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THESIS ABSTRACT

METHODS FOR SCALING AND COMPARING ADSORPTION DATASES

Owen Kent Hartzog

Master of Science, August 9, 2008
(B.S., University of Mississippi, 2006)

65 Typed Pages

Directed by Mark O. Barnett

The presence of reactive groundwater contaminaseta areat concern to many
government agencies and private entities. Thedatktransport of these contaminants is
determined by their interactions with subsurfacdidsoand hence a thorough
understanding of these processes is necessarfidaemediation of contaminated sites.
There is an abundance of adsorption literature;evew these studies vary in their goals
and methods. Some studies are general in nateiaéindg with the general chemistry of
adsorption in a well-controlled laboratory settimghile others examine a specific
problem at a contaminated site, using the soilscmdlitions at the site. This inherent
difference, along with inadequate reporting of ekxpental conditions, makes it difficult
to take information from one study and compare abficlently to others.  Proper

comparisons are an important part of studying tleystems. Furthermore, developing
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predictive reactive-transport models requires thiéity to scale the reactions to various
systems.

As models capable of predicting the fate and trarispf groundwater
contaminants are developed, the need to compacepids data in a reliable manner is
important. In this thesis, various approaches domparing adsorption data were
examined to determine the best method for desigming analyzing the results of
adsorption experiments. The interactions of atgeaad goethite were examined as a
representative system although results can be deteto other systems. A study of
model-generated data was first executed to examhieebasic theoretical principles of
dataset comparison. These principles were thdéadam a suite of experimental data
from our laboratory and from the literature.

The results indicated that the most important factahe comparison of sorption
datasets is the total adsorbate-adsorbent ragjo ifel As/mol Fe). If this value is too
low, the system will be limited only by the amowftadsorbate present and accurate
comparisons between datasets cannot be made. idkddliy, it was found that
normalization techniques can have a marked effeatamparisons, especially between
systems with differing adsorbent types (i.e. ndtaral synthetic goethite). It is nearly
always better to use the specific surface areshefadsorbent as a scaling parameter
rather than the reactive mass of the adsorbentthi® case, Fe content). The
incorporation of these techniques will improve thethods for scaling and comparing

adsorption data in future studies.
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CHAPTER ONE

INTRODUCTION

1.1 Problem Statement

The Department of Energy, along with many otherlipudnd private entities, are
interested in the fate and transport of groundwedetaminants including metals, radio-
nuclides, and chlorinated solvents. The interastiof these groundwater contaminants
with subsurface solids are complex and as suchtheresubject of a wide variety of
studies. Many research projects have studied apdrted these interactions and
processes in the laboratory. However, extrapaatirese results to the field scale in
order to predict the fate of the contaminants hesnbmet with only moderate success.
The ability to make reliable predictions regardingactive contaminants will be
beneficial in making remediation decisions and ssisg risks to the public.

One of the first and most basic steps in improvhng ability to scale subsurface
interactions is establishing a method to compapeegmental datasets. The work that
has been completed to study groundwater contamneactions has utilized a variety of
experimental conditions, soils, sediments, and avapproaches to their work. These
differences create a need for a method that enaklesarchers and practitioners to
normalize their data and compare them with othea diem other experiments. The

ability to compare data is dependent on the abilityidentify the most important



governing factors in the reactions, the parametersvhich the reaction scale, and the

experimental conditions which affect the reactioRsevious researchers have attempted
this as needed for their work. However, no conseimas been reached and no standard
set for the method one should follow to properlymalize and compare these subsurface

reactions.

1.2 Objective

The primary objective of this work is to improveetlability to make reliable
predictions of the fate and reactive transport rolugdwater contaminants in field-scale
applications. A highly toxic oxyanion, arsenates [&/)], is used throughout this research
as a representative contaminant. Its adsorpti@cticms with iron oxyhydroxides,
specifically goethite, will be used as a means hordughly study the scaling of
subsurface interactions. These scaling behaviore wevestigated through a series of
theoretical calculations, a review of previousréitere, and new experiments. The results
of adsorption studies were normalized and comparedany different manners in order

to get to the root of the scaling issues.

1.3 Organization

This report is organized according to the guidalifer a publication-style thesis
as outlined in théuide to Preparation and Submission of Theses and Dissertations by
the Auburn University Graduate School. ChapteroBtains a review of the relevant
literature, Chapter 3 is a draft manuscript fulbwering the research completed for this
thesis, and Chapter 4 contains conclusions drawm fthis research. Additionally,
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samples of each of the calculations performed im ribsearch were also completed and

are attached as Appendix A.



CHAPTER TWO

LITERATURE REVIEW

2.1 Background Information

The presence of reactive groundwater contaminangs great concern to many
government agencies and private entities. Thes&agonants include: solvents, heavy
metals, organic compounds, radio-nuclides, and mmase. The metalloid oxyanions
arsenate, As(V), and arsenite, As(lll), have reegispecial attention due to their
worldwide presence and highly toxic nature. Arsezontaminated sites present a danger
to the environment and to the public that accesgtbundwater contained there.

2.1.1 Sources of Contamination

Arsenic is present in many parts of the world, mostably, in West Bengal,
Bangladesh, and the western United States, buiraSouth America and other locations
worldwide (Smedley and Kinniburgh 2002). Many loése locations are affected due to
the presence of natural arsenic minerals and thdittons that trigger their release into
groundwater. The development of high pH (<8.5)ditions and reducing conditions at
near-neutral pH's have been shown to mobilize Asnein locations with modest
amounts of As in aquifer materials (Smedley andniiaorgh 2002). The presence of
competitive ions can also affect the interactioedmeen As and subsurface minerals

significantly and either prevent the uptake of As tdgger its release into the



groundwater. There are also many anthropogenicceswf arsenic such as industrial
processes located around the globe (Han, Su &08B). Arsenic finds it way into
groundwater through its use in metal mining, precegs and smelting operations (Smith,
Naidu et al. 1998) and its use as a pesticide &t lvood preservation and agricultural
applications (Welch, Westjohn et al. 2000).

2.1.2 Health Concerns

The primary means of arsenic exposure to humanbkraaigh the ingestion of
water, food, and, for children, contaminated sdéiltypical exposure rate is 5@/day of
total arsenic and 3.pg of that is inorganic arsenic species which issarably more
toxic (ATSDR 2007). The effects of an acute expedo arsenic can range from minor
pain, stomach irritation, fatigue, shortness ofalineand nerve damage for low level
exposure (300-30,000y/L in water) to death for higher level exposuré8,Q00ug/L in
water) (ATSDR 2007). The damage from chronic eyp®do arsenic at low levels is
also a major concern. Characteristics of long-teyxic exposure to arsenic include skin
lesions, warts on the hands and feet, skin carad, blood vessel changes. The
prolonged exposure to arsenic can also increasdagkéor cancer of the liver, bladder,
and lungs (ATSDR 2007).

2.1.3 Treatment Technology and Methods

The EPA has recognized several technologies for tieatment of As-
contaminated water and they are summarized herERPBA000). Similar to traditional
water treatment processes, coagulation with fenrialuminum salts is often utilized to
remove dissolved and suspended arsenic. Thesegsexhave been studied extensively
and are well understood. This technology is oftaired with an oxidation step when
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treating water containing arsenite, As(lll), duethe enhanced coagulation removal of
the oxidized form, arsenate [As(V)]. Coagulatienfollowed by a settling step or
microfiltration to remove the flocs which have fath(USEPA 2000).

lon exchange is another, more expensive, treatnmethod for arsenic-
contaminated waters. This technology employs #h&fit resin containing an initial ion
which is removed and replaced with the arsenatarsenite ion. The resins can be
regenerated for repeated use, however, their dgpaanes and fouling occurs reducing
the resins’ effectiveness. Also, the regenerakigtiso must be disposed of, which adds
more expense. Selective membrane technologyaseatgployed for arsenic removal but
faces the same expense and fouling issues as aramgye resins. These technologies
include reverse osmosis (RO) and electrodialysiersal (EDR) (USEPA 2000).

Other important technologies aim to exploit theefactions of arsenic and iron
oxides as a means of water treatment. This inslube study of arsenic removal by
adsorption with iron oxide-coated sand, goethitated sand, and granular ferric oxide in

a fixed bed apparatus.

2.2 Iron Oxide Interactions in the Subsurface

2.2.1 Presence of Iron Oxides in the Subsurface

The focus on iron oxides, an important factor @ttrols the mobility of As in
the subsurface, is due to its high sorption capaitd its presence in soils around the
world. In fact, much of the motivation for presentddeling work is the recognition that
amorphous iron oxides are universally prevalertlays, soils and sediments; thus their
interaction with groundwater constituents must el wnderstood for reactive transport
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to be modeled effectively (Jenne 1968; Pierce armbrel 1982). The presence of
amorphous iron oxides, including hydrous ferricdex{(HFO) and ferrihydrite, as discrete
minerals and as coatings on soil and sediment éas thoroughly noted in the literature
(Buffle 1990; Wilkie and Hering 1996; Dixit and Hieg 2003). Iron oxide-coated sand
has been recognized as a significant presence isuibsurface environment and has been
labeled as a dominant factor controlling As adsorpbehavior (Edwards and Benjamin
1989; Scheidegger, Borkovec et al. 1993; Hiemstréh ¥an Riemsdijk 1999; Lombi,
Wenzel et al. 1999; O'Reilly, Strawn et al. 200lie@g, Barnett et al. 2004; Swartz,
Blute et al. 2004; Ying and Axe 2005). The formatand transformation of iron oxides
has also been a focus of some attention. In additb amorphous forms, crystalline
forms of iron oxide, including hematite and goethiire common in soil (Buffle 1990).
Iron oxide minerals often precipitate at oxic-ammokioundaries and form amorphous
ferrinydrite; over time these minerals transforntoircrystalline structures such as
goethite (Dixit and Hering 2003). Due to the faloht goethite is widespread in the
subsurface (Schwertmann and Cornell 1991), muclkk \was been devoted towards the
study of its interactions with groundwater contaamits (Grossl and Sparks 1995; Zhao
and Stanforth 2001; Dixit and Hering 2003; Lakshatiraj, Narasimhan et al. 2006;
Gimenez, Martinez et al. 2007).

2.2.2 Arsenic Interactions with Iron Oxides

The work that has been done to elucidate thedotiens of arsenic and iron
oxides in the subsurface is spread out over maogdiss and many areas of focus. There
are studies that describe arsenic’s interactioris ainorphous iron oxide forms (Pierce
and Moore 1980; Pierce and Moore 1982; Fuller, Bavial. 1993; Waychunas, Rea et al.
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1993; Waychunas, Fuller et al. 1996; Wilkie and ikigrl996; Raven, Jain et al. 1998;
Goldberg and Johnston 2001; Goldberg 2002; Dixit Hering 2003; Zeng, Fisher et al.
2008) as well as crystalline forms (Hingston, Posteal. 1971; Lumsdon, Fraser et al.
1984; Fendorf, Eick et al. 1997; Matis, Zouboulis & 1997; Hiemstra and Van
Riemsdijk 1999; Grafe, Eick et al. 2001; Zhao andn®rth 2001; Dixit and Hering
2003; Lakshmipathiraj, Narasimhan et al. 2006; Giezg Martinez et al. 2007; Manasse
and Viti 2007; Stachowicz, Hiemstra et al. 2007y addition, much of this work has
been well reviewed and summarized by Smith etl@98) and Sadiq (1997).

Arsenic is present primarily as the oxyanions @age, As (V), and arsenite,
As(Ill), in groundwater. Table 2.1 shows reactiamsl constants for the aqueous species
of arsenate and arsenite (Dixit and Hering 2003)ese are multiprotic acids with pKa’s
of 2.3, 6.8, and 11.6 for arsenate specigass, H,AsO,, and HAsQ?, respectively.
The pKa's for the arsenite speciesAdO; and BAsSO; are 9.2 and 12.7, respectively
(Goldberg and Johnston 2001). Arsenic is presenaraenate, As (V), in oxidizing
conditions and as arsenite, As (lll), in reducimpditions. Figure 2.1 shows the redox
potential and dominant species at various pH’'s (Beyeand Kinniburgh 2002). Much
of the focus on arsenic chemistry is placed omnitisganic complexes due to the higher
toxicity of the inorganic species and the low pmugity for arsenic to form organic
complexes in soil (Sadig 1997). Instead, the famrscerning arsenic complexation is on

the reactions with iron oxides.



TABLE 2.1: Reactions and constants for the aquespesies of arsenate, As (V), and
arsenite, As (lll). (Dixit and Hering 2003)

As (V) Protonation and Complexation  log K

AsO,> + 3H" = H,AsO, 20.60
AsO,> + 2H" = H,AsO, 18.35
AsO,> + H" = HAsO,* 11.60

As(I11) Protonation and Complexation

AsO,” + 3H" = H,AsO; 34.74
AsO;* + 2H" = H,AsO; 25.52
AsO;> + H" = HAsO,” 13.41

-]:;Dlj | 1 T I I T I

H,As0),

800
H,As0,

400

Eh (mV)

-400

-800

pH

FIGURE 2.1: Eh-pH diagram for aqueous As specidhansystem As- & H,O at 25°C
and 1 bar total pressure. (Smedley and Kinnibu@fj2p
9



Iron oxides, amorphous and crystalline, have a laffimity for arsenic and are
able to bind the oxyanions in large quantitiesudi&ts have shown that adsorption is the
primary means of arsenic uptake over coprecipitafioumsdon, Fraser et al. 1984;
Fuller, Davis et al. 1993; Waychunas, Rea et @31%adiq 1997) and that arsenate is
adsorbed more strongly than arsenite (Wilkie andingel1996). Arsenate has been
shown to form inner-sphere complexes on amorphou$ @ystalline iron oxides
(Fendorf, Eick et al. 1997; Goldberg and Johnst@®1). These complexes are
monodentate at low arsenic loadings and bidentatégh arsenic loadings (Waychunas,
Rea et al. 1993). Arsenite forms both inner angtmsphere complexes (Goldberg and
Johnston 2001). The formation of these complexaes been confirmed by numerous
spectroscopic studies using various techniquedudimg wide angle X-ray scattering
(WAXS), extended X-ray absorption fine structureX@ES), and infrared spectroscopy
(Lumsdon, Fraser et al. 1984; Waychunas, Rea €t983; Waychunas, Fuller et al.
1996; Fendorf, Eick et al. 1997). The reactiond eonstants shown in Table 2.2 have
been used to model the interactions of arsenat@eshite with goethite using a surface

complexation model (Liger, Charlet et al. 1999; iDand Hering 2003).
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TABLE 2.2: Reactions and constants for surface dergtion reactions involving
arsenic and goethite. (Liger, Charlet et al. 199Qit and Hering 2003)

Surface Hydr oxyl Protonation log K
>FeOH + H = >FeOH’ 7.47
>FeOH - H = >FeO -9.51

t Liger et al. (1999)

As (V) Protonation and Complexation

>FeOH + AsO4 + 3H' - H,0 = >FeHAsO,  31.00
>FeOH + AsQ® + 2H' - H,0 = >FeHAsQ 26.81
>FeOH + AsQ” + H' - H,0 = >FeAsQ” 20.22

As(I11) Protonation and Complexation
>FeOH + AsQ® + 3H' - H,0 = >FeHAsO; 39.93
>FeOH + AsQ* + 2H' - H,0 = >FeHAsO;  32.40

The widespread presence of goethite in the sulrf&nvironment
(Schwertmann and Cornell 1991; Dixit and Hering 20&nd its particular promise as an
adsorbent (Lakshmipathiraj, Narasimhan et al. 20@8)led many to study what governs
its interactions with arsenic. Arsenic surface ptares on crystalline oxides have been
shown to be more ordered than their counterpartamarphous surfaces (Waychunas,
Rea et al. 1993). The adsorption of arsenic isec#fd to various degrees by ionic
strength, pH, and coexisting ions. McBride (198fjdied the ionic strength effect and
found that the type of complex is an important dadn ionic strength dependence.
Inner-sphere complex formation increases with arnaffected by ionic strength, while
outer-sphere complex formation decreases with as@® in ionic strength (McBride
1997). The pH dependence of arsenic adsorptioes/based on the oxidation state of

the adsorbing ion. Figure 2.2 shows how the adwrpof arsenate and arsenite onto
11



goethite varies with pH. Arsenate adsorbs sigaifity across a wide range of pH values
but reaches maximum adsorption at low pH, 4-5 (Nfagnand Goldberg 1996; Dixit and
Hering 2003; Lakshmipathiraj, Narasimhan et al. 00 Arsenite adsorption is at a
maximum and fairly constant in the range of pH ealdrom 5-9 (Wilkie and Hering
1996; Dixit and Hering 2003; Lakshmipathiraj, Nanalsan et al. 2006). Arsenic
adsorption can also be affected significantly by gresence of ions that compete for
surface sites. Phosphate is chemically very sinidaarsenate and has a large effect on
its interactions with goethite and other iron osidd hus there have been many studies to
elucidate this effect (Hingston, Posner et al. 19%in and Loeppert 2000; Zhao and
Stanforth 2001; Dixit and Hering 2003; Zeng, Fiskeral. 2008). Competition from
phosphate will decrease the adsorption of arseaate arsenite, with arsenite being
affected to a greater extent (Jain and Loepper02Dixit and Hering 2003). However,
the order and duration of the anions’ exposureh® surface affects the adsorption
behavior. Hongshao and Stansford (2001) found &nsénate and phosphate adsorb
equally when added simultaneously, but differemthen the addition was staggered one

way or the other.

12



140 -
120 - T ~
100 -
= N
6 | ~
S 80
=
S 60-° As (V)
- - - As(Illl)
40 -
20 -
0 I I I I I I I
3 4 5 6 7 8 9 10 11
pH

FIGURE 2.2: Model-generated adsorption edges fertlsorption of arsenic on goethite
using the constants given in Tables 1 & 2. 1=0.00WAs)=10uM; 0.5 g L goethite.
(Dixit and Hering 2003)

2.3 Status of Adsorption-Scaling Literature

There is an abundance of literature concerningatti&orption of groundwater
contaminants onto iron oxides. These studies vartheir goals, determined by the
funding agency, and this affects the way the stwdgompleted. The differences and
deficiencies in adsorption experimentation has beell summarized by E.A. Jenne
(Jenne 1998). Some studies are general in natusBnglevith the chemistry in a well-
controlled laboratory setting while others attacpacific problem at a contaminated site,
using the soils and conditions at the site in therk. This inherent difference, along

with inadequate reporting of experimental condwiomas led to a situation in which it is
13



difficult to take information from one study and plp it confidently to others.
Developing predictive reactive-transport modelsurexs the ability to scale the reactions
to various systems. The first step in identifyirgalglg parameters is being able to
compare adsorption data from different systems.

2.3.1 Typical Study Details

Designing experiments for the laboratory thateeflfield conditions can be
difficult. Therefore, many adsorption studies hadgusted parameters such as solid-
solution ratio to facilitate their laboratory lirations. In the field, there are often high
solid-solution ratios and low adsorbate-adsorbatbs (Wilkie and Hering 1996). These
conditions make analysis in the laboratory and ammspns in the literature difficult due
to the small amount of solution and low level ohtaminants. Additionally, care must
be taken when deviating from field conditions bessagome deviations may affect the
mechanisms of the reactions being studied. Rejpottse literature have indicated that
different complexes are formed at low adsorbatexdmst ratios than at high ratios. For
example, monodentate complexes are formed at loen@rdoadings while bidentate
complexes are formed at higher arsenic loadingsy@Wanas, Rea et al. 1993; Wilkie
and Hering 1996). Despite its importance, the adgerbdsorbent ratio has been used as
a key parameter for comparison in very few studiBsit and Hering (2003) used the
ratio as a basis for comparing pH edges and datergicrossover pH. Similarly, Wilkie
and Hering (1996) compared data with identical adbamconditions recognizing the
importance of having similar adsorbate-adsorbetiwgavhen adsorption is near 100%.
Wilkie and Hering (1996) also noted the inadequafypH control and parameter
reporting in previously published work.

14



2.3.2 Normalization and Plotting Technigues

As is the case with the scaling of experimentalditions between laboratory and
field settings, little effort has been directed abperly normalizing the results of
adsorption experiments for comparison. Most studieg use comparisons do not
normalize the results at all or normalize only ke tmass of the adsorbent. This
technigue often produces results that appear grifi@and prevents further examination
to determine a more accurate technique. However, nthes of adsorbent is not
necessarily directly related to the reactive cdagaciSome published results employ a
different technique and indicate that surface amag be a better parameter with which to
normalize adsorption data (Pablan, Turner et al. 1@ enez, Martinez et al. 2007).
Normalization to the surface area is not commonhm literature. Success with this
normalization technique indicates that the amountsarption sites on a particular
adsorbent surface is more related to the surfaesethan the mass of the sorbent. Pablan
et al. (1998) suggests that an effective surfaca, ar@ortion of the overall surface area,
exists and could be a useful parameter in predjc8orption in various surfaces.
Furthermore, a recent study of uranium adsorptionirém oxide-coated sand has
concluded that surface area may be a better naatain parameter than iron content
(Logananthan 2008, to be submitted). Proper noratédiz along with proper plotting
techniques could aid significantly in comparisonstween systems with different
adsorbents.

Proper plotting technique can make comparisonsvdmt adsorption datasets
easier. Plots of log iKhave been shown to be less sensitive to the sofidsentration
and thus relatively independent of solid-solutiatia (Jenne 1998; Pablan, Turner et al.
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1998). Still, most comparisons are made using thditional sigmoidal plots of %
adsorbed and.dnormalized or not). Jenne (1998) noted thediffy in comparing data
plotted this way due to the sensitivity to metatl asolids concentration. If data are
compared in sigmoidal plots, the experimental systemst be identical which is very
tough to achieve. Thus, the literature contains @imepns which are accompanied by

rationalizations and explanations to account for theréiffees that exist.

2.4 Importance for the Development of Predictive Models

The lack of the ability to adequately scale adsonpreactions from laboratory to
field-scale is a major concern to reactive transpuardelers and must be overcome. The
ability to predict the fate and transport of harmfiroundwater contaminants with
minimal laboratory experiments, scaling the restdtthe field conditions, and plugging
those parameters into model is a primary aim of ynemlustries and government
agencies who confront groundwater contamination.relable model will save time,
money, and human resources enabling a much momaeefficleanup of the world’s
contaminated sites. The literature contains abungdiormation on the chemistry of
groundwater contaminant interactions with subserfaolids, yet very little useful
information on how to apply the chemistry to sgbveblems. The first step in being able
to extrapolate adsorption data is to identify thetdrs which govern the scaling of these

reactions and processes. This step is crucial and @yargssing in previous work.
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CHAPTER THREE

METHODS FOR SCALING AND COMPARING ADSORPTION DATASETS

3.1 Abstract

As models capable of predicting the fate and trarispf groundwater
contaminants are constructed, the need to compacenbn data in a reliable manner is
important. In this work, various approaches for carmg adsorption data were studied
to determine the best method for designing andyaima the results of adsorption
experiments. The interactions of arsenate and geetiere examined as a representative
system. A study of simulated data was first exetteexamine the basic principles of
dataset comparison. These principles were theadest a suite of experimental data,
both new and from the literature. The most impdrteactor in the comparison of
sorption datasets was found to be the total adssdmsorbent ratio. If this value is too
low, the system will be limited only by the amourtaalsorbate present and accurate
comparisons cannot be made. Additionally, it wasifbthat normalization techniques
can have a marked effect on comparisons, espedaliyween systems with differing
adsorbent types (i.e. natural and synthetic goethitels nearly always better to use the
specific surface area of the adsorbent as a sgaéirgmeter rather than the reactive mass
of the adsorbent (in this case, Fe content). Therpuration of these methods and

techniques will improve the methods of comparingaaption data in future studies.
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3.2 Introduction

The presence of reactive groundwater contaminangs great concern to many
government agencies and private entities. Thestmmants include solvents, heavy
metals, organic compounds, and radionuclides. Thellwiet oxyanions arsenate, As(V),
and arsenite, As(lll), have received special atentiue to their worldwide presence and
highly toxic nature. Arsenic-contaminated sitesspreé a danger to the public and the
environment.

Arsenic is present in many parts of the world idahg, most notably, West
Bengal, Bangladesh, and the western United StatesalbatSouth America and other
locations worldwide (Smedley and Kinniburgh 2002Many of these locations are
affected due to the elevated presence of naturaltyring arsenic and the conditions that
trigger their release into groundwater. The devalempt of high pH (<8.5) conditions
and reducing conditions at near-neutral pH’'s hasenbshown to mobilize As, even in
locations with modest amounts of As in aquifer mate (Smedley and Kinniburgh
2002). Modeling the reactive transport of arsesiofi utmost importance and relies on
the ability to predict the interactions of arsenic witljanaubsurface constituents.

The focus on iron oxides as an important factothe mobility of As and other
contaminants in the subsurface is due both to ita@dnt presence in soils and sediments
around the world and its natural affinity for Af fact, much of the motivation for the
present modeling work is the recognition that arhogs and crystalline iron oxides are
universally prevalent in clays, soils and sedimentsus their interaction with
groundwater constituents must be well understoedn@ 1968; Pierce and Moore 1982).
The presence of amorphous iron oxides, includingrdyal ferric oxide (HFO) or
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ferrinyrdite, as discrete minerals and as coatmgsoil and sediment has been widely
reported in the literature (Buffle 1990; Wilkie akigring 1996; Dixit and Hering 2003).
Iron oxide coating on host minerals have also been reca@baga significant presence in
the subsurface environment and labeled as a domfaetor controlling As adsorption
(Edwards and Benjamin 1989; Scheidegger, Borkoveal.e1993; Hiemstra and Van
Riemsdijk 1999; Lombi, Wenzel et al. 1999; O'Reilly;a8tn et al. 2001; Cheng, Barnett
et al. 2004; Swartz, Blute et al. 2004; Ying and AX®3) In addition to amorphous
forms, crystalline forms of iron oxide, including hatite and goethite, are common in
soil (Buffle 1990). Iron oxide minerals often prgitate at oxic-anoxic boundaries and
form amorphous ferrihydrite; over time these miter&ransform into crystalline
structures such as goethite (Dixit and Hering 200Bue to the fact that goethite is
widespread in the subsurface (Schwertmann and Cadr®@1), much work has been
devoted towards the study of its interactions with(Grossl and Sparks 1995; Zhao and
Stanforth 2001; Dixit and Hering 2003; Lakshmipedhi Narasimhan et al. 2006;
Gimenez, Martinez et al. 2007). The complex mixtumad transformations of iron
oxides in the subsurface necessitates the creattiarreliable means of scaling to predict
the interactions between iron oxides and groundwatdagonants such as arsenic.

The interactions of arsenate and arsenite with iosides, amorphous and
crystalline, have been studied extensively to ehteidhe effect of pH, competitive ions,
and oxidation/reduction conditions on the sorptwocesses as well as the mechanism
and form of the resulting complexes (Hingston, lRoset al. 1971; Pierce and Moore
1980; Pierce and Moore 1982; Fuller, Davis et al.319%aychunas, Rea et al. 1993;
Wilkie and Hering 1996; Fendorf, Eick et al. 1997;vBa Jain et al. 1998; Lombi,
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Wenzel et al. 1999; Grafe, Eick et al. 2001; Zhao &tahforth 2001; Goldberg 2002;
Yang, Barnett et al. 2002; Dixit and Hering 2003;ll\ains, Barnett et al. 2003; Gupta,
Saini et al. 2005; Yang, Barnett et al. 2005; Lakslathipaj, Narasimhan et al. 2006;
Gimenez, Martinez et al. 2007; Manasse and Viti 200The literature has also been
reviewed and summarized to consolidate the work thu (Sadiq 1997; Smith, Naidu et
al. 1998). These studies found that iron oxides hdughacapacity to adsorb arsenic and
that this adsorption is highly dependent on pH. eAede adsorbs most effectively at low
pH (~4), while arsenite adsorbs optimally at neartrad pH (Pierce and Moore 1982).
Both monodentate and bidentate inner-sphere comglare formed on the iron oxide
surface as confirmed by wide angle X-ray scattefiR@XS), extended X-ray absorption
fine structure (EXAFS), and infrared spectroscopynisdon, Fraser et al. 1984;
Waychunas, Rea et al. 1993; Waychunas, Fuller et 86;1Rendorf, Eick et al. 1997).
The competition for surface sites between arsemicather ions, particularly phosphate,
is also an important point of interest in the stoflarsenic’s subsurface interactions with
iron oxides. Several studies have shown that thegmce of phosphate as a co-solute
increases arsenic’s mobility and competes withracstor adsorption sites (Hingston,
Posner et al. 1971; Woolson, Axley et al. 1973; Peryea 19@ladd Loeppert 2000).
Alongside the supply of arsenic adsorption data has gravimcéination and need
to compare the results of the numerous studies. Wtk completed thus far has
contained many different sets of experimental cimaé and surface types, leading to a
wide range of methods being employed for compaitfiregdata. Some researchers have
noted the importance of selecting appropriate é&a®r comparisons, using adsorbate-
adsorbent ratios as a basis (Wilkie and Hering 1884t and Hering 2003). However,
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for all comparisons, the researcher often has ldnigEcess to vital information
concerning the previous study. It has been notedqusly that data is often collected in
a range of adsorbate-adsorbent ratios that mak@amsons between data sets difficult
or of little use (Wilkie and Hering 1996; Dixit artdering 2003). Much of the published
literature contains data collected near 100% adisorpr far away from field conditions.
These characteristics of the published data réstreir use for comparison to systems
which are exactly the same. The present stateeofitdrature data lacks a means to
reliably compare adsorption data.

The main objective of this work is to examine tliffedent methods employed for
the comparison of adsorption data, using both thieatgi.e., model) and experimental
data by: 1) Generating theoretical adsorption cuased making comparisons to extract
relevant principles such as the best graphical method,ime@al design considerations,
and normalization techniques; 2) Testing these cpies through comparisons of
datasets from the literature and our laboratoryg; ZnDrawing conclusions regarding the
best methods for designing experiments used fopanison, processing adsorption data,

and comparing with previously published results.

3.3 Methods

These objectives were accomplished through assefienodel and experimental
studies. First, theoretical equilibrium isothermsrevgenerated through the use of a
published surface complexation model. Using theggatons, theoretical adsorption
edges were produced for various conditions andquaising several common methods.
The model adsorption edges were compared in oodexamine how varying conditions
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affect the graphical presentation of the data. Néhese principles were tested by
plotting actual experimental data, from our labonatand the literature, to see if the
theoretical results are mirrored in existing data.

3.3.1 Modeling

The theoretical comparison study was completeddbgulating adsorption curves
and comparing the results in various manners. FRerntodel, the three plane model
(TPM) was applied through Visual Minteq (ver. 2.5@)h the existing goethite database
(goethite021.mdb) for low and high affinity sité&/¢éng, Temminghoff et al. 2001). A
set of isotherms was generated for a range of ptesg3-10). At 25°C and 1= 0.01M,
Freundlich constants were fit to the isotherm fache pH value to determine an
equilibrium isotherm (grK:Cg") for each pH value. These equations were then fosed
all the calculations at the corresponding pH valUd® theoretical work was performed
in this manner to simplify the extraction of relavaprinciples by eliminating
uncontrolled factors associated with laboratoryesxpents and to enable us to assess a
much wider range of solid-solution ratios. The dmumes were applied for a range of
solid-solution ratios from traditional laboratorgade to full field-scale values. This
included varying the total adsorbate-adsorbenb ratbm 1-1000 mmol As/ mol Fe.
Adsorption data were normalized and plotted botKé&gL/g Fe) and g(mmol As/ mol
Fe), where Kd is the distribution coefficient angiggthe amount of As adsorbed at
equilibrium. These are two common plotting methatien comparing adsorption data.
Plots of % adsorbed are not useful for comparisae tb differences in arsenic
concentrations, solid-solution ratios, and adsorlpeaperties which require the data to
be normalized in some manner.
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3.3.2 Literature Comparison

Experimental conditions for the datasets used i;x¢bmparison study are given
in the respective publications (Dixit and Hering030 Gimenez, Martinez et al. 2007;
Stachowicz, Hiemstra et al. 2007). These data weyeen due to their quality, the range
of experimental conditions, the type of surface (exgtural goethite, synthetic goethite,
coated sand), and/or the similarity of the experitaleconditions to the ones used here.
The literature data were normalized both on thesbafsthe theoretical iron content of
goethite of 0.6285 g iron/g goethite and the surfaa reported in each study. The
adsorbent properties and pertinent experimental conditre given in Table 3.1.
TABLE 3.1: Summary of experimental conditions anorb&nt properties for the
experiments in this study and from literature searc M1, M2, DH1-4, S, & G are pH

edge datasets for testing comparison techniqueg-loi, M1-med, and M1-high are
experimental datasets used to study normalization tgeési

SurfaceArea  FeContent As:Fer
Dataset Reference Media (m% gFeOOH)  (mol Fe/ g) (mmol Asmol Fe)T
Synthesis Method 1 M1 (e) Coated Sand 178 6.83E-05 195
Synthesis Method 2 M2 (o) Coated Sand 104 8.56E-06 15.6
Dixit & Hering (10 umol/L) DH1 (w) Synthetic Goethite 54 1.13E-02 1.8
Dixit & Hering (25umol/L) DH2 (A) Synthetic Goethite 54 1.13E-02 4.4
Dixit & Hering (50 umol/L) DH3 (x) Synthetic Goethite 54 1.13E-02 8.9
Dixit & Hering (100umol/L) DH4 (-) Synthetic Goethite 54 1.13E-02 17.8
Stachowicz et al. S (+) Synthetic Goethite 98 1.13E-02 481
Giminez et al. GY) Natural Goethite 2 1.13E-02 17.8
Low Iron Sand M1-low ¢) Coated Sand 279 7.15E-06 Varied
Medium Iron Sand M1-mech] Coated Sand 148 3.26E-06 Varied
High Iron Sand M1-high4) Coated Sand 113 5.69E-05 Varied

T This study

3.3.3 Experimental

For comparison, additional experimental data wese aleasured. The chemicals
used in this work were reagent grade and all swistiwere prepared fresh using
deionized water (DIW) (18K2cm) from a Milli-Q water system. The coated sausisd

here were prepared according to previously pubdispeotocols (Schwertmann and
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Cornell 1991; Scheidegger, Borkovec et al. 1993; Gh&arnett et al. 2004; Cheng,
Barnett et al. 2006) . The sand produced using aogeneous suspension method,
abbreviated here as ‘M1’, had an iron content of @88l Fe/ g sand and a surface area
of 283 nflg Fe (178 Mg FeOOH). The sand produced using a heterogeneous
suspension method, abbreviated here as ‘M2’, haderlwon content of 8.56mol Fe/g
sand and a surface area of 16%ge (104 Mg FeOOH). The specific surface area of
the sands was measured by BET surface area analysis (A2APN2i@rometrics).

As(V) stock solutions were prepared by dissolvirgHWsO,.7H,0 (s) in DIW.

All reaction solutions contained 0.01 M Nai® control the ionic strength. The As(V)
concentrations of the solutions used in pH edger/x@nts with the homogeneous and
heterogeneous suspension system sands wereul¥3sd 1.33uM, respectively. The
pH of the reaction solutions for the adsorption esdgvas adjusted by the addition of
HNO3; or NaOH as required to achieve the desired pH. Hdteh experiments were
conducted in 50 mL polypropylene centrifuge tub€erfiing), at room temperature
(~22 °C), and were shaken for 24 hours to equilibrates reaction time was determined
to be sufficient by preliminary kinetic tests (not shown)

To further study normalization methods, three goetboated sands of varying Fe
content and surface area were produced using thedeneous suspension method (M1-
low, M1-med, M1-high). The sands had iron contefts.®5, 32.6, and 56.8mol Fe/ g
sand and specific surface areas of 444, 235, andnf&p Fe (279, 148, 113 7y
FeOOH), respectively (shown in Table 3.1). Adsorptisotherm experiments were

performed with As(V) concentrations from 0-1M for each sand. The solution pH
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was maintained at 7+0.2, the temperature was 22G; ahd the ionic strength was
maintained by adding 0.01M NaNO

After reaction, the solution equilibrium pH was rmee@ed using an Orion model
(410A+) pH meter and filtered through a 0% syringe filter (Whatman). Analysis of
the filtrate was performed within 24 hours usinGr@aphite Furnace Atomic Absorption

Spectrophotometer (GFAAS; Perkin-Elmer 3110 PC).

3.4 Results and Discussion

3.4.1 Modeling

Figures 3.1A and 3.1B illustrate the difficulties ttlaaise when performing batch
adsorption experiments at one condition and tryingextrapolate the results to
significantly different conditions. Here the sysgehmve the same total As but widely
varying solid-solution ratios, which results in larglifferences in (As/Fe) The
distribution coefficients from systems with the sas(V) concentration but different
(As/Fe) can vary by several orders of magnitude as se€igure 3.1A. This variability
is also seen when plotting ¢As adsorbed/mass of sorbent) vs. pH (Figure 3A®)to a
much lesser extent. Problems arise particularly nwhemparing adsorbate-limited
systems (low As:Fe, ~1 mmol As/mol Fe), which is oftke case in porous media,
where As is low relative to iron. The differences inrbsults largely disappear when the
systems are no longer limited by the amount of dige present, as shown by the 100
and 1000 mmol As/mol Fe curves. These issues #@reatwhen modeling in the field
using the constantd<approach and could be a major reason for the leombreliably
predicting field-scale reactive transport (Bethkd &nady 2000).
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FIGURE 3.1A: Results from the model system. A) log /g Fe) vs. pH for four
(As/Fe) values. (Typical field value: ~1mmol As/mol Fe;pigal laboratory value: 1-
100 mmol As/mol Fe)
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FIGURE 3.1B: Results from the model system. BYmol As/ mol Fe) vs. pH for four

(As/Fe) values. (Typical field value: ~1mmol As/mol Fe;pigal laboratory value: 1-
100 mmol As/mol Fe)

Accounting for these factors by keeping the ratfoadsorbate to adsorbent
constant and varying just the solid-solution ratiie variability greatly declines. Figure
3.2 shows four systems with the same (As/Fd) 100 mmol As/ mol Fe but with
different solid-solution ratios. These curves amersimilar than those in Figure 3.1A
with a difference of less than 1 log; Kinit per order of magnitude difference in solid-
solution ratio. A slight difference in Kwith respect to solid-solution ratio is observed
due to non-linear isotherms. Slight variances ie #yquilibrium point along the
Freundlich isotherm curve produces differenceshin glope between the four systems.
Figure 3.2 shows that the difference in the systeniswer in the low pH range, when
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the isotherm is more linear, and increases in tipeiupH range, where the isotherms are

highly non-linear. The same calculations wereqrened assuming a linear isotherm and

the pH edges were equal for all ratios (not shown).

log Kp (L/g Fe)

= e e ~ 100 glL
T T = w1000l

3 4 ) 6 7 8 9 10 11

FIGURE 3.2: Results from the theoretical adsorpstardy. log k (L/g Fe) vs. pH for

four different solid- solution ratios with a constaAs/Fe} of 100 mmol As/mol Fe.

Adsorbate-adsorbent ratio was maintained by varyisg 1, 10, 100 , and 1000 g/L
contained 0.00667, 0.0667, 0.667, and 6.67 mM As, respectively.

3.4.2 Literature Comparison

A survey of the literature produced many studiesaxdfenate adsorption onto

goethite or goethite-containing solids. These rdnfyjem leaching studies in natural

minerals to adsorption studies on laboratory-sysiesl goethite. Three datasets were

chosen for this comparison study: Dixit and Herin¢2003) study of adsorption onto
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laboratory-synthesized goethite; the Stachowicd.€2007) study of arsenate adsorption
on synthetic goethite with a high specific surfacea (98 rfig); and the Giminez et al.
(2007) study that used a natural goethite mineitl low specific surface area (2*h).
These studies, along with our experiments on iraatem sand, provided the needed
range of data to test the results of the modelinglys The conditions of these
experimental datasets, given in Table 3.1, show hestet data have a range of (AsfFe)
from 1.8-19.5 mmol As/ mol Fe, approximately 1 ordémwagnitude. The range of
conditions found in the literature illustrates theality that laboratory data is not
necessarily collected under the same conditiortsattgapresent in the field. Assuming a
typical field solid-solution ratio of 3750 g/L (Rlppi, Loganathan et al. 2007), a soil Fe
content of 0.1-50 g/kg (Goldberg, Lesch et al. 20Gb)background arsenate soll
concentration of 10 mg As/kg soil, and a groundwatsenate concentration of 10-500
ug/L; yields the range of (As/Fedf 0.15— 84 mmol As/ mol Fe. The range of labosator
values is a small section of the possible field condition

Figure 3.3 shows the literature data normalizeddgaéntent and plotted in two
different ways corresponding to Figures 3.1A and 3.1B quantify the spread between
the collected data, a line was fitted to each groftiplata and statistical values were
extracted. The linear, least-squares fit was baseall the datasets combined (M1, M2,
DH1-4, S, G). Likewise, the standard deviation wdsutated for the combined datasets
of each system (Fe normalized & surface area nizedl Figure 3.3A shows the data
plotted as log K vs. pH. Most of the data is reasonably comparable gtandard
deviation) when plotted this way, including dataddts, M2, DH1-4 and S. There is,
however, a larger difference between these datasetshe natural material, dataset G.
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The difference between most of the data is abowtrder of magnitude in log Kbut this
set of data drops far below the rest of the datar am order of magnitude lower than the
next lowest data set. The difference in the top ggsdiyil, M2, DH1-4 and S) is expected
based on the spread of data in a similar rangeguir€ 3.1A, however, the discrepancy
between those groups and the natural material aoatldbe predicted with the simulated
data. Figure 3.3B shows the data plotted in a @ffemanner (ge vs. pH) and the results
are as expected after looking at the model-prediictsults in Figure 3.1B with respect to
the absolute value and relative spread of the date adsorbate-limited datasets, DH1
and DH2, have values that are different from thé¢ oéthe datasets due to their lower
(As/Fe) values of 1.8 and 4.4 mmol As/ mol Fe, respectiv@ifie adsorption in these
datasets is ~ 100%, which inhibits their compargbilith the other datasets. The group
of datasets which are not adsorbate-limited ara fairly tight group. However, if the
data is inspected closely, it shows that there se;ngle difference of note amongst the
non-adsorbate limited datasets. Again, this diffeeeties between the synthetic
materials and the natural material. Datasets M1, M23, DH4, & S (synthetic) are

closely grouped while dataset G (natural) is separated.
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FIGURE 3.3A: Comparison of literature and experitaémesults normalized to Fe-
content and plotted as A) logoKL/g Fe) vs. pH for data with various (As/Fejalues.
Dotted lines are 1 standard deviation of the nfeathe combined data.
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FIGURE 3.3B: Comparison of literature and experitabmesults normalized to Fe-
content and plotted as B) gmol As/ mol Fe) vs. pH for data with various (Re)
values. The main scale in 3.3B matches the scdlggime 3.1B; an inset is provided for
clarity. Normalization factors are given in TaBlé.

Figure 3.4 shows the literature data normalizeduidace area and plotted in the
same ways as in Figure 3.3. As far as data cosgeigo, the data show the same
principles as the model study. Figure 3.4A shadvet &ll of the datasets, including the
natural material, are more closely grouped thaRigure 3.3A. Figure 3.4B shows that
the data may be more sensitive to adsorbate-limitatvhen normalized to specific
surface area as there are larger differences bettheedatasets DH1, DH2, DH3, & DH4
in Figure 3.4B than in 3.3B. Looking at the dataFigure 3.4B and ignoring the

adsorbate-limited datasets, DH1 and DH2, the diffee in the non-limited sets is

slightly larger than in Figure 3.3B (Fe-normalizedhis has been seen in one previous
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study (Davis, Meece et al. 2004), where a drasfierdnce between the spread of the Fe-
normalized data and the surface area-normalized das not found. However, the
exception in Figure 3.4B lies with the natural miaewhich is not comparable when
normalized to Fe but matches well with the otheiadahen surface area is taken into
account. This is an important consideration in fieéd where you can have widely
varying specific surface area conditions.

A quantitative look at the spread of the data iguFeés 3.3A and 3.4A showed a
preference for surface area normalization. Thaedstadl deviation of the distribution
coefficientfor the Fe normalized data was 1.1 orders of madaicompared to 0.87 for
the surface area normalized data. These values et the data is more consistent
when normalized to surface area. The figures Heneess that represent + 1 standard
deviation from the mean of the respective datdustrate these results.

Figures 3.3 and 3.4 show that even for systems Hsate very similar
experimental conditions and that are not adsorlraited, there will be some variance in
the sorption edges. This variance may be due toynfactors including adsorbent
heterogeneities, unaccounted for competitive iamg] experimental error. These have
been noted in previous studies when comparing etsta@Vilkie and Hering 1996;
Hiemstra and Van Riemsdijk 1999; Dixit and Herir@d2; Ponthieu, Juillot et al. 2006;
Gimenez, Martinez et al. 2007). This system, ateand goethite, illustrates many of
the problems encountered when comparing data measdturation of the adsorbent.
Details and specific values such as adsorbent tgpadsorption affinity, etc. will vary

for other systems, but the basic considerationsctomparing data still apply to all
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systems. Accounting for these issues is necesglaey performing adsorption studies,

and is best accomplished during the experimentgdehase of the study.
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FIGURE 3.4A: Comparison of literature and experitaénesults normalized to surface
area and plotted as A) logaK(L/m?) vs. pH for data with various (As/Reyalues.
Dotted lines are +1 standard deviation of the nfeathe combined data.
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FIGURE 3.4B: Comparison of literature and experitabnesults normalized to surface
area and plotted as B) ¢mol As/ nf) vs. pH for data with various (As/Reyalues. The

scale in 3.4B matches the scale in Figure 3.3Brnfdtzation factors are given in Table
3.1

3.4.3 Normalization Technique

To further examine the factors governing the namgiropriate technique used to
normalize adsorption data, adsorption isothermswenstructed and normalized using
the two different methods. Figures 3.5A and 3.8Bvs the isotherms normalized to Fe
content and surface area, respectively. The maximdsorption values range from 0.01
to 0.03 mol As/ mol Fe for the Fe-normalized isoth& The highest specific adsorption
belonged to the sand with the lowest Fe contentevthe medium and high Fe adsorbed

at a similar level. Figure 3.5B, however, showat tithen the isotherms are normalized
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to the specific surface area, the adsorption maxinsuabout the same for all three sands,
~1.1pmol/ . Our study of the literature data indicated tihég is more often the case
and that normalizing adsorption data to surfaca &e more appropriate method when
compared to normalization based on Fe content.soime cases there will not be a
significant difference between the two methods, rhost often the surface area method
will be as good as or better than other methodsis &dvantage is particularly evident
when one of the systems being compared containgahanaterials with low specific

surface area.

0.09
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A0'07 | 4 M1- high
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©
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FIGURE 3.5A: Comparison of adsorption isothermsnmalized to A) Fe content for
three laboratory- synthesized Fe- coated sandsperiimental conditions: pH= 7+0.2;
1=0.01M; T=~22°C. Normalization factors are givienTable 3.1.
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FIGURE 3.5B: Comparison of adsorption isothermsmadized to B) surface area for
three laboratory- synthesized Fe- coated sandsperiimental conditions: pH= 7+0.2;
1=0.01M; T=~22°C. Normalization factors are givienTable 3.1.

3.5 Conclusions

Model calculations were used to investigate tseas that arise when comparing
adsorption data with various goethite adsorbenkpermmental conditions, and on
different scales. The majority of problems ariskew systems are at or near their
adsorption capacity. This condition often meard the system is limited by the amount
of adsorbate present and experimental data mayf h&l® use for comparisons. A
survey and comparison of literature data showsttieste problems frequently come into

play even in well-controlled laboratory studies.at@sets should meet the following
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major criteria in order to make a valuable compmarigvith each other: 1) the systems
should not be limited by the amount of adsorbats@nt. This makes presenting data
as % adsorbed useful for isolated studies, buaipptopriate for interstudy comparisons.
2) The datasets should have a similar adsorbateraelist ratio; which will minimize the
variance in the data due to non-linear isother)sThe data should be normalized to the
specific surface area of the adsorbent. In scmsexnormalization based on Fe content
is acceptable, but rarely is this method more sgfoéthan the surface area method as a
scaling parameter. 4) The literature survey alghlights the fact that laboratory data are
frequently taken under conditions fairly dissimiler those seen in the field. This
discrepancy will make appropriate scaling, compewxisand normalization techniques of

utmost importance in the future.
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CHAPTER FOUR

CONCLUSIONS

The objective of the research described here wasxamine the methods of
comparing adsorption datasets for the purposealingcreactive transport models. The
need for this work becomes evident when reviewitgydture and noting the relative
inability to meaningfully compare multiple adsoggtistudies. There are many harmful
groundwater contaminants across the globe and reficht is devoted to the modeling
and remediation of contaminated sites. The reactransport of the groundwater
contaminants is governed by the interaction oféh@mtaminants with subsurface media
and, often the specific presence of iron oxidethesoil. For this reason, the reactions
between goethite and arsenic were used as a mgstehs to study adsorption and the
scaling behaviors of subsurface reactions. Howetiese results are applicable to other
systems containing different media and contaminants

Model-generated data were first used to identife trelevant theoretical
parameters necessary to accurately compare adasod#tasets. The range of conditions
at which these data were generated spans the gaptfaditional laboratory-scale to
typical field-scale conditions. The principles deped in this theoretical study were
then applied to experimental data from the pubdslkiterature and our laboratory. The

results show that the majority of problems ariseemlsystems are at or near their
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adsorption capacity. This condition often meard the system is limited by the amount
of adsorbate present and experimental data may li#eouse for comparisons. Specific
conclusions are as follows: 1) experimental systehmaild not be limited by the amount
of adsorbate present as this may be useful foatsdlstudies, but not for interstudy
comparisons. 2) The datasets should have a siadkorbate-adsorbent ratio, which will
minimize the variance in the data due to non-linsatherms. 3) The data should be
normalized to the specific surface area of the dmsd. In some cases normalization
based on Fe content is acceptable, but rarelyissniethod more successful than the
surface area method as a scaling parameter. 4)it€heture survey also highlights the
fact that laboratory data are frequently taken urmbaditions fairly dissimilar to those
seen in the field. This discrepancy is of paracutote and makes appropriate scaling,
comparison, and normalization techniques of utrmopbrtance. It is recommended that
the preceding principles be noted and applied taréucomparisons and noted when

scaling parameters for use in reactive transpodeaiso
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APPENDIX A.
SAMPLE CALCULATIONS
Example 1
Example calculations to determine amount of ars@&sd adsorbed per mass of
adsorbent (iron oxide-coated sand, IOCS) from ditallydata.
Given:

10gIOCS /L
6.83x 10°molFe /glOCS
1.08m* /glOCS

From analytical measurements:

C, =1ImgAs/L
C, =0.267mgAs /L

Solution:

Amount of arsenic adsorbed per gram of IOCS

o =_(C=C)
° "~ 109I0CS /L

_ (1-0.267)ngAs L

=0.0733ngAs /glOCS
©”  10glOCS/L nghs /g

Amount of Arsenic adsorbed pef wf adsorbent

_ 2 0.0733ngAs /glOCS — [0.06< 107 moips 7]
(1.087° /gIOCS)(74921.61gAs folAs )

Qe

Amount of Arsenic adsorbed per mole of Fe

0.0733ngAs /gIOCS =[0.0143n0lAs /molFe]

% = (6.83x 10°molFe /gIOCS )(74921.6gAs tolAs )
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Example 2
Example calculation for determining the distribuaticoefficient (Kj) from analytical data.

Given:

6.83x 10°molFe /gIOCS
1.08m* /gIOCS

From analytical measurements:

g, =0.0733ngAs /glOCS

C, =0.267ngAs /L

Solution:

Ky=0./C,
_0.0733ngAs /gIOCS

K, = =0.279 /glOCS
0.267mgAs /L

Distribution coefficient normalized to surface area

K = 0.279. /gIOCS :

47 1.081 /glOCS

Distribution coefficient normalized to mass of ad@Emt.

0.279. /gIOCS

K, = =(72.1 /gFe
¢ (6.83x 10~ BnolFe /gIOCS )(55.84Fe tolFe )
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Example 3
Example determination of Freundlich constants freotherm data.

Isotherm data plotted traditionally:

0.025
X
JPPRYY L1200
< 0.02 PR 1 44
i .0.
S *®
£ 0015 *
@ *
<
5 0.01 o
& 0.005 -
.
0 T T T T T T
0  2E-05 4E-05 6E-05 8E-05 0.0001 0.0001 0.0001
Ce (mol As/L)

Freundlich equationg, = K_.C."
Linearized Freundlich equatiotogq, = logK +nlogC,

Isotherm data plotted as logvg. log G:

y =0.192x - 0.8625
R?=0.9803

L/

log ge (mol As/ mol Fe)

log Ce (mol As/L)

Determination of Freundlich parameters:

n=]0.192

K. =10°%%=]0.137_iolFe]|
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Example 4

Finding Kp using the Freundlich equation for a given setasfditions.

Using the predermined constants, a Freundlich exguatin be written for this system at
equilibrium:

0. =0.137TC %

This equation, a set solids concentration, and aadee for the total amount of
contaminant in the system allow us to calculatélggwm concentrations in the aqueous

and solid phases.

C, =10*'"=6.67 10°molAs L

C, =6.43x 10*molFe /L

Two equations:

g, =0.137TC 2"

0.(6.43x 10°molFe /L #C_ = 6.6% 10molAs L
Solve for the two unknowns:

0. =0.0207MolAs /molFe

C, =5.33x 10°molAs /L

Calculate k from g and G:

_0.020MmolAs /molFe

= . =388L /molFe
5.33x 10°molAs /L

-9
K. =
D Ce
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