosphates(\A adsorption on goethite was
modeled using three surface species, a monodentate, bidentate, and protonated bidentate
surface complex (Hiemstra and van Riemsdijk, 1998)s approach was also used by Antelo et
al. (Antelo et al., 2005). Recently (Stachowiczakt 2006), the adsorption of As(V) has been
described using CD values found from the MO/DFTirojted geometries of hydrated iron-

arsenate species. Application of these theoreG&alvalues (corrected for dipole effects) in the
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analysis of the adsorption data results in a seiffofity constants (Stachowicz et al., 2006) and
allows to identify a non-protonated bidentate carpgE (FeO»AsO,) as the main species in the

pH range of interest. No other species is allowegthe data to be dominantly present in this pH
range if the CD value is not fitted but indepentienalculated. The adsorption reaction can be

formulated as:
2= FeOHY + 2H* + AsO2(aq) = = (FeO)"** AsOi% + 2H,0 (1) [5]

with Azy+Az;= -1. Note that this sum of charge (-1) is equaltdtal charge added by the
adsorption of one AsgJand two H ions (eq.5).

A singly protonated monodentate surface complexFdOAsQOH) has been found to
play a role below pH ~7 at high loading, where asprotonated bidentate (FeO»AsOOH)
might be present (Stachowicz et al., 2006), leatbng

1= FeOH™ + 2H" + AsO?(aq) = = FeO"*"**AsO,0H"* +1H,0 (I) [6]
2= FeOH' +3H"* + AsO(aq) = = (FeO) " AsOOH"* + 2H,0(I) [7]

The above presented surface speciation, foundhéyahalysis of the adsorption data
(Stachowicz et al., 2006), can be in line with &lde spectroscopic results (Waychunas et al.,
1993; Fendorf et al.,, 1997; Foster et al., 1998pgHaar et al.,, 2002; Manning et al., 2002;
Sherman and Randall, 2003). According to our MO/@EIculations (Stachowicz et al., 2006),
all above mentioned As(V) surface species have sienjlar As-Fe distances, close to the values
observed with EXAFS. This indicates that a detaditerentiation with EAXFS between the
various species used in this study is expectecetdifficult. The CD values and l&gvalues are

given in Table 1.

4.5. Adsorption of CO3
The adsorption of COon goethite has been measured for open and ckystedms in
NaNG; and NaCl by Villalobos and Leckie (2000). As shawnHiemstra et al. (2004), analysis
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of the adsorption data using the CD model, poiotshe formation of a bidentate surface
complex, i.e= (FeO}CO. Recently, the formation of such a complex heenbconfirmed with a
combination of ATR-FTIR spectroscopy and MO/DFTcaoéations (Bargar et al., 2005). The
reaction can be formulated as:

2= FeOH"? + 2H" + CO?(aq) = = (FeO), " CO™ +2H,0(l) [8]

with Azg+Az,=0.

The geometry of a hydrated bidentates@0mplex has recently been optimized to obtain
the interfacial CD coefficients (Hiemstra and vaemRsdijk, 2006). Only the affinity constant of
this complex (Table 1) has to be derived by modelor which we use the G(adsorption data
of (Villalobos and Leckie, 2000).

4.6. Predicting the HCOs-As interaction

The parameters for describing the primary chargeerate, arsenite, and carbonate
adsorption (Table 1) can now be used in combinatmrpredict the (bi)carbonate-arsenic
competition. The predicted competition is giverthe Figs. 1 and 2 as dashed lines. Within the
experimental error, the effect of competition isgicted very well.

In our systems, the largest interaction of bicadte occurs at the lowest pH values and is
related to the pH dependency of the carbonate ptigor In closed systems, the carbonate
adsorption peaks around pH values of pH~6-7 (\dbals and Leckie, 2000; Villalobos and
Leckie, 2001). If such measurements are done iro@en system, the interaction would be
stronger at high pH values since the amount ofaraate in solution increases strongly with pH
(Villalobos and Leckie, 2000; Villalobos and Leck#001). With the model used, this effect can

be quantified. The result is shown in the Appendix.

5. Environmental implications

The As concentrations in aquifers are reportecetodsrelated with bicarbonate (BGS and

DPHE, 2001; Garcia-Sanchez et al., 2005). In Fige,have predicted the effect of an increase
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of the bicarbonate concentration on the As(V) bigdat a pH value for groundwater (pH 7) and
surface water (pH 8). In biologically active sediitege CQ is produced which may increase the
HCQO; concentration to a typical value of a few hundred/L. Natural sediment samples
generally have a reactive surface area of onlywanfg. In combination with a typical value for

the solid : solution ratio of a porous medium (4)kdhis may lead to a reactive surface area of

10000 ni/L, as used in Fig.3.

As(l1l) pH=7
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As(V) pH=8 i
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Fig.3. The predicted arsenic concentration in sofuin a goethite system (1000G/mAs-total = 750 mg/l, 0.01 M
NaNGQ;) as function of the bicarbonate concentrationiff¢mnt conditions. The two lower solid lines doe As(V)
at pH 7 and 8, and the upper line is for As(Itipdl 7. The arrows suggest a reaction path betweee
hypothetical systems (black symbolisg, surface water (1), oxidized groundwater (2), agdliced groundwater (3).
An increase of the partial G@ressure and the corresponding decrease of phhidimihe As(V) concentration,

while a subsequent change in redox state, from As(Ms(lll), increases the As concentration.

The As loading has been chosen (0.01 M) to resudi equilibrium As(V) concentration
of about 5 19 M (35 pg/L) at pH 8. As shown in Fig.3 and expected frowva éxperimental data
(Figs.1 and 2), an increase of the As concentraopredicted at an increase of the HCO

concentration at a constant pH. However, an inereéshe bicarbonate concentration due t, CO
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production may also lead to a decrease in the plkth@fsediment (Appelo et al., 2002). Our
calculations show a clear decrease of the dissoh&dl) concentration in case of a pH decrease
from pH 8 to 7, as illustrated in Fig.3 by an arfogtween system 1 and 2.

A strong biogeochemical oxidation of organic mateit result in a reduction process
changing As(V) to As(lll). In such a case, the sssht will release a considerable amount of
arsenic and the concentration may increase bytarfat 20 as indicated with the vertical arrow
in Fig.3.

The above results are based on a model with pgreslicapabilities that have been
verified. For As(V), our results are very differembm the calculations made by Appelo et
al.(Appelo et al.,, 2002), who used the generalizqgk DDL model of Dzombak and Morel
(Dzombak and Morel, 1990). Appelo et al. (Appeloaét 2002) predicted a strong release of
As(V) in relation to a combination of an increaseH&CO; and a decrease of pH. However, our
data (Fig.1) as well as our modeling (Fig.3) shbat tfor the As(V) solution concentration the
positive competitive effect of (bi)carbonate is mleadowed by the suppressing effect of the
change in pH.

In our calculations (Fig.3), the As loading of thalid phase is umol/n?. In case of a
reactive surface area of a few’ per gram of sediment (e.g. ~2.57g), the corresponding
loading is about 200 mg As/kg sediment. Such aevaduextremely high compared to the
experimental data for a series of Bangladesh sedsmeaving typical values that are e.g. 100
times lower (BGS and DPHE, 2001). One of the maasons for this discrepancy is the
disregard of the presence of P@ the calculations. This ion is known to be imgetition with
As (Hingston et al., 1971; Manning and Goldberd@&,9Gao and Mucci, 2001; Dixit and Hering,
2003). Oxalate extractions of the Bangladesh seusnghow a PPloading that is often roughly
50-100 times higher than the As loading (BGS andiBP2001). This dominance of R@ver
As strongly suggests that the presence of iR@Ghe competition should not be ignored, if thma a
is to asses the surface chemistry of sedimentBédior conditions, even in the simplest approach
(Appelo et al., 2002). This will be a future clesige.
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6. Appendix

The (bi)carbonate-arsenic interaction in closedesys differs from that of open systems. The As

concentrations in the latter ones have been pextlisith the parameterized CD model as shown

below.
Open goethite system with As(V) Open goethite system with As(lIl)
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Fig. Predicted pH dependency of the equilibriumasmtrations of As (V) and As (lll) in open
systems at two different partial GPressures (4 10and 0.1 bar), containing 0.5 mM As and 5
g/L goethite (0.0% 1 <0.1 M), using the parameters of Table 1 given enrttain paper.
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Chapter 4

Stachowicz M., Hiemstra T., and van Riemsdijk W.(2D07) “Multi-Competitive
Interaction of As(lll) and As(V) Oxy-anions with €aMg?*, PQ>and CQ? lons
on Goethite” gubmitted)

Abstract

Complex systems, simulating natural conditions gkeundwater, have rarely been studied, since
measuring and in particular, the modeling of sugtesns is very challenging. In this paper, the
adsorption of the oxyanions of As(lll) and As(V) gaethite has been studied in the presence of
various inorganic macro-elements (MgC&*, PQ*>, CO;*). We have used ‘single-’, ‘dual-’,
and ‘triple-ion’ systems. The presence of‘Cand Md* has no significant effect on As(lll)
oxyanion (arsenite) adsorption in the pH rangeveeié for natural groundwater (pH 5-9). In
contrast, both G4 and Md" promote the adsorption of F® A similar effect is expected for the
Cc&* and Md" interaction with As(V) oxyanions (arsenate). Pliagp is a major competitor for
arsenate as well as arsenite. Although carbonate aoaas competitor for both types of As
oxyanions, the presence of significant concentnatiof phosphate makes the interaction of
(bi)carbonate insignificant. The data have beeneteatiwith the charge distribution (CD) model
in combination with the extended Stern model optianthe modeling, independently calculated
CD values were used for the oxyanions. The CD wafaethese complexes have been obtained
from a bond valence interpretation of MO/DFT (mailec orbital / density functional theory)
optimized geometries. The affinity constants Kpdpave been found by calibrating the model on
data from ‘single-ion’ systems. The parametersusetl to predict the ion adsorption behavior in
the multi-component systems. This way calibratediehds able to predict successfully the ion
concentrations in the mixed 2- and 3-componenesgystas a function of pH and loading. From a
practical perspective, data as well as calculatghmav the dominance of phosphate in regulating
the As concentrations. Arsenite (As(QHs often less strongly bound than arsenate (A@r
conditions relevant in nature and arsenite resgoless strongly to changes in the phosphate
concentration compared to arsenate, o 10gCasqiy/ 0 109Cpos =0.4 andd 0gCasvy/ J109Cpo4
=0.9 atpH 7.
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1. Introduction

Arsenic (As) in groundwater is a serious problemmany parts of the world. In
Bangladesh, where millions of people suffer froreeaic-related illnesses (Chakraborti et al.,
1999), the As contamination problem has been sulgjeseveral extensive studies (BGS and
DPHE, 2001; Harvey et al., 2002; Smedley and Kiargh, 2002; Swartz et al., 2004; Harvey et
al., 2005; Zheng et al., 2005). Mobility and biodadaility of arsenic in complex natural systems
seems to be determined by a combination of fastioch as the redox conditions, the presence of
mineral surfaces and organic matter. Another faiddhe co-occurrence of elements that may
enhance or suppress the As concentration of groatedw For instance, specifically adsorbed
inorganic ions, such as EaMg?*, PQ*, CO;> may be relevant for a release of arsenic (BGS
and DPHE, 2001; Smedley and Kinniburgh, 2002). €hesas are commonly present in natural
waters and will interact with As when adsorbed be sites of metal oxides surfaces, they
may suppress or promote the binding of each o®refley and Kinniburgh, 2002).

Arsenic in groundwater originates from the naturah oxides in aquifers. Inorganic
arsenic is found in two oxidation formise. As(V) for arsenate and As(lll) for arsenite. Both
forms interact with iron (hydr)oxides as observed liydrous ferric oxide (HFO) (Wilkie and
Hering, 1996; Jain and Loeppert, 2000; Goldberg Jotthston, 2001; Dixit and Hering, 2003)
and for goethite (Hingston et al., 1971; Smedley Kmniburgh, 2002; Dixit and Hering, 2003;
Antelo et al., 2005; Stachowicz et al., 2006). tditon, organic As compounds may adsorb
(Smedley and Kinniburgh, 2002).

In natural waters, other cations and anions arseptethat may interact with arsenic
adsorbed to metal (hydr)oxides. Abundantly presmtions are Ca and Md". Due to their
positive charge, they may promote the adsorptiomegftively charged ions like arsenate (A50
) (Wilkie and Hering, 1996). Another important iam groundwater is phosphate. Phosphate is
known to have a strong affinity for iron oxides Buas goethite (Dixit and Hering, 2003) and
hydrous ferric oxide HFO (Dzombak and Morel, 19B&it and Hering, 2003). Even at very low

concentrations in solution, the ion is relativetyportant at the surface. Therefore, it will be a
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competitor for arsenic (Hiemstra and van Riemsdif899; Jain and Loeppert, 2000; Dixit and
Hering, 2003), resulting in a high P/As adsorptratio. In groundwater, bicarbonate often is a
major anion. Some authors have related the arsel@ase from sediments to an increase of the
HCQO; concentrations in groundwater and a decrease ifApgelo et al.,, 2002; Anawar et al.,
2004). Conversely, this hypothesis is not suppobtedther authors who conducted experiments
in iron oxide systems (Meng et al., 2002; Radu.eR805; Stachowicz et al., 2007) using arsenic
and (bi)carbonate concentrations relevant for mhsystems.

Complex systems, simulating natural conditions gharely been studied. Measuring, and
in particular modeling of such systems is challeggiModeling of the bioavailability or toxicity
of elements like arsenic is only possible upon tlenprehension of the complexity of the
interactions between the co-occurring elementshie énvironment. In this paper, we will
concentrate on the interactions between arsenisam#& major elements often found in high-As-
groundwater, as they could potentially be relevanthe arsenic concentration. We will analyze
the As(lll) and As(V) oxyanion adsorption in presenof C&', Mg**, CO* and/or PG
Goethite has been chosen to represent the nae(i#l) Fhydr)oxide surfaces of aquifer material.
We will study the ion interaction in a large ser@2- and 3-component systems. The data will
be analyzed with the charge distribution (CD) moddemstra and van Riemsdijk, 1996) The
CD model is a surface complexation model in whibk tlectrostatic energy contribution is
calculated based on a distribution of the charger two electrostatic potentials. For the model
description, we refer to Hiemstra and van Riemsdif96). Previously, the CD model has been
used to describe adsorption behavior of the aboeationed ions in ‘single-ion’ (‘pseudo-
monocomponent’) systems on goethite (Villalobos &edkie, 2000; Rahnemaie et al., 2006;
Stachowicz et al., 2006; Rahnemaie et al., 200@)imdportant parameter in the CD model is the
charge distribution. In principle, the CD values ¢ found from an analysis of adsorption data
as has been done for €and Md* (Rahnemaie et al., 2006). However, it may alsaléréved
from the interpretation of the geometry of a suefaomplex (Hiemstra and van Riemsdijk, 2006)
using the Brown bond valence concept (Brown anérAiatt, 1985). The geometry of a surface
complex can be approximated using molecular orlmgdtulations applying density functional
theory (MO/DFT). The resulting ionic CD values aterrected for the change in dipole
orientation of interfacial water (Hiemstra and \Riemsdijk, 2006). The thus derived interfacial

CD values are available for the relevant complexeshe oxyanions used in this studye.
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As(OH).x " (Stachowicz et al., 2006) The thus derived iaigel CD values are available for the
relevant surface complexes of the oxyanions usddisnstudy,i.e. As(OH); (Stachowicz et al.,
2006), AsQ* (Stachowicz et al., 2006), RD(Rahnemaie et al., 2007), and £QHiemstra and
van Riemsdijk, 2006). The use of calculated CD esllhas the practical advantage that the
number of adjustable parameters is reduced. Omlyfdimation constant of a surface complex
has to be found from a data analysis. Moreovemfeotheoretical perspective, independently
derived CD values can be used to constrain the lingdand help to reveal the surface species
when applied to adsorption data (Stachowicz et2806; Hiemstra et al., 2007; Hiemstra and
Riemsdijk, 2007; Rahnemaie et al., 2007).

It is important to note that we will use model paeders calibrated on ‘single-ion’
adsorption data and that all other interactionthexmulti-component systems will be predicted,

not fitted. These predictions will be compared with data.

2. Experimental

2.1. Goethite material

The goethite material used in this study was pegpaaccording to the preparation
procedure of Hiemstra et al. (1989a) as descrilye8tachowicz et al. (2006). The material has
been characterized in an acid-base titration exygari (Stachowicz et al., 2006). The PZC is 9.2.
The specific BET-surface area of goethite, measbsetl, gas adsorption, was 98°y. The
particles are needle-shaped with an average dearoétabout 10 nm and a length of about 100
nm (Hiemstra et al., 1989a; Weidler et al., 1998b&iaud and Ehrhardt, 2003).

For the determination of adsorption edges, thekswf the goethite suspension was
diluted with ultra-pure water to a concentrationapproximately 20.0 g/L. The pH was adjusted

to 5.5 and the suspension was purged overnightmaiist, cleaned Nto remove CQ

2.2. Reagents solutions
We prepared stock solutions from ‘analytical gracleemicals (Merck) and pre-boiled
ultra-pure water 0.018 dS/m) under Natmosphere (except NaH@Oand stored them in

polyethylene bottles, avoiding silica contaminatidine concentrations of the stock solutions
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were calibrated with ICP-AES using commercial aalalé standard solutions. The solution of
0.100 M NaOH was prepared g®ee from Titrasol and stored in a plastic botdeavoid silica
contamination. C@contamination was avoided by placing the bottla olessicator. The solution
of 0.100 M HNQ was prepared from Titrasol and stored in a glagtebto avoid contamination

by organic material.

2.3. Adsorption experiments

Adsorption experiments were carried out in gasttR$h6 ml bottles of low-density polyethylene

(Rietra et al.,, 2001). Fixed amounts of goethitiecteolyte solution, and stock solutions of

calcium, magnesium, arsenite, or arsenate weredadéleosphate was always added to the
suspension as the last solution in order to avo&lersibility of phosphate adsorption due to
change in the ionic strength and pH of suspension.

A pH range (3-11) was imposed with 0.0100 M or 0.M of HNO; or NaOH. The final
total volume of the suspension in each individuztlb was 20.0 ml. All solutions were added to
the bottles under a moist;ditmosphere to prevent G@ontamination. In the experiments with
HCGQOs, this solution was added at the end when thewging was stopped, and the bottles were
immediately closed. A special procedure was foddwRietra et al., 2001) in the adsorption
experiments of P§g and C&', such that calcium-phosphate precipitation was iceeb
Appropriate volumes of water and electrolyte wettdesd to each bottle together with some acid
(0.1 M HNGs) or base (0.1 M NaOH), required to obtain latee final pH values in the
experiment. The addition of the €astock solution was followed by the addition of @ethite
suspension, which was pre-equilibrated (> 2 howit) PQ;> under N atmosphere.

Series of competition experiments have been cdadugsing various combinations of
ions and different initial concentrations but ih thlese experiments, we used 5 g goethite /L in
0.10 M NaNQ. The bottles were equilibrated for 24 hours irhaker in a constant temperature
room (~22°C). Next, the small reaction bottles were centefligind samples of the supernatant
were taken for the ICP-MS (As) or ICP-AES (Ca, Mgd P) analysis. The pH was measured in
the bottles after re-suspension of the goethiteh\\ispect to arsenite, we note that in principle,
this ion is not stable in these systems. Howewsearch has shown that arsenite is kinetically
stable in the presence of goethite for reactioresiwell beyond the equilibrium time used in the

present work, which is 24 hours. For example, Magret al. (1998) found with spectroscopy
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(XANES) no heterogeneous oxidation of arsenitertemate in goethite systems equilibrated for
3-5 days. The absence of oxidation has been casdirnrecently in another study comprising
several oxide minerals (Ona-Nguema et al., 2006). HFFO, no oxidation has been observed
within hours (Voegelin and Hug, 2003). On the canty As(lll) oxidation may occur rapidly in
natural systems, but this has shown to be relaiemtitrobial interaction (Wilkie and Hering,

1998), which is unlikely in our synthetic goethitater systems.

2.4. Calculations

The amount of carbonate present as @Qhe gas phase of the bottles (3.6 ml gas per 20
ml solution) was found from chemical equilibriumladations and taken into account during
modeling. All the model calculations have been daitd a recent version of ECOSAT (Keizer
and van Riemsdijk, 1998) and FIT (Kinniburgh, 1993)

3. Results

3.1. Primary charge and double layer model

At the crystal faces of goethite (Weidler et 4998; Gaboriaud and Ehrhardt, 2003),
different types of surface groups are preseatsingly- € FeOH(H)), doubly- £ FeOH), and
triply-coordinated £ FesO(H)) surface groups (Hiemstra and van Riemsdi§86). The primary
charging behavior of goethite is supposed to betdibe protonation of the singly FeOH?)
and triply € FeO™? coordinated surface oxygens, according to théoddhg reactions
(Hiemstra et al., 1996):

= FeOH*® + H" @ = FeOH *°° [1]
= Fe0 %°+ H" & = FeOH *° [2]

The broken numbers in eqgs.(1,2), referring to trexage charge of the surface groups, stem from

the application of the Pauling bond valence prilec{pliemstra et al., 1989b). The proton affinity

71



Chapter 4

constants of both reactions have been set equbktgalue of the PZC (9.2). The effective site
densities of reactive surface groups Bk&FeOH)=3.45/nrh and Ns(Fe;0)=2.7/nnf (Hiemstra
and van Riemsdijk, 1996; Hiemstra et al., 1996).

Rahnemaie et al. (2006) have studied the chargat@vior of goethite for a series of
electrolyte ions. For a simultaneous descriptiotheke data, it is essential to separate the head-
end of the diffuse double layer (DDL) from the mmum distance of approach of electrolyte ions
using a Stern layer with a capacitance ef=C0.75 F/m (Hiemstra and van Riemsdijk, 2006).
According to Hiemstra and van Riemsdijk (2006), éxestence of such a charge free layer is

related to the interfacial structuring of water swlles.

Table 1. Table defining the formation of the basitface species in terms of reactive surface gratngscharge
allocation Q\z), solution stoichiometries of HN&" and NQ™ and affinity constants (I¢§). The capacitance of the
first Stern layer €= 0.85+0.01 F/rhis from Stachowicz et al. (2006). The capacitanicthe second Stern layer
(C,= 0.75 F/M) is from Hiemstra and van Riemsdijk (2006). Thée silensity of reactive surface groups
(FeOH=3.45/nrhand FgO=2.7/nn3) is from Hiemstra and van Riemsdijk (1996).

Surface species =FeOH =FeO Az, Az Az, H' Na NO; logk

= FeOHY? 1 0 0 0 0 0 0 0 0.00
= FeOH"? 1 0 1 0 0 1 0 0 9.20
= FeOHY?--Na 1 0 0 1 0 0 1 0 -0.60
= FeOH"2---NO;? 1 0 1 -1 0 1 0 1 8.52
= FeO? 0 1 0 0 0 0 0 0 0.00
= FeOH? 0 1 1 0 0 1 0 0 9.20
= FeOV%--Na' 0 1 0 1 0 0 1 0 -0.60
= FeOH'Y2--NO5 0 1 1 -1 0 1 0 1 8.52

Electrolyte ions can only occupy stepwise posititietween aligned layers of water
molecules near the surface. This picture is supdoby force measurements (Pashley and
Israelachvili, 1984) and spectroscopic informatgirowing a decaying ordering of water with
distance from the surface (Toney et al., 1995; déreand Sturchio, 2004; Catalano et al., 2006),
equivalent to about 3 layers of water (Hiemstra aaa Riemsdijk, 2006). The proposed double
layer model, including a Stern layer between thaimmim distance of approach of electrolyte
ions and the DDL, is known as an Extended Stern) [@@r model (Westall and Hohl, 1980).
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For the modeling, the ion pair formation constand the capacitance value of the outer
Stern layer have been taken from literature (Hiesnahd van Riemsdijk, 2006). The inner sphere
capacitance value has been adapted to describexperimental charging curves resulting in

C1=0.85+0.01 F/rh An overview of the parameters used is given inl&4.

3.2. lon adsorption

The ion adsorption experiments have been dontsifayle’, ‘dual’, and ‘triple adsorbate’
systems. The experimental data will be discusselree different sections.

In the first section (3.2.1), we will focus on theeractions of phosphate, calcium, and
magnesium ions. First, the CD model will be par@meed for ‘single-ion’ systems. This will be
done for PG using literature data (Rahnemaie et al., 2003 téfer to a very similar goethite
preparation. However, the reported PZC is 0.2 uoitger. To obtain a set of constants that is
applicable in the present study, we will re-evaduie PG® adsorption data of Rahnemaie et al.
(2007b) assuming a value for the PZC and correspgmutoton affinity constant (Id¢4=9.2) as
found for our goethite. For €aand Md"*, we will calibrate the CD model on acid-base titnas
of goethite suspensions with calcium and magnesiirate as electrolyte solution (Rahnemaie et
al., 2006).

In the next section (3.2.2), we will introducesemmite, As(OH). The monocomponent
adsorption behavior of As(lll) oxyanions on our tjoee has been described elsewhere
(Stachowicz et al., 2006). Starting point in thegant study is the arsenite adsorption in a number
of 2-component systems containing in addition 8eaite also calcium, magnesium or phosphate.
This is followed by a test on systems that contasenite, phosphate and calcium or magnesium
simultaneously (3-component systems).

In the last section (3.2.3), we will switch to emate, describing the monocomponent
system (Stachowicz et al., 2006) and predictingitiveraction with phosphate. In addition, we
have added HCQions to these systems, which will be described.

In our paper, the data will be presented and ewatlifocusing on the concentration in
solution for two reasons. In our experimental setupelatively large solid:solution ratio is used.
It implies that a traditional scaling on the fractiadsorbed will result for many of our systems in
almost complete adsorption, removing a wealth olualale information. Scaling on the

adsorption density results in similar problems thady easily lead to situations in which
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modeling is less critical, because of the relayivielw variation in adsorption density with
changing conditions in comparison to the variatadnthe concentration in solution. Another
reason is related to the application of our dataattoiral systems. Generally, natural systems have
a very high solid:solution ratio (Stachowicz ef aD07) and a high so-calléd value, expressing
that the vast majority of the ions is bound. Chamgeonditions will alter in particular the
solution concentrations without any significant g of the surface loading. Predicting and
understanding such changes is very relevantefgr groundwater systems that are used as

drinking water source for instance in Bangladeshealsewhere.

3.2.1. PO,%, Ca?*, and Mg®, and itsinteraction

Phosphate

Numerous authors have studied the adsorption ofpitaie on goethite (Hingston et al.,
1974; Barrow and Bowden, 1987; Hiemstra and varmBak, 1996; Geelhoed et al., 1997,
Geelhoed et al., 1998; Hiemstra and van Riemsdi@@9; Gao and Mucci, 2001; Zhao and
Stanforth, 2001; Tadanier and Eick, 2002; Ler andnferth, 2003; Antelo et al., 2005).
Originally, the adsorption behavior of phosphategoethite has been described with the CD
model using 3 surface specié® a monodentate FeOPQ, a bidentates (FeO}PO,, and a
protonated bidentate (FeO»POOH species (Hiemstra and van Riemsdijk, 1996|Bed et al.,
1997; Geelhoed et al., 1998; Rietra et al., 200dtel et al., 2005). The corresponding CD
values were calculated assuming for the non-prééohsurface species a Pauling distribution of
charge. For the protonated bidentate species,flacfdharge was required which was attributed
to protonation of one of the outer ligands. Regemlahnemaie et al. (2007b) have reinterpreted
the goethite-phosphate interaction. In their apghnp¢he CD values were calculated based on the
optimized geometry for a large series of possilily Burface species. Application of the CD
values in surface complexation modeling using a,euensive data set for phosphate adsorption
on goethite revealed that the adsorption coulddsembed with two innersphere surface species,
i.e. a protonated monodentate FeOPQOH (MH), and a bidentate (FeOYPO, (B) surface

complex. The bidentate species is found to be thpmphosphate species at intermediate and
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high pH. A contribution of MH is found in the lowgH range especially at high phosphate
loading.

The reactions can be formulated as:

2=FeOH" + PO, (aq)+2H *(aq) = = (FeO}" PO +2H,0(l) [3]

1= FeOH" + PO} (ag)+ 2H *(aq) = =FeO"***PQ,0H* +1H,0(l) [30]

As described above, the data of Rahnemaie et @D7{) have been used to re-evaluate the
POy affinity constants for a PZC value (l§g=9.2) as found for our goethite. The Kogalues
obtained for both POspecies are given in Table 2. This set of paramet@n also describe the
large data set of Rietra et al. (2001a), who regbat PZC of 9.25.

Table 2. Table defining the formation reactions tbé surface species of phosphatbe interfacial charge
distribution values 4z, Az;) have been calculated from the geometry of hydraten-phosphate complexes
optimized with MO/DFT with correction for water dife orientation. The affinity constants (Kghave been found
by fitting the model to the adsorption data of Ratnaie et al. (2007b) using a PZC value of 9.2 (N=d&a points,
R?=0.992).

Species =FeOH =FeO Az, Az;, Az, H PO* logk
= (FeO} PG, 2 0 0.46 -1.46 0 2 1 29.77+ 0.02
= FeOPQOH 1 0 0.28 -1.28 0 2 1 27.65+ 0.01

Calcium and Magnesium

The adsorption of G4 on goethite has previously been studied by otlfats and
Dzombak, 1996; Rietra et al., 2001; Weng et alDR2MHiemstra and van Riemsdijk, 2006). In the
present study, we will calibrate the adsorptionawétr of C&" using proton titration data. The
result will be tested on Gaadsorption data. This is also done for?tgVe will try to develop a
consistent molecular picture.

At present, no independent information is avadablth respect to the type(s) of surface

species that these ions form. The relatively hifimity of magnesium for goethite may point to
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the formation of innersphere complexes. Rahnentaaé €2006) could describe the data with this
mechanism. The fitted CD value points to the forarabf a bidentate complex. At high pH and
loading, the complex hydrolyses. In the modelirgyphtersphere complexation of Mgould be
ignored. Any outersphere complexation is minor angrobably hidden behind the dominating
innersphere complexation, which results from tHatixeely high affinity of the M§" ion for the
surface. For Cd, a much lower affinity for goethite is found. Rahmaie et al. (2006) could
describe the calcium adsorption on goethite with@D model using a combination of inner and
outer sphere complexation.

In the present modeling of the Taadsorption data, we allowed simultaneously
outersphere complexation by teeeOH"? and = FeO™? surface groups. The reactions can be

formulated as:

= FeOH'* +Ca®**(aq) = = FeOH"?...Ca™ [4a]
= Fe\go—l/Z +Ca2+ (aq) - = Fe30—l/2 ---CaA21 [4b]
All charge of the C# ion is attributed to the 1-planAz; = 2 v.u.).

Outersphere complexation alone cannot describétthgon data. Therefore, we included
innersphere complexation with singly coordinatedfasie groups. Preliminary modeling resulted
in a surface charge attribution of ¢ahat is typical for monodentate innersphere coratlen.
The CD value is almost equal to the Pauling borddnee value if we allow this complex to be
hydrolyzed. In this respect, the situation is coraple with Md*. The monodentate &a
complexation reactions can be formulated as:
= FeOH + Ca®'(aq) = = FeOH" " Ca™ [5a]

= FeOH™ + Ca’* (ag)+H,0(l) = = FeOH"?***CaOH" +H"(aq) [5b]

in whichAzy+Az, is respectively 2 and 1 v.u.
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To reduce the number of adjustable parameters, ssanse the same surface charge
attribution Q\zp) for both Ca(ll) inner-sphere complexes (eq.(3))e fitting results are given in
Table 3. Although the fitted value i is uncertain (0.32 0.19 v.u.), it is almost equal to the
Pauling bond valence valugA%=0.33 v.u.), suggesting one common ligand of thé" Ca
octahedron with the surface.

For M¢f*, we have modeled the data allowing only innersphesmplexation. The
modeling points also to the formation of bidentueface complexes. The formation reactions of
= (FeOH}Mg and= (FeOHYMgOH are defined respectively as:

2 = FeOH™ +Mg?*(aq) = = (FeOH)""** Mg*" G2
2 = FeOH"? + Mg?* (aqg)+ H,0O(l) = = (FeOH),""** MgOH** +H"(aq) [6D]

As for C&*, we assume for both Mt complexes the same surface charge attribution
(Az0). The fittedAzo value of Md" in Table 3 (0.71 v.u.) is close to the value expe@\z,=0.67
v.u.) based on a Pauling distribution model in \whtbe Md* ion attributes one-third of its
charge to the surface (since a Mgidentate surface complex has one-third of itarlis
common with the surface). The values of the fitiithity constants lol§ (Table 3) illustrate that
the bidentate binding of Mg is considerably stronger than for T4Alogk~1.5). The low
affinity of the C&" innersphere complex and resulting lower contrifnutito the overall
adsorption is also reflected in the larger uncetias &) in the fitted CD {zp) and loK value
compared to M3.

The loK values for the formation of (FeOH}Mg and = (FeOHYMgOH can be used to
obtain the proton affinity of the outer OH liganflthe MgOH surface complex,e. AlogK =
logKy =11.4+0.1. This loy value is reasonable when compared with the pratbnity of the
Mg(OH), (aq) species in solution (IEg=11.6). The proton affinity constant of aqueous
Ca(OHy is about 1.3 log units higher (logn=12.7), illustrating the lower tendency of that ion
to hydrolyze. The lower tendency of hydrolysis o’ Cis in agreement with our modeling
showing a higher proton affinity for adsorbed CaO@bgKn=12.9+0.1).The fitted set of
constants are able to describe the acid-baseaditrdfaita of Rahnemaie et al. (2006) very well
(Fig.1a) and results in a good prediction of thevjwusly published adsorption data for’Ca
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(Weng et al., 2005; Rahnemaie et al., 2006) as showrig.1b. Application of the parameters

(Table 3) to our present data results in a ratbedgrediction of the adsorption behavior of Ca
and Md" (Fig.2).

Table 3. Table defining the surface complexatiocdf and Md".

Species =FeOH =Fe0 Az, Az, Az, HY c& Mg* logk
= FeOH-Ca* 1 0 0 2 0 0 1 0  3.000.27%
= FgOCa* 0 1 0 2 0 0 1 0  3.0800.27%
= FeOHCa 1 0 032019 16 0 -1 1 0  3.650.06%
= FeOHCaOH 1 0 032019 06 0 -1 1 0 -9.2%50.11%
= (FeOH)Mg 2 0 07#¥001 12 0 0 O 1 4.90:0.03°
= (FeOH}MgOH 2 0 0.7#0.01 02 o0 -1 0 1 -6.4%0.07%

*1 Outersphere complexes

*2 One common ldg value for outersphere complexation.

*3 CD and lo¢( value are fitted on the titration data of Rahnesmaial. (2006). For each element, the surfacegehar
attribution Q\z,) of both complexes has been set equal.

H adsorption ( pumol/m ?)
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b) Ca®* goethite interaction
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Fig.la. Proton adsorption of goethite suspensidi&5@ g/L . 98.6 nf/g =1630 mi/L) with various initial
concentrations of Gaand Md* (Rahnemaie et al. 2006), used to calibrate the @Hai(Table 3). The proton
adsorption is in excess to the proton adsorptiothen PPZC. Fig.1b. Equilibrium concentrations of ‘Ca the

presence of goethite as a function of pH. Data aehrRmaie et al. (2006) (9862 are for initial C&"

concentrations of

R1=0.15, R2=0.10 and R3=0.05 mMata of Weng et al. (Weng et al., 2005) are for

W1=563nf/L and W2=545 riL with initial C&* concentrations of W1= 1.02 mM and W2 =0.0096 mMelsi give

the predicted concentrations calculated with theniglel that has been calibrated on the acid-bas¢idn data of

Fig.l1a.
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Fig.2. Equilibrium concentrations of €gleft panel) and Mg (right panel) in the presence of goethite (4%lLinas
a function of pH in 0.1 M NaNg&Xfor various initial concentrations indicated iretgraphs. Lines are predicted with

the CD model using the parameters of Tables 1 and 3

In summary, the above model approach for the akaith ions leads to a rather consistent
physical-chemical picture for the binding of botivadent ions. Magnesium has the highest
affinity and may form two bonds with the surfacéisTion has a tendency to hydrolyze easily. A
combination of innersphere complexation and outeesp complexation is found for the weaker
binding cation (C&). The weaker innersphere complex has one bond thi¢hsurface. The
adsorbed ion hydrolyzes less easily. For both {@&*, Mg?"), the hydrolysis is in reasonable

agreement with the behavior found in solution.

Interaction between Ca®* and PO,*

Interaction between calcium and phosphate iondasve in Fig.3. As given in the left
panel, the concentration of €an solution decreases,d the adsorption of C# is higher) in the
presence of phosphate. Based on the lofi &ad PG> concentrations precipitation of in soluble
calcium-phosphate minerals can be excluded. A higigal concentration of phosphate leads to
a lower C&" concentration in the solution. This behavior hias &een observed by Rietra et al.
(2001a) and can be explained by electrostaticantems. The negative charge of the adsorbed

PO, ions stimulates the binding of €a
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ca®* interaction with PO > PO,% interaction with Ca ?*

3 3
— 00.25mM POy, no Ca
% ! = .4 {A0.25mM PO, +0.2mM Ca )4
g 4] 2 00.50mM PO, +0.2mM Ca o8 e
S ’, b, 5
O 97 ¢ 0
1 [a B -6 d
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COD -6 4 Ono POs+0.2mM Ca %
= A0.25mM PO, + 0.2 mM Ca o 77 .
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Fig.3. Interaction of C4 and PQ® in the presence of goethite (5 g/L) in 0.1M NaN\&3 a function of pH. Open
symbols refer to the measured equilibrium concéiotra in the ‘dual-ion’ systems. One initial contration of
calcium was used,e. 0.2 mM and two initial concentrations of phospha& 0.25 mM (triangles) and 0.50 mM
(squares). Closed circles refer to the ‘singlé-gystems. Note that there are no data for theglehion’ system with
0.5 mM phosphate. Full lines refer to the prediaqdilibrium concentrations in competition expermgeusing the
CD model with the parameters given in the Tableés Dotted lines refer to the concentrations catedédor the

‘single-ion’ systems.

The effects are successfully predicted with the i@@del. According to the model, the
phosphate adsorption should be enhanced by themquef C&', leading to lower equilibrium
concentrations as is shown in Fig.3 with lineshriganel). The effect can be explained by
electrostatic interactions at the surface of goethBinding of PG” leads to more negative
charge on the goethite particles, which is refleédby a strong decrease of the IEP(Tejedor-
Tejedor and Anderson, 1990; Antelo et al., 200&%)rdase of the negative charge will suppress a
further binding of PG¥ and stimulate the binding of €aln the experiment, the decrease of the
PO concentration is very small compared to the uaget and it is difficult to judge the
predicted effect. Therefore, it is important to tnem that our parameter set (Table 3) is able to
describe the main features of the?GRO,> interaction of the data set of Rietra et al. (2001

who found experimentally a clear synergy betweenGE* and PQ* adsorption.
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Interaction between Mg?* and PO,*

Interaction between magnesium and phosphate iaisassynergistic as shown in Fig.4.

Mg®" interaction with PO 4~ PO.” interaction with Mg **

©0.25 mM PO4, no Mg
A0.25 mM PO4 0.2 mM Mg
-4 1 D0.50 mM PO, 0.2 mM Mg

log C- Mg ** (mol/L)
log C- PO 4> (mol/L)
4

-6 1 ©0.0 mM PO4 0.2 mM Mg -6 1
A0.25mM PO4 0.2 mM Mg
[00.50 mM PO4 0.2 mM Mg e 0
-7 T T T T -7 T T T T
3 5 7 9 pH 11 3 5 7 9 oH 11

Fig.4. Interaction of M6+ and PQ* in the presence of goethite (5 g/L) in 0.1M NaN@ a function of pH. Open
symbols refer to the measured equilibrium concéotma in the ‘dual-ion’ systems. One initial magiues
concentration was usetde. 0.2 mM Md* and two initial concentrations of phosphate, 0.5 mM (triangles) and
0.50 mM (squares). The closed circles refer tod'shmgle-ion’ systems. Full lines refer to the cdlted equilibrium
concentration in interaction experiments using @2 model with the parameters given in the Tabl&s Dotted

lines refer to the concentrations calculated of$hegle-ion’ systems for Mg (left) and PQ™ (right).

In the presence of phosphate, the concentratidvigdf in solution decreases as result of
an increased adsorption. As for %athe observed effects are qualitatively explaitgdthe
interaction of the positive charge of Kigwith the negative charge of adsorbed phosphate
ions.The predicted effect of Mgon PQ and vice versa are smaller than fofQzecause Mg

adds less charge to the 1-plane where most ofrnteeaction stems from (Hiemstra and van
Riemsdijk, 1996).

3.2.2 Interactions with As(l11) oxyanions
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Arsenite

Recently, the adsorption behavior of arsenite arsgreate on goethite has been studied
experimentally and interpreted using the CD mod&thg¢howicz et al., 2006). Two surface
species have been used to describe the adsorftamsenitej.e. a bidentate (B3 (FeO»AsOH
and a monodentate (M) FeOAs(OH). Formation of these surface species has beenrcwdi
by spectroscopic studies (Manning et al., 1998; hfamet al., 2002; Ona-Nguema et al., 2005).
The bidentate species is found to be dominant theewhole pH range. The monodentate surface
species is formed as minor species at low pH agH ldading. Its contribution is growing for

higher surface loadings of arsenite. The adsorpgantions can be defined as:

2= FeOH" + As(OH),(aq) = = (FeO},"**° AsSOH"* +2H,0 (I) [7a]
1= FeOH' + As(OH),(aq) = = FeO"**** As(OH),* +1H,0 (l) [7b]
with Azp+ Az;=0.

Stachowicz et al. (2006) derived the ionic CD valimm MO/DFT optimized geometries
and corrected them for dipole orientation of iraer&l water, leading to the interfacial CD
coefficients £z, Az;) given in Table 4. The |d§ values were fitted on adsorption data. In the
present paper, the adsorption parameters derivadi{@wicz et al., 2006) (Table 4) will be used
to predict the adsorption behavior of As(lll) iretmulticomponent experiments.

Table 4. Table defining the formation reactiontu surface species of arsenite (As(§t)nd arsenate (As).

Species =FeOH =FeO Azy Az* Az, H' As(OH) AsQO/ logK
= FeOAs(OH, 1 0 0.1€ -0.1¢ 0 O 1 0 491"
= (FeO,AsOH 2 0 03¢ -032 0 0 1 0 7.2¢€*
= FeOAsGOH 1 0 03C -1.3C 0 2 0 1 26.60+ 0.172
= (Fe0,As0, 2 0 047 -1.47 0 2 0 1 29.27+0.077
= (FeO,AsOOH 2 0 056 -05¢ 0 3 0 1 33.00+ 0.212

" logK from Stachowicz et al. (2006).

"2 JogK values have been optimized in the present studijttiyg all monocomponent adsorption data of Fig.1
(R*=0.97 N=140 data points).

*3The given charge distribution valugszg, Az;) are from Stachowicz et al. (2006).
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Interaction of As(OH); with Ca®* or Mg?*

The results of the experiments on the interactibarsenite with C& and Md" ions are
shown in Fig.5. The effect of both divalent ionsvexy limited. It is difficult to establish any
effect on the As(Ill) oxyanion adsorption preciselye to uncertainty of the data. From a
practical perspective, we may state that in theiaatpH range of soil and groundwater, no
significant influence of Cd and Md" is to be expected based on this measured intenaictiour
2-component systems.

The calculations predict a larger effect of Ceompared to Mg, which is related to the
charge distribution. As will be discussed lateigameral, the ion-ion interaction in the model is
mainly taking place via the charge and potentighm 1-plane. The negative charge on the outer
ligand of arsenitez;=-0.34 v.u.) interacts with the positive chargeaduced by the divalent
cations. On average, Gaintroduces the highest amount of charge in théafiep This leads in

the prediction to more arsenite adsorption, ilewser concentration in solution.

As(OH) interaction with Ca 2" As(OH) 3 interaction with Mg
-3 -3
) ©0.0mM Ca —_ ©0.0mM Mg
S _4- ©0.2mMCa = 4- A0.4mM Mg
E A 0.4 mM Ca o
s O04.0 mM Ca \E,
S T
' <
O 1
o @)
k) o
o
_8 T T T T -8 T T T T
3 5 7 9 11
3 5 7 9 oH 11 oH

Fig.5. Interaction of As(OH) with C&" ions (left panel) and Mgions (right panel) in goethite suspensions (5 g/L)
with 0.1 M NaNQ. Open symbols refer to the measured equilibriunceatrations in the multi-component systems.
For comparison, also the equilibrium concentrationthe “single ion” systems have been given (alosgmbols).
Full lines refer to the calculated equilibrium centration in dual adsorbate systems using the CBeinwith the
parameters of Stachowicz et al. (2006) for As((Table 3) and the parameters for?@ad Md" derived in the
present study (Table 4). Dotted lines refer to“dirgle ion” system and Mg derived in the present study (Table

3). Dotted lines refer to the monocomponent system.
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Competition of arsenite and phosphate

The predicted competition between arsenite andpitais is given in Fig.6 together with
the experimental data. In the left panel, the arsetoncentration is given for systems with
different initial phosphate concentrations. In thteer panel, the corresponding change of the
phosphate concentration is given. For comparistsio, #the concentrations of the corresponding
“single ion” systems have been given (closed ci)xl®ur experiments show that the adsorption
of arsenite depends strongly on the presence aipbtade andice versa.

The effects are visible throughout the whole pHgean Arsenite, reaches a maximum
adsorption around pH 8-9 (Dixit and Hering, 2008cBowicz et al., 2006), which results in a
minimum solution concentration in that pH rangeisTiminimum is shifted to a higher pH in the
presence of phosphate, because of the larger ciimpetf phosphate with arsenite in the lower
pH range raising the arsenite concentrations itiquéar there.

As(OH); interaction with PO > PO,¥ interaction with As(OH) 3

-2 -2
- O 0.75 mM PO, 0 0.75mM PO,
5 34 A osommpo. | 5 .3{A 050mMPO.
= ¢ 0.25mM PO, S & 0.25mM PO,
st @] é 4 - © NoAs(OH)s
2 2 5]
O O 4
38 15

-7
3 5 7 9 11
pH

Fig.6. Competition between arsenite and phosphatgoethite (5 g/L) in 0.1 M NaNOOpen symbols refer to the
measured equilibrium concentrations in the comipetiexperiment. Closed symbols refer to the cowadng
experimental data for the ‘single-ion’ systems. @m#al concentration of arsenite was used (0.9@)mLines
refer to the calculated equilibrium concentratiging the CD model with parameters given in the &aldl, 3, and
4. Both dotted lines refer to the prediction foe tisingle-ion” systems of arsenite (0.50 mM) andgghate (0.25
mM).
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Smultaneous interaction of arsenite, phosphate, and calciumions

The effect of calcium ions on the adsorption of ggtwte (Fig.3) andice versa differs
from the calcium effect on arsenite (Fig.4). Moreqgvarsenite and phosphate are competitors.
Therefore, we have designed an interaction expatiméth 3-components, using as starting
point some of the above arsenite-phosphate sydtembich calcium ions have been added. The
interaction of calcium with arsenite and phosphatstudied for two levels of phosphate (0.25
and 0.50 mM). Two levels of ahave been added, i.e. 0.2 and 0.4 mM. The reardtshown
in Fig.7 for the initial concentration of 0.2 mM €aFull lines represent the predictions and the
dotted lines show the concentrations in the cooedmg ‘single-ion’ systems of calcium,
arsenite, and phosphate. The arrows in the figudeate the direction of the change at a given
pH. The increase of the initial phosphate leveddieto an increase of the arsenite concentration,
due to competition. For €3 the opposite is found. The observed changeseisetisystems are
dictated by the competitive interaction of arsenitel phosphate, where Qs a main regulator

of the C&" concentration.

Interaction As(OH) 3-PO,*-Ca?* Interaction As(OH) ;-PO,*-Ca?
3 -3
4 -' c g g g *‘ .....
= -
-_— [ =
% ey A O %
S - tee, 2 640020mmCRe
= 67 0020mMcCa e, = A0.50 mM As(III.) oo o*
A 0.50 mM As(I1l) . 050 MM POa K3 oreee
& 0.25 mM PO4 <> °
-7 T T T r -7 T T T T
3 5 7 9 11 3 5 7 9 11
pH pH

Fig.7. Equilibrium concentration of &a(circles), As(OH) (triangles) and P§ (diamonds) in goethite suspensions
(5 g/L) for two initial loadings with P (0.25 and 0.5 mM) in 0.1 M NaNOThe calcium and arsenite level is
respectively 0.20 and 0.50 mM. Full lines referthe calculated equilibrium concentration in the petition
experiments using the CD model with the paramegimsn in the Tables 1-4. Dotted lines are the cotreg¢ions in
the various monocomponent systems. Vertical limelicate the shift that will occur when going frohet'single-

ion’ to the ‘triple-ion’ system.
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Interaction As(OH) 3-PO,> Ca?* Interaction As(OH) 5 - PO, -Ca®*

-3 -3
g 3 m0.2CaPL
e ‘ = 41 pgoscarL
E 4 (@QO g @0.2 CaPH
,Ii” i S o: 54 oo04caPH
O 51 Q
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' m0.2CaPL O
O 61 goacarL o
8 @0.2 Ca PH L2 -7

00.4 Ca PH
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3 5 7 9 pH 11 3 5 7 9 11

Fig.8. Equilibrium concentration of arsenite (lpfinel) and phosphate (right panel) as a functioptbin a 3-

component C&-As(OH)-PO,* goethite system (5 g/L) in 0.1 M NalNQvith 0.5 mM As(OH) and 0.2 or 0.4 mM
Ca* and a P@' loading of 0.25 mM (PL) and 0.50 mM (PH). FWlZ mM C&") and dotted (0.4 mM CG§ lines

are predictions using the parameters of Tables 1-4.

To judge the influence of Gaon the arsenite concentration (triangles), the ritese
concentrations is given in the left panel Fig.&danction of pH for the systems with two levels
of C&*. The data show that the effect of?Cis/remains insignificant. The effect of €an the
PQO,* concentration is larger (Fig.8 right panel). Asatissed later in detail, an important reason
for this is the larger charge attributed to theldnp by adsorbee (FeOYPO, (-1.46 v.u.)
compared to the charge ef (FeO»AsOH (-0.34 v.u.). The CD model is able to predioe
observed variation in the concentrations.

Smultaneous interaction of arsenite, phosphate, and magnesiumions

Interaction between As(Ok)PQ*, and M@* on goethite is shown in Fig.9. Two initial
concentrations of phosphate were usezl Q.25 mM and 0.5 mM), one concentration of arsenite
(0.5 mM) and one concentration of magnesium (0.4)mikcrease of the As(lll) oxyanion
adsorption (Fig.9a) is correctly predicted with thedel. As for C&-As(OH) -PQ,> systems,
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the As(lll) concentrations is mainly determined the interactions with P&, which are

predicted well with the CD model.

3.2.3 Interactions with arsenate

Arsenate

In oxidized environments, arsenic is present asrate, (As@). The spectroscopic
information with respect to surface complex formation goethite (Waychunas et al., 1993;
Fendorf et al., 1997; Foster et al., 1998; Manmihgl., 1998; Farquhar et al., 2002; Sherman and
Randall, 2003) has been discussed Stachowicz €0416) who have used MO/DFT calculations
to derive the geometry of the hydrated structureshe B, MH, and BH complexes. The
calculated As-Fe distances for these three speeogs found to be very similar. This result
complicates an unequivocal determination of théaserspeciation with EXAFS.

The adsorption of arsenate has been described thvide surface speciesg. a non-
protonated bidentate (B) (FeO»AsO,, and a monodentate (MH)FeOAsQOH surface species
and a protonated bidentate (BHJFeO»AsOOH) surface species (Stachowicz et al. 2006)e T
reactions can be defined as:

1=FeOH"? +2H" (ag) + AsO; @g) « = FeO " **AsO,0H* +1H,0(l) (8]

2=FeOH"? +2H" @g) + AsO; (ag) - = (FeO}"** AsO)* +2 H, () [8b]

2=FeOH"? +3H" (ag) + AsQ} @g = = (FeO) " AsOOH"™ +2 H, () [&c]

in whichAzo+Az; is equal to the charge introduced by the adsormifdd” and AsQ®.
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Interaction As(OH) 3-PO,*Mg**
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Fig.9a. Equilibrium concentration of arsenite darection of pH at different phosphate loadings igoethite system
(5 g/L) containing 0.5 mM As(OH) 0.4 mM Md"*, and 0.1 M NaN@ Fig9.b,c Equilibrium concentration of Mg
(circles), As(lll) (triangles) and PQdiamonds) as a function of pH at af@ading 0.25 (b) or 0.50 mM RH(c)

in goethite suspensions (5 g/L) with 0.5 mM As(@H).4 mM Md", and 0.1 M NaN@ Full lines in Fig.9 refer to
the calculated equilibrium concentration in competi experiments using the CD model with the partansegiven

in the Tables 1-4. Dotted lines are the predictattentrations in the various ‘single-ion’ systems.
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Fig.10. Equilibrium concentrations of arsenate &mation of pH in goethite systems (3, 5, or 10)gontaining 0.5
mM arsenate (left panel). Data are from Stachowical. 2006. In the right panel, the present dagagiven for 3

and 10 g/L goethite and 0.67 mM arsenate. Linesalculated with the affinity constants of Tabjé.1

The non-protonated bidentate (B) species is domjnamle the MH species becomes gradually
more important at low pH and at a high surface iligadAny contribution of the BH species is
minor and limited to low pH. The data of Stachowmizal. (2006) could also be described
reasonably well ignoring its contribution. Accordito Stachowicz et al. (2006), the contribution
of BH will increase with loading. Therefore, we lavlone some additional ‘single-ion’
experiments with 3 and 10 g/L goethite at a highe®,® loading (0.67 mM) than previously
used. These data at a higher loading, enableser lbetermination of the I&gvalue of the BH
complex (= (FeEOYAsOOH) The complete set of data (Fig. 10) has been useéetvaluate the
set of constants (Table 4). The kogalues for the B and MH complex remained praditcal
almost unchanged. The presentKogalue for BH is slightly higher (0.3 légunits). The CD
values used in the evaluation have been calculated the MO/DFT optimized geometry of
hydrated iron-arsenate complexes found by Staclmoetial. (2006).
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Competition of arsenate and phosphate

Competition of arsenate with phosphate is giveRigtl1 for 2-component systems (open
symbols). In the left panel, the arsenate conctotrsare given for systems with a two different
phosphate loadings.

Interaction PO ;& - AsO,> - COz*

log C- PO,> (mol/L)
log C- AsO ;> (mol/L)

Fig.11. Equilibrium concentrations of arsenategi@) phosphate (b) as a function of pH in goetlitg/[) in 0.1 M
NaNO; with AsO*-PO,* (open symbols) and As®-PO,>-CO,* (closed symbols). The systems contain 0.7 mM
arsenate and 0.4 (triangles) or 4.8 (squares) mdsmate. If present, the (bi)carbonate conceptras 0.01 M.
Full lines show the predictions for the competitexperiments. Dotted lines give the concentratiothe ‘single-

ion’ systems as predicted using the parametersbleE 1-5. Vertical arrows indicate the changeoimcentration in
case of competition in a ‘dual-ion system’.

The corresponding phosphate equilibrium concepinatiare given in the right panel.
Arsenate is very sensitive to the presence of &deveoncentrations of phosphate. This effect is
most pronounced at a lower pH where both ions reaofaximum adsorption, yet, it is clearly
visible throughout the whole pH range. The strobdita of phosphate to inhibit the arsenate
adsorption on iron oxide has also been noticedtbgre (Manning et al., 1998; Gao and Mucci,
2001; Zhao and Stanforth, 2001; Dixit and Hering)3. As shown in Fig.11 with full lines, the
competition between AsP and PQ* can be well predicted with the model.
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Bicarbonate (HCOz3)

Adsorption of bicarbonate on goethite has beenietludxperimentally by (van Geen et
al., 1994) and Villalobos and Leckie(2000 and 200The adsorption mechanism of carbonate
has been studied with IR spectroscopy. The adsorptiechanism of carbonate has been studied
with IR spectroscopy (Wijnja and Schulthess, 2000alobos and Leckie, 2001). Initially,
based on the low degree of band splitting, the Hatee been interpreted as the formation of a
mononuclear monodentate complex. However, the dDevabtained from adsorption modeling
(Villalobos and Leckie, 2001; Hiemstra et al., 2D&typical for bidentate complex formatioa (
(FeOYCO). According to Hiemstra et al. (Hiemstra et @004), the low band splitting is
probably due to additional field effects for instandue to H bond formation. This has been
recently confirmed by quantum chemical calculatidBsrgar et al., 2005). The formation

reaction can be formulated as:

2=FeOH"? +2H" (@ag) + CO? (ag) = = (FeO)"*° CO* +2 H,O(l) [9]

Hiemstra and van Riemsdijk (2006) have calculakedionic CD value of the carbonate
bidentate complex from MO/DFT optimized geometrégsl corrected these for water dipole
orientation, resulting in overall interfacial chardistribution coefficientsNzo,Az;). The affinity
constant (lo¥) has been fitted on the adsorption data of Vibak and Leckie (2000). The
parameters are given in Table 5 and will be usdtierpresent study. The parameter set of Table
5 has recently also been used by Stachowicz €@0.7a) to predict the 2-component interaction

between bicarbonate, and arsenite, and arsena@jeetinite.

Table 5. Table defining the formation of the suefapecies of C§3

Species =FeOH =FeO0 Azgy' Az** Az, H CO* logk*?

= (FeO)CO 2 0 068 -068 O 2 1 22.33
*! The charge distribution values are from Hiemstra @an Riemsdijk (2006).
*2 The logK is from fitting of the data of Villalobos and Léek2000) as given by Stachowicz et al. (2007a).
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Smultaneous interaction of arsenate, phosphate, and carbonate

We have measured the effect of HC®n the interaction of P® and AsQ®. The
arsenate and phosphate concentrations are givefiginll as closed symbols. The initial
(bi)carbonate (0.01 M) concentration has been chdsereflect an average concentration of
groundwater. The lowest phosphate concentratioel l@v our experiments is typically for
eutrophic groundwater (BGS and DPHE, 2001) as eafobnd in Bangladesh. As follows from
Fig.11, the presence of 0.01 M bicarbonate has easmrable influence on the PQor AsQ>
concentrations. It illustrates the relatively lowmpetitive power of HC@ in the AsQ*-PQO;*
system. Previously, we have studied experimentallyAsQ>-COs* competition in the absence
of PQ¥ (Stachowicz et al., 2007) for pH=6.5-10. In tisigsstem, ion competition is found
reaching a maximum at the lowest pH studied. RPEs®f 0.01 M bicarbonate increased the
arsenate concentration by a factor of about 1€hdmresent system, no effect is found due to the
relatively strong binding of P®, which suppresses the carbonate adsorption. InEighe
calculated lines for the As®-PQ;> systems coincides with the lines for the AS®Q,*-COs*
systems, illustrating the insignificance of (bijoanate as a competitor.

3.2.4 General discussion

In the above, we have shown that based on ‘&ilogi” systems, the CD model is able to
predict the behavior of the elements in a multi-petitive environment, in which oxyanions and
cations are interacting. We have not tried to imprthe description by optimizing the affinity
constants, but nevertheless a very good descriifmund in most cases.

The good predictability can be used to better tstdad differences in behavior of
arsenite and arsenate. For instance, it has beslgped (Smedley and Kinniburgh, 2002) that
the competition between RDand As(OHj is likely to be less important than the PAsO,>
interactions. This statement can be tested witlcéierated CD modeling. Using a system with a
high solid:solution ratio (10,0007.), as can be found in aquifers (Stachowicz et2807), we
have calculated the RO dependency of As(OH)and AsQ® for conditions representative for

average ground water, i.e.apH 7 and | = 0.01 ig. 1B).

92



Multi-Competitive Interaction of As Oxyanions

-3
@ As(ll)-pH=7
- As(V)-pH=7
- 41 AAs(V)-p
©
E 51
< oo
o 6P s
m A
o AA
—_ _7 - A
AA
A
_8 '_‘ T T T T

log C- PO,* (mol/L)

Fig.12. The predicted arsenate and arsenite caratimt as a function of the phosphate solution eatration in a
goethite system (10,000°th) in 0.01 M NaNQ. The initial arsenic concentration is 5 mM.

The calculations show that at pH=7, arsenite isndoless strongly than arsenate in the
major range of phosphate concentrations. If theeseatculations are done at pH=8 the lines for
arsenite and arsenate cross at about>Mphosphate, which is mainly due to the higher lrigd
of As(OH); at pH 8, giving lower concentrations of arsenite.

A second feature illustrated in the figure is theger P@” dependency of As{ in
comparison to As(OH) The difference in sensitivity of both As specfes the presence of
phosphate is due to a different electrostatic auton. The electrostatic energy of the binding is,
according to the CD model, determined by the paikat the surfacel(y) and the potential in the
1-plane (). Iron oxide surfaces have a near-Nernstian chkaratt means that the value of
surface potential is strongly dominated by the pHr a given pH, the surface potentig is
relatively constant upon ion adsorption, due toftigs proton buffering. In contrast, the potential
in the 1-plane ;) will strongly change with the amount of chargattis introduced in the 1-

plane by adsorbing ions. The variable potentialtied 1-plane is responsible for the main
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variation in the electrostatic energy as a functdrioading. This variation is relevant for the
shape of the adsorption isotherm (‘electrostatitdibey’) at a given pH and will cause synergy or
competition. As follows from Table 4, the main swé complex of As(OH)has a relatively
small charge attribution to the 1-plaiz{= -0.34 v.u.) in comparison with the two main sada
species of As@) that are active at pH D\f;=-1.47 and -1.30 v.u.). The difference in charge
attribution is about 1 v.u. The charge attributionthe 1-plane of the relevant POspecies
(Az;=-1.46 and -1.28 v.u.) is very comparable with ASQTable 1). Adsorption of P& will
change the potential of the 1 plane substantigilyce the As@ species introduces more charge
in the 1-plane, this ion will be more (negativedfjected by the presence of the charge of the
adsorbed P§Y species than As(OKl) This leads to a larger sensitivity of AGOfor PQ in
comparison to As(OH) as is demonstrated in Fig.12 focusing on theesloipthe linesj.e. o
logCasqiy / 910gCpo4=0.4 while dlogCas(vy/ 109Cr04=0.9 at pH 7.

4. Conclusions

The above can be summarized in a series of condsisi

« Both C&" and Md" ions promote the adsorption of PO This promotion is of an
electrostatic nature. Since AgDis chemically comparable with RDand has a very
similar interfacial charge distribution, the sarypeet of electrostatic effect is expected for
the interaction of CGd and Md* with AsQ;>

« The presence of Gaions has a minor effect on the As(lll) oxyaniorsagbtion in Ca-
As(lll) systems, only occurring at very high pH. time pH range, relevant for natural
groundwater (pH 6-9), no significant effect is aveel.

. Mg2+ ions have no significant effect on the As(lll) axyon binding over a very large pH
range.

« Interaction between P® and AsQ® is stronger than the interaction of SOand
As(OH).

« Phosphate adsorption has a strong interaction wétth As(OH)} and AsQ® and

therefore it is of critical importance in groundeasystems.
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The sensitivity of As(lll) oxyanions for changes the phosphate concentrations is
smaller than the sensitivity of As(V) oxyanions fphosphate, i.e. d 0gCasqny / O
logCpo4=0.4 while d1ogCas(v)/ 10gCr04=0.9 at pH 7.

In 3-component experiments with As(QHDQ,>, and divalent cations, the arsenite
concentration is dominantly regulated by phosphatee phosphate concentration is
regulated by arsenite with some influence of'Cand Md*. The C&" and Mdg*
concentrations are mainly regulated by the adsmpf the P@Q” ions.

Bicarbonate is a very weak competitor in a 3-conembrgoethite system with As®
PO-COy”.
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Linking the Arsenic Binding to
Goethite with the Binding to
Amorphous Iron (Hydr)oxide




Chapter 5

Abstract

Iron oxides are a primary source of arsenic in Baogsh groundwater. lon binding of
iron oxides is strongly determined by the structofethe surface and the type of surface
complexes formed. The primary structures of HFO gmethite have similarities. Our objective is
to model the multi-component interaction of arsemnitsorption and the primary charging
behavior for goethite and hydrous ferric oxide (HE®nultaneously in a coherent manner using
the charge distribution (CD) model approach assgraicommon set of different types of surface
groups with different site densities and affinitiefs protons and the oxyanions of As(lll) and
A(V). For goethite the apparent fraction of top-éades at the crystals was assumed to be 5%,
while for HFO, a 50% contribution of similar facess used. As a result, the primary charging
behavior of goethite and HFO has been modeleddaharent manner using the MUSIC model
approach. The adsorption parameters for As(l1g) fon As(V) were optimized using adsorption
data for “single-ion” systems as presented indiiere. The CD values of the different type of
As(Ill) and As(V) complexes were found independgitbm the MO/DFT optimized geometries
of hydrated complexes. The affinity constants wéted iteratively on adsorption data of
goethite and HFO. Theses parameters were usedethcprAs(lll) and As(V) competition on
goethite as well as on HFO. The modeling resultgeHaeen tested on data from competition
experiments. The model successfully predicted trapetition between arsenic species, As(lll)
and As(V), on both minerals. For the highest s@fl@ading discrepancies between the data and
model predictions were observed for adsorption 8@ HHowever, it is possible that for such an
extreme surface loadings a surface precipitatiauoisc
The above suggests that despite the differenc®ireactivity of goethite and HFO a link exists
between the adsorption behavior of both minerateceSboth HFO and nano-goethite have been
considered dominant reactive surfaces for ‘fiel@nditions this is of important practical
relevance. In future the CD model can be used tmipr adsorption in complex systems

simulating natural conditions.
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Linking As binding to goethite and HFO

1. Introduction

Elevated concentrations of arsenic in groundwaterehbeen found in many aquifers
around the world (BGS and DPHE, 2001; Mandal andut&iy 2002; Smedley and Kinniburgh,
2002). While arsenic ingestion is related to sexitwealth risks, in Bangladesh alone tens of
millions of people have been exposed to arsendriimking water. Therefore, since the discovery
of the arsenic problem, a lot of attention has lgteen to the subject. So far, the characterization
of the fate of arsenic in the environment has lzeehallenge.

Natural systems are complex and thus the mobilitg aioavailability of arsenic is
affected by the presence of various mineral susfasewell as other co-occurring elements. One
of the common mineral surfaces in soils and sedisnare iron oxides such as goethite, hematite
and hydrous ferric oxide (HFO) (Buffle, 1990; Schtseann and Cornell, 1991)he data
obtained in the BGS study (BGS and DPHE, 2001) sugpe hypothesis that As bound by iron
oxides is a primary source of arsenic in Bangladgsiundwaterlron oxides present in those
sediments include Fe(lll)-oxides such as HFO, gteettr hematite, and possibly various mixed
valence oxides such as magnetite and green rogd|8y and Kinniburgh, 2002). The amount
of mobile arsenic under field conditions is oftamkéd to the amount of iron found by oxalate
extraction (BGS and DPHE, 2001). It is believed tha oxalate-extracted Fe is related to oxide
material with a high reactive surface area (Roded Zachara, 1996). HFO is seen as an
important representative and for this reason itbesen considered a useful proxy for the natural
Fe (hydr)oxide fraction.

lon binding to Fe (hydr)oxides is strongly deteredrby the structure of the surface and
the type of surface complexes formed. The variatioadsorption as a function of the solution
conditions like pH and ion concentrations is stigimggulated by the electrostatic properties of
the interface. On a molecular scale, arsenic atlsargs due to interaction of the oxyanions with

singly coordinated surface groups. Singly coordidagurface groups can be found at the main
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crystal faces of goethite, i.e. the 110 and 10@ faueidler et al., 1996; Prelot et al., 2003), and
on top-end crystal faces like the 021 and 001 fate type of surface groups present on the
goethite faces are assumed to contribute also doreghctivity of HFO (Spadini et al., 1994;
Venema et al., 1996; Spadini et al., 2003; Pontbtieal., 2006). Little is known about the crystal
structure of HFO (Jambor and Dutrizac, 1998). & baen suggested that it contains linked rows
of octahedra as found in goethite, but that thectire is defect (Manceau and Combes, 1988).
The particles are very small (~2 nm) and sphetikal-These small HFO patrticles are probably
anisotropic with respect to surface propertiesgesithese nano-sized particles thread together in
lines upon aging, finally forming goethite (Murpky al., 1974). The same process of alignment
can be observed for nanogoethite particles (Wayahenal., 2005).

In contrast to HFO, goethite is a well-crystallizedn oxy-hydroxide with a relatively
well-known surface structure. It has been widelydsd with respect to the formation,
morphology and reactive sites (Sun and Doner, 199éidler et al., 1998; Hiemstra and van
Riemsdijk, 2000; Blakey and James, 2003; Gaboriand Ehrhardt, 2003; Kosmulski et al.,
2003; Betancur et al., 2004; Kosmulski et al., 20Rdstad and Felmy, 2005; Burleson and Penn,
2006). lon adsorption on goethite can be descnfi¢hl a surface complexation model, like the
Charge Distribution (CD) model (Hiemstra and varerRsdijk, 1996). In the CD model the
electrostatic energy contribution of the overalb@gbtion energy is calculated based on two
electrostatic potentials at the solid-liquid intex. The CD model has been successfully used to
describe arsenic adsorption on goethite (Hiemsitchvan Riemsdijk, 1999; Antelo et al., 2005;
Stachowicz et al., 2006). Although the adsorptibarsenic on HFO has frequently been studied
(Pierce and Moore, 1982; Hsia et al., 1992; Wikl Hering, 1996; Raven et al., 1998; Jain et
al., 1999; Jain and Loeppert, 2000; Goldberg amehskon, 2001; Holm, 2002; Dixit and Hering,
2003), so far, it has not been described with thent®del approach.

If the primary structure of HFO and goethite haaxgé similarities, it is possible that the
notable differences in reactivity for goethite aH&O may be caused by differences in the
relative number of the various types of reactivefasie groups (Ponthieu et al., 2006). Our
objective is to model the arsenic adsorption amdghmary charging behavior of goethite and
HFO in a coherent manner using the CD model approBais exploration may result in one set
of parameters, common for both materials. The gdwor parameters for As(lll) and As(V)

oxyanions will be optimized using the pseudo-momggonent adsorption data presented in
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literature. We will critically select the adsorptiaata for arsenic on HFO as some inconsistency
is present between the various data sets. Next,atleorption parameters, optimized for
monocomponent data, will be used to predict Aséiiyl As(V) oxyanion competition on goethite
as well as on HFO. The prediction will be compangth new experimental data for As(lll) and
As(V) oxyanion competition on goethite, and withmso experimental literature data for the

competition between arsenic species on HFO (JalrLaappert, 2000).

2. Materials and Methods

2.1. Goethite material

Goethite material used in this study has beenritbest previously by Stachowicz et al
(Stachowicz et al., 2006). The specific BET-surfamea of goethite measured by Has
adsorption was 98 fiy. The material was characterized in an acid-hiésgion experiment for
three background electrolyte levels: 0.003, 0.Gr#] 0.1 M NaN® by means of a computer-
controlled titrator. The initial goethite conceritba used in the titration experiment was 16.5
g/L.

For adsorption experiments, the stock of the lgteetsuspension was diluted with ultra
pure water to a concentration of approximately 2§10 After pH adjustment to pH 5.5, the

suspension was purged overnight with mois{d&leaned) to remove GO

2.2. Reagents solutions

Stock solutions (NaAs£) NaHAsQ and NaNQ@) were prepared from ‘analytical grade’
chemicals (Merck) by dilution with ultra pure watér 0.018 dS/m). Stocks were stored in
polyethylene bottles to avoid silica contaminatioAll solutions were prepared with pre-boiled
water and under Natmosphere to avoid G@ontamination. The ICP-AES was used to verify
stock concentrations. The solution of 0.100 M Na@bls prepared C&iree from Titrasol.
Preventive measures were undertaken to avoid sdiwh CQ contamination, i.e., the base
solution was stored in a plastic bottle in a dedsic The solution of 0.100 M HNOwas

prepared from Titrasol and stored in a glass bil@void contamination by organic material).
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2.3. Adsorption experiments

Adsorption experiments were performed accordingthiie procedure described by
Stachowicz et al. (Stachowicz et al., 2006). Testee carried out in gas-tight 23.6 ml bottles of
low-density polyethylene (Rietra et al., 2001) witked amounts of salt, arsenite and arsenate
solution and goethite suspension at different pidesa The pH was adjusted with 0.0100 M or
0.100 M HNQ (or NaOH). The experiments were done in the pHjeadr12. All solutions were
added to the bottles under, dMtmosphere to prevent GQ@ontamination. The bottles were
equilibrated for 24 hours in a shaker in a constamperature room (~2Z). Subsequently, the
bottles were centrifuged and the samples of theersigpant were collected for analysis.
Equilibrium concentrations of As(lll) and As(V) oaions in competition experiments were
measured by means of atomic fluorescence specteont@FS Millenium Excalibur by PS
Analytical Ltd) using the HPLC-AFS method (Gomezzaret al., 1998; Moreno et al., 2000) as
described in Millenium Excalibur Users Manual (Apde& I, Speciation System).

The pH was measured in the bottles after re-sugpensef goethite. The total
concentrations of components in each bottle, reptesy one data point, were calculated based
on the amounts and concentrations of the soluaidided. Three initial concentrations of arsenite
(0.25, 0.50 and 0.75 mM) and three concentratidreargenate (0.25, 0.50 and 0.75 mM) were
used. In all adsorption experiments, the final giwetconcentration was 5.0 g/L. Competition
experiments were done for five As(lll):As(V) ratjo., 0.50 : 0.25 mM; 0.50 : 0.50 mM; 0.75 :
0.50 mM; 0.25 : 0.50 mM; and 0.75: 0.50 mM respetyi. The background electrolyte
concentration was in each case 0.10 M NaNihe total volume of the suspension in each
individual bottle was 20.0 ml. The amount of adgarlarsenite and arsenate was calculated as the
difference between the total initial arsenite oseamate concentration and the measured

equilibrium concentration.

2.4. Surface complexation modeling

The surface complexation modeling was done with BED (Keizer and van Riemsdijk,
1998) and FIT (Kinniburgh, 1993). The CD model (iHstra and van Riemsdijk, 1996) has been
used for modeling the ion adsorption behavior oetlgte and HFO.

In the next sections, all the assumptions madarfodeling of the adsorption data for
goethite and HFO are discussed. These assumptedes to the structure, the ratio of the
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crystallographic faces and other parameters sughtaasn affinities, capacitance of the different
layers, and ion pair formation constants. At thel,ethe formation of the arsenic surface

complexes is discussed and the relation to thegehdistribution parameter.

2.4.1. Morphology, crystal structure and surface groups

Goethite is a well-crystallized iron oxide with é=shaped or lath-shaped crystals
(Fig.1a) (Hiemstra et al., 1989a; Schwertmann aoch€ll, 1991; Weidler et al., 1996; Weidler et
al., 1998; Gaboriaud and Ehrhardt, 2003; Preladlet2003). The specific surface area of the
material depends on the preparation procedure (Kis&met al., 2004) and varies between about
20-200 ni/g. The main crystal surfaces of needles or laffsyathesized goethite are the 110 and
100 face. The relative importance of the 100 fa&30%) is a function of the BET surface area
(Gaboriaud and Ehrhardt, 2003). Increase of thiasairarea is accompanied by a decrease of the
contribution of the 100 face in favor of the 110dqGaboriaud and Ehrhardt, 2003). The fraction
of the total surface area that is contributed by thces at the top-ends of the crystals is
determined by the length of the crystals (Hiemstral., 1989a). Various faces may be present
like the 001, 021 and/or 112 face (Prelot et &Q3 Spadini et al., 2003). The relative length and
corresponding importance (3-13 %) of these crylstegs also vary with the total surface area
(Cornell et al., 1974; Kosmulski et al., 2004). Gnay conclude that increase of the surface area
will lead to a higher contribution of the 110 faceslative to the 100 face, and of the top-end
crystals faces like the 021 face, relatively to li® and 100 faces. We note that the crystal
indexes for the various faces depend on the defimdf the orientation of the axis in the crystal.
The above faces refer to the Pbma space group exs insthe Inorganic Crystal Structure
Database.
At the main crystal faces, three types of surfaweigs are present, each with a different metal
coordination, i.e. singly coordinated FeOH(H), doubly coordinate¢e Fe,OH, and triply
coordinated= F&O(H) (Hiemstra and van Riemsdijk, 1996). Variatiorthe relative presence of
the 110 and 100 faces on goethite crystals doebawa a particular influence on the PZC of the
particle (Gaboriaud and Ehrhardt, 2003), suggestingrge similarity in the type of reactive
surface groups, which also follows from an analgsithe surface structure (Weidler et al., 1996;
Weidler et al.,, 1998). At the top-end faces of paet only singly= FeOH(H) and doubly
Fe,OH coordinated surface groups exist (Venema e1888; Spadini et al., 2003).
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a. Goethite

Fig.1a (left). The idealized crystal morphologynafedle shaped goethite. The main faces of needletfeshaped
goethite are the 110 and 100 faces (Weidler etl8B8). The 110 face is dominant in high surfaaaagoethite
preparations. The top-end crystal faces, like the @hown) and 001 (not shown) faces, represenitaéld5 % of
the surface area (Cornell et al., 1974), which ddpen the relative length of the crystals (Hiemstral., 1989a).

Fig.1b (right). The hypothetical mineral structwfesmall HFO particles. The structure has somemésznce with
goethite. The basic unit is thought to be a shorbie-chain of several Fe octahedra with two Feifdadces
characteristic for goethite (Waychunas et al., J9%Bese chains are cross-linked, but the averagear of inter-

chain linkages is lower than in goethite and majyrtegular.

Freshly prepared HFO particles are apparently sgiewith a diameter of 1.5-3.0 nm
(Murphy et al., 1974). Because of the small sizeetermination of the surface area using the
BET approach is questionable. Typical values of BT surface area are 200-350°/gn
(Dzombak and Morel, 1990). This number is lowernttexpected based on the size of the
spherical particles, for which one calculates a@tiea surface area of about 1000-508/grusing
the above given diameters.

Freshly prepared iron oxides are almost X-ray ailmougs and are known as 2-line
ferrihydrite. Aging, dehydration and drying may gugce a 6-line ferrihydrite (Jambor and
Dutrizac, 1998). It has been suggested that thed kinucture of freshly prepared HFO may partly
resemble that of goethite (Manceau and Combes,; \@&§chunas et al., 1993; Manceau and

Charlet, 1994; Spadini et al., 1994; Spadini et2§103). Similar as in goethite, two characteristic
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Fe-O bond lengths are found (Combes et al., 19883 ;ct\unas et al., 1993), .= 195+ 1

pm and deon = 209+ 1 pm. These two different Fe-O(H) distances angy wmilar to the
distances found in goethite. The fundamental uritaosynthetic 2-line ferrihydrite is the
Fe(O,0H}) octahedron. The octahedrons are linked togetheant double chains (Fig.1b) which
are cross-linked. The inter-chain linkage is prdpalsordered which may result in smaller Fe-
Fe distances (Manceau and Combes, 1988; Waychtrshs £993). Similar as for goethite, the
structure of HFO (Fig.1b) gives rise to the pregent singly, doubly and triply coordinated
surface groups. The relative short chain lengtthefcrystals will enhance the number of singly
coordinated surface groups at the expense of tdplyrdinated surface groups. In case of an
equal fraction of “110- and 021-like” faces, thigearters of the apparent reactive surface sites
might be singly coordinated surface groups. As baldiscussed later on, the singly coordinated
groups at the reactive faces may have a protonitgfthat is lower than that of the reactive triply
coordinated surface groups. This is predicted with MUSIC model (Venema et al., 1998;
Gaboriaud and Ehrhardt, 2003). The relatively langenber of the singly coordinated surface
groups may explain the lower PZC value of HFO (PZ©=8.3) in comparison to the values
reported for goethite (PZC=8.9-9.3).

2.4.2. Proton affinities and site densities

The main proton reactive surface groups at thé&aserrof goethite are singly (FeOH)
and triply coordinated surface groups EeO). The proton affinity is related to the charge
neutralization of the oxygen by £eons and protons. Two types of oxygens4ad Q) can be
found in the mineral structure and at the surfdtese oxygens differ in the Fe-O bond length
(d(Fe-Q)~210pm, d(Fe-©)~196pm), which implies another bond valence (Bramd Altermatt,
1985), neutralization, and proton affinity (Hienasiand van Riemsdijk, 1996). Venema et al.
(Venema et al., 1998) and Gabrioaud and Ehrhardbdf&ud and Ehrhardt, 2003) have
calculated the proton affinities of individual saré groups of goethite for representative crystal
faces using the MUSIC model. In a simplified pietuthe charging behavior of the main crystal
faces is apparently only determined by the presehame row of = FeQH(H) surface groups
and an equivalent row of tripky F&O,(H) (Hiemstra and van Riemsdijk, 1996; Hiemstralet

1996). The reactions may be formulated as:
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= FeOH° + H" & = FeOH **° [1a]

= Fe0 %%+ H' <& = FeOH **° [1b]

The relevant proton affinity constants are giverTable 1.These values are estimated with the
MUSIC model. It is noted that the estimated valtithe affinity constant depends on an arbitrary
choice of the number H bonds that are formed with $urface group. The proton affinity
constant may change in steps of about Klognits per H bond (Hiemstra and van Riemsdijk,
1996).

Table 1. The proton affinity (logl and site density (Ns) of the reactive surfaceugsopresent of various

representative crystal faces of goethite.

Surface group Facé Ns logKy
= FeQH 110 3.03 7.7
= FeO, 110 3.03 11.7
= FeQH 100 3.34 8.0
= FeO, 100 3.34 11.7
= FeQH 021 3.75 8.1
= FeQH 021 3.75 7.9

(a) Depending of the axis chosen, the 110, 100, &&i 001 faces can also be named
respectively 101, 001, 210 and 100 faces (GaboragdEhrhardt, 2003).

(b) Venema et al. (Venema et al., 1998)

(c) Hiemstra et al. (1989b), Gabriaud and Ehrh¢z@63)

(d) Apparent site density, assuming that the chafge combination of one Fe,0™? and
one= FeO,H"2 cancels (Hiemstra and van Riemsdijk, 1996; Hieanstral., 1996)

(e)The site density of the 001 face is slightly higher. 4 nn?

The PZC of a particle depends on the relative gores of the reactive groups and
corresponding affinity constants if it is assumédttall surface groups experience the same
average surface potential, instead of a poteriatl is specific for a certain crystal plane. In our
treatment we will use this simplifying assumptids shown in Table 1, the singly coordinated
surface groups at the various faces of goethites g same Id§y value within the expected
uncertainties. Therefore, one may reduce, in a Ifiogiion, the type of reactive sites with

respect to proton binding. In case of two typeseaktive groupss FeOH? and= Fe0™?, the
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relation between the fraction of reactive steBeOH (r.on) and the proton activity in the PZC,

(H) pzc, can be derived from (Venema et al., 1998):

f reon :{ (H)PZCKFeso —1/2}/{ (H)PZCKF63O _ (H)PZCKFeOH } 2]

1+ (H)PZCK Fe30 1+ (H)PZCK Fe30 1+ (H)PZCK FeOH

where Kreon and Keeso refer to protonation constants of two reactivessitThis relationship is
shown in Fig.2, using ldG-eor~7.8 and lo&resc=11.7. These values will be used in our
simplified treatment of the proton reactivity ofegbite and HFO.

The calculated curve (Fig.2) can be compared i experimental PZC value of
goethite and HFO using the fractions of singly diweited surface groups as estimated for these
surfaces. For goethite, estimation is based omeflagive presence of the 110 +100 and 021 faces.
As discussed above, the relative contribution efttdp end crystal faces often is about 5-10 % for
goethite (Cornell et al., 1974; Hiemstra et al.394). Using the apparent site densities of the
faces (Table 1), the relative contribution of caystfaces can be transformed to a fraction of
singly coordinated surface groups, which is appratelyf = 0.53-0.56. For HFO, the fraction of
singly coordinated surface groups is higher, duthéorelatively short elongation of the double
chain of Fe octahedrons, which may lead to a xeddtaction off = 0.78+ 0.1 in case of an equal
contribution of the two types of representativeeiacThese numbers are plotted in Fig.2 in
combination with the mean PZC values. Within tmeitiations and uncertainties of the approach,
the data are sufficiently close to the model limat is calculated with eq.(2).

In the surface complexation modeling, we will dbe lod<y values used in Fig.2. The
site densities are based on the mean apparenbfraifttop-end crystals which is set at 5 % for
our goethite (Hiemstra et al., 1989b), leading &spectively NFeOH)= 3.23 nMi and
Ns(Fe;0)= 2.85 nrif. For HFO, a 50 % contribution of a similar crydiates is used, leading to
Ns (FeOH) = 5.25 nfi and N(Fe;0) = 1.5 nnf. The ion pair formation constants are based on
the data of Rahnemaie et al. (2006) as presentesf.i(Hiemstra and van Riemsdijk, 2006). The
parameters are given in Table 2. The capacitanee @isr the description of the charging

behavior of goethite and HFO is discussed in the section.
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2.5. Quantum chemical calculations

The geometry of two types of hydrated surface cewgs of arsenite has been given by
(Stachowicz et al., 2006). In the present studyhesee optimized with molecular modeling (MO)
the geometry of a bidentate edge complex, applygagsity functional theory (DFT) using
software of Wavefunction (Spartan’04). The calcedageometry has been interpreted with the
Brown bond valence approach (Brown and Alterma®85), in order to obtain the charge

distribution value of the complexes. All calculatsowere done for a hydrated structure.

12 1
[
11 A |Og KFe3O=11-7
10 -
©)
N
o
9 -
|0g KFeOH =7.8
Goethite PZC = 9.1 £0.2
HFO PZC = 8.1+0.2
7 T
0.0 0.5 1.0

Fraction FeOH sites

Fig.2. Relationship (Venema et al., 1998) betwdenftaction of singly coordinated FeOH surface gand the
predicted PZC, using the given affinity constamtisthe proton adsorption of the two main reactivdace groups
of goethite and HFO, estimated with the MUSIC mo@gben symbols show the estimated fraction of FeHi
experimental PZC of goethite, 9.1 (diamonds) anHBO, 8.1 (triangle). The black spheres represearaleulated

PZC at a surface with only one type of reactivesshiaving a ldg as indicated.
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3. Results and Discussion

3.1. Primary charge

3.1.1. Goethite

The charging behavior of our goethite material basn measured and described earlier
(Stachowicz et al., 2006). Here, it is re-evaluatéth the present approach, using theKigg
values and site densities of Table 2. The Exterfstedn (ES) model (Westall and Hohl, 1980)
has been used for data analysis, in which two S&gers are present. For the description of the
charging curves, the capacitance of the outer [69er0.75+0.11 F/f) is taken from literature
(Hiemstra and van Riemsdijk, 2006) and the capac#af the inner layer has been fitted on our
experimental data, giving;€1.1+0.02 F/my For the present goethite, the fraction of 02 fisc
set at 5%, slightly lower than previously used (His¢&ra and van Riemsdijk, 1996). This choice
leads to FeOlg=3.23 sites/nf) Fe&O,=2.85 sites/nm

Table 2. Table of surface species of Na" and NQ™.. The capacitance of the first Stern layer of ¢xeended
Stern model , €= 1.1+0.02, was fitted }0.978). The capacitance of the second Stern [&er0.74+0.10 F/rf)
is from ref. (Hiemstra and van Riemsdijk, 2006)e3& capacitance values were also used to deshshbgharging

of HFO, only adjusting the specific surface area.

Surface species logKy

= FeOF"? 0

= Feo|_F1/2 7.88

= FeOH --Na' -0.6C°

= FeOH,"™? .- .NO;? 7.6-0.68=7.1.

= FeOHK,'?...CI? 7.8-0.45=7.3!

= FeOR'? ---ClO,* 7.6-1.2€°=6.5¢

= FeOH’ 0

= F%O-l/z 0

= FeOH™"? 11.7

= FeO2--Na' -0.6¢°

= FeOH"Y%--NO;! 11.7-0.68°=11.0:
= FeOH%..CI! 11.7-0.45°=11.2¢

= FeOH'™2--ClO,*

11.7-1.2¢°=10.41

(a) From Fig.2, based on Table 1

(b) Based on interpretation of data of Rahnema#.€R006) as given by Hiemstra

and van Riemsdijk (2006).

(c) The affinity values for CIQ" were optimized on the goethite titration data of

Rietra et al. (2000)
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goethite surface charge (C/m ?)

Fig.3. Surface charge as a function of pH for gibethSymbols show experimental data of Stachowicale
(Stachowicz et al., 2006) for three electrolyteeley(0.003 M, 0.012 M and 0.1 M NaMOThe experimental PZC is
about 9.20.1. The lines are calculated with the CD modeih@site densities: FeQb#3.23 sites/nf) F&0,,=2.85

sites/nmM). The affinity constants are given in Table 2.

3.1.2. HFO

The charging characteristics of HFO have beedietiuby Davis et al. (Davis, 1977),
Davis and Leckie (Davis and Leckie, 1978), Hsi &adgmuir (Hsi and Langmuir, 1985), Jain et
al. (Jain et al., 1999). The experimental pointero charge (PZC) was found to be around PZC=
7.9-8.2. The charging behavior of HFO can be ptedicusing the above estimated parameter
values for the affinities and estimated relativaetion of reactive surface groups (Fig.2), andta se
of capacitance values derived for goethite (Figl3)e predicted PZC value is 8.1, which is in
agreement with experimental values 1) reported in the literature for HFO. For the
description of the data in mC/kg, we have only atjd the reactive surface area of HFO. The
reactive surface area of the preparations variéadsn about 600-700 %y (Fig.4). Gustafsson
2001 assumed 750°fg as the reactive surface area of 2-line ferrittgdn the CD model to

model competitive anion adsorption on oxide mirgeral
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Fig.4. Surface charge per unit mass (mC/kg) asaetion of pH for HFO in 0.1, 0.01 and 0.001 M NajNDauvis,
1977; Hsi and Langmuir, 1985) or NaCl (Jain etE999). Symbols show experimental data of ref. (§a077; Hsi
and Langmuir, 1985). The lines show prediction viitt CD model (FeOpl= 5.25 sites/nf) FeO,=1.5 sites/nrf)
using three different specific surface areas (6@@ and 800 fg). A value of 700 rfig is used in this paper for
HFO in the description of arsenic adsorption. Srgedbh- Closed symbols refer to data of Jain et@99 (reported
PZC=8.5) and the lines show predicted charging Wiehaalculated for HFO (A=700 ffy) for site densities of
surface groups corresponding with a PZC=8.5 (fdPZ=8.5: 021 fraction= 0.22 => Fe@H3.99 sites/nr)
Fe,0,0=2.34 sites/nf) FeOH,,=1.65 sites/nr).

Our approach is different from Ponthieu et al. 200® used the CD model to describe metal ion
binding simultaneously on HFO and goethite. A ndifference is related to the treatment of the
electrostatics. In the present study, the char§dlissmeared-out, while in treatment of Ponthieu
et al. 2006 each representative crystal face Bamsah surface potential. In addition, the ion pair
formation constants for the surface groups at tB& face were adjusted. As a result, the
calculated PZC for HFO (8.5-8.8) was higher tharasneed and the prediction of the charging

behavior above PZC was relatively poor.
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3.2. Data acquisition
Before modeling the arsenic adsorption, we willleate the consistency of the various
data sets. This is particularly important for ttegadon HFO, where inconsistency may be found

due to variation in the preparation of the HFO malte

3.2.1. Goethite

For the modeling of goethite, we used our own expamtal data reported previously by
Stachowicz et al. (Stachowicz et al., 2006). Fiifeeent surface loadings of As(lll) and three
surface loadings for As(V) on goethite in 0.1M NalN@ve been used. Our data are reasonably

consistent with adsorption data reported earlieother authors (see Fig.5 and 6).

o goethite ~ goethite
E pH 10 E pH 4
© °
E E
o ] Ll
£ -6 - 3 -6 - ©
o o
7] 7]
= U o Manning et al. 1998 g
2 O Dixit and Hering 2003 2
o A Stachowicz et al. 2006 o
Q -7 T 2 '7 !
-7 -5 -3 -7 -5 -3
log C- As(OH) 3 (mol/L) log C- As(OH) 3 (mol/L)

Fig. 5. Arsenite adsorption isotherms on goethotepH 4 (left) and pH=10 (right). Closed symbolterdo the 0.1M
NaNO; background electrolyte level. The open symbolsfaréhe 0.01M NaClQ (Dixit and Hering 2003) or NaCl
(Manning et al. 1998) background electrolyte lewéhes refer to the final modeling (Table 5) andrevealculated
for 0.1M NaNQ background.
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1
(6)]

O Dixit and Hering 2003
¢ Antelo et al. 2005
A Stachowicz et al. 2006

@O

goethite
pH 9

log As(V) sorbed (mol/m ?)
>

1
\l

-55 -3
log C- AsO 4> (mol/L)

1
(o]

Fig. 6. Arsenate adsorption isotherm of goethitepld 9. Closed symbols refer to the 0.1M NaNStachowicz et
al. 2006) and KN@(Antelo et al. 2005) background electrolyte levidie open symbols are for the 0.01M NaglO
(Dixit and Hering 2003) background electrolyte levénes refer to the final modeling (Table 6) andre calculated
for 0.1M NaNQ background.

3.2.2. HFO-Ag(II1)

For the arsenic adsorption on amorphous iron oxidasumber of data sets have been
reported in the literature (Table 3). We encourmtelierent names for the synthesized products,
such as HFO, ferrihnydrite and amorphous iron oxi@&®me authors use those names
interchangeably. It is not exactly clear what tiféecences are between the materials referred to
by different authors. The literature data are add for different background salt levels (0.01
M, 0.1 M and 1M). A major difference might be theactive surface area, which, however,
cannot be measured with certainty. In most casesstrface area is assumed to be 66@.m
However, procedures like aging (Waychunas et 8052 and (freeze) drying may change the
structure and the surface area of materials ingblve
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Table 3. Inventory of available literature dataAs{lIl) and As(V) adsorption on iron oxides.

Source PZC  Material name Treatment  lonic strength
Pierce and Moore 1982 NR®  am. Fe oxide fresh 0.01M NaNO
Hsia et al. 1992 NR®  am. Fe oxide fresh 0.01M NaNO
Wilkie and Hering 1996 N  HFO fresh 0.01M NaN©
Raven et al. 1998 8.5  2-line ferrihydrite stored 0.10 M NaCl
Jain and Loeppert 2000 8.5 2-line ferrihydrite astbr 0.10 M NacCl
Goldberg 2009 8.5  am. Fe oxide fresh 0.01-1.0M NaCl
Dixit and Hering 2003 N  am. Fe oxide (HFO) fresh 0.01M NaGIO

(a)As (V) data set excluded from the modeling (see8yig

(b) NR (not reported)

(c)only As(V) adsorption data available

(d) Two highest As(lll) loadings excluded from tm®deling (see text)
(e)As(lll) and As(V) data excluded from the modelirsg¢ Fig.8)

The adsorption data are usually reported as adsorptige showing the fraction of the
amount adsorbed as a function of pH. At a low re&tatadsorption, only the equilibrium
concentration is accurately known. At a high rekatadsorption, the adsorption can be read
accurately from the graph. Unfortunately, in thatse it is quite difficult to obtain the
corresponding equilibrium concentration accuratdligis limits the pH range from which an
adsorption isotherm can be constructed for a deectparison of data.

Despite some differences in the material charastiesiand background salt levels used in
the experiments, the reported As(lll) data giveoasistent trend (Fig. 7). However, we have
excluded some adsorption data from modeling. We mditl consider any data referring to a
loading >5pmol/n?; i.e. the highest surface loading of Raven etl@98. At such an extreme

loading, surface precipitation or solid-solutiomf@ation may occur.
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O Pierce, Moore 1982
A Wilkie, Hering 1996
ARaven et al. 1998
¢ Jain, Loeppert 2000
O Dixit, Hering 2003

log As(lll) sorbed (mol/m ?)

-8 T
-8 -4.5 -1

log C- As(OH) 3 (mol/L)

Fig.7 Adsorption isotherm for As(lll) adsorption 61O at pH 6. Symbols show the experimental dgtanted in
the literature. Open symbols represent experimeatatd in 0.01M NaN©@(Pierce and Moore 1982 and Wilkie and
Hering 1996) or NaCl@ (Dixit and Hering 2003), gray symbols 0.1 M NaGlome data were obtained from
extrapolation to pH 6. All data refer to a surfarea of 700 Hig. Lines refer to the final modeling (Table 5) and
were calculated for 0.1M NaN®ackground. The full line was calculated assungi@® of FeOHa site. The dotted
lines show a variation related to different FeOlFeOH, ratio; i.e. 30:70 respectively (the upper dottiee) and
70:30 (the lower dotted line).

3.2.3. HFO-As(V)

In case of As(V), we found that a considerable Inenof data gave a consistent trend
(Fig. 8) with the exception of the data by Pieroe &oore (1982) and Goldberg and Johnston
(2001) showing a lower adsorption. The irregulaotyhe data by Goldberg and Johnston (2001)
could be caused for example by a lower reactiviaserarea of the material used. However, the
same reasoning cannot be used to explain the las@f) adsorption of Pierce and Moore (1982)
as their adsorption data for As(lll) seem to beststent with other available data (Fig.7). The
observed discrepancy cannot be explained by pessiifilerences in the ratio of the crystal

phases between different materials either. Thatian in adsorption isotherm related to different
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ratios of the crystal planes is illustrated in &igdotted lines). The dataset of Pierce and Moore
1982 as well as of Goldberg and Johnston 2001 a@&reonsidered in the modeling.

&
[ Dixit, Hering 2003

§ A Hsia et al. 1992

©° A Raven et al. 1998

é < Jain, Loeppert 2000

e} X Wilkie, Hering 1996

8 <& Pierce, Moore 1982

5 @ Goldberg, Johnston 2001 (1M)
2 O Goldberg, Johnston 2001 (0.1M)
% & HFO O Goldberg, Johnston 2001 (0.01M)
< X pH 9

(@]

L2 g .

-8 -5 -2

log-C AsO ,* (mol/L)

Fig.8 Adsorption edge for As(V) adsorption on HEROpH 9.0. Symbols show the experimental data
reported in the literature. Open symbols represgperimental data measured in 0.01M NaNBierce and Moore
1982, Wilkie and Hering 1996, Hsia et al. 1992NaCl (Goldberg and Johnston 2001), gray symboG1Mv NacCl
and black symbols in 1M NaCl. Some data were obthinom extrapolation to pH 9. Lines refer to fimabdeling
(Table 6) and were calculated for 0.1M Naj\§ackground. The full line was calculated assunfiimgp0% of FeOH
sites. The dotted lines show a variation relateditierent FeOH: FeOH, ratio; i.e. 70:30 respectively (the upper
dotted line) and 30:70 (the lower dotted line

3.3. Adsorption of As(I11)

3.3.1. Surface species

For goethite, the surface complexation of As (HBs been studied with EXAFS by a
number of authors (Manning et al., 1998; Farquhiaale 2002; Manning et al., 2002; Ona-
Nguema et al., 2005). The surface speciation heently been evaluated by Stachowicz et al.
(Stachowicz et al., 2006). Arsenite coordinatessitigly coordinated surface groups, mainly

forming a bidentate complex FeO,AsOH. At high loading and low pH (Stachowicz et, al.
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2006), also a monodentate complex may be foak@OAs(OH). For HFO, the information is
limited to one study for As(lll) (Ona-Nguema et,a2005). The EXAFS data point to the
presence of two shells with a Fe-As distance of 28 and 340t 4 pm. These distances are
representative for the formation of bidentate etfjeand double corn€iC complexes. ThéE
complexes will be formed by the “top-end” crystatés of HFO. No formation of monodentate
complexes has been reported, which may imply tinedée complexes are only found on the 110
face of goethite and on its equivalent of HFO. Heeve Stachowicz et al. (2006) showed that
monodentate complexes may have very similar Fe-&tamntes. Therefore these complexes

cannot be excluded beforehand.

3.3.2. Quantum chemical geometry calculations

The geometry optimization has previously been rilesd for As monodentate and
double corner complexes. (Stachowicz et al., 20@6)hese calculations, a starting point was a
cluster with two Fe oxide octahedrons having the€OFdistances and bond angles as in goethite.
This cluster has been used to calculate the foomaif an As(lll) edge complex. The bidentate
edge As(lll) complex was defined by exchanging h© ligand and 1 OHligand from the
Fe,(OH)4(OH,)¢>* cluster to enable the binding of an ASBI? moiety. The exchanged QH
ligand on top of the octahedron (Fig.9) represangsotonated singly coordinated surface group
at the 110- and/or 021/001-face of goethite. Theharged OHigand on the side of the
octahedron represents a protonated doubly coosetinatirface group at the 021/001 face of
goethite.

To mimic the influence of hydration, the free OHaind in the coordination sphere of the
adsorbed As(lll) was allowed to interact with twater molecules via H bridges (O-8). In
addition, we defined a hydrogen bond between eanimwn O ligand in the Fe-O-As(lll) bond
and an additional water molecule. During the optation, all positions were fixed except those
of AsOQ,OH, the water molecules for hydration and the coatéd OH ligand on top of the other
octahedron in Fig. 9. Finally, the geometry wasrojed using the BP86 model. The result is
shown in Fig.9. The calculated distances have peam in Table 4. It is interesting to note that
the both Fe-As distances calculated are equaletoties observed for HFO with EXAFS, i.e.292
and 341 pm (Ona-Nguema et al., 2005).
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Fig.9. Two Fe(lll)-O(H) octahedra with a bidentatdge arsenite complex that is hydrated, have theposition Fe
(OH)5(0OH,)s0,AsOH.(H,0),". The geometry has been optimized with the BP86ahod

Table 4. The calculated distances (pm) in the gégnoé a hydrated bidentate edge arsenite comppeimized

with the BP86 model and the ionic charge allocation

Distance BP86
Fe-As 340.9
Fe-As 291.6
Fe-O- 237.4
Fe-O- 196.2
O-As 177.6
O-As 181.3
As-OH 191.2
Ro 183.0
No+NHo +0.18+0
Ny +Nyy -0.18+0
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3.3.3. The charge distributions
The geometries of Table 4 can be interpreted imgeof charge distribution using the
Brown bond valence concept. According to Brown (Bmoand Altermatt, 1985), the bond

valencesis related to the distanétas:

s= e-(R-RO)/b [3]

in which b is a constant (b=37 pm) angl B the element specific parameter. The valueasR
chosen such that the sum of the bond valences @rdenAs(lll) ion corresponds to the formal
valence (z=+3). The above derived ionic chargeibigion coefficients rfp+nyo andn;+ny;) can

be corrected for the electrostatic dipole effeet ik induced by the introduction of charge in the
interface. This correction results in the overakige distribution coefficientd\f, Az;), which is

calculated according to Hiemstra and van Riemg#ljkmstra and van Riemsdijk, 2006) as:

Az, =n,+n,, —¢(n, +Nyp +2ZNZ,) =+018- 017LC (018-05) = +024 [4]
and
Az, =n +n,, —¢(n, +Ny +2N,, 2, ) =—-018+ 017C (018-05) =-024 [5]

in which ng andn; are the charge attributions to respectively ttam@ 1-plane of the ion species
defined in the reaction equation amgh andnys is the charge attributed to the 0- and 1-plane of
any additional protons formulated in the reactiquation. The factorp is a proportionality
constant ¢~ 0.17) andhs is the number of reference groups used in theiogaandz.s is the

charge of these reference group(s) (Hiemstra andRiamsdijk, 2006).

3.3.4. Modeling adsorption of As(l11)

In a previous modeling attempt of the adsorptibAs{lll) on goethite (Stachowicz et al.,
2006), all singly coordinated surface groups haaenhireated equally with respect to the binding
of As(lll). Any possible differences between diffat crystal faces have been disregarded as the
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goethite surface is mainly represented by the 1Q0+f&ces. It is possible that other complexes
(with different corresponding affinities) are forchat the minor crystal faces at the top-end of
the crystals. Formation of such complexes wouldbexrelatively very important in case of the
adsorption As(lll) on HFO. We therefore have difigtiated between the sites representative for
the 110+100 facex(FeOH,) and those that are representative for the 021 +8¢Hds £ FeOH,).

The corresponding site densities are given in Tabl# is assumed that for goethite 5 % are
021+001 faces and for HFO 50%

Table 5. Table of site densities (A)rof reactive surface groups on HFO and goethite

Representative face  Surface species Ns goethite Ns HFO
110+100 = FeOH, 2.85 1.50

110+100 = Fg0 2.85 1.50
021+001 = FeOH, 0.38 3.75
021+001 = FeOH 0.38 3.75

For goethite, the spectroscopy identified the biaen double cornefC as the main
species with only a minor contribution of a monddésm For reasons of simplicity, the formation
of this monodentate species has been neglected@r a bidentate edg& has been found. In
the process of modeling, it was found that the data not sensitive to the presence of a bidentate
species at the 021+001 faces. Bidentate etflecomplexes are formed by interaction with one
singly coordinated surface group FeOH, sites) and one doubly coordinated surface greup (
FeOH) at the top-end crystal faces (Table 5), resglin = (FeO)(FeO)AsOH (BE,). The
double corner complex at the 110 face is formedihange with two OH ligand from singly
coordinated surface group FeOH, sites). Double corner and edge formation can lserteed

by respectively:

2= FeOH" + As(OH),(aq) = = (FeO),"** AsOH** + 2H,0 () [6]

1= FeOH™ +1=Fe,OH® + As(OH),(aq) - = (FeO)Fe,0)*** AsOH"* +2H,0(l) [7]
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Table 6. Table of surface species for As(lll) wittle charge distribution and the affinity constafagK) for goethite
and HFO adsorption. The I&gor surface species adsorbed on the 110 face fitter@ based mainly on the goethite
data (B=0.969), and the surface species on the top-enstatrfaces were fitted based mostly on HFO data

(R?=0.868). The fitting was an iterative process uslata for both minerals, see text.

Species =FeOH, =FeOH =FeOH Az, Az, Az, logk®
B. = (FeO)AsOH 2 0 0 0.34 -0.34 0 6.81+0.01
BE, = (FeO)(FgO)AsOH 0 1 1 0.24+0.05 -0.24+0.05 0 3.79+0.08

(1) values taken from Stachowicz et al. (2006)
(2) values calculated from the MO/DFT optimized metry of this study The uncertainly is estimated.
(3) values optimized in this study by fitting
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Fig.10. Equilibrium concentrations of As(lll) asfanction of pH for adsorption on goethite. Symbodpresent
experimental data of Stachowicz et al. (2006). Titnes show the simulation for experimental conditavith the

parameters given in Table 6.
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Fig. 11. As(lll) adsorbed on HFO as a function &f. symbols show experimental data taken from ttexdture.
The lines show simulation for the experimental dtads given in Table2.
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For our bidentate edge linkagE, we used the above CD values found from the MQ@/DF
optimized geometry of the adsorbed arsenic iong. B values of the bidentate double corner
species are from Stachowicz et al. (2006). The @Des used here are given in Table 6. The
adsorption data of goethite and HFO have beerdfiteratively using the same two types of
surface complexes for the different minerals. THénity constant for the species B
representative for the dominant planes of goetstee been fitted using the goethite data set of
As(lll). The affinity constant for the BEsurface species is found from the selected Ad{RD
data sets. The fitted lsgvalues are given in Table 6. The description ef gbethite and HFO
data has been shown in Fig.11 and Fig.12.

3.5. Adsorption of As(V)

3.5.1. Surface species

For goethite, the surface complexation of As (¥} lheen measured with EXAFS
by a number of authors (Waychunas et al., 1993dé#net al., 1997; Foster et al., 1998;
Farquhar et al., 2002; Manning et al., 2002; Shararad Randall, 2003). The surface speciation
has recently been evaluated by Stachowicz et t&cliBwicz et al., 2006). Arsenate mainly binds
as a bidentate complex to singly coordinated sarfgoups, formingge F&0,AsO; (B), which
may protonate at high loading and low pHRe0,AsOOH). The presence of a particular type of
surface complex is mainly based on the As-Fe distaibserved. However, it has been pointed
out (Stachowicz et al., 2006) that mono and bidentamplexes may have a very similar Fe-As
distance as derived form MO/DFT optimized geomstri#he presence of a protonated
monodentate complexs(FeOAsQOH) has been suggested based on fitted experimdatal
while constraining the CD values to the values tbtrom MO/DFT optimized geometries. Using
the same approach, a monodentate surface specedsoabeen suggested by Rahnemaie et al.
(2007) and was recently been proposed fof &3orbed on hematite (Elzinga and Sparks, 2007).
The presence of a monodentate As(V) species miglbt lze in line with quantum chemical
calculations of Kubicki (Kubicki, 2005). In the ment analysis, we will use the CD values

calculated for mono and bidentate complexes (Staiczoet al., 2006). The formation of the
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surface species has been previously describedh@téz et al., 2006) with the following set of

reactions:

1=FeOH Y2 + 2H* (ag) + AsOF @g) = =Fe**AsO,0H™ +1 H,O(l) [8]
2=FeOH Y2 + 2H" (ag) + AsO} (ad) ~ =(FeO%> AsO5™ +2 H,0(l) [9]
2=FeOH Y2 +3H* @g) + AsO; @g) = =(FeO%™ AsSOOH% +2 H,0(l) [L0]

The surface complexation of As(V) on ferrihydritashbeen studied by Waychunas et al.
1993, Waychunas et al. 1995 and Sherman et al.. Za08st, three possible surface complexes
were suggested, i.e. a bidentate corner-sharf@, (a bidentate edge-sharindE) and a
monodentate corner-sharinty} (Waychunas et al. 1993). However, Sherman e2@03 argued
that peaks (2.85 A) previously attributed to thesence ofE complexes are a result of As-O-O-
As multiple scattering rather than a surface spedworeover, these authors concluded that the
observed 3.26 A As-Fe distance agrees with thatligiesl for the bidentate corner-sharing
surface {C) complex and found no evidence for monodentd#® ¢omplexes. However, as

mentioned before, monodentate and bidentate ohaisenay have a very similar Fe-As distance.

Table 7. Table of surface species for As(V) adsonpbn goethite and HFO. The affinity constantgilp were
fitted on adsorption data for goethite and HFO {gite R=0.933; HFO R= 0.847) and the charge distribution (CD)
values were taken from Stachowicz et al., 2006.

Species = FeOH, = FeOH, Az, Az, Az, logK
MH, = FeOAsQOH 1 0 0.30 -1.30 0 26.24 £ 0.22
Ba = Fe0,AsO, 2 0 0.47 -1.47 0 28.76 + 0.03
BH, =FeO,AsOOH 2 0 0.58 -0.58 0 32.19+£0.35
MH,, = FeOAsQOH 0 1 0.30 -1.30 0 24.72 £0.25
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Fig.12. Equilibrium concentrations of As(V) as andtion of pH for adsorption on goethite. Symbolwh
experimental data of Stachowicz et al. (2006). Tiitnes show the simulation for experimental condisavith the

parameters given in Table 7.

For modeling of As(V) of HFO, we used data of Hsial. (Hsia et al., 1992), Wilkie and
Hering (Wilkie and Hering, 1996), Raven et al. (Ra\et al., 1998), Jain and Loeppert (Jain and
Loeppert, 2000) and Dixit and Hering (Dixit and ey, 2003). However, within these sets, we
excluded any data referring to a loadingprBol/n?, i.e. the highest surface loading of Raven et
al. 1998.

We have fitted iteratively the model to the adsorptata of goethite and HFO, using the
same procedure as for the As(lll) oxyanion adsomtiwWe tried to minimize the number of
adjustable parameters. However, it is not posdiblget a unique fit. In a first approach, we
assumed the presence of 3 species reacting witiHfe®. MH,, B, and BH, and allowed the
presence of 3 surface species reacting with théHgside (MH,, B, and BH,). The best fit found
was with only one As species interacting with tie©R, site i.e. BH (R*=0.865). However, an
almost equally good fit (20.861) is possible when using only MH
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Fig. 14. Competition between As(lll) and As(V) ooeghite. Symbols show the experimental data. Lstesv the

prediction with the CD model (parameters from Tableand 7). The experiments were done for different

concentrations of As(lll) and As(V) and one goetlibncentration (5 g/L) at the background saltlieveM NaNGQ,.
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We consider the formation of a protonated doubla@obidentate complex less likely on
the 021+001 faces when considering the modelinthefAs(lll) data, where no double corner
complex is found for these faces. The arbitrary efsthe MH,, leads to more consistency with
the description of the As(lll) adsorption data.

To summarize, based on the analysis of the adsorptata for the “single-ion” systems of
goethite and HFO, it is not clear which set of acef species should be used. Lack of consistent
EXAFS results does not allow discriminating betwesailable options. The changing ratio of
sites depending on the material, 0-100% Fg@htl 100-0% FeO}1does not allow elimination

of one of the parameter sets. Moreover, if the agitipn data (next section) are included in the
test to discriminate between the various optiohns,differences in the quality of the description
depending on the various As(V) parameter sets raadl.sTherefore, we make here an arbitrary
choice for As(V) surface speciation. Table 7 prés¢he common set of adsorption parameters
for the surface speciation chosen here to desésd{¥) adsorption on goethite (Fig.12) and
HFO (Fig.13); i.e. MH, Ba, BH,, and MH.

3.6. Competition As(I11) and As(V).

3.6.1. Prediction of As(l11)-As(V) competition on goethite

Information on the primary proton charge (Tabled®)ether with arsenic surface speciation and
adsorption parameters (Tables 5-7) were used agpanfor our calculations. Fig. 14 shows for
our goethite the experimental adsorption data (s¥s)tand our predictions (lines). Our set of
adsorption parameters for As(lll) and As(V) givesasher good prediction of the competition
effects for all experimental ratios (Fig.14).

In each case, the model was able to correctly gratie trend. For As(lll), the predicted
equilibrium concentrations seems to be slightlyermpgredicted mainly in the lower pH range.
For As(V), only in one case (As(lll) = 0.5 mM; As(¥ 0.75 mM), the adsorption is somewhat
under predicted in the lower pH range.

3.6.2. Prediction of As(I11)-As(V) competition on HFO
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The competition between As(lll) and As(V) on HFOhdze compared with the adsorption
data of Jain and Loeppert (Jain and Loeppert, 20€Q)15 shows the result of our predictions.
Unfortunately, the data partly refer to surfacediags that are extremely high, i.e. 6.9 and 11.6
pmol As/nf in the last two panels of Fig.15. The latter vataa only be reached if all sites are
occupied with a monodentate surface species. #® ad the highest surface loading the
prediction is reasonable for As(V), but the As(lAdsorption becomes increasingly under
estimated, in particular in the lower pH range. Dhserved discrepancy between the data and
model predictions can be due to a number of read@msinstance, it is possible that for such

extreme surface loadings a surface precipitati@uiee
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Fig.15. Competition between As(lIl) and As(V) on ®FSymbols show the experimental data of Jain aeppert
2000. Lines show the prediction with the CD mogelrameters from Table 6 and 7). The experimentg Wene
for different concentrations of As(lll) and As(M) L:1 ratio at the background salt level 0.1M NaCl
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4. Conclusions

lon binding of iron oxides is strongly determineglthe structure of the surface, and the
type of surface complexes formed. The primary stmgcof HFO and goethite has similarities,
that have been used here as a common basis inatheling of the proton and arsenic adsorption
behavior on both materials.

If the local structure of HFO resembles that oftbie, than, as for goethite, the structure
of HFO gives rise to the presence=oFeOH and= Fe;O as reactive groups. The relatively short
chain length in HFO suggests a higher number @ficoordinated surface groups at an expense
of triply coordinated surface groups. This reldiviarge number of singly coordinated groups
may explain the lower PZC value of HFO comparedyoethite. For HFO and goethite, we
differentiated between a relative number of theowsr reactive surface groups. For goethite the
apparent fraction of top-end faces at the crystals assumed to be 5%, while for HFO, a 50%
contribution of similar faces was used. As a reghk primary charging behavior of goethite and
HFO has been modeled in a coherent manner usingt&C model approach. This way a basis
to model the arsenic adsorption has been establlishe

Adsorption of As(lll) on HFO and goethite has bekscribed assuming the formation of
2 species; a bidentate double corrf&)(and a bidentate edgéEj], as found by spectroscopy.
Bidentate double corner complex formation occurshen110+100 face, while the bidentate edge
complexes are formed at the 021+001 face. In cafigecadsorption of As(V) we were not able
to identify the surface speciation unambiguously tfee different crystal phases. We found a
number of possible options. We arbitrarily chose tbllowing As(V) surface speciation: three
species on the 110+100 face; i.e. a bidentate, cdomated bidentate and a protonated
monodentate; and one type of species on the 021fe@@] i.e. a protonated monodentate. The
CD values of the different types of As(lll) and X$(complexes were found independently from
the MO/DFT optimized geometries of hydrated come&exThe affinity constants were fitted
iteratively on adsorption data of goethite and HFO.

The modeling results have been tested on data ¢mmpetition experiments. The model
successfully predicted the competition between récsspecies, As(lll) and As(V), on both

minerals. For the highest surface loading discrejganbetween the data and model predictions
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were observed for adsorption on HFO. However, passible that for such an extreme surface
loadings a surface precipitation occurs.

The above suggests that despite the differencéiseimeactivity of goethite and HFO a
link exists between the adsorption behavior of bwoiherals. Since HFO has been considered
representative for ‘field’ conditions this is of rortant practical relevance. However, recently the
importance of the presence nano size goethite é&s ftressed as well (van der Zee et al., 2003).

In the future the CD model can be used to predisbgption in complex systems simulating
natural conditions.
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Chapter 6

Abstract

The large number of different explanations for toeurrence of high arsenic concentrations in
some groundwater systems that have been suggestedeint years points to the complex nature
of the arsenic problem and proves that our undwmigtg of the problem is still limited. The
identification of processes is often based on dpdouns using correlations and observed trends.
Relevant data, related to the solid phase compaosdre unfortunately almost always lacking.
The aim of this study is to discuss quantitativedyies biogeochemical processes that may be
involved in the release of As; i.e. the effect bf @nd an equilibration with calcite, the release of
PQO,* due to mineralization and reductive dissolutiorFef(hydr)oxides, the reduction of As(V)
to As(lll), and the effect of additional diagenepicocesses that change the reactive surface area
of the sediment. Eventually, a scenario has beed tgspredict the impact of changing conditions
on the arsenic concentration in pore waters. Insttenario analysis for average sediments the
reductive dissolution with a release of £Quas identified as the first factor that may insea
very low As concentrations to levels that are belytime WHO standards for drinking water.
Reduction of As(V) to As(lll) may approximately daa these values and further doubling may
occur each time that the surface area decreasaddwnjor of 2. The average concentration of 55
Mg As/L may result from a transformation of about %0of the iron (hydr)oxides and 50 %
reduction of the As(V) to As(ll) assuming limitati of the phosphate and ferrous ion
concentration due to (co) precipitation reactioitsee CD model has been used in the calculations
as it has been tested for a large number of ionAtaractions relevant in the As binding process

and it can successfully predict competitive eff@et2- and 3- component systems containing As.
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1. Introduction

Arsenic in groundwater is a major problem in mamryte of the world (Smedley and
Kinniburgh 2002). For Bangladesh, the As distribntin groundwater has been widely studied
(Chowdhury, Basu et al. 1999; BGS and DPHE 200Xyéia Swartz et al. 2002; Smedley and
Kinniburgh 2002; Swartz, Blute et al. 2004; HarvB8yyartz et al. 2005; Zheng, van Geen et al.
2005). Based on the results, a number of hypothlesee been formulated to explain the origin
of elevated As concentrations, such as: (1) pyielation (Das, Samanta et al. 1996; Mandal,
Chowdhury et al. 1996); (2) reductive dissolutiof icon oxides in conjunction with
mineralization of organic matter (Chowdhury, Baswal. 1999; BGS and DPHE 2001; Harvey,
Swartz et al. 2002; Smedley and Kinniburgh 200@nts Gault et al. 2004; Swartz, Blute et al.
2004; Zheng, van Geen et al. 2005); (3) reductioarsenate (Asg)) to arsenite (As(OH) and
corresponding change in bond strength (Ahmann, Kaimet al. 1997; BGS and DPHE 2001);
(4) displacement of arsenic by dissolved carbo(gpgelo, Weiden et al. 2002; Anawar, Akai et
al. 2004) and (5) arsenic mobilization by DOC (diged organic carbon) (Harvey, Swartz et al.
2002).

The large number of different explanations thatehlagen suggested in recent years points
to the complex nature of the arsenic problem andgs that our understanding of the problem is
still limited. Some of the theories have alreadyerbajuestioned. For instance, a negative
correlation has been found between dissolved arsamd dissolved sulphate (BGS and DPHE
2001), suggesting that sulphate reduction is agsmtiwith arsenic release. This observation
contradicts the pyrite oxidation theory. Anothepbthesis, i.e. the carbonate displacement, does
not seem to be supported by experimental resulen@yiKorfiatis et al. 2002; Arai, Sparks et al.
2004; Radu, Subacz et al. 2005; Stachowicz, Hiemstral. 2007). Interestingly, most of the
explanations mentioned here have their roots iretac$ the same or similar observations
recognized in numerous field studies.

The arsenic content of the sediment is associatédtihe presence of sediments rich in

iron oxides, such as HFO, hematite, goethite, aagnetite. Only a relatively small fraction

135



Chapter 6

needs to be released to create elevated As coatieng in the pore water. Arsenic
contamination of groundwater in Bangladesh has lbe@nd primarily in shallow aquifers (BGS
and DPHE 2001; Swartz, Blute et al. 2004; Zhengy) @een et al. 2005). A frequency
distribution of the As concentration with depth wisothat the As concentrations peak in the
upper part (about 20-40 m) of the Holocene aqu{@GS and DPHE 2001). The average
measured concentration of As is about B&L (~0.7 uM). The As concentrations vary
enormously; from less thamu@/L (~0.01uM) up to even 500Qug/L (~70 uM) (Smedley and
Kinniburgh 2002). However, the majority (90%) of shmples collected in the BGS and DPHE
study (2001) contained less than 20§IL As (2.7 uM). The value of 20Qug/L is still 4 times
higher than the drinking water standard in BangtadOpg/L) and 20 times higher than the
limit set by World Health Organisation (1@/L).

Arsenic in groundwater has been found in two oxahaforms, i.e. As(V) and As(lll),
respectively present as arsenate (£s)0and arsenite (As(OH) The fraction of As(lll) varies
strongly. Both forms of arsenic are known to haightbinding affinity for iron oxides such as
HFO (Jain and Loeppert 2000; Dixit and Hering 2088 goethite (Dixit and Hering 2003;
Stachowicz, Hiemstra et al. 2006), but the bindihgracteristics and affinities differ.

Elements commonly present in natural waters magract directly or indirectly with
arsenic. The shallow aquifers are generally richMig?*, C&*, and HC@, with an average
concentration of respectively 35 mg fi. (~1.5 mM), 90 mg CE/L (~2 mM) and about 500
mg HCQ/L (~8 mM). These macro-elements will interact witthn oxide surfaces, at which the
As oxyanions reside too. We have mentioned abogantftuence of S@Q which forms pyrite at
the expense of Fe (hydr) oxides. Such a transfaomalecreases the reactive surface area of iron
oxides releasing As bound at these surfaces. Bheoxide surfaces may also interact with,2,0
H4SiO, and F&" (BGS and DPHE 2001; Smedley and Kinniburgh 2062y the shallow
aquifers, positive correlations have been founghare water between dissolved As and Fe, as
well as As and P. Phosphate is most likely one hef key-competitors for arsenic in the
adsorption process on iron oxides (Hiemstra and Réamsdijk 1996; Hiemstra and van
Riemsdijk 1999; Dixit and Hering 2003; Stachowiddiemstra et al. 2007). The median
concentration of phosphate in As-contaminated sedlisnis >5Qug/L.

In general, many data are available in relatiorthi® groundwater quality at different

locations and depths, but the relevant data relatedhe solid phase composition, are
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unfortunately almost completely absent. Thereftre,identification of processes is often based
on speculations using correlations and observedistdn the view of the field observations, it is
unlikely that the arsenic problem is caused bynglsiphenomenon. The aim of this study is to
identify the main processes that cause high As exunations in groundwater. We will use a
guantitative approach. First, we will focus on tiedation between the average river water
composition and the average As loading of the sedimThis is followed by a quantitative
discussion of varies biogeochemical processesniagt be involved in the release of As once
sediments are deposited. We will evaluate the efiepH and an equilibration with calcite, the
release of PgY" due to mineralization and reductive dissolutiorFef(hydr)oxides, the reduction
of As(V) to As(lll), and the effect of additionaliadjenetic processes that change the reactive
surface area of the sediment. Eventually, a scem@aualysis will be used to predict the impact of
changing conditions on the arsenic concentratigoome waters. A similar analysis has been done
previously by BGS and DPHE (2001). However, thehardg used the generalized two layer
(GTL) model (Dzombak and Morel 1990) that is knotenhave limitations (Dixit and Hering
2003; Dixit and Hering 2006) when it comes to pcadg multi-component interactions. In the
present approach, we will use the CD model thatles tested for a large number of ion-ion
interactions relevant in the As binding process. Mdee shown that the CD model, calibrated on
‘single component’ systems, can successfully ptecbmpetitive effects in 2- and 3- component
systems containing As (Stachowicz, Hiemstra e2@0D7). The relevant reactions and parameters
used in the CD model are described in the Appendix.

We will start with a brief overview of relevant pesses that may be involved in the

process of As release in groundwater systems.

2. Concept

Many processes may lead to changes in the grouedwamposition. A conceptual
picture is given Fig.1. Arsenic in river water wile adsorbed by suspended particles that may
settle. For a while, the particles will be partafsoil system. This may change the chemical

conditions, such as the pH value. Some additiorgdroc matter may also be introduced.
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If the soil/sediment becomes buried below the gdewater table, the microbial activity,
decomposing natural organic matter, will still ede HCQ@/H,COs;, some DOC, and nutrients
like NHs" and PGQ®. In the absence of oxygen, Mn(IV) and Fe(lll) neyused by the microbes
as electron acceptor, leading to chemical reductiorthis process, the release of Fe(ll) is in
principle linked to changes in HGMI,COs, NH;", and PQ*. However, secondary adsorption
and precipitation reactions may complicate therpregation.

The phosphate that is released in the redox protessre-adsorb to oxide surfaces.
Under anaerobic conditions, His relatively stable. Part of it may bind to thalié phase
(CEC) by ion exchange, competing with’Cand Md* (Fig.1). The ferrous ion (F8 may
adsorb too. In addition, some ¥emay adsorb to oxide surfaces, including Fe-(hyddes
(Zhang, Charlet et al. 1992; Williams and Schef¥#4 Dixit and Hering 2006; Hiemstra 2007).

At a sufficiently high concentration, Fe(ll) maysal precipitate, forming minerals like
magnetite (F¢04) and siderite (FeC£. In the presence of sufficient sulphur (origingtifrom
sulphate in river water or intruded seawater), alsme pyrite (Fe$ can be formed. At a high
PO,> concentration, vivianite (BEPO)8H,0) may precipitate. In case of adsorption or
precipitation, no simple balance exists between él@ments C, N, P, and Fe(ll) in the
groundwater. This complicates the interpretation grbundwater quality in terms of a
guantification of the processes that take place.

The surfaces of iron oxides (circle in Fig.1l) awmarging adsorbed ions. As will be
illustrated later, the adsorption phase is domihdig C&" and PGQ® in many cases. Upon
reduction, Fe(ll) may bind in a considerable amdant The amount of adsorbed AS0s minor
due to the relatively low As concentration in theer water in comparison to RO (to be
discussed later). In case of the dissolution ofHyel)oxide in a reduction process, the adsorbed
ions are released. Since B0s the dominant anion adsorbed, its contributiothie release will
be most prominent. Phosphate will be partially deesbed and this process will intensify the
competition with As oxyanions, resulting in an ease of arsenic release. Reduction will have
also an effect on the valence of arsenic, changis@/) to As(lll) at low pe (Fig.1). This
transformation process may lead to desorption sd#rac and is directly related to a change in the

redox status.
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During diagenesis, the reactive surface afdarh?/kg sediment) may change (Fig.1). In
case of Oswald ripening, the average size of thdeoparticles may increase, leading to a
decrease of the specific surface area (SSA) obides particles (kg oxide). Less reactive
surface areaNA) will be available in the sediment to bind the ésyanions. The reactivity of a
sediment may also be affected by the transformadiofre(lll) (hydr)oxides to other mineral
structures like F©,, FeCQ, Fe$, etc. If these minerals have a lower affinity fine As
oxyanions, phosphate, and other relevant ionseffieetive reactive surface area of the sediment

(AA m?/kg sediment) will decrease.

3. Results
3.1 Surface water chemistry and As-loading of a sediment

3.1.1. Asloading of the sediment

The first interpretation of the relation betweer tthemistry of surface water and the As
loading of sediments of Bangladesh has been giyed®G6 and DPHE (2001). The focus was on
a large number (n=227) of aquifer materials, oagimg from 13 different areas across
Bangladesh. That study showed that the averageoddirlg is related to the presence of Fe
(hydr)oxides (Fig.2a). A clear correlation was fdufor the average amount of As and Fe
extracted with oxalate. A multiple linear regressishowed that about ¥ of the oxalate-
extractable As fraction is related to the amoungxdfacted iron. The remaining part is related to
extractable magnesium, for instance released bgl#yemineral fraction. The correlation found
for the elements is As(mg/kg) = 39 Fe(g/kg) + OM&(ug/kg) (R=0.99). Oxalate-extractable
iron can be considered to represent the most veaictin (hydr)oxide fraction. It has been shown
(Roden and Zachara, 1996) that the dissolution shtieon oxides in the presence of oxalate
increases exponentially with the reactive surfaa af iron oxides, implying that the finest
fractions contribute the most. Oxalate-extractabde has been attributed to the presence of
ferrihydrite but it can also be due to the presasfoather Fe (hydr)oxides like magnetite (Kostka
and Luther, 1994) and nano-goethite (Thompson.eP@06). In case of HFO and nanogoethite,
the SSA is expected to be between respectivelyta@iunfg’ (Davis and Leckie, 1978) and for
instance 200 Ay™ (Waychunas et al., 2005).
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Fig.2. Relation between the averaged amount of axide extractable in ammonium oxalate and the cataxl
amount of arsenic (left hand side) and phosphaiat(hand side), for a series of sediments fronossBangladesh
(open squares). The lines are calculated with thex®del, accounting for the interaction of A§Qwith Na', K,
cd*, Mg, H,SiO,, HCO,, and PQ* on goethite, assuming a surface area of 356 Fe (hydr)oxide and using the
river water composition given in Table 1 for pH=s&¢ text). Data are from BGS and DPHE (2001). Tdiered
spheres refer to the amount of Fe and As extrdnte®ivartz et al. (2004) in a sequential extractiomprising of an
extraction with 1 M HCI before extraction with oa&. If the amount of Fe or Fe and As, found indgRaction
preceding the “1M HCI” treatment is excludede ths/Fe ratio is close to the average value fdm8GS and
DPHE (2001).

Swartz et al. (2004) have carried out a seriesegiiential extractions for Bangladesh
sediments to characterize the release of As andMBgnesium and phosphate solutions were
used to remove weakly bound ions. Then the fird¥l HCI extraction and next an oxalate
extraction followed. The amount of Fe extractethwii M HCI| was on average slightly more
than half (55t 8 %) of the cumulative amount that was extractethe given sequence. This Fe
was mainly Fe(ll). The average total amount of F&§+ 0.72 % Fe (hydr)oxide) extracted in
oxalate and corresponding total amount of As (&77.44 mg/kg) can be compared with the
oxalate extraction data of BGS and DPHE (2001¢miw Fig.2a. When plotted, the data point is
an outliner. However, if the amount of Fe, or Rd &s, extracted with 1 M HCl is excluded, the
data point comes in line with the data of BGS aRHE (2001) (Fig.2a). It might suggest that
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the Fe(ll) fraction extractable with 1 M HCI doest rontribute significantly to the amount of Fe
extractable in a regular oxalate extraction. Thewm of As associated with this fraction, if any,
is relatively small. Nevertheless, this “1M HCI” Haction may be very important in
determining the fate of As in the sediments. Whemegd, it probably will be at the expense of
the original Fe (hydr)oxides, which may lead to sohs-release as discussed above.

The chemical loading of iron (hydr)oxide particiascontact with average river water of
Bangladesh can be estimated assuming that thevigadf the natural iron particles can be
represented by a synthetic Fe (hydr)oxide. Inghisly, we will use goethite as proxy because for
this mineral the relevant ion-ion interactions haveen well tested with the CD model
(Stachowicz et al., 2007b). If iron (hydr)oxide fiaes settle and become buried, it will lead to a
certain arsenic loading of the sediment that depemdthe amount and type of Fe-(hydr)oxides
present, their specific surface areas and the @ehditions during sedimentation. Such a process
may result in a linear relation between As and ¥eaetable in oxalate. Such a relationship is
found for the Bangladesh sediments as illustratdelg.2a.

Comparison of the total amount of As and the amainfAs extractable with oxalate
(BGS and DPHE, 2001) shows that for 2/3 of the damfhe As-oxalate content is close to the
As-total, while in the other samples, As-oxalatenty 30 % of the total As. In the latter samples,
As might be associated with other metal oxidesilmases, and sulfides that resist dissolution in
oxalate and do not desorb As. Swartz et al. (2@04h)d that a considerable amount of As in their

sediments samples can be only extracted with HFeandentrated hot nitric acid.

3.1.2. Surface complexation modeling

Inspired by the idea of a relation between riveteavahemistry and As loading of aquifer
materials (Fig.1), the survey of BGS and DPHE (30@8ed surface complexation modeling to
estimate the average As loading, assuming thatrghetive oxide fraction during sediment
formation can be represented by hydrous ferric ®XidFO). The generalized two layer model
(GTM), parameterized for ‘single ion’ systems witFO (Dzombak and Morel, 1990), was
applied to predict the As loading assuming intéoact of AsQ> and PQ® at an equilibrium
concentration of Jug As /L and 0.03 mg P/L. The interactions of sdieicid and bicarbonate
were omitted, so was the interaction of Cand Md*. The calculated As(V) loading was almost
an order of magnitude smaller than the measurechgeeAs loading of the sediments. To match

the relation between As(V) and extractable irord(hyxide (Fig.2a), one has to assume that the
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reactive surface area of the oxalate extractable is about 75 Aig Fe-(hydr)oxide, which is
substantially lower than the value expected for HE@D nf/g).

The same type of calculations can also be done th@&hCD model. The model has been
tested for a large number of ion-ion interactionggoethite like the Ca-P{Rietra et al., 2001),
Mg-POy, AsO-POy, As(OH)%-PO;, (Stachowicz et al., 2007b), As(OHJO; (Stachowicz et al.,
2007a), P@COs; (Rahnemaie et al., 2007a), angStD4,-POy interaction (to be published). In the
present calculations, we account for the simultasenteraction of the major cations and anions
of the river water that might be involved, i.e. ASDPQ®, HsSi0;, C&*, Mg™, and HCQ.
Assuming the As@® and PQ® concentrations of jig As/L and 0.03 mg P/L and for the other
ions the concentrations average for river watercaleulate the As and P loading of respectively
0.06 pmol As/nf and 2.1 pmol P/nf. To match the As-loading of the sediment with the
experimental relation between oxalate extractabdeaAd Fe, we have to assume a reactive
surface area of about 70%m This number is close to the above value estichatith the GTM
that assumed only the AsOPO,> interaction.

For the same sediments, also the average oxalate®ble P loading has been measured
(Fig.2b). To explain these data with the P loadiatpulated applying the CD model (31fnol P
/m?), we have to assume a reactive surface of abdlitn¥8). Comparison of both calculated
specific surface areas (70 and 388)gnhshows a large inconsistency. The low reactiudase
area, found for As(V), is due to a calculated Aadiog that is far too high, while the calculated
PO, loading is too low to be explained by a commonctiga surface area. Therefore,
equilibration of the sediment with the above comlion of the As and P concentrationyd As
/L and 0.03 mg P/L) can be questioned. To explaénoxalate extraction data, one may assume

equilibration with another As/P ratio during theé& of sediment formation.

3.1.3. River water composition

The experimental arsenic concentrations reportedsdweral rivers of Bangladesh (BGS
and DPHE, 2001) vary. The numbers range from <®3.7ug As/L, with an exception near an
As-hotspot where the values differed by a factorb&®wveen two sampling times (2.7-2g
As/L). This variation at the As-hotspot suggest the actual As value in the Bangladesh river
waters could have been influenced by drained gmatel that contain elevated arsenic

concentrations.
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The measured P concentrations were low and rep@asetk0.2 mg/L’ because of the
uncertainty of the measurement. The actual (unphét) average value found was @092
mg/L. In Fig.3, we have plotted the experimental &sd P concentrations excluding the
exceptionally high As concentration of fg As/L. The graph shows that the concentrations of
As and P are strongly correlated’4R.80). Remarkably, all Bangladesh river waters pach
have approximately the same As/P ratio. This cati@ can be explained as due to the
competitive interaction of the B® and AsQ® ions with the particles suspended in the river
water. Such an idea is supported by the obseruadalirhythm of the As concentrations in the
Madison River, Montana, USA (McNeill et al., 2002n increase of the pH at daytime due to
photosynthesis leads to desorption of As from theiges, increasing the experimental As
concentration of the water. The opposite occursgit.

The experimental average As/P ratio in the Bangladever waters is 1/27 g/g or 1/64
mole/mole (slope of the line in Fig.3). Using theseage river water composition with 1ug As
/L and 0.046 mg P/L leads to a calculated As/Pevétu the sediment of about 1/14 g/g or 1/32
mole/mole. This number can be compared with thea@eeAs/P ratio that is found in the oxalate
extract, which is 1/85 g/g or 1/207 mole/mole. Hverage As/P ratio calculated for the sediment
in equilibrium with the river is more than 6 timkesver than that found in the aquifer sediment.
The lower As/P ratio in the sediment suggests tiratsediment formation has taken place at a
higher As/P than suggested from the actual presepérimental river water data. Both a lower
As concentration or higher P concentration canarphe data. A higher P concentration might
be due to in-situ soil formation.

However, this process will lead to a large increafsthe As concentration in the pore water of the
average sediment (resulting from desorption) leadin average to about 1@ As /L. Another

possibility is that the present As concentratianghie various river waters differ from the ancient
concentrations present during the Holocene pericddiment formation. In case of groundwater
drainage, the present average As concentratiotiseimiver water are elevated in comparison to
the ancient values that may have determined théodding of the sediments. An average As
concentration of about 0j8y/L in ancient Bangladesh river water at an aveRg®ncentration

of 1.5uM (~0.05 mg/L) can explain the above discussedrélsmncy in the oxalate extract. The
water composition is given in Fig.3 as a coloredesp. We note, what counts is the As/P ratio,

which is the same in both hypotheses.

144



Key Factors Controlling As in Groundwater

River water

As pg/L

0 0.05 0.1
P mg/L

Fig.3. Relation between the experimental As ancdRcentration in a number of Bangladesh river watepen
squares and regression liné=R.80). The error in the P concentration48.01 mg/L, which is based on
measurements in duplicate. The vertical error astimated as0.2 ug/L. The average As loading in the sediment
can be explained with an As concentration of | @A. at an average P concentration of (IM. This is indicated as

the colored sphere. The variation in the As/P re#in be estimated (see text) and is indicated latls around the
sphere.

For the As and P concentration chosen in Fig.3hawxe calculated with the CD model the
expected loading of the Fe (hydr)oxide particlesauilibrium with average river water at pH=8,
and at pH=7. The latter pH value is consideredepsesentative for soil conditions. The results
have been given in Table 1 (Case 1 and 2). Thargasf AsQ*> and PQ” is slightly lower at
pH=7. It implies that after sedimentation, particimay act in the soil environment as a sink,
filtering additional P and As out of the infiltrag river water during flooding. Therefore, we
have used river water at pH=7 as determinativéhfersediment loading.

3.1.4. Average surface area and composition

The Fe-(hydr)oxide surface in equilibrium with aage river water of Bangladesh at a pH
of 7 (Tablel, case 2), is dominated by adsorbeéd G4.2 pmol/nf) and PG* (~2.3 umol/nt)
with some contribution of Si (~0j2mol/n?) and HCQ@ (~0.02pmol/n?). The As loading is very
low (~0.01umol/m?) and the binding of the other ions negligible. &lain simultaneously the
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oxalate extractable fractions of arsenic, phosphatel iron, we used the above chosen

combination of concentrations for As (0.A&) and P (1.5uM).

Table 1. Average river water and groundwater contiposof Bangladesh and corresponding loading ef itton

(hydr)oxide particles. The average As and P comagans in the river water river are uncertain (ko).

Case 1 River Water Composition and surface loading*

Na"” K' Mg¥ c& CI”? HCO:? SO Fé'  Si p As(V)**  pH=8*
10.7 41 98 17 - <122 12.2 - 8.7 0.05 0.30%0 mg/L
0.47 0.10 0.42 0.42 - 2.0 0.13 - 0.31 151010 0.00418 mMm

*6 #6009 1.21 -  0.02 # - 042 1.85 0.0097 Hmol/n?

Case 2 Soil Water Composition and surface loading5® nf/g**

Na"” K' Mg¥ c& CI HCO; SO F&' Si p¥ As(V)**  pH=7"

10.7 41 98 17 - <122 122 - 8.7 0.05 0.30%10 mg/L

0.47 0.10 0.42 0.42 - 2.0 013 - 031 151010 0.00418 mMm

*6 %6 002 1.21 -  0.02 # - 0.18 2.26 0.0125 Hmol/n?
Case 3 Groundwater Water Composition and surfaading*

Na"” K' Mg¥ c& CI HCO; SO F&' Si P Asyi®  pH=7*°

76 7 36 90 81 502 13 3 16 0.6 120°10 mg/L

0.14 0.06 0.56 2010 1.6 10° mM

33 018 15 2.3 23 7.8
pmol/nt

%6 *6 *6 1.33 *6 *6 *6 0.58 e 2.79 0.190

*1The average river water composition is from BGS BRHE (2001) (n=7).
*2 The CI concentration is not reported, but probably loke THCQ concentration is calculated based on the

charge balance assuming a zero chloride concemirdfiCl> 0, HCGQ < 122 mg/L
*3 The experimental P concentration has been repage®.2 mg P/L, However, it is 08502 mgP/L See text.
" The experimental arsenic concentration is variabhe lowest reported concentration is <igAs/L. See Fig.3
*> The calculated pH value of this average wateHs&05. See text.

*®The calculated number is (much) smaller than Qu@bl/n?.

*’ The pH value corresponds to a partial pressurel6f40 mbar. See text
*8 The average groundwater composition is from sam(rie487) of the special survey areas of BGS and BPH

(2001).
*9 The average relative As(lll) amount in the grouatsv is As(lI1)/As, = 56 %, which is used in the calculation of

the As loading. The loading given as adsorbeg.As
*19The average pH of the groundwater in the specialestareas of BGS and DPHE (2001).
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The effective specific surface area (SSA) for theni(hydr)oxide fraction, extractable with
oxalate, was found to be ~35G/m) resulting in the calculated lines of Fig.2aMe note that the
actual average value of SSA of the iron (hydr)oXi@etion can be lower, since only about ¥ of
the As is associated with Fe. In that case, theageeSSA of the iron (hydr)oxide fraction might
be ~250 rfig Fe-(hydr)oxide. It is very important to notetfhe actual Fe-oxalate fraction may
differ from the initial Fe-oxalate fraction presattthe time of formation of the sediment. If for
instance due to diagenesis, part of the Fe (hydigos transformed into a mineral fraction, that
is not extractable with oxalate, the initial sudaarea of the natural Fe (hydr)oxide would be
lower than calculated. According to our scenariowdation (section 3), this might be 25% or less
in 60 % of all samples. Fortunately, the initialSS not a controlling key factor for As, as will
be discussed later (section 3). Although it isidift to pinpoint the average initial SSA
precisely, the various calculated values of theragee SSA are reasonable, typically for rather
fine (hydr)oxide particles of e.g. aged ferrihydritr nanogoethite (Waychunas et al., 2005).

3.1.5. Natural variation in loading

It is important to note that in the above analy$ie average value is considered. The
individual sediment samples may strongly deviatat, B/here is this variation coming from? Can
it be due to differences in local conditions durgeglimentation or for instance variation in the
specific surface area of the particles at settleroerboth? Fig.4c shows the variation in the As
and P loading of the sediments. The As/P raticedsfand can be explained assuming a variation
in the As concentration (0.15-08)/L) at the given average P concentration (M or 0.03
mg/L) or assuming a variation in the P concentra(i@.02-0.08 mg/L) at the given average As
concentration (0.3g/L). The latter combination is used to calculdte tipper and lower line in
Fig.4c. The variation in P§ used corresponds to the experimental P rangeeoBémgladesh
river waters (Fig.3), but note that the absolutecemtration level is not relevant. What counts is
the As/P ratio, which is variable.

The variable As/P concentration can also explainresiderable part of the variation in the
As loading expressed per unit Fe (hydr)oxide. Havel cannot explain the different P loadings
of Fig.4b. As will be illustrated later in detaihis is due to the different slopes of the adsorpti
isotherm for P@" and AsQ® in an As-P system in which phosphate dominatethdhcase, the

adsorption isotherm of AsP on goethite will be linear, while the adsorptisnotherm of PG is
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highly nonlinear. This means that the ASGadsorption will change almost proportionally with
the AsQ® concentration while a change in the adsorptioR@f", related to the variation of the

PO, concentration in solution, is very small.
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Fig.4. The variation in arsenic (a) and phosphofbyi®xtractable in ammonium oxalate extractable Asction of
the amount of extractable Fe (hydr)oxide for théividual sediment samples from across Banglade$S(RAnd
DPHE, 2001). The P data are unpublished resultB@$ and DPHE (2001). In addition, the relation hestw
oxalate extractable As and P is given (c). Thediare calculated assuming a deviation in the i@ of a factor 2

and a variation in the SSA between 600 and 28/@.mThe average situation is described by SSA=8%6, P=1.5
MM and As=0.3ug/L.
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Therefore, a range of As® and PQ* levels cannot be explained simultaneously with a
variation in the P and As concentration during st formation only. Nevertheless, a large
span in the extractable amount exists for phosplégedb). It can be explained by differences in
the SSA of the (hydr)oxide particles. Increasehef $SA will linearly increase the loading of the
sediment with adsorbed FDas well as adsorbed AsO The average SSA found above is 350
m?/g (Fig.2). In Fig.4a,b, we have given the caledatange of loadings related to the diverse
As/P ratios found and combined it with the SSAGH0, 350, and 200 Ty (Fig.4c). With these
values, the large proportion of the observed vianatcan be explained. We note that part of the
range in Fig.4a,b might be due to transformatioRe@bxide particles during the diagenesis of the

sediment.

3.1.6. Buffering of As concentration by the sediment

The effective average SSA of the natural Fe hydi®xiaction is about 350 %y using
goethite as reference in the interpretation ofaimeunt of As, P, and Fe extractable with oxalate.
The average amount of Fe (hydr)oxides extracted wxalate for the 227 sediment samples is
0.56t0.56 % (w/w). In combination, this is an equivaleftan effective surface area of about
2000 nf/kg sediment. In case of a pore volume fractio®=d.4 and a mineral mass density of
2650 kg/mi, the solid : solution ratio in the aquifer will lbout 4 kg/L, which results in an
average reactive surface area of about 808Q.rThis number is very high compared to values
used in ordinary experimental adsorption studiescase of equilibration of the iron (hydr)oxide
with average river water of 0.04M (0.3 pg As /L) and 1.5uM PO;* at pH=7, we calculate a
loading of 0.0125umol As /nf goethite (Table 1). If the distribution ratiofjRs defined as the
ratio of the amount adsorbed (mole/L) and the arh@aussolution as (mole/L), thenqR 2500.
The number expresses that 2500 times more As isthby the solid phase in comparison to the
amount present in the pore water. This illustraites the average As storage at the solid surface
is very large. It implies that the As and P loadofgthe sediment, once formed, is not easily
changed by desorption and leaching.

In contrast to the near constant amount of As bomyndhe solid phase particles, the
solution composition can change drastically upoanges in the system conditions like pH,
redox, and release of P and Fe by mineralizatiaeauctive dissolutioetc. These issues will be
discussed next.
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3.2. The conditional change of the arsenic concentration in pore water

In the following part, we will focus on the factdigat may change the composition of the
pore water chemistry once the sediment is loadetth Vis. The processes related to the
conceptual framework of Fig.1 will be discussedl&tail. This will be followed later in part 3 by
some scenario calculations in which we will quantife key factors causing elevated As levels in
the Holocene sediments of Bangladesh and elsewhere.

3.2.1. pH change at sedimentation

Solid particles suspended in the river water maynalely deposit on the riverbed in tiny
layers at flooding. In biologically active soilscain particular in sediments, the partial pressure
of CO; (P-CQy) will increase. This will lead to a decrease of. [gdngladesh river water contains
on average bicarbonate concentrations close 180 mg HCQ@ /L, but in the groundwater, the
bicarbonate levels may raise to values of 500 n(@/ble 1). The increase may be due to
microbial respiration and due to equilibration witiicite, CaC@(Swartz et al., 2004). Eamay
be released by weathering and additionally duesdlmigtive dissolution of iron (hydr)oxides that
bind C&* (Table 1).

The following calculations are done stepwise. tBtgmpoint is the average composition of
Bangladesh river water (Table 1). Note that thisrage water considerably differs from the
composition given by Appelo et al. (2002). The ager river water of Table 1 has a calculated
pH of 8.05 and the corresponding P-08& 1 mbar. The water is close to or at equilibriwith
calcite (the saturation index Sl is —0.1), as giwefiable 2. In Step 1, the water enters the soll
and meets a higher GQressure, for instance 14 ®ar, a typical value for aerated, biologically
active (sub)soils. The pH drops from about pH~8ptd~7 without much change of the
bicarbonate concentrations. The water in the sxbines under saturated with respect to calcite
(SI=-1), which is in agreement with data of Swaetzal.(2004), showing only an equilibration
with respect to calcite in the deeper parts ofsb@iment profile that was studied. Next (Step 2),
the groundwater is formed and brought in an equuiibh with calcite at a (chosen) higher €0
pressure (4 I®bar) resulting in pH ~7. The calculated HCEoncentration (470 mg/L) is much
higher than in the river water. The calcium concign (103 mg/L) is also strongly increased.
Both values agree with the typical values founddeerage groundwater of Bangladesh as given
in Table 1, showing the consistency of the approach
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Table2. Change in water composition (pH, ionicregth |, C&" and HCQ concentration) calculated for a 2-step
scenario as described in the text, starting witlaegrage river water composition (given in Tablethat changes
when in contact with soil at a higher ¢€@ressure (Step 1). In Step 2, soil water becomeanglwater, that
calibrates with CaCg¢at a higher P-C@at pH=7. In the last column, the saturation in8ewith respect to calcite is

given (solubility constant =-8.4).

pH | Ca®* HCO; P-CO, Sl
M mg/L mg/L mbar CaCo®
Start 8.05 0.003 17 122 1 -0.1
Stepl 7.09 0.003 17 143 10 -1.1
Step2 6.96 0.009 103 470 40 0

The above-illustrated change in pH and water coiftipasmay affect the ion loading of
the sediment. According to Table 1, an increasaalmut 25% in the As and P loading is
calculated. As mentioned above, the soil becom&slafiltering additional As and P out of the

river water.

3.2.2. Effect of PO, on As(V) binding

Phosphate is a known competitor for arsenic speéies instance, Dixit and Hering
(2003) have shown that phosphate inhibits strotigtyadsorption of As§) on iron oxides such
as HFO, goethite and magnetite. Fig.5 shows thelgpéndency for the mono-component As(V)
and the 2-component As(V)-P(V) system. Severalufest are of interest. First of all, in the
absence of P, the AsQ* adsorption strongly depends on the pH value (R)g.5he arrow in
Fig.5a shows the variation in the AgOequilibrium concentration at pH between 8 to &ha
absence of phosphate. In the presence af Big.5b), the variation in the As concentratioscal
depends on the presence ofs£#As a result, a much smaller pH dependency isrebdeor the
same concentration range, but at a different Iggdihan in a ‘single-ion’ system (compare
Fig.5a and 5b).

A second important feature of Fig. 5 is the stwkidifference in the shape of the
adsorption isotherm in the absence and presenB@gt In the concentration range of interest,
As(V) in the mono-component system is typically ighhaffinity adsorption isotherm that is
strongly non-linear. This results in a slope (S)he log-log plot that is considerably smaller than
1 (typical value of S ~0.1). In case of the dominaresence of P, the slope changes

dramatically to S=1. The isotherm becomes linearimplies that the loading is directly
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proportional to the concentration in solution arnidevversa. This behavior is caused by the
dominance of P which fixes the electrostatic potentials of théerface for a certain pH and

PO, concentration.

g £ 7 | logcPog=6 )
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Fig. 5. Adsorption isotherms for As(V) adsorptiom goethite calculated using the CD model and tmamaters of
Stachowicz et al.(2007a). The electrolyte backgdoisn0.01M NaCl. The lines in the graphs show hbe pH
change impacts the As(V) adsorption in a 'single-&ystem (a) and in a system with®1a PO,* (b).

It is important to note that the behavior of £Qn the AsQ*-PQ,> system is very
comparable with the As® behavior in the ‘single ion’ system (Fig.5a), itke variation in the
concentration only slightly affects the loadinggsalso Table 1). For this reason, the large
variation in the P loading of sediments (Fig.4mreat be explained by the large natural variation
in the PQ* concentration. In contrast, the linearity of the @dsorption isotherm implies that the
As loading is relatively easily changed. This éads mainly responsible for the variation in the

As/P ratio as shown in Fig.4c.

3.2.3. Mineralization of OM

In natural situations, the phosphate concentratmoBangladesh river water will be low
(0.02-0.08 mg/L in Fig 3). The R@oncentration in groundwater (Table 1) is much&rg on
average close to 2M (0.6 mg P/L), but higher concentrations are &lequently found (Fig. 6).
Higher PQ concentrations can be due to the decompositionthef organic matter by

microorganisms. Mineralization of organic mattefl Wead to a release of P and N in a ratio of
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about 7 £ 1 g/g or 16 mole/mole. In Bangladesh gdwater, ammonium is correlated with the
amount of phosphate (Fig.6a) (BGS and DPHE, 20@1gase of absence of buffering of the N
and P concentration by the solid phase, a relela$é mmg N-NH/L will lead to a concentration
of about 1.5 mg P/L.

In case of anaerobic mineralization, Fe-(hydr)oxicigy act as oxidator for organic matter,
leading to the dissolution of the Fe (hydr)oxideghwcorresponding release of adsorbed P.
Therefore, in case of reductive dissolution, P wiilginate from two different sources, i.e. the
organic matter and Fe (hydr) oxides. The relatiwetcbution of both processes, based on only
the water composition, is uncertain due to theatam in the buffering of Nkby the CEC and in
particular the buffering of P by the reactive (hgodide surfaces and/or the formation of
phosphate minerals like vivianite @ge0y),)-8H,0 (Fig.1). These processes will be quantified in
the next section.

6 6
CEC=
o 10 me/kg ©

a 47
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Fig. 6a. Relation between the ammonium and phosighooncentrations in Bangladesh groundwaters (B@5 a
DPHE, 2001). The lines have been calculated asgsuirP release by reductive dissolution of irondgxide,
which is buffered by the remaining (hydr)oxide fian, and 2) NH' release (eq.[2]) with buffering via Gaines-
Thomas ion exchange using CEC values of 0, 10,58ntheqg/kg. Average groundwater saturated with GagtO
pH=7 was used. For reasons of simplicity, some eotations were fixed, i.e. M= 0.14 mM, F&'=0.1 mM,
H;Si0,=0.56 mM. In Fig.6b, the relation between dissol¥&{ll) and phosphorus is given. The line refershi
stoichiometry of the reductive dissolution of FeO@easing F& ions and adsorbed RDeq. [2a] without any
buffering (see text).
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3.2.4. Reduction

Biogeochemical oxidation of organic mater in a ebbssystem will result in a chemical
reduction processThe Fe(lll), present in iron oxides, can be tramsfd into Fe(ll) under
reducing conditions. This transformation can bealyaed by F& (Pedersen et al., 2005).
Reduction may also transform As(V) into As(lll). Boprocesses will affect the As levels in

groundwater in a number of ways.

3.2.4.1.Reductive dissolution of iron (hydr)oxides
The release of PQdue to reductive dissolution of iron (hydr)oxidesll depend on the P
loading per mole of Fe that is part of the Fe (hgxide. The moles of Fe per unit surface area

(Tre) can be given as:

lFe =AM 1]
in which M is the molar mass of the Fe(hydr)oxidel & is the specific surface area (SSA). In
case ofA = 350 nf/g and M=89 g/mole, equation [1] givEse = 32 pmol/m’. Combination with
a P loading of p = 2.8 umol/n? (Table 1, groundwater), the P/Fe stoichiometryhef reaction
can be calculated as 2.8/32 = 089/12. Note that the precise nhumber will dependren P
loading and the SSAA).

In case we assume that the rafi@/l, is preserved, i.e. no significant change of the
surface area (A) and no (partial) re-adsorptiothefPQ® and Fé&" ions that have been released,

the overall stoichiometry can be written as:

CHz0-N115P1 /240t 4 FEOOH-Raz+ 7 HCOz =
= 4 Fé'+ 8 HCQ* +1/15 N +1/3 P +6 bD [2a]

CH20-Ny1/15P1/240+ 4 FEOOH-R12+ 3 HCO3= 4 FeCQ + 1/15N + 1/3 P +6 O [2b]

The molar N/P ratio in both reactions is ~ 1:5 (efwiole). This number is very different from

what is found at aerobic oxidation of organic matte. 16 : 1 mole/mole. If the N/P ratio1:5
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would be plotted in Fig. 6a, a very steep slope ldioasult. However, when P is released, a
considerable part may re-adsorb. According to #ieutated P adsorption in Table 1, the original
P loading increases withP = 0.5 pmol/nm? when groundwater is formed. In combination with th
average surface area of 800&Imthis is equivalent with aboltP = 4 mM. The number can be
compared with the change in the solution concdotrabf ~0.02 mM. It illustrates the large
buffering of P by oxide surfaces. Almost 200 tinmere P is (re)adsorbed than brought into
solution, i.e. > 99 % of the P-release is re-aolstr It implies that the actual situation is vay f
from a simple interpretation of the overall stoametry of eq.[2].

The lower line in Fig.6a, is the predicted relasbip between the Nfi and PQ*
concentration in solution, assuming P-bufferingtbg iron (hydr)oxide surface. We assumed
reductive dissolution of Fe in the average sedirhentng 0.56 % Fe oxides, a SSA of 358gn
and a solid :solution ratio gf=4 kg/L. The line has been calculated by a stepwecrease of the
reactive surface area of the iron (hydr) oxidehi@ $ystem, in total about 25 %. According to the
data, a too high NHconcentration is predicted. This might be due taeaobic ammonium
oxidation, nitrification, or it is due to ion exahge buffering. In the next calculation, the latter
contribution is quantified, assuming ion exchangeg a CEC of 20 or 50 meqg/kg sediment,
which is representative for a sandy material ha@ifi % clay in case of a CEC of 500 meq/kg
clay. The calculations show that in principle thehévior of N and P can be quantitatively
understood based on the reductive dissolution ehk@r)oxide in combination with a N and P
buffering by the solid phase (see also Fig.1).dditgon, the biological N transformations may
contribute.

The above process of the reductive dissolutionatem be judged from the point of view
of the Fe/P ratio. The above reactions (eq.[2]wstiwat Fe(lll) (hydr)oxide is the main P source.
The Fe/P ratio is about 12/1. This ratio has beeangas line in Fig.6b. This reaction path will
only be followed if the P& and Fe(ll) ions released are not buffered by thiéd sphase.
However, application of the same approach as fof'N¥th ion exchange shows that the release
of F€" is tremendous and the much lower experimentalegatif the F& concentration can only
be understood assuming Fe(ll) precipitation. Swartal. (2004) have shown that pore water can
be supersaturated with respect to siderite (RCThis may be in line with their sequential

extraction pointing to the presence of Fe(ll) tigmextractable in 1M HCI (see discussion at
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Fig.2). We note that also the formation of viviani¢ possible since the pore waters can also be

oversaturated with respect to this mineral (Swett., 2004).

3.2.4.2. Reduction of As(V) to As(I11)

Reduction of As(V) to As(lll) will change the bindj of arsenic, affecting the As levels
of the groundwater. This effect is illustrated ifng.F showing the competitive adsorption
isotherms of As(V) and As(lll) in the absence amdspnce of P§ for different phosphate
concentrations, i.e. ToM, 10° M, and 10" M. Comparison of the equilibrium concentrations of
As(V) and As(lll) for a chosen As loading and £@oncentration shows that As (lll) is less
strongly bound than As(V). For a loading of 0jdhol/m? and a phosphate concentration of 1
MM, the concentration of As(V) is ~0.0QaM, while for As(lll) it is 50 times higher (~0.AM).

This means that reduction of As(V) to As(lll) maat to a considerable release of As.

b)
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Fig. 7. Calculated adsorption isotherms of As(¥) &nd As(lll) (b) at pH 7 (0.01M NacCl) as a fuwcti
three dissolved P§ concentrations, i.e. £)10°, and 10' M. Figures illustrate that As(V) is more sensitive
to the PQ> concentration than As(lll) and that As(lll) is $estrongly bound than As(V).

It is important to note that the difference betweks(lll) and As(V) becomes much
smaller at a high P concentration of e.g” M. In that case, the As(Ill) concentration isyhl6
times higher. This phenomenon is related to thiemihce in the sensitivity of the isotherms of

156



Key Factors Controlling As in Groundwater

both As-oxyanions to phosphate. Adsorbed As(V) aearsensitive to changes in P concentration
than As(lll). Change of the R® concentration from e.g. f&to 10* M at a chosen As loading of
0.01 umol/m2 leads to a shift oblogC-As = 2 for As(V), while it is onlyAlogC-As = 0.9 for
As(lll). This indicates that isotherms of As(V) all as As(lll) are both linear in case of
dominance of Pg¥.

In many cases, arsenic in groundwater is a mixtafearsenite and arsenate.
Measurements in Bangladesh show (BGS and DPHE,) 201 the ratios between As(lll) and
As(V) may vary between 0-100%. Swartz et al. (20@pported As(lll) fractions between about
35-95 % for As(lll) in solution. We have calculatéie expected relative binding of As(lll),
using their pore water composition. The resultg.@i show that in case of 50% As(lll) in
solution, the majority of As bound to the sedimenstill As(V). At a low P concentration, this
effect is most strong because then AS@an better compete with O This preference is
further stimulated by a lower pH value. The fulidiin Fig.8 represents the predicted relationship
for average groundwater (Table 1). The dotted infor the same composition and As/P ratio,

but at a 10 times lower concentration of As and P.

100

% As(lll) / As ; adsorbed

0 50 100
% As(Ill) / As (o solution

Fig. 8. The fraction of As(lll) adsorbed (As(l11)Alsy) by goethite in relation to the relative presentds(lll) in
solution. The relative presence is calculated usiiregreported solution chemistry of an aquifer peostudied by
Swartz et al. (2004), having pH values between7616-P concentrations around 2 mg/L and As conagatrs
ranging between about 5-5Q@/L. The surface interactions considered are forN&', CI, C&*, Mg, F&*, PQ,*,
As(lll), As(V), and HSIO,. The lines are calculated for average groundwededitions (full line) and with a 10
times lower As and P concentration (dotted line).
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3.2.5. Additional diagenesis
The surface area of sediments may change in sewasa. Freshly formed iron oxides may

have a high SSA. These particles may be thermodga#iynless stable than the corresponding
bigger particles. Over time, oxides tend to redalligze, which may increase the size of the
particles, decreasing the SSA of the iron (hyddexparticles. The SSA may also decrease in
case of a preferential dissolution of the finestiexXraction. In both cases, the reactive surfdce o
the sediment and the number of sorption sites pgrmuass decrease. Another process that may
change the surface area is the transformation @f)F¢ydr)oxide to other minerals like mixed
valence oxides minerals (magnetite®eand green rust) and siderite (Fef.Of these minerals
have a larger particle size or if they are lessctrea than the original Fe (hydr)oxide, the
effective reactive surface area of the sedimeritdeitrease.

The effect of any change in the reactive surfaea aan be illustrated by comparing the
isotherms of As(lll) and As(V) at pH=7 in the prase of a dominant amount of PO(Fig.9a).
As mentioned above, both isotherms are linearhét tase, the change of the reactive surface
area Acqmay lead to a relatively small change of the Ascemtration in the pore water if the
system is dominated by phosphate. This phenomesmobe& mathematically described.

In case of a change ins without leaching, the total amount of ions in ajuifer is
preserved. The total amount of arsenic T (mol/lthessum of the amount adsorbed (expressed in

mol/L) and the As concentration in solution (C)¢@ling to:
in which p is the solid: solution ratio (kg/L) and” the As adsorption per unit surface area

(mol/m?). In case of dominance of R@he adsorption of the minor ion will be lineargtated to

the concentration, which can be expressed as:
r=KC [4b]
in which K is a conditional constant. Its value will depemdtbe concentration of the potential

determining ions, like for instance"HPQ?®, and cations like Gadand F&". Combining both

equations leads to:
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T=pAsedKC + C= pK AsedC [4c]

The last simplification is allowed as long as the VRlue E p Ased /C) is high (see section
3.1.6.).

In case of preservation of the total amount Taaistant conditions (pH, R®, etceteras),
the product A.¢C is a constant, which implies that a decreasthefsurface area is inversely
related to the concentration in solution. For ine& if the reactive surface area decreases with 50
%, the concentration is solution will increase watlfiactor of (only) 2, provided that the pH and

PO, concentration are constant (constéhtThis effect is illustrated in Fig.9a.

N -5
g E 0000000000000000000000
B =
E g
kot ge!
to g 7-
@ 3 g
< = 0 PO4
g 8
-9 ] ]
-9 -7 -5 -3
log C-As (mol/L) log C-P (mol/L)

Fig.9a. Adsorption isotherm of As(lll) and As(V) pH 7 in the presence of @M P, in 0.01M NaCl. Fig.9b

Adsorption isotherm of P§ in 0.01 M NaCl at pH=7. A change in the amountezfctive surface area with a factor
of 2 leads to a small change in surface loading3+hits) if the pH and P£ concentration remain constant,

whereas the same change in SSA has a dramati¢ effébe P concentration.

However, a decrease of the reactive surface argahaee a very large impact on the
surface loading of phosphate, which may lead targel increase of the ROconcentration in
solution. In contrast to the isotherms of As(V) aks]{lll) oxyanions, the isotherm of R@n in
the As-PQ> system is very non-linear (Fig. 9b). The non-linekaracter of the isotherm of P

implies that a small change of surface area Alkg) will have a dramatic effect on the FO
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concentration (Fig.9b). This will occur in the gastages of reduction. An increase of the loading
with a factor of two will lead to a P® concentration from e.g. 3.2av to 10* M. Therefore,
diagenesis can be an important source of P (see Zatk1l), and may indirectly affect the
adsorption of As(V) and As(lll). However, note thBt concentrations are limited in the
groundwater in Bangladesh to values around 2 nigi.€b). This might be due to the formation
of a phosphate mineral that can control the P ounagon, for instance vivianite
Fes(POy)2.8H,0.

3. Scenario analysis

The effect of the various processes discussed abawebe quantified using a scenario
calculation. In the scenario, the sediment witthasen reactive surface area will be subject to a
number of changes. The effect on the As and Perdration will be given. In the scenario, the
surface interaction will be quantified using théenactions of the oxyanions of As(V) and As(lll)
with PQ;*, H,SiQs, HCOs, Na', K, C&™, Mg”™", and F&".

After sedimentation, equilibration with Cag@ccurs and the total loading of the system
will be kept constant while the change of the covagions will be predicted. We assume that the
mean sediment has initially an effective surfaceaasf 8000 HiL pore water (section 3.1.6.).
The increase of the RO concentration in the reductive dissolution steptipposed to be due to

the decrease of the reactive surface arga Phe ions released are allowed to re-adsorb.

Sep 1- Fromriver to sediment

The release of As during sediment formation hanhmalculated starting with the river
water composition. This is shown in Fig.10 for the concentration (inug/L) in the pore water
together with the development of the £@oncentration (in mg/L). The suspended partiies
the river are assumed to be in an equilibrium vl river water at pH 8. At settlement, the pH
will decrease due to a higher gpressure (Table 2). In case of pH=7, the As(V)ceotration
decreases from OB/L to 0.05ug/L. If the settled particles remain part of a dbdt is regularly
flooded, the As concentration may reach again tBeu@/L level. However, as noted above, the

increase of the As(lll) loading requires much wat¥e assume that the particles will come again
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in equilibrium with 0.3ug As/L and 1.54M PQ,* at pH=7. The total amount of As is assumed
not to change in the next steps, i.e. no signifi¢eaching or precipitation of As is assumed to

occur when the particles become part of the groatemsystem.

Sep 2- Reductive dissolution of Fe-(hydr)oxide

After soil formation, we assume that the sedimemhes in an equilibrium with CaGO
with P-CQ = 40 mbar at pH 7 (Table 2). The concentration$, K4, Mg?*, and HSiO, have
been fixed to the values given in Table 1 (grourtdwa The sediment becomes chemically
reduced due to the microbial activity. This willcdease the effective total surface area;A
releasing F& and adsorbed P®. In the calculation, &qis changed to reach a P concentration
of 6.5 10° M (2 mgP/L). The corresponding concentration of Fe set at 1 16 M (~6 mg /L).
This choice is based on Fig.6b. The reductive tlisiem results in a decrease of the reactive
surface area to 5830°%h, i.e. a decrease of about 25 %. The As concémtrancreases
tremendously, about 50 times (Fig.10). This is prethantly due to the large increase of the P
concentration in solution, while the effect of thecrease in the reactive surface area is relatively

small (see Fig.9b).

Sep3- Reduction of As(V) to As(I11)

At low redox potentials, As(V) will change into Ad). The reactive surface area is
assumed to remain constant. We calculated the ldase assuming a reduction of 50 % of the
total As fraction in the sediment. The calculatgimows that in that case 70 % of the As in
solution is As(lll). Such a number is reasonablease of the reduction (BGS and DPHE, 2001;
Swartz et al., 2004), see also Fig.8. The relativebderate reduction of As(V) leads to a
relatively small increase of the total As concetidraby less than a factor 2 (Fig.10). The effect
of reduction is relatively small because of a hif®*> concentration in solution (Fig 7). In that
case, the affinity of A(V) and As(lll) oxyanions i®ot very differently anymore. At a low P
concentration, the effects are more pronounced {seediscussion at Figs.7, 8). The £O
concentration is only slightly lowered as a resafltthe As(V) reduction and a desorption of
As(Ill).
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Sep 4- Additional Diagenesis

Diagenesis may be accompanied by a change otleasize and mineral transformation
(Fig.1). In both processes, the effective reacsiwvdace of the sediment may decrease. Actually,
the process would start already with the aboveatdgridissolution process (step 2). The results
of the sequential extraction of Swartz et al. (2084ggest that about 55 % of the iron may have
been transformed into Fe(ll) minerals like sideRe€CQ (see Fig. 2). In our calculated reductive
dissolution step (2), the surface area has deaeagh about 25 %. It implies that additional
transformation may occur in the sediment (aboutlaTo30 %). Such a severe transformation
would release again a lot of PO which cannot be stored at the surface of thehdrjfoxide
fraction and therefore, the P concentration woukkodme very high. However, the P
concentration levels are usually restricted to aldung/P/L (Fig. 6), which might be due to
(co)precipitation mechanisms (the formation of eigianite). We have limited the phosphate
concentration during the additional diagenesissstef2 mg P/L. The maximum concentration of
Fe** is set at 0.1 mM (~6 mg Fe/L) and all arsenicsisuaned to be reduced to As(lll) in this step.
In our calculation, the total transformation of %& of the original iron (hydr)oxide fraction,

equivalent with a decrease to 36081lmleads to an As concentration of B§/L.

The average increase of the As concentration dubidgeochemical changes in the
sediment can be compared with the average situatitre Bangladesh sediments. As mentioned
in the introduction, the large data set of the syrof BGS and DPHE (2001) shows that 58 % of
all samples is below the WHO standard for drinkiveger of 10ug/L and 75 % below 5Qg/L
(Bangladesh standard). The value of [BfiL is rather close to the concentration in ourtesys
with 55% reduction of the surface area (transfoiomadf the Fe (hydr)oxide fraction and 100%
As(V) reduction, i.e. 63ig/L). In case of reduction to 50% As(lll), the firmncentrations is 46
Ho/L. It implies that the As concentration in ab@@% of all Bangladesh sediments can be
described with reductive dissolution. In the neXxt%h of the samples, the reduction of the surface

area is restricted to about 50 %.
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Fig.10. Change of the As concentration in a sesfesteps, starting with 1) river, 2) a pH change@) formation.
Step 4) is the reductive dissolution of Fe (hygiiJe and adsorbed ROresulting in a change of the surface area
from 8000 /L to 5830 ni/L, which is corresponding with a transformationatfout 25 % of the Fe (hydr)oxide
fraction. Next, 5) a reduction of 50 % of As(V) &s(lll) leading to 67 % As(lll) in solution, and &) further
decrease of the reactive surface area to 368D. in total, the reactive surface area has reduoes5 % of the
original Fe (hydr)oxide fraction and the fractioh adsorbed P is reduced by 40 %, for instance fognd co-
precipitate. In the last steps, 90% and 95% of(llydr)oxide fraction is transformed. In Table 3g torresponding

change of the ion loading of the surface is given.

In order to reach As concentration above gL, a strong surface transformation is
required. In case of a 90% reduction of the iroyd(joxide fraction, i.e. from 3600 to 80C#tn
(factor 4.5), the As concentrations reach well &»00pg/L (Fig.10). It is important to note that
even in this case, the vast majority (~97 %) offallis still adsorbed! The KAl /C) value is
still high. If all As is released, the concentratiwould reach 600Qg/L in the average sediment.

In Table 3, the calculated loading of the iron (fggide fraction is given. The As/P value
is about 1/190 mole/mole in the first steps. Wheforanation of a P-precipitate limits the P-
concentration, the As/P ratio changes to 1/110 fmalke in the step with 55%A .

163



Chapter 6

Table 3. The change of the ion loading of theaeffor the processes mentioned in Fig.10.

Scenario loadingumol/n?

P As(V) As(ll1) Si Ca Mg Fe(ll)
River 1.85 0.0097 0 0.42 1.21 0.09 0
pH=8-7 1.85 0.0097 0 0.41 1.07 0.02 0
Soil 2.26 0.0125 0 0.12 1.21 0.02 0
*!Fe-Redox 3.09 0.0170 0 0.00 1.42 0.00 0.59
*1As(1ll) 50% 3.09 0.0085 0.0085 0.00 141 0.00 0.60
*2AA= 55% 3.10 0 0.028 0.00 141 0.00 0.62
*2AA= 90% 3.08 0 0.120 0.00 1.37 0.00 0.68
*2AA= 95% 3.06 0 0.230 0.00 1.33 0.00 0.76

*TAA = 25%, # 100% As(Ill).

The calculated amount of co-precipitated P is 40%he initial P loading. If this co-
precipitate dissolves in the oxalate extract, thanapproach is  consistent in the sense that the
lower As/P concentration in the river water exptaithe As/P oxalate ratio and this ratio
originates from the initial Fe (hydr)oxide fractioif the phosphate co-precipitate does not
dissolve in the oxalate extract, the average amofift bound to the Fe oxide fraction is not a
good measure for the amount of phosphate bounteasurface of the initial oxide Fe-fraction.
This initial P-fraction will then be underestimatadd the lower average value will result in the
calculation of a lower SSA. This may be the casé0®6 of the samples, in particular when high
As concentrations are present in the pore water.

In the calculations, we have focused on the aeerggiment. As discussed, natural
variation exists, like a higher SSA and or anotheiP ratio. Assuming a higher reactive surface
Aseq hardly changes the results, if the same PiBvel in solution is to be reached. In that case,
the same relative change of the reactive surfaga igrrequired. In terms of eq.[4c] this means
that the total amount T will be higher (highegd\ but the relative change ins& is the same,
and so is the change in the As concentration. $& cd a higher As/P ratio a significant change
will occur. An increase of the As concentrationfby instance a factor three at the same As/P
ratio, results in 0.9ug As/L in the soil, 551g As/L at Fe-reduction, 8@g As/L at 50% As(V)
reduction, 19Qug As/L at 55%AAseqWith 100% reduction to As(lll), 898g As/L at 90%AAseq
with 100% As(lll), and 1902ig As/L at 95%AAseqWith 100% As(Ill). The concentrations goes
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up with the same factor of 3 as long as a lineathexm applies in the various steps. It implies
that under this condition, the variation that is@tved in the As/P ratio (Fig.4c), will also be the

calculated variation in the scenarios.

Example

The variation in the reactive surface area of dinsent (Aeg can be estimated if the
experimental pore water chemistry is combined vathmeasured As loading (4s mol/kg
sediment). If additionally also the correspondimgoant of iron (hydr)oxide is known, the
specific surface area of the iron (hydr)oxide fi@ctcan be calculated too. Swartz et al. (2004)
have provided such a data set, as already usee dbms.2 and 8). They measured in detail the
pore water composition and characterized the sedimdth sequential extractions. The
cumulative amounts of As and Fe extracted in tiggiesece up to oxalate, excluding the 1 M HCI
extraction, is considered as “reactive” (see Figlhese numbers will be indicated here as
respectively F& and Asx. The reactive surface area of the sedimegss(/kg sediment) can be

found from:

Ased= ASuds/ as = ASox/ [as [5a]

in whichT as is the calculated As-loading (mofmCombination of A.gand the above fraction of
sequentially extracted Fe (zen g FeOOH per kg sediment) results in a SSA ef(thydr)oxide
fraction (nf/g):

SSA: Ased/ FQ)X [5b]

In Fig.11a, the As concentrations are given iromlwnation with the lithography. Very
high concentrations are found in the upper pathefHolocene aquifer. The Holocene aquifer is
mainly sand, bounded by an upper and lower layetayf. The Pleistocene aquifer is below. The
calculated reactive surface area of the sedimegivean in Fig.11b. On average, it is aboutd+
1000 nf/kg sediment, but the number varies very stronghe lowest values (A= 30 nf/kg
sediment) are found in the upper part of the sauplyfer at 25-46 m. Deeper in the upper aquifer
profile (46-100 m), the averagedis about 160 Rikg. The corresponding SSA are respectively
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~15 and 90 fiig, which contrasts with the SSA in the upper diyer (~35@250 nf/g) and the

Pleistocene sand (250°fy). These low numbers are also much smaller tharaverage initial
SSA obtained from analysis of the data fig.2

S - - A 0
Sand
-50 Sand -50
z [ &
< 100 sand < 1001
% _...Sand/silty clays % .
a) &)
Clay
150 -150 1
Pleistocene Sand Pleistocene Sand
-200+ T -200 T
0 500 1000 1 100 10000
As solu tion pg/L As sediment m ?/kg

Fig 11a. The As(V) and As(lll) concentrations (aeld and open sphere respectively) and b) the eatmlieffective

reactive surface areas§ of the sediment, with in addition, the lithograpdfya Holocene and Pleistocene aquifer.
Data from Swartz et al. (2004).

The SSA obtained might be due to in-situ diagmsnes may originate from different
conditions at sedimentation and burial. Let's assuhmat diagenesis plays a role and that the
original sandy material had at the time of deposi& much higher SSA of for instance 358gn
the value found as the average in Fig.2 and intdpeclay layer of the present profile. This
implies that in the most extreme case, the SSAdeareased with about 95%. Application of this
number AA=95%) in the above scenario using in the last sttp 100% As(V) reduction, leads
to 560ug As/L, which approximately fits with the highestasured As concentrations (Fig.11a).
An effective SSA of about 90 %y results in values in the order of aroundu80As/L. However,
it is important to realize that the calculated amtcations follow from the assumptions made,

which are partly based on calculations in which Alseconcentrations itself were used as input.
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Nevertheless, the scenario sketches a possiblaretpn for the high As concentrations in this

profile.

From these scenario calculations, we learn that lmgh levels of As may be reached due
to strong decrease of the reactive surface areahatdmall differences in a lardeé\ like 80%,
90% or 95% lead in each step to doubling of thecéscentrations (in the example from 140 to
280 and 56Qug As/L). It illustrates that small local differerecenay have a large impact leading
to a large variation, which is experienced in fisldrveys. If the above scenario is realistic, the
low value of SSA in the upper aquifer (~15/g) suggests that all fine particles have disapmbar

during diagenesis.

4. Conclusions

* The river waters of Bangladesh have a fairly cantsées/P ratio but a variable As Q.5 -
2.5pg As /L) and P concentratior 0.02-0.08 mg P/L), probably due to BoAsO,> ion
competition with suspended (hydr)oxide particles.

» The As/P ratio during sediment formation is prolgdbiver than the present As/P ratio in
river waters of Bangladesh. The difference mightlbe to a high P concentration related
to soil formation but a lower As concentration mcieent river waters is more likely. The
average concentration might be aboutj@3As/L.

» The average As and P loading of the Fe (hydr)ofigtion extracted with oxalate can be
explained with an average initial SSA of about 85y. This value can be considered as
the initial value at sedimentation. This calculateitial SSA varies between about 200-
600 nf/g.

* The natural range of the P loadings on the Fe Jbydte fraction is predominantly
caused by a variation in the initial SSA. The natwspan of the As loadings is
additionally related to a variation in the As/Pdoay during sediment formation.

« In sediments, the main ions adsorbed by the naRedhydr)oxide fraction are RO (=
2.5 +0.4pmol/n), C&* (= 1.3+0.1umol/n?), F&* (= 0-0.7 pmol/n?) and Si € 0-0.2
umol/nm?). The adsorption of M and HCQ is negligible. The average As loading
varies betweer0.01-0.2umol/n?. The adsorption of As(V) is favored over As(lI§ Be
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(hydr)oxides, which may lead to a relatively higaction of As(V) adsorbed even if the
solution is dominated by As(lIl).

The adsorption isotherms of As(lll) and As(V) bouoygl iron (hydr) oxides are usually
linear in natural systems due to the dominant etiephosphate.

The NH;* and PG* concentrations resulting from reductive dissolutian be understood
from a combination of ion exchange (NMon clay/organic matter and P adsorption to
the iron (hydr)oxides. The corresponding?Feoncentrations are strongly buffered by
precipitation reactions like the formation of (amploous) siderite. This fraction is
probably extractable in 1 M HCI. In 60% of the Beaatesh samples this fraction is 25%

or less.

In the scenario analysis for average sedimentsetthective dissolution with concomitant
release of P was identified as the first factor that may inseavery low As
concentrations to levels that are beyond the WH@dstrds for drinking water. Reduction
of As(V) to As(lll) may approximately double thesalues and further doubling may
occur each time that the surface area decreasa$dayor of 2. The average concentration
of 55 ug As/L (data base BGS/DPHE) may result from a fansation of about 50 % of
the iron (hydr)oxides and 50 % reduction of the\Agp As(lll) assuming that limitation

of the phosphate and ferrous ion concentrationrsadue to (co) precipitation reactions.

Even at a 95%- transformation (and more) of tha ogide fraction, the vast majority of
As is still adsorbed!

The variation in the As/P ratio due to local vaaat in the conditions during
sedimentation leads to the same variation in tlnsents if the same events take place.
The original amount of Fe (hydr)oxide and its SSA riot very relevant for the
development of elevated As concentrations, exdegdtd low amount of Fe (hydr)oxide
may be easier transformed at a given degradaticorg#nic matter (less active organic

matter is required).
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5. Appendix

The ion adsorption reactions for goethite have beescribed with a combination of the CD model
(Hiemstra and van Riemsdijk, 1996) and the MUSIQieigHiemstra et al., 1989; Hiemstra et al., 1996)
using the extended Stern layer model (HiemstravamdRiemsdijk, 2006). The capacitances of the inner
and outer-Stern layer are 0.85 E/and 0.75 F/h The primary surface charge is developed by the
protonation of two types of surface groupsfFeOH" and= Fe O™ with effective site density of
respectively 3.45 nfhand 2.7 nf.

Table Al. The formation reactions of surface spedetermining the primary charge (Hiemstra and Remsdijk,

2006)

Surface species =FeOH =FeO Az Az;, Az, H* Na° K* CrI logkK

= FeOH"? 1 0 0 0 0 0 0 0 0 0.00
= FeOH™? 1 0 1 0 0 1 0 0 0 9.20
= FeOH"2--Na' 1 0 0 1 0 0 1 0 0 -0.60
= FeOHY2 K" 1 0 0 1 0 0 0 1 0 -1.71
= FeOH™?--CI? 1 0 1 -1 0 1 o0 0 1 8.76
= Fg0O? 0 1 0 0 0 0 0 0 0 0.00
= FeOH™? 0 1 1 0 1 0 0 0 9.20
= FeO™2-Na' 0 1 0 1 0 0 1 0 0 -0.60
= FeO"%-K" 0 1 0 0 0 0 1 0 -1.71
= FgOH*2..CI* 0 1 1 -1 0 1 0 0 1 8.76

Table A2. The formation reactions for the surfagecses of As(lll) and As(V) (Stachowicz et al., B)O

Species =FeOH =Fe0O Az, Az; Az, H°  As(OH)Y® AsO* logk

= FeOAs(OH) 1 0 0.16 -0.16 0 0 1 0 4.91
= Fe0, AsOH 0 1 034 034 0 0 1 0 7.26
= FeOAsQOH 1 0 030 -1.30 0 2 0 1 26.60
= Fe0,AsO; 1 0 047 -147 0 2 0 1 29.27
= Fe,0,AsOOH 2 0 058 -058 0 3 0 1 33.00
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Table A3. The formation reactions for the surfagecies of PQ' (Rahnemaie et al., 2007b).

Specie =FeOF =Fe0 Azo Az, Az, H' PGB logK
= Fe,O, PC, 2 0 0.4¢ -1.4¢ O 2 1 29.77
= FeOP(GOH 1 0 0.2¢ -1.26 0 2 1 27.6F

Table A4. The formation reactions for the surfapecies of C& and Md" (Stachowicz et al., 2007b).

Species =FeOH =FeO0 Azz Az Az, H' C& Mg*™ logk

= FeOF">-C&* 1 0 0 2 0 o 1 0 3.0¢

= Fe,0"> C&* 0 1 0 2 0 o 1 0 3.0¢

= FeOHCi 1 0 03z 168 O 0 1 0 3.6t

= FeOHCaOl 1 0 0.3z 068 O -1 1 0 -9.2¢t

= (FeOH,Mg 2 0 0717 12¢ O 0 0 1 4.9C

= (FeOH,MgOH 2 0 0717 02¢ O -1 0 1 -6.47
Table A5. The formation reaction for the surfaceags of C@? (Stachowicz et al., 2007a).

Species =FeOH =Fe0 Az, Azy Nz, H CO” logK

= Fe0,CO 2 0 068 -068 O 2 1 22.33
Table A6. The formation reactions for the surfapecies of F& and Fe(ll)-As(ll) (Hiemstra, 2007).

Species =FeOH =Fe0 Az, Az; Az, H° F& As(OHY® logK

= (FeO) Fg, 2 0 0.73 1.27 0 0 1 0 8.47

= (FeO) Fg, (OH), 2 0 0.17 -017 O -2 1 0 -9.31

= FeOAgs, (OH)sFg, 1 0 0.08 0.92 0 -1 1 1 3.35
Table A7. The formation reactions for the surfagecses of HSIO, (Hiemstra et al., 2007)

Species =FeOH =Fe0 Az Az, Dz, H' HSIOf  logk

= Fe0, Si(OH), 2 0 0.29 -0.29 0 0 1 5.85

= Fe0, SIOHOSE(OH)y 2 0 0.29 -0.29 0 0 4 13.98

= Fe0, SIOHOSE(OH)g 2 0 0.29 -1.29 0 -1 4 7.47
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Table A8. Representative Gaines-Thomas ion exchesgggtions and constants used.

Reaction Ker
% X,Ca + NH' = XNH, + % C&" 2.5
% X,Ca + K 2 XK + 1 C&" 2.5
Y% X,Ca + %2 Mg" < Y% X,Mg+ % C& 0.7
1% X,Ca + ¥» F&' & 1 X,Fe + 1 C& 0.7
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Introduction

The discovery of arsenic contamination in groun@watround the world has stimulated
the scientific community to initiate research aitiés. The data obtained in field studies point to
iron oxides as a source of arsenic in water. Bssidest of the water purification and waste
treatment techniques related with arsenic contamimare either based on co-precipitation with
iron oxides and/or adsorption on iron oxides. Fdretter understanding of what conditions in
nature cause naturally elevated arsenic concemigats well as for designing better treatment
technigues an increase in our fundamental knowleagéne interaction of arsenic in complex

environmental matrices with iron oxides is esséntia

Surface Speciation of As(lll) and As(V) in Relationto Charge Distribution
(Chapter 2)

Metal (hydr)-oxides are omnipresent in nature. Timgy contribute to the control of the
mobility and bioavailability of many elements iretkenvironment via adsorption and desorption
processes. lon binding properties of metal (hydijles are strongly determined by the structure
of the surface and the structure of the surface ptewes formed. Incorporation of the
microscopic information, i.e. the structure(s) bé tadsorbed entities, in the interpretation of
macroscopic adsorption characteristics, is vitabfealid modeling of transport processes and the
bioavailability of toxic elements in the environnmien

The adsorption of As(lll) and As(V) on goethite Heeen studied as function of pH and
loading. The data can be successfully describethi Wie charge distribution (CD) model
(extended Stern option) using realistic specieetesl by EXAFS. The CD values have been
derived theoretically. Therefore, the Brown bontemae approach has been applied to MO/DFT
optimized geometries of a series of hydrated coxrgsdeof As(ll) and As(V) with
Fe(lll)(hydr)oxide. The calculated ionic CD valuleave been corrected for the effect of dipole

orientation of interfacial water, resulting in oa#rinterfacial CD coefficients that can be used to
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describe the surface speciation as function of pH ading. For As(lll), the main surface
species is a bidentate complex and a minor cotitnibwf a monodentate species is found, which
is in agreement with EXAFS. The CD values have d&sen fitted. Such an analysis of the
adsorption data resulted in the same surface specide fitted CD values for the bidentate
complex points to the presence of strong As-O bavittsthe surface and a weaker As-OH bond
with the free OH ligand. This agrees quantitativeligh the MO/DFT optimized geometry.
Interpretation of free fitted CD values for As(Mnbing suggests that the main surface species is
a non protonated bidentate complex (B) with a dbuation of a singly protonated surface
complex (MH) at sub neutral pH and high loading.abidition, a protonated bidentate surface
complex (BH) may be present. The same speciesoarelfif the theoretical CD values are used
in the data analysis. The pH dependency of surfgpeziation is strongly influenced by the
charge attribution of adsorbed species to therelgtetic surface plane while the effect of loading
is primarily controlled by the amount of chargeihtited to the 1-plane, illustrating the different
action of the CD value. The MO/DFT geometry optiatians furthermore suggests that for
As(V) the B, MH and BH surface complexes may hags/\similar As-Fe distances which may

complicate the interpretation of EXAFS data.

The Arsenic -Bicarbonate Interaction on Goethite Peicles (Chapter 3)

A large number of chemical and biogeochemical @sses have been proposed that may
explain the mobilization of arsenic compounds. Haghenic concentrations in groundwater are
often accompanied by (bi)carbonate concentratiotteezling 300 mg/L. So far however, the
literature sources give contradictory informatiom what the relation is, if any. It has been
argued that high arsenic concentrations can beamqu by the competitive action of
bicarbonate. Like arsenate and arsenite, (bi)cateomay adsorb strongly to iron oxides and
therefore, it may influence the speciation and titgbof arsenic. For this reason, the effects of
carbonate on the arsenic sorption are particulambprtant to understand.

The As(V) and As(lll) interaction with HC{has been studied for goethite systems using
a pH and As concentration range that is relevantfigdd situations. Our study shows that
dissolved bicarbonate may act as a competitor étin Bs(V) and As(lll). In our closed systems,

the largest effect of bicarbonate occurs at theekivexperimental pH values (pH~6.5), which is
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related to the pH dependency of the carbonate pfisorprocess. The experimental data have
been modeled with the charge distribution (CD) nhodehe CD-model was separately
parameterized for goethite with ‘single ion’ add@p data of HC@, As(lll), and As(V). The
competitive effect of HC®on the As(lll) and As(V) release could be predicteell. Application

of the model shows that the natural As loadingepfifer materials (~ < 0.01-0.1 pmofior <1-5
mg/kg) is at least about >1-2 orders of magnituamler than the As loading based on the
competition of As-HC@ alone. It indicates that another, very prominentnpetitor, like
phosphate and natural organic matter, will strorgntribute to the control of As in natural

systems.

Multi-Competitive Interaction of As(lll) and As(V) Oxy-anions with C&",
Mg?*, PO,*, and CO;* lons on Goethite(Chapter 4)

Mobility and bioavailability of arsenic in compleatural systems seems to be determined
by a combination of factors such as the redox d¢mmdi, the presence of mineral surfaces and
organic matter. Another factor is the co-occurreoicelements that may enhance or suppress the
As concentration of groundwater. For instancecifigally adsorbed inorganic ions, such as
cd’, Mg**, PQ¥, CO* may be relevant for a release of arsenic. Thess &e commonly
present in natural waters and will interact with vilsen adsorbed on the sites of metal oxides
surfacesi.e. they may suppress or promote the binding of e#cér.

Complex systems, simulating natural conditions gkeundwater, have rarely been studied, since
measuring and in particular, the modeling of sugtesns is very challenging. In this paper, the
adsorption of the oxyanions of As(lll) and As(V) gaethite has been studied in the presence of
various inorganic macro-elements (MgC&*, PQ*, CO:%). We have used ‘single-, ‘dual-’,
and ‘triple-ion’ systems. The presence of’Cand Md* has no significant effect on As(lll)
oxyanion (arsenite) adsorption in the pH rangeveeié for natural groundwater (pH 5-9). In
contrast, both G4 and Md* promote the adsorption of F® A similar effect is expected for the
cd* and Md" interaction with As(V) oxyanions (arsenate). Phagp is a major competitor for
arsenate as well as arsenite. Although carbonate aoaas competitor for both types of As
oxyanions, the presence of significant concentnatiof phosphate makes the interaction of
(bi)carbonate insignificant. The data have beeneteatiwith the charge distribution (CD) model
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in combination with the extended Stern model optianthe modeling, independently calculated
CD values were used for the oxyanions. The CD wafaethese complexes have been obtained
from a bond valence interpretation of MO/DFT (mailec orbital / density functional theory)
optimized geometries. The affinity constants Kpdpave been found by calibrating the model on
data from ‘single-ion’ systems. The parametersusetl to predict the ion adsorption behavior in
the multi-component systems. This way calibratediehds able to predict successfully the ion
concentrations in the mixed 2- and 3-componenesgystas a function of pH and loading. From a
practical perspective, data as well as calculatghmav the dominance of phosphate in regulating
the As concentrations. Arsenite (As(QHis often less strongly bound than arsenate (As@r
conditions relevant in nature and arsenite resgoless strongly to changes in the phosphate
concentration compared to arsenate, o 10gCasqiy/ 0 10gCpos =0.4 andd 10gCasvy/ 0 109Cpo4
=0.9 atpH 7.

Linking the Arsenic Binding to Goethite with the Binding to Amorphous Iron
(Hydr)oxide (Chapter 5)

Natural systems are complex and thus the molaihty bioavailability of arsenic is
affected by the presence of various mineral susfasewell as other co-occurring elements. The
field data support the hypothesis that As boundrdny oxides is a primary source of arsenic in
Bangladesh groundwatelron oxides present in those sediments includelljeftides such as
hydrous ferric oxide (HFO), goethite or hematited @ossibly various mixed valence oxides such
as magnetite and green rust. The amount of mabsienic under field conditions is often linked
to the amount of iron found by oxalate extractitiris believed that the oxalate-extracted Fe is
related to oxide material with a high reactive soef area. HFO is seen as an important
representative and for this reason it has beenidenesi a useful proxy for the natural Fe
(hydr)oxide fraction.

Primary structure of HFO and goethite has simiksijtthat have been used here as a
common basis in the modeling of the proton andréesadsorption behavior on both materials.
We differentiated between a relative number ofwagous reactive surface groups. For goethite

the apparent fraction of top-end faces at the alyswas assumed to be 5%, while for HFO, a
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50% contribution of similar faces was used. Assallte the primary charging behavior of goethite
and HFO has been modeled in a coherent manner i@ngUSIC model approach.

Adsorption of As(lll) on HFO and goethite has bekscribed assuming the formation of
2 species; a bidentate double corfé)) (and a bidentate edgéE], as found by spectroscopy. In
case of the adsorption of As(V) we were not able identify the surface speciation
unambiguously for the different crystal phases. ¥dlend a number of possible options. We
arbitrary chose the following As(V) surface speoiat three species on the 110+100 face; i.e. a
bidentate, a protonated bidentate and a protomatatbdentate; and one type of species on the
021+001 face; i.e. a protonated monodentate. Thes&ies of the different type of As(lll) and
As(V) complexes were found independently from th@/MFT optimized geometries of hydrated
complexes. The affinity constants were fitted iterdy on adsorption data of goethite and HFO.

The modeling results have been tested on data ¢ampetition experiments. The model
successfully predicted the competition between récsspecies, As(lll) and As(V), on both
minerals. For the highest surface loading discrejganbetween the data and model predictions
were observed for adsorption on HFO. However, passible that for such an extreme surface
loadings a surface precipitation occurs.

The above suggests that despite the differencéiseimeactivity of goethite and HFO a
link exists between the adsorption behavior of bwoiherals. Since HFO has been considered
representative for ‘field’ conditions this is of portant practical relevance. In future the CD

model can be used in to predict adsorption in cempystems simulating natural conditions.

Biogeochemical Key Factors Controlling Arsenic in G@undwater (Chapter 6)

The As distribution in groundwater has been widgtlydied. Based on the results, a
number of hypotheses have been formulated to exgh& origin of elevated As concentrations.
The large number of different explanations thatehbgen suggested in recent years points to the
complex nature of the arsenic contamination andewdhat our understanding of the problem is
still limited. The identification of processes item based on speculations using correlations and
observed trends as the relevant data, relatedecsdhid phase composition, is unfortunately

almost completely absent.
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The aim of this study is to discuss quantitativedyyies biogeochemical processes that
may be involved in the release of As; i.e. the affef pH and an equilibration with calcite, the
release of PG due to mineralization and reductive dissolutiorFef(hydr)oxides, the reduction
of As(V) to As(lll), and the effect of additionaliadjenetic processes that change the reactive
surface area of the sediment. Eventually, a socerf@s been used to predict the impact of
changing conditions on the arsenic concentratiopare waters. In the scenario analysis for
average sediments the reductive dissolution witelease of P& was identified as the first
factor that may increase very low As concentratimnkevels that are beyond the WHO standards
for drinking water. Reduction of As(V) to As(lll) ay approximately double these values and
further doubling may occur each time that the i@farea decreases by a factor of 2. The average
concentration of 551g As/L may result from a transformation of about %) of the iron
(hydr)oxides and 50 % reduction of the As(V) to IAs@ssuming limitation of the phosphate and
ferrous ion concentration due to (co) precipitatieactions. The CD model has been used in the
calculations as it has been tested for a large surabion-ion interactions relevant in the As
binding process and it can successfully predict petitive effects in 2- and 3- component

systems containing As.

Concluding remarks

Groundwater contamination with arsenic quickly lmeeaa key-issue on political agendas
around the world as it turned out that the numlbgreople affected by this problem worldwide is
increasing. As a result of this research large qudiem datasets for mono-component and multi-
component systems simulating relevant groundwagdd fituations were obtained. The data
were interpreted with a molecular based adsorptiaalel; i.e. the CD model. The model has
been applied in order to predict the adsorptionaliin of arsenic for a very wide range of
chemical compositions as they are observed in i#ld. fThis way the thesis has added into
providing quantitative understanding of the behawioarsenic in natural waters. This knowledge
may contribute to the long-term solutions for arsgmoblems, such as an optimization of arsenic
removal from drinking water as well as a methodglta guide the positioning of new arsenic-

free wells.
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Inleiding

Wereldwijde ontdekkingen van arseenverontreinigingen grondwater hebben de
wetenschappelijke gemeenschap aangezet tot heichterr van onderzoek naar deze
problematiek. Veldgegevens wijzen in de richtingn vgeroxides als een bron van arseen in
water. De meeste waterzuiveringtechnieken geriphtl® verwijdering van arseen zijn trouwens
ook gebaseerd op ofwel co-precipitatie met enfifogotie aan ijzeroxides. Voor een beter
begrip van de condities die natuurlijk verhoogdeeanconcentraties veroorzaken, maar ook voor
het ontwerpen van betere behandelingstechniekeendoename van onze fundamentele kennis

over de interactie van arseen met ijzeroxides mptexe matrices onontbeerlijk.

Oppervlaktespeciatie van As(lll) en As(V) in Relate tot Ladingsverdeling
(Hoofdstuk 2)

Metaal(hydr)oxides zijn in overal in de natuur aemig. Zij kunnen van invioed zijn op de
mobiliteit en de biobeschikbaarheid van vele eldger@nin het milieu via adsorptie- en
desorptieprocessen. lonbindende eigenschappen etaaliinydr)oxides worden sterk bepaald
door de structuur van het oppervlak en de structaarde gevormde oppervlaktecomplexen. Het
meenemen van de “microscopische informatie”, ofdelstructu(u)r(en) van de geadsorbeerde
entiteiten, bij de interpretatie van macroscopisatigorptiekarakteristieken, is essentieel voor een
adequate modellering van transportprocessen eriotbedehikbaarheid van toxische stoffen in
het milieu.

De adsorptie van As(lll) en As(V) aan goethiet esngdelleerd als een functie van de pH en
belasting. De gegevens kunnen met succes wordehregen met het “charge distribution” (CD)
model (met uitgebreide Stern optie), wanneer sBatihe species, waargenomen met EXAFS,
gebruikt worden. De CD-waarden zijn theoretischekgigl. Daarom is de zgn. “Brown bond
valence”- benadering toegepast op MO/DFT-geoptsealide geometrieén van een reeks van
gehydrateerde complexen van As(lll) en As(V) mefliféhydr)oxide. De berekende ionische
CD-waarden zijn gecorrigeerd voor het effect varpodloriéntatie van grensvlakwater,
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resulterend in effectieve CD-waarden voor het gykak welke gebruikt kunnen worden voor de
beschrijving van oppervlaktespeciatie als een fanean pH en belasting. Voor As(lll) is een
bidentaatcomplex de voornaamste opperviaktespemiesvordt een kleine bijdrage van een
monodentaatspecies gevonden, wat in overeenstemsningt EXAFS. De CD-waarden zij ook
gefit. Een dergelijke analyse van de adsorptietegalteerde in dezelfde opperviaktespecies. De
gefitte CD-waarden voor het bidentaatcomplex wijzgnde aanwezigheid van sterke As-O-
bindingen met het oppervlak en een zwakkere As-@idirg met de vrije OH-ligand. Dit komt
kwantitatief overeen met de MO/DFT-geoptimaliseeg#®metrie. Interpretatie van de vrije
gefitte CD-waarden voor As(V)-binding suggereert da belangrijkste oppervlaktespecies een
niet-geprotoneerd bidentaatcomplex (B) is met eg@rdge van een enkelvoudig geprotoneerd
oppervlaktecomplex (MH) op een subneutraal pH-nivea bij een hoge belasting. Ook kan een
geprotoneerd bidentaat-oppervliaktecomplex (BH) @anyv zijn. Dezelfde species worden
gevonden indien de theoretische CD-waarden wordsrugkt in de data-analyse. De pH-
afhankelijkheid van de oppervlaktespeciatie wortetrks beinvioed door de ladingstoekenning
van geadsorbeerde species aan het elektrostabpg®eeviak, terwijl het effect van de belasting
voornamelijk wordt bepaald door de hoeveelheidngdiie toegekend wordt aan het “1-plane”,
wat de afwijkende werking van de CD-waarde illestt. De MO/DFT-geometrie-optimalisaties
suggereren verder dat voor As(V) de opperviaktedexem B, MH en BH zeer vergelijkbare As-
Fe-afstanden kunnen hebben, wat de interpretati&¥a\FS-data kan bemoeilijken.

De Arseen-Bicarbonaat-Interactie op Goethietdeeltje (Hoofstuk 3)

Er is een groot aantal chemische en biochemisobeepsen voorgesteld die de mobilisatie van
arseenverbindingen zouden kunnen verklaren. Haggeaconcentraties in grondwater gaan vaak
samen met (bi)carbonaatconcentraties van meer @@amg/L. Tot op heden geeft de literatuur
echter tegenstrijdige informatie over wat de relgirecies is, als er al een relatie is. Er wordt
gespeculeerd dat hoge arseenconcentraties verklaamden worden door de competitieve
werking van bicarbonaat. (Bi)carbonaat kan, netaat®enaat en arseniet, sterk adsorberen aan
ijzeroxides en daarom kan het de speciatie en itmbNan arseen beinvioeden. Daarom is het
van groot belang de effecten van carbonaat opreseggtie te doorgronden.

De interactie tussen As(V)/As(lll) en HGQAs bestudeerd voor goethietsystemen met voor

veldsituaties relevante ranges van pH en As cdrat@s. Onze studie laat zien dat opgelost
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bicarbonaat competitie kan vertonen met zowel Asf\) As(lll). In onze gesloten systemen
treedt het grootste effect van bicarbonaat op &ijadgste pH-waarden die in de experimenten
zijn gebruikt (pH6.5), wat samenhangt met de pH-afhankelijkheid vdret
carbonaatadsorptieproces. De experimentele gegeyargemodelleerd met het CD-model. Het
CD-model is afzonderlijk geparameteriseerd voortigjeé met “single ion”-adsorptiedata van
HCO;s, As(lll) en As(V). Het competitieve effect van HE®©p het vrijkomen van As(lll) en
As(V) kon goed voorspeld worden. Toepassing vannmadiel laat zien dat de natuurlijke As-
belasting van aquifermatrices<(0.01-0.1 umol/rh of <1-5 mg/kg) minstens 1-2 ordes van
grootte kleiner is dan de As-belasting gebaseerdnijel de As-HC@competitie. Dit laat zien
dat een andere, zeer prominenbenpetitor, zoals fosfaat en natuurlijk organisch materiaat,

gedrag van As sterk beinvioedt.

Multi-competitieve Interactie van As(lll) en As(V) Oxyanionen met C&,
Mg®*, PO,> en COs*-ionen aan Goethiet.

De mobiliteit en biobeschikbaarheid van arseenoimmexe natuurlijke systemen lijken bepaald
te worden door een combinatie van factoren zoalgedexcondities, de aanwezigheid van
minerale oppervlakken en organische stof. Een ani@etor is de gelijktijdige aanwezigheid van
elementen die de aanwezigheid van arseen in grdadk@annen verhogen of onderdrukken. Zo
kunnen specifiek geadsorbeerde anorganische ianafs C&", Mg®*, PQ* en CQ?, belangrijk
zijn bij het vrijkomen van arseen. Deze ionen konrematuurlijke wateren voor en zullen de
interactie met As aangaan voor adsorptie aan kgsgiaatsen op metaaloxideopperviakken,
d.w.z. ze kunnen elkaars binding aan deze oppdmtakergemakkelijken of onderdrukken.
Complexe systemen welke de natuurlijke conditiemls die in grondwater, simuleren, zijn
zelden bestudeerd, omdat het meten in en met nak@ei modelleren van deze systemen een
grote uitdaging vormen. Voor dit hoofdstuk is des@gbtie van de oxyanionen van As(lll) en
As(V) aan goethiet in de aanwezigheid van versamile anorganische macro-elementerf{Ca
Mg**, PO en CQ?) bestudeerd. We hebben hiervoor ‘single-’, ‘duah’‘triple-ion’ —systemen
gebruikt. De aanwezigheid van Can Md* heeft geen significant effect op de adsorptie van
As(lll)-oxyanion (arseniet). Daarentegen stimulezremel C&" als Md* de adsorptie van R®.
Een soortgelijk effect wordt verwacht voor de iatge van C& en Md¢f* met As(V)-oxyanionen

(arsenaat). Fosfaat is een belangrijke concurremr \zowel arseniet als arsenaat. Hoewel
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carbonaat als een concurrent kan fungeren voorebsiden van As-oxyanionen, wordt de
interactie met (bi)carbonaat door de aanwezigheah \significante fosfaatconcentraties
gemarginaliseerd. De data zijn gemodelleerd metdahgsverdelingsmodel CD, in combinatie
met de uitgebreide Stern-optie. Voor de berekemingerden onafhankelijk berekende CD-
waarden gebruikt voor de oxyanionen. De CD-waardeor deze complexen zijn verkregen
vanuit een bindingswaarde-interpretatie van MO/Dgolecular orbital/density functional
theory)-geoptimaliseerde geometrieén. De affirstagitstanten (Id¢) zijn gevonden door het
model te calibreren op data van ‘single-ion’-syssamDe parameters zijn gebruikt om het
ionadsorptiegedrag in de multi-componentsystemenvderspellen. Het op deze manier
gecalibreerde model kan de ionconcentraties inetigeggde 2- en 3-componentsystemen als een
functie van pH en belasting met succes voorspelfanuit een praktisch perspectief laten zowel
de data als de modelberekeningen de dominantigfosiaat zien in het reguleren van de As-
concentraties. In voor natuurlijke systemen relévaimstandigheden wordt arseniet (As(€H)
vaak minder sterk gebonden dan arsenaat ﬁ-’\)scen reageert arseniet minder sterk op
veranderingen in de fosfaatconcentratie dan arsefé@yCasqiy/ 6 10gCr0s~ 0.4 end logCasv)/

0 109Cpo4~ 0.9 bij pH 7.

Het Relateren van de Binding van Arseen aan Goethi@an de Binding aan
Amorf ljzer(hydr)oxide (Hoofdstuk 5).

Natuurlijke systemen zijn complex en zodoende worde mobiliteit en de biobeschikbaarheid
van arseen beinvioed door de aanwezigheid van hibescle minerale opperviakken en de
aanwezigheid van andere elementen. Veldgegevengrsiadnen de hypothese dat door
ijzeroxides gebonden As een primaire bron is vanahgeen in het grondwater van Bangladesh.
Onder de in deze sedimenten aanwezige ijzeroxideerbn Fe(lll)-oxides zoals HFO, (hydrous
ferric oxide), goethiet of hematiet, en mogelijkra@hillende mixed valence —oxiden zoals
magnetiet ergreen rust. De hoeveelheid mobiel arseen is onder veldcawditaak gerelateerd
aan de hoeveelheid oxidemateriaal die gevonden twordt oxalaatextractie. Er wordt
verondersteld dat het oxalaat-geéxtraheerde Felatpgel is aan oxidemateriaal met een
hoogreactief opperviak. HFO wordt gezien als edarugijke vertegenwoordiger en om deze
reden is HFO in beschouwing genomen als een bnekipgoxy voor de natuurlijke Fe

(hydr)oxidefractie.
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De primaire structuren van HFO en goethiet vertomegreenkomsten die hier zijn gebruikt als
een gemeenschappelijke basis in de modelleringhearproton- en arseenadsorptiegedrag aan
beide materialen. We hebben onderscheid gemaaidriieen relatief aantal van de verschillende
groepen van reactieve oppervlakken. Voor goethietdween aantoonbare fractie vip-end
faces op de kristallen aangenomen van 5%, terwijl voorOHEen bijdrage van 50% van
vergelijkbare faces werd gebruikt. Dit resulteeml@en coherente modellering van het primaire
ladingsgedrag van goethiet en HFO met behulp vavildsIC modelbenadering.

De adsorptie van As(lll) aan HFO en goethiet ichesven met de aanname van de vorming van
2 species: eehidentate double corner (°C) en eerbidentate edge (°E), zoals aangetoond met
behulp van spectroscopie. In het geval van de ptisovan As(V) waren we niet in staat de
opperviaktespeciatie ondubbelzinnig te identifioereoor de verschillende kristalfasen: we
vonden een aantal mogelijke opties. We hebbentrairbivoor de volgende As(V)-speciatie
gekozen: drie species op de 110+18€&, namelijk een bidentaat, een geprotoneerde bidenta
en een geprotoneerde monodentaat; en één typeespegi de 021+001 face, namelijk een
geprotoneerde monodentaat. De CD-waarden voor dechibende typen As(lll) en As(V)-
complexen werden onafhankelijk verkregen vanuitMi®/DFT-geoptimaliseerde geometrieén
van gehydrateerde complexen. De affiniteitsconstamterden iteratief gefit op adsorptiedata van
goethiet en HFO.

De modelresultaten zijn getest op data van conpetiperimenten. Het model voorspelde de
competitie tussen de arseenspecies en beide n@nenalet succes. Voor de hoogste
oppervlaktebelasting werden discrepanties waargenomtussen de data en de
modelvoorspellingen voor de adsorptie aan HFO. isletchter mogelijk dat bij zulke extreme
belastingen oppervlakteprecipitatie optreedt.

Het bovenstaande suggereert dat er, ondanks viggcim reactiviteit tussen goethiet en HFO,
een relatie bestaat tussen het adsorptiegedragerda mineralen. Omdat HFO beschouwd wordt
als een belangrijke vertegenwoordiger voor velddaslis dit van groot praktisch belang. In het
vervolg kan het CD-model gebruikt worden om adserf# voorspellen in complexe systemen

die natuurlijke condities simuleren.

Biogeochemische Sleutelfactoren in het Gedrag vanrgeen in Grondwater
(Hoofdstuk 6)
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De verspreiding van As in grondwater is uitgebregs$tudeerd. De resultaten hebben geleid tot
een aantal hypotheses die de oorsprong van deogegtAs-concentraties trachten te verklaren.
Het grote aantal uiteenlopende verklaringen daeaente jaren naar voren is gebracht benadrukt
de complexiteit van het vraagstuk en bewijst dat loegrip van het probleem nog steeds beperkt
is. De identificatie van processen is vaak gebdsegrspeculatie, waarbij gebruik gemaakt wordt
van correlaties en waargenomen trends: dit omdatléeante gegevens, met betrekking tot de
samenstelling van de vaste fase, helaas vrijwébdig ontbreken.

Het doel van dit hoofdstuk is de verschillende bmgzhemische processen die een rol kunnen
spelen in het vrijkomen van As op een kwantitatievanier te beschrijven, namelijk: het effect
van pH en een evenwichtsinstelling met calciet, \idlkomen van P@ als gevolg van
mineralisatie en reductieve oplossing van Fe(hydldgs, de reductie van As(V) naar (As(lll), en
het effect van additionele diagenetische procedgemet reactieve oppervlak van het sediment
veranderen. Uiteindelijk is een scenario gebruikt de impact van veranderende condities op
arseenconcentraties is poriewater te voorspellende scenarioanalyse werd voor gemiddelde
sedimenten de reductieve oplossing met het vrijkowven PG> geidentificeerd als de eerste
factor die zeer lage As-concentraties kan doenetmen tot niveaus die boven de WHO-norm
voor drinkwater uitstijgen. Reductie van As(V) naas(lll) kan deze waarden ongeveer
verdubbelen en elke keer dat het reactieve opgemkt een factor 2 afneemt kan een verdere
verdubbeling optreden. De gemiddelde concentradie 55 pg/L kan het gevolg zijn van een
transformatie van ongeveer 50% van het ijzer(hyddp en 50% reductie van het As(V) naar
As(lll), aangenomen dat de fosfaat- en ?'Feconcentraties gelimiteerd worden door
(co)precipitatiereacties. Het CD-model is gebruiktde berekeningen omdat het is getest voor
een groot aantal ion-ion-interacties die relevajt in het arseenbindingsproces en het de

competitieve effecten in 2- en 3-componentsystemenAs met succes kan voorspellen.

Concluderende opmerkingen

Grondwaterverontreiniging met arseen werd overateelg wereld snel een belangrijk thema op
de politieke agenda toen duidelijk werd dat hett@lamensen dat door dit probleem wordt

gedupeerd wereldwijd toeneemt. Door dit onderzoekdween grote adsorptiedataset verkregen
voor mono- en multicomponentsystemen die relevaesituaties simuleren. De gegevens

werden geinterpreteerd met een adsorptiemodel eretm®leculaire basis: het CD-model. Dit
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model is toegepast om het adsorptiegedrag van rangeer een wijde range van chemische
samenstellingen, zoals die voorkomen in het veddydorspellen. Op deze manier draagt dit
proefschrift bij aan het kwantitatieve begrip vagt gedrag van arseen in natuurlijke wateren.
Deze kennis kan bijdragen aan lange-termijnoplgssin voor arseenproblemen, zoals
bijvoorbeeld optimalisatie van arseenverwijdering drinkwater of de ontwikkeling van een

methode voor het bepalen van posities van nieussega-vrije drinkwaterbronnen.
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