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Abstract of the Dissertation

Fluoride contamination of groundwater is a serious environmental concern. The
source of fluoride in groundwater can be natural or anthropogenic. While interaction of
groundwater with the fluoride bearing minerals is ascribed to be the major controlling
factor for fluoride contamination of groundwater, leachable fluoride from soil can be a
potential source of fluoride to the shallow groundwater under suitable conditions.

In this research, first, areas with fluoride contamination of groundwater in India
(e.g. Rangareddy, Telengana) and Japan (Nishinomiya, Japan) were selected and
investigated to understand the behavior of fluoride in groundwater and soil system.
Granitic soils from Nakatsugawa (Japan) and Tsukuba (Japan) were also investigated to
understand the geochemical factors responsible for fluoride mobilization in the soil
system. The leachable fluoride in Rangareddy, India is comparatively high (1.2-30
mg/kg) and corresponds to the occurrence of dissolved fluoride in groundwater in the
respective area (2.0-2.3 mg/l). Fluoride in groundwater and soil leachate is negligible in
Nakatsugawa (Japan) and Tsukuba (Japan). In Nishinomiya (Japan), soil leachable
fluoride is in lower range although shallow groundwater is contaminated with fluoride.
Soil pH, mineral constituents and infiltrating solutions were found to be the controlling
factors in addition to the environmental factors for the amount of soil leachable fluoride.

Next, the processes of fluoride removal by calcite were investigated by
laboratory batch kinetic and equilibrium experiments and surface complexation
modeling. Fluoride adsorption decreased with increase in pH. Fluoride adsorption was
described by the formation of two surface complexes, >CaF® and >COz;FCa’. The
mechanism of fluoride sorption was found to be adsorption at low fluoride
concentrations whereas precipitation plays a role at higher fluoride concentration and
lower pH.

The mechanism of fluoride sorption on a granitic soil from Tsukuba was further
studied through a series of batch kinetic and equilibrium experiments, surface
complexation modeling and FTIR spectroscopy. Fluoride sorption was pH dependent,

increase in sorption with decreasing pH. Sorption was influenced by electrolyte



concentration and surface area. Fluoride induced Al release was observed with
decreasing release of Al with increase in pH. lonic strength affects Al release by
decreasing Al release. The observed temporal behavior was best explained by second
order kinetic model, suggesting chemisorption processes. A surface complexation
model was developed by considering fluoride sorption to a generic surface site. The
equilibrium surface complexation constants were optimized with a nonlinear
optimization program PEST in combination with PHREEQC. The forward modeling
results reveals that including dissolved Al and Al-F complex sorption better explains the
data. The mechanism of fluoride sorption in a complex soil assemblage was explained
to be ion exchange, surface adsorption and Al-F complex sorption.

Finally, fluoride transport processes in a granitic soil were investigated by
laboratory column experiment and numerical modeling during fluoride sorption and
desorption. Fluoride sorption in the column was high. Fluoride desorption was
comparatively fast, and slow after 10 pore volumes of flushing with long tailing. A
geochemical model considering the liner Kd model and fluoride sorption in soil by
surface complexation were developed in PHREEQC framework and used to explain
fluoride transport during sorption and desorption in the column. The linear Kd model
could not explain the data (especially, the tailing). The model including fluoride
sorption by surface complexation could better explain the data. Effect of flow
interruption on the fluoride concentration in the effluent is negligible, suggesting that
equilibrium conditions can be assumed for this study. The results from a two domain
model does not vary much from that of the single domain model, which shows that in
the experimental conditions, mass transfer to the immobile zones may not be important
as that of considering fluoride sorption by surface processes.

In conclusion, fluoride transport processes in soil should be studied in order
evaluate contribution of soil leachable fluoride to fluoride contamination of shallow
groundwater. The long tailing during desorption should be considered while
implementing remediation technologies. Fluoride induced Al release is another factor to

be looked in to, especially at industrial sites with high fluoride contamination.
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Chapter 1: General Introduction
1.1.Background

Extensive contamination of groundwater with fluoride is a serious environmental
concern due to its possible effect on contamination of drinking water resources and
natural ecosystems. While fluoride is desired for strong teeth and bone, excessive intake
(exceeding the WHO guideline value of 1.5 mg/l in drinking water (WHO, 2004))
results in serious health risks (Ayoob and Gupta, 2006). Presently, defluoridation is the
most adapted method to provide safe drinking water to the society. Fluoride in
groundwater can be due to natural or anthropogenic sources. In addition to groundwater,
soil fluoride contamination due to natural or anthropogenic sources is also reported
(Scanlon et al., 2009; Wang et al., 2002; Arnesen and Krogstad, 1998). The soluble
fluoride can leach from the fluoride contaminated soil and contaminate the shallow
groundwater under suitable conditions. A schematic figure depicting possible source of

fluoride contamination in groundwater is shown in Figure 1.1.
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Figure 1.1. Schematic diagram showing possible sources of groundwater fluoride

contamination.



Few studies have been conducted for fluoride leaching from soil. One such study
by Scanlon et al., (2009) in natural ecosystems, rain-fed areas and irrigated systems in
Australia and USA reveals that leachable fluoride in soil is about 10 mg/kg, extending
up to a depth of more than 10 m in rain fed area and about 30 m in natural ecosystems.
The authors concluded that fluoride will not reach the water table and contaminate the

groundwater because the water table is deep.
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Figure 1.2. Representative fluoride profiles in (c,f,i) natural ecosystems and (I and r):
rain-fed and (0): irrigated agricultural ecosystems. Values are shown for mg/L
(triangles) and mg/kg (circles). LUC, land use change; SHP, Southern High Plains; AD,
Amargosa Desert; MB, Murray Basin (after Scanlon et al., 2009).

Similarly, Lognathan et al. (2001) concluded that fluoride will not leach to the
groundwater in the New Zealand pasture soil. However, a good correlation is found
between soil leachable fluoride and groundwater fluoride contamination (Wang et al.,
2002; Saxena and Rani, 2012).

Nevertheless, unravelling the mechanism of fluoride immobilization processes
and its transport behavior in subsurface is necessary to understand the possible
contribution of soil leachable fluoride to groundwater, and thus to decipher effective
strategies to prevent further groundwater contamination from the contaminated soil
sources. The transport of solutes in porous media is subjected to a variety of physical
and chemical non-equilibrium processes, and the fate of a contaminant depends on the
geochemical reactions at mineral-water interface in addition to the transport processes.
Hence, this study aims to investigate the reactive transport of fluoride in a saturated

column by column experiments and solute transport modeling at laboratory scale.



1.2. Literature Survey
1.2.1. Fluoride in groundwater

Fluoride is a minor element representing about 0.3g/kg by weight of the Earth’s
crust and exists as fluorides in number of minerals (WHO, 2004). Excess fluoride in
groundwater is reported from more than 35 countries in the world (Ayoob et al., 2008).
Figure 1.3 shows the map of countries with groundwater fluoride contamination,
prepared by UNICEF. In many of the Asian and African countries, fluoride levels in
water are high. The reported maximum dissolved fluoride ion levels in groundwater, for
example, are: Rajasthan, India (69.7 mg/l), Kuitan, China (21.5 mg/l), Tanzania (12
mg/l), South Africa (13 mg/l) (Ayoob et al., 2008), and Kenya (55 mg/l) (Gitonga et al.,
1984). In short, many millions of people are exposed to toxic concentrations of fluoride
well above the usual upper limit set by many public health authorities around the world
such as: 1.5 mg/l (WHO, 2004; BIS, 1991), 0.8 mg/l (DWQS, 2010), and so on.

On a local scale, considerable amount of fluoride can be introduced to the
environment by anthropogenic sources such as, application of phosphate containing
fertilizer and from aluminum smelters (Arnesen and Krogstad, 1998). However, in
general, fluoride concentration in groundwater is mainly governed by geogenic
processes (Edmunds and Smedley, 2005; Ayoob and Gupta, 2006) where groundwater

becomes contaminated in contact with fluoride bearing minerals such as fluorite,

Countries with endesic luorosis due to excess Tuoride in drinking warer

Figure 1.3: World map showing F contamination affected countries Source: UNICEF

(http://www.nofluoride.com/Unicef_fluor.cfm)



fluoroapatite, biotite, topaz, and their corresponding host rocks such as granite and
basalt by the dissolution of these minerals (Edmunds and Smedley, 2005; Apambire et
al., 1997).

Fluorite (CaF,) is found to be the predominant mineral that controls the dissolved
fluoride concentration in groundwater (Edmunds and Smedley, 2005; Handa, 1975), and
fluoride release depends mainly upon geochemical environment. For example, low
calcium concentration associated with high pH promotes the dissolution of fluorite
(Handa, 1975). Hence, these conditions are often associated with high fluoride
groundwater regions in a sodium bicarbonate dominated system. Hydrological
properties (e.g., residence time) as well as climatic conditions (e.g., evapotranspiration,
precipitation) also influence fluoride concentration in groundwater (Edmunds and
Smedley, 2005; Jacks et al., 2005).

In granitic aquifers, dissolution of fluoride can be the possible reason for
presence of fluoride in groundwater. The hydrolysis of alumino-silicate minerals in the
hard rock aquifers produces bicarbonate ion, which can enhance fluorite (CaF,)

dissolution by precipitating CaCOj3 as defined by the following reactions:
CaF, +2HCO,; — CaCO, +2F +H,0+CO, (1.2)

In the presence of excessive sodium bicarbonates in groundwater, the amount of

dissolved fluoride will be elevated and can be expressed as:
CaF, +2NaHCO, — CaCO, +2Na" +2F +H,0+CO, 1.2)
(Handa, 1975).

Also, a handful of research are found on the possibility of fluoride leaching from

the soil and contaminating groundwater (Zhu et al., 2009).

1.2.2. Effect of fluoride consumption

Fluoride can enter human body through a variety of sources, e.g., water, food, air,
medicaments and cosmetics, though drinking water is the major contributor of daily
fluoride intake (Meenakshi et al., 2004). Although it is evidenced that fluoride is
beneficial for prevention of dental caries, the essentiality has not been demonstrated
unequivocally (WHO, 2011). In fact, adverse effects of the long-term ingestion of

fluoride (>1.5 mg/l) is well documented (Ayoob and Gupta, 2006). Dental and skeletal



fluorosis are the most common health effects of fluoride consumption. Besides this,
excessive consumption of fluoride may affect various organ systems, including the
immune system, circulatory system, the liver and kidney, the reproductive system, the
brain and the skin (Meenakshi and Maheswari, 2006; Liu et al., 2008). Animals are also
equally affected as that of human beings by drinking fluoride rich water. In addition,
irrigation with high fluoride water is found to adversely affect the various physiological
features of plants including decreased plant growth, chlorosis, etc. (Dey et al., 2012;
Elloumi et al., 2005).

Because of the adverse effects of fluoride consumption on human health,
considerable amount of researches have been dedicated for the removal of fluoride from
groundwater using various techniques, e.g., adsorption, ion exchange, precipitation—
coagulation, membrane separation, electrolytic defluoridation, electrodialysis, etc.,
using different materials. The details of these processes are reviewed by Meenakshi and
Maheswari (2006).

1.2.3. Fluoride in soil

Presence of fluorine in soil is related to the weathering of primary minerals such
as fluorapatite, cryolite, fluorite, and topaz. Industries such as aluminum smelters also
contaminate the soil (Arnesen and Krogstad, 1998). Air borne pollution by direct
adsorption of gases such as hydrogen fluoride or silicon tetrafluoride is also observed.
Figure 1.4 shows a schematic diagram interlinking the possible sources of fluoride in
the ecosystem.

The average fluorine content of most soils throughout the world has been
reported to be 329 ppm (Kabata- Pendias et al., 1992). Sandy soils in humid climates
are found to possess the lowest fluorine in general whereas higher fluorine
concentrations are found in heavy clay soils and soils from weathered mafic rocks (Fuge
and Andrews, 1988). Clay soils are often associated with high amount of sorbed
fluoride because fluoride has a strong affinity for aluminum (Al) compounds including
(hydro)oxides, and hence, the amount of sorbed fluoride in soil is highly correlated with
amorphous Al and Fe oxide content and crystalline Al content (Peek and Volk, 1985)

and poorly ordered amorphous Al oxides (Omueti and Jones, 1977). The potential for
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Figure 1.4: Schematic diagram showing fluoride in the geo-environment.

soil contamination from natural and anthropogenic sources lead many researchers in
different countries to study the soil fluorine behavior, e.g., (1) Norway (Arnesen and
Krogstad 1998), (2) India (Madhavan and Subranian, 2002; Padhi and Muralidharan,
2012; Chaudhary et al.,2009; Saxena and Rani 2012) among others, (3) China (Zhu et
al., 2007; Wang et al., 2002; Zhu et al., 2009), (4) Spain (Gago et al., 2002), (5)
Srilanka (Jayawardene et al., 2012), (6) Ghana (Abugri and Pelig-Ba, 2011), and (7)
USA (Scanlon et al., 2009).

Soil fluoride contamination is recently of growing concern because of the
following reasons: (1) high fluoride levels are found in crops grown over fluoride
contaminated soils or irrigated with fluoride rich water, and fluoride enters the food
chain of human beings through these crops (Susheela, 2003; Gautam et al., 2010;
Amalraj and Pius, 2013), (2) grazing animals are affected by consuming fluoride
contaminated soil (Cronin et al., 2003), (3) high levels of soluble fluoride in soil may
leach and contaminate shallow groundwater under suitable conditions (Wang et al.,
2002; Pickering, 1985), and (4) fluoride contamination induces aluminum release from
soil, which is another potential toxic element (Polomski et al., 1982).

High levels of soluble fluoride in soil may leach and contaminate the shallow
groundwater under the following conditions, i.e., acidic and alkaline soils (Wang et al.,
2002; Wenzel and Blum, 1992; Pickering, 1985; Arnesen and Krogstad, 1998), coarse

6



textured soil (Wang et al., 2002), alkaline sandy loam (Chaudhary et al., 2009), presence
of relatively thick B horizon (Arnesen and Krogstad,1998), and higher degree of
weathering and higher clay content (Wang et al., 2002, Zhu et al., 2007; Omueti and
Zones, 1977). On the contrary, the study by Lognathan et al.(2001) showed that in most
of the New Zealand pastoral soils, fluoride applied to soils as fertilizer may not move
down the soil profile nor pollute groundwater. Similarly, the leaching experiments of
fluoride in sandy soils by Murray (1983) showed that 94.9 to 98.4% of applied fluoride
was retained in the soil column, and Murray (1983) concluded that little fluoride would
be leached to groundwater. Barrow (1986) also found that fluoride was strongly
adsorbed to soil. Thus, the contribution of adsorbed fluoride in soil to groundwater
contamination is still controversial, which urges to study the dynamic distribution of

fluoride in the porous media.

1.2.4. Mechanism of fluoride sorption in soil

The factors that affect the retention and release of fluorine in soil are, Al, Fe
oxides, Calcium (Ca), organic matter, and pH (Murray, 1984). Du et al. (2011)
investigated the mechanism of fluoride sorption on different clay minerals under
varying geochemical conditions and initial fluoride concentrations and found that the
mechanism of fluoride sorption is heavily dependent on the solution pH and fluoride
concentration. Harrington et al. (2003) studied the behavior of fluoride facilitated Al
release from soils controlled by difference in soil mineralogy, morphology and soil
solution chemistry. Acidic and alkaline soils with low Al and Fe (hydro)oxides favor
fluoride leaching from the soil matrix (Wang et al., 2002). Also, non-specifically bound
fluoride has the higher tendency to be released easily and contaminate
groundwater/surface water bodies or may enhance plant fluoride uptake. Hence,
understanding the mechanism of fluoride sorption in soil is highly necessary.

The mechanism of fluoride sorption in soil can be due to surface complexation,
electrostatic attraction or chemical reactions including ion exchange and/or precipitation,
depending on the adsorbent characteristics and solution pH among other parameters
(Ayoob et al., 2008; Harrington et al., 2003). In soil, fluoride is mainly bound to clay

minerals, aluminum and iron hydro(oxides) (Peek and Volk, 1985). Subsurface



materials with significant clay content may bind fluoride by an ion exchange process,
but fluoride is also bound strongly at the edge sites of these minerals by surface
complex formation (e.g., kaolinite) (Weerasooriya et al., 1998). Thus, adsorption by
complexation with hydroxyl sites on oxide mineral surfaces and edges of clay minerals
might play an important role for fluoride retention in soil. A considerable amount of
research has investigated the uptake of fluoride by various common minerals using a
variety of macroscopic and spectroscopic techniques (Du et al., 2011; Cochiara, 2009).
Fluoride is found to be strongly retained via the formation of inner-sphere adsorption
complexes, e.g., on Al-oxides (Hao and Huang, 1986) and kaolinite (Weerasooriya et al.
1998 and 1999) over a range of pH and ionic strength. Different models that can be used

to predict the mechanism of fluoride sorption on soil are discussed below.

1.2.4.1. Isotherm models

An adsorption isotherm describes the relation between the equilibrium
concentration of the adsorptive and the quantity of adsorbate on the surface (Sparks,
2003). The most commonly used isotherms to describe contaminant sorption on
different materials include Langmuir, Freundlich, Redlich-Peterson, and
Dubinin-Radushkevick equations (Mahramanlioglu et al., 2002). Detailed information
on adsorption, i.e., monolayer/multilayer adsorption, interaction between the adsorbed
species, and homogeneous/heterogeneous pore distribution can be obtained from the
best fit of these isotherms (Sparks, 2003). In addition, the thermodynamic parameters
such as Gibb’s free energy change, enthalpy of adsorption, and entropy change can be
estimated from the isotherm, which can help to understand the nature and mechanism of
sorption reactions under equilibrium conditions (Romero-Gonzalez et al., 2005).

The equilibrium- based isotherm models are widely applied to describe cation
and anion sorption on soil and synthesized materials. Researches are also dedicated to
demonstrate sorption of fluoride on laterite (Sarkar et al., 2006), kaolinite and bentonite
(Kau et al., 1998), iron oxides (Mohapatra et al., 2011), alumina cement granules
(Ayoob et al., 2008), activated alumina (Ghorai and Pant, 2005), and many more by

using isotherm models.



1.2.4.2. Surface complexation modeling

Adsorption reactions can be described by various models. Empirical models, e.g.,
the distribution coefficient, the Freundlich adsorption isotherm, and the Langmuir
adsorption isotherm, provide descriptions of macroscopic data without theoretical basis
and do not definitely prove a reaction mechanism (Sparks, 2003). Surface complexation
models (SCM) are chemical models based on molecular descriptions of the electric
double layer using equilibrium-derived adsorption data and calculate value of
thermodynamic data mathematically (Sparks, 2003). SCMs are advanced from the so-
called isotherm models in that, they consider surface charge resulting from protonation
and dissociation reactions as well as surface complexation reactions of reactive surface
hydroxyl groups at mineral surfaces (Goldberg, 1992). These models have been highly
successful in describing the sorption of metal ions by hydrous metal oxide surfaces. A
number of SCMs have been proposed and applied to successfully describe adsorption of
several different ions onto a wide range of adsorbents over an extensive set of aqueous
solution conditions (Dzombak and Morel, 1990; Goldberg, 1998). Some of the studies
referred here are for application of SCM for anion sorption, e.g., fluoride sorption to
kaolinite (Weerasooriya et al., 1998), fluoride, bromide and iodide sorption on kaolinite
(Weerasooriya and Wickramarathna, 1999), arsenate and arsenite sorption to iron oxide
minerals (Dixit and Hering, 2003) and to calcite (So et al., 2008), phosphate adsorption
to calcite (So et al., 2011), sulphate and selenite adsorption on iron oxides (Fukushi and
Sverjensky, 2007).

Surface complexes can exist in two types of structural configurations,
outer-sphere and inner-sphere surface complexes. Outer-sphere surface complexes
involve electrostatic coulombic interactions. The process is usually rapid and reversible
and occurs on surfaces of opposite charge to the adsorbate. Whereas, inner-sphere
surface complexes involve ionic or covalent bonding. The process is relatively slower
and irreversible and can occur on a surface regardless of the charge (Sparks, 2003). The
commonly used SCMs are the constant capacitance model (Stumm et al., 1980) (CCM),
the generalized two layer model (Dzombak and Morel, 1990), and the triple layer model
(Davis et al., 1978). The basic difference in these models is the description on the

electric double layer.



A thorough discussion on the SCMs and their application for
protonation-dissociation reactions, metal ion adsorption and inorganic anion adsorption
on oxides, clay minerals and soils can be found in Goldberg (1992). Fluoride sorption
to different adsorbents by surface complexation has been studied, e.g., kaolinite
(Weerasooriya et al., 1998), alumina (Hao and Huang, 1986), and alumina, bauxite and
laterite (Craig et al., 2015). However, SCMs have not been widely applied to study
fluoride adsorption on natural materials. Hence, the intrinsic acidic constants,
speciation, and spectroscopic data are scarce for fluoride sorption to natural materials.
Also, the application of SCMs to natural sediments of varying mixtures of minerals is
difficult because of the presence of secondary minerals and organic coatings (Davis et
al., 2004).

A descriptive explanation of the CCM and the generalized two layer model,

which will be used in this study, is given below (Goldberg, 1992).

The constant capacitance model:

The assumptions made in a CCM are: (i) all surface complexes are inner-sphere
complexes; (ii) no surface complexes are formed with ions from the background
electrolyte; (iii) one plane of charge represents the surface; (iv) the relationship between

surface charge density, o,, and surface potential, y,, (Where o represents the surface

plane), is
C,Sa
Op = (;: Yo (1.3)

where Cg: capacitance density (F m™), S: surface area (m? g*), a:suspension density (g
L), F: Faraday constant (C mol™), ao: has units of mol L™, w: has units of V. The
structure of the surface-solution interface for the constant capacitance model is shown in
Figure 1.5 (Westall, 1986).
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Figure 1.5. Structure of the surface-solution interface for the constant capacitance
model (after Westall, 1986).

The equations representing the surface complexation reactions in a CCM are:

SOH+H* < SOH," (1.4)
SOH < SO~ +H* (1.5)
SOH+M™ < SOM™ 4 H* (1.6)
2SOH +M™ < (S0),M™? 1 2H* (1.7)
SOH+L" < SL™ +OH" (1.8)
2SOH + L' < S,L"? +20H" (1.9)

here, SOH represents surface functional group, M is a metal ion of charge m*, and L is a
ligand of charge I'.
The intrinsic equilibrium constants describing the surface complexation reactions can be

defined as:

. |soH,’]
K+(mt)_w[mexp[ﬁyO /RT] (1.10)

K_(int)= [S[C;;)—]LHf]em [~ Fy, /RT] (1.11)
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_lsom ™2 [n-]

K3, (int) = [SOH][M“‘*_ exp[(m—1)Fy, /RT] (1.12)
<) 6 [gg“H”]T[;ﬁ]*] onlm-2Fy, /RT]  (113)
K (int) = S[;;:] OLlI_|]exp [ (1-2)Fy, /RT] (1.14)
K2 (int) = 5L [OH_] exp[— (1-2)Fy, /RT] (1.15)

[SOHT|L" |
where R: molar gas constant (J mol™ K™), int: intrinsic, T: absolute temperature (K),
square brackets: concentrations (mol L™).

The mass balance and charge balance of the surface functional group, SOH, is in

accordance with the surface complexes formed.

The generalized two-layer model

The generalized two-layer model was developed by Dzombak and Morel (1990)
as an expansion of the diffuse layer model proposed by Stumm and coworkers (Stumm
et al., 1970; Huang and Stumm, 1973). This model considers that the oxide-water
interface consists of a surface layer for specifically sorbed ions and a diffuse layer of
counter-ions in solution. The diffuse layer commences at the d-plane and extends into
the solution phase. The model assumes that: (i) all surface complexes are inner-sphere
complexes; (ii) no surface complexes are formed with ions in the background
electrolyte; (iii) two planes of charge represent the surface; (iv) the relationships

between surface charges and surface could be written as (Sposito, 1984):

Y, =Y, (1.16)
Sa . (FY,
Gy = —?(SSODRTI)UZ smh( %RT) (1.17)
where g, : premittivity of vacuum, D: dielectric constant of water, I: ionic strength

The surface-solution interface in the generalized two-layer model could be represented
by Figure 1.6.
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Figure 1.6. Structure of the surface-solution interface for the diffuse layer model (after
Dzombak and Morel, 1990).

The surface reactions in the generalized two-layer model could be represented as:

SOH +H* < SOH," (1.18)
SOH <> SO~ +H* (1.19)
SOH + M™ < SOM ™™ + H* (1.20)
SOH +L" +H* &S +H,0 (1.21)
SOH +L" +2H" < SHL!"?" +H,0 (1.22)

here, SOH represents surface functional group, M is a metal ion of charge m*, and L is a
ligand of charge I'. Equations 1.18 and 1.19 represents protonation and deprotonation at
the surface respectively. Metal ion adsorption is represented by equation 1.20 and can
be considered to occur in two types of sites: strong sites with high affinity and weak
sites with low affinity. Ligand exchange is represented by equations 1.21 and 1.22 and it
IS not necessary to specify two sets of binding sites.

The intrinsic conditional equilibrium constants for reactions 1.18 to 1.22 in the
generalized two-layer model are defined by the following reactions 1.23 to 1.27
respectively: The equations for the intrinsic conditional equilibrium constants for the

metal adsorption to strong and weak sites are similar.
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K, (int)= [lSOH J exp[Fy, /RT] (1.23)

SOH]H*

_oIn
K_(int) [5OH] [~ Fy, /RT] (1.24)
KL (i )=[SOM(m_l)IH+]exp[(m—1)Fw IRT] (1.25)

[SOH]M™ | ° '

K (int) = [SOLS]L(;_ R [ (1-2)Fy, /RT] (1.26)
K2(int) = — S0 o (-2Fy, /RT] (L27)

[soH] L= [H* |

where F: Faraday constant (C mol™), R: molar gas constant (J mol™ K™), int: intrinsic,
T: absolute temperature (K), square brackets: concentrations (mol L™).

The mass balance for the surface functional group, SOH could be written as:

[SOH]; =[SOH]+[SOH; |+[sO™ |+ [soM ™V ]+ [sLO4- |+ [sHL!2" | (1.28)

The charge balance expression is:
o, = |SOH; |-[s0~ |+ (m-1))soM™ ¥ |- (1-1)SL"*" |- (1- 2)[sHL"?" | (1.29)

where gy is the surface charge (mol L™).

1.2.5. Contaminant transport in soil

During the past several decades, we are increasingly experiencing the
contamination of soil, surface water and groundwater due to natural contaminants,
waste disposals, leakage of industrial and municipal wastes, use of fertilizers, etc. After
releasing contaminants to the subsurface, contaminants interact with soil matrix and
groundwater. The major hydrological processes of interaction are advection, dispersion
and diffusion, and decay in the case of radioactive contaminants whereas the chemical
processes include aqueous complexation, reduction/oxidation, sorption (surface
complexation (adsorption) or ion exchange), and precipitation/dissolution.

Transport of a reactive contaminant in groundwater systems could be affected by

physical non-equilibrium processes (e.g., soil heterogeneity, preferential flow, and
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kinetic diffusion) or chemical non-equilibrium processes (e.g., caused by kinetic
sorption or transformation reactions) (Brusseau et al., 1997). Local equilibrium
conditions are only valid when solute transport occurs in a homogeneous porous
medium and sorption is linear, reversible, and not kinetically limited (Brusseau et al.,
1989). Consequently, the fluoride retention processes in the soil matrix should be
studied under non-equilibrium conditions to correctly assess the fate and transport of it
in the soil system.

Solute transport in subsurface can be described by a set of partial differential
equations and the chemical reactions are described by a set of nonlinear algebraic
equations. There are large number of specialized numerical models to simulate different
processes and for different applications, depending on the objective (e.g., Simunek and
van Genuchten, 2006).

Here, the more generalized transport models and the models with increasing
complexity for contaminant transport in the subsurface are discussed.

1.2.5.1. Generalized transport model for contaminant transport in subsurface

The advection-dispersion equation for one dimensional flow in a homogenous,
isotropic porous medium without sorption and degradation can be expressed as (Fetter,
1999):
oC 0°C oC
— =D -V,
ot OX OX
where, C: solute concentration (ML), x: distance (L), t: time (T), v,: average linear

(1.30)

velocity in the x direction (LT™) and D.: coefficient of longitudinal hydrodynamic
dispersion (L%/T).

The advection- dispersion equation (equation 1.30) can be used for transport of
inert, non-adsorbing solutes during steady-state water flow. Whereas, contaminant
sorption can be included in the model, expressed as follows (van Genuchten and
Wagenet, 1989).

oC  oq 0%C oC
00—+ £=0D, — —-6v, — 1.31
8t pb 8t L 8x2 X aX ( )

where, 6: volumetric water content (L L), pp: dry soil bulk density (ML) ge: sorbed

concentration (MM™).
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This equation can be used for both equilibrium and kinetic sorption processes. In
the case of linear sorption, which is the simplest form of adsorption, the relation
between the sorbed concentration and solute concentration in solution concentration can
be defined as:

q. =K,C (1.32)
where Kgq is an empirical distribution coefficient (L*M™). The term retardation factor (R)

can be defined as
R =1+% (1.33)

When the sorption of contaminant is non-linear, the retardation factor is not
constant, rather it changes as a function of concentration. In that case, the most
commonly used Langmuir and Freundlich non-linear sorption models can be used as
(Fetter, 1999):

q,,bC
1+bC

where, qn, and b are constants for the Langmuir isotherm, and

Langmuir isotherm: g, = (1.34)

Freundlich isotherm: g, = KC™ (1.35)

where, K and N are constants for the Freundlich isotherm.

1.2.5.2. Nonequilibrium transport

Equilibrium solute transport models often fail to describe experimental data (e.qg.,
Simunek and van Genuchten, 2006). A large number of non-equilibrium models have
been provided and applied to describe the transport of contaminants (Nielsen et al.,
1986; Brusseau, 1999) which resulted in better description of observed laboratory and
field data.

Physical Nonequilibrium

Physical nonequilibrium (PNE) arises because of non-uniformity of the flow
field and is generally represented by the mobile/immobile model (van Genuchten and
Wierenga, 1976). The model is represented schematically as shown in Figure 1.7. This

model assumes that the liquid phase can be partitioned into distinct mobile (flowing)
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and immobile (stagnant) zones, and transport in the mobile zone is governed by the
advection—dispersion equation while solute exchange between mobile and immobile

zones occurs by diffusive mass transfer, described with a first-order rate equation.

Mobile Water
Immobile Water
Soil region adjacent to mobile water

Stagnant soil region

Figure 1.7. Schematic diagram representing the conceptual model of the saturated zone
consisting of mobile and immobile zones in soil matrix. Flow lines in the mobile zone

are also shown.

The model is defined as:

2
0, &, +0,, Lo +py s 0,D,, %—emvm «C,, (1.36)
ot ot ot OX OX
oC, 0S;
G} 4 ™ =a(C,, —-C, 1.37
im 8t pb at ( m |m) ( )
The conditions that hold for these equations are:
0,+6,.,=0, 6.v, =6, 0.,D, =60D, S, +S;,=S (1.38)
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where, the subscripts m and im refer to the mobile and immobile regions respectively, s
is the solid phase concentration of solute from either the mobile or immobile region per
mass of dry soil (MM™), a is a coefficient for mass transfer between mobile and

immobile region (T™).

Chemical non-equilibrium

Rate limited chemical reactions at an interface results in chemical
non-equilibrium  (Sparks, 2003). Consequently, models describing chemical
non-equilibrium only affect the concentration of solutes that interact with an interface.
The simplest of the models assumes first order linear kinetics, and is written as follows:

0
g; 0, (K,C—0,) (1.39)

where a: first-order kinetic rate coefficient (T ).

However, these one-site models did not significantly improve the model
predictions to analyze laboratory column experiments (Simunek and van Genuchten,
2006). Hence, this model is extended to the two-site model, which assumes sorption on
one fraction to be instantaneous, while sorption on the remaining sites is considered to
be time-dependent. A combined physical and chemical nonequilibrium transport model

is developed and applied to colloid transport by Leij and Bradford (2009).

1.2.6. Summary for literature search results

From the intensive literature survey, the following research outputs are obtained.

Fluoride in the environment:

« Fluoride contamination of soil and groundwater is a major environmental issue.
The health hazards of consuming fluoride rich water in any form are numerous.

«  The source of fluoride in groundwater could be geogenic or anthropogenic. The
geogenic fluoride source in groundwater is generally attributed to water-rock
interaction.

« Although fluoride is known to be strongly retained by soil, in highly polluted
areas, fluoride from soil can leach and pollute the groundwater and surface

water sources.
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Mechanism of fluoride sorption in soil:

« The retention and release of fluoride in soil depends on the abundance of clay
minerals in soil, structure of the soil matrix, geochemical processes at the
mineral-water interface, climate, etc.

« Many equilibrium and kinetic models have been used to explain fluoride
sorption behavior in mineral surfaces, moreover, surface complexation model
better explains the quantification of the mineral surface.

Fluoride transport:

« The simple advection dispersion equation may not be able to explain the
reactive contaminant transport behavior.

« Physical and chemical non-equilibrium is needed to be considered to explain

contaminant transport in a heterogenous system.

1.3. Objectives

Based on previous research results and the importance of fluoride in the
geo-environment, it can be understood that mobility of fluoride in soil can have
significant effect on shallow groundwater fluoride contamination and fluoride uptake by
plants. Fluoride mobility in soil also affects the mobility and availability of aluminum
for plant uptake, which is another potentially toxic element (Gago et al., 2002).
Numerous studies have been conducted to find the fluoride sorption/desorption
processes by clay minerals and composites. However, only handful research has been
conducted to understand fluoride sorption mechanism in the soil system (e.g., Craig et
al., 2015 studied fluoride sorption on laterite).

In addition, dynamic behavior of fluoride in subsurface is also important,
especially reactive transport processes are needed to be properly modeled to simulate
how chemical agents move through subsurface systems (Steefel et al., 2005). Many
models are proposed to explain reactive transport of contaminant by considering the
aqueous and surface chemistry of the contaminant and the soil/sediment, e.g., Liu et al.
(2009) discussed uranium (U(V1)) transport by developing a model to consider U(VI)
aqueous and surface chemistry. Considering fluoride transport in the subsurface,

Johannes et al. (1996) studied fluoride transport in a sand-goethite column, Usunoff et
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al. (2009) studied fluoride transport in a quartz-sand packed column, and Begin et al.
(2003) studied fluoride transport in a unsaturated soil. Nonetheless, all these studies
considered pure mineral phases for fluoride transport (Johannes et al., 1996; Usunoff et
al., 2009) or fluoride transport was described by linear sorption (Begin et al., 2003).
Since reactive transport in the subsurface is highly non-linear, the goal of this study is
set to understand the non-linear fluoride transport behavior in the subsurface from
laboratory experiment and numerical modeling.
The overall objectives of this dissertation are set to be:

1) To identify the mechanism of fluoride sorption/desorption in a granitic soil
under wide range of pH and solid/solution ratio and validating the results
with spectroscopic studies,

2) To develop a fluoride reactive transport model describing the physical and
chemical non-equilibrium processes observed in laboratory scale and

3) To discuss the impact of leachable soil fluoride on the geo-environment

1.4. Methodology followed

The methodology followed in this thesis to meet the objective is shown in terms
of a flow chart diagram (Figure 1.8). First, related research were understood to get an
overall idea about the current state of art of fluoride transport research. Next, field
survey were conducted in groundwater fluoride contaminated areas of India and Japan
and also in Tsukuba, Japan, where groundwater is not fluoride contaminated.
Next step includes understanding fluoride sorption behavior in the original soil. Since
understanding the sorption behavior of fluoride is complicated in complex soil system,
calcite was chosen first to understand the fluoride sorption behaviors and also to
understand the applicability of surface complexation processes. Next, fluoride sorption
processes were evaluated in a granitic soil with sorption isotherm and surface
complexation modeling.

Finally, fluoride transport behavior in a saturated column were investigated by

column experiment and numerical modeling.

20



( - - - \
soil F contribution to

) L aroundwater
Step 1 1. PasF stl_de aqalygls -
2. onsite investigation
sorption-desorption
mechanism of F in soil
g
(

F transport in soil
&

-
reactive contaminant

transport modeling
-

AN

s

soil constituents
Step 2 Mechanls_m of F .
sorption —
soil aggregate as a

whole
g

p
Lab. Scale experiment:

L Saturated and disturbed

Step 3 F transport p ]

—__ \ ) \ J L

Reactive transport
L modeling

Figure 1.8. Flow diagram showing the methodology followed for investigating
fluoride sorption processes in this thesis

1.5. Organization of the dissertation

This dissertation contains six chapters.

Chapter 1 contains the general introduction, understanding from previous studies
related to the state and toxicity of fluoride in groundwater and soil, equilibrium and
kinetic models that can explain mechanism of fluoride sorption in soil, geochemical

solute transport models and the objective of this research.
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Chapter 2 is dedicated to a brief description of the analytical methods followed
in this thesis and field observations for possible fluoride contamination of groundwater
from soil in granitic terrains.

Chapter 3 describes the mechanism of fluoride sorption to calcite from batch
experiments and surface complexation modeling with a developed set of intrinsic
surface complexation constants for fluoride sorption on the calcite surface.

Chapter 4 contains the details of pH dependent fluoride removal by a granitic
soil from Tsukuba, Japan, from batch experiments, surface copmplexation modeling,
and spectroscopic studies. In the modeling approach, the general composite approach
(Davis et al., 1998) is tested to find the suitability of the method in order to explain
fluoride sorption in soil. FTIR spectroscopy is used to characterize the local structure of
fluoride in the soil sample before and after sorption.

Chapter 5 describes the fluoride transport processes in a granitic soil column
during sorption and desorption. Fluoride sorption and release are described with surface
complexation constants optimized for soil. A combined physical and chemical
non-equilibrium model is used to describe fluoride transport.

Chapter 6 summarizes the key findings from this research, environmental

implications and recommendations for future research.
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Chapter 2: Analytical Methods and Field observations

2.1. Analytical methods
This section contains the details of the analytical procedures used in this thesis
for estimating physico-chemical parameter of water/soil leachate and soil analysis for

physical, chemical, mineralogical and spectroscopic properties.

2.1.1. Water /soil leachate analysis
2.1.1.1. pH and electrical conductivity

pH was measured using an Horiba 9625-10D pH electrode connected to an
Horiba D54 pHCond meter. Multipoint calibrations were done using pH 4, 7 and 10
commercial buffers (Kanto Chemicals). Electrical conductivity was measured using a
Horiba 9382-10D conductivity electrode connected to the Horiba D 54 pHCond meter.

2.1.1.2. Major ion

Major cation (Ca?*, Mg?*, Na* and K*) concentration and major anion (CI', NOg,
SO4* and F) concentration in the solution were measured using ion chromatography
(IC) (Dionex DX120 IC) with Dionex lonPac Column, CS12A, 4 x 250 mm, and
Dionex lonPac Column, AS12A, 4 x 250 mm, respectively. The eluent used for cation
analysis is 0.02M methane sulphonic acid at a flow rate of 1.0 ml/min and that for anion
analysis is 2.7mM Na,CO3 and 0.3mM NaHCOj3 at a flow rate of 1.5 ml/min.

2.1.1.3. Fluoride
The analytical methods for fluoride measurement in solution used in this thesis
are: lon Selective Electrode (ISE) method, IC method and colorimetric method. The

details of these methods are described below.

2.1.1.3.1. Fluoride ISE
ISE method for fluoride analysis is widely used because these electrodes are
relatively inexpensive, simple to use and have an extremely wide concentration range.

Also, with careful use, and frequent calibration, an accuracy of = 2 or 3% precision
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levels can be achieved.

The Fluoride ISE method utilizes a fluoride selective membrane, which is
typically a lanthanum fluoride crystal. When this membrane comes in contact with a
solution containing fluoride ions, a potential develops across the membrane. This
potential is then measured against an constant reference potential with a standard
pH/mV meter. The potential depends on the level of free fluoride ions in the solution as

described by a Nernstian equation as follows (equation 2.1):
E=E, —R—FTIn[F] (2.1)

where: E : measured electrode potential (V), Eo: reference potential (a constant) (V), R:
the gas constant (J mol™ K™), T: the absolute temperature (K), F: the Faraday constant
(C mol™) and [F7]: the activity of fluoride in solution. The activity, [F], represents the
effective concentration of free fluoride ions in the solution.

This method is sensitive to solution pH. At low pH, the results could be
underpredicted whereas, at high pH, the results could be overpredicted because of the
formation of hydrofluoric acid and response of hydroxide ion to the ISE at respective
pH. Hence, to adjust the pH to an optimum value of 5.0-5.5 and to provide constant
ionic strength, a Total lonic Strength Adjustment Buffer (TISAB) solution is typically
added to both samples and standards.

The TISAB used in this study was prepared by adding 58.0 g of NaCl, 4.0 g of
CDTA, 57.5 ml of acetic acid and sufficient amount of NaOH to 1.0L of solution so that
the final pH is in the range of 5 to 5.5. A fluoride ISE (model 6561-10C, Horiba Ltd.)
was used with a Horiba D53 pH/ORP/lon meter to measure fluoride concentrations. The
fluoride ISE was calibrated with known standard fluoride solutions until a slope of
56x2mV was achieved. Equal volume of TISAB was added to standards and solutions

for calibration and fluoride measurement.

2.1.1.3.2. SPADNS method (colorimetric method)

Fluoride determination by SPADNS method is accepted by the US EPA and is
equivalent to EPA’s method 340.1 for drinking water and wastewater. Fluoride is
colorless and it will not absorb any light wave in the UV-VIS range. In Hach SPADNS

method, fluoride ions reacts with a red zirconium dye solution to form a colorless
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complex, the concentration being approximate in proportion to the concentration of
fluoride in water. The amount of fluoride concentration is determined by absorbance at
580 nm proportional to the bleached red color.

A DR/ 890 (Hach, USA) portable colorimeter with a fluoride detection limit of
0.05 mg/l was used in this study with SPADNS solution (Hach, USA).

2.1.1.3.3. IC method

IC method for fluoride determination is approved by USEPA (Method 300.0).
The IC method for determining major anions using Dionex lonPac Column, AS12A, 4 x
250 mm with Na,CO3; and NaHCO3; eluent can measure only the free fluoride, but,
fluoride tends to be in complex form with AI**, Fe**, Fe**, and Ca®" in presence of these
ions under favorable pH conditions.

Dionex (ThermoScientific) developed a method for fluoride analysis by IC in
presence of complexing ions without adding de-complexing agents. In this method, a
KOH eluent was used. The total dissolved fluoride concentration in the solution can be
calculated which includes all dissolved F species (e.g., F~, HF, AIF,®™ ) in the sample,
which can be explained as follows:

For example, in the presence of aluminum, fluoride exists as:

AP +F > AIFY (2.2)

Al* +2F > AIR,* (2.3)

In the presence of hydroxide ion during the IC analysis (because KOH was used as an
eluent), the hydroxide ion can act as a competing ion, binding to aluminum, freeing
fluoride (Lin et al., 2009):

AP + 40H — AI(OH)4 (2.4)

The column designed to be used with a KOH eluent is Dionex lonPac Column,
AS18, 4 x 250 mm. This column is used in this study in IC (Dionex DX120) with an
eluent of 23mM KOH and a flow rate of 1.0 ml/min.

2.1.1.4. Total elemental concentration

Total elemental concentration of Ca, Mg, Na, K, Al, and Fe were analyzed by an

Inductively Coupled Plasma Mass Spectrometer (ICP-MS).
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2.1.2. Soil analysis
2.1.2.1. Sample drying

The sample was dried in the oven at 106°C for 24 hours, hereafter referred as
oven dried sample, and the sample was dried at 30 °C - 35 °C in an oven for 3-7 days,
hereafter referred to as air dry samples (Burt, 2004).

2.1.2.2. Grain size distribution

The oven dried sample was subjected to sieve analysis by using a nested column
of sieves, with sieve diameter ranging from 2000um to 75um. A size distribution curve
was generated by plotting sieve size vs % fine passing the sieve.

2.1.2.3. Soil particle density
Pycnometer was used to determine the particle density of soil by calculating the
volume of the weighed soil accurately.

2.1.2.4. Elemental analysis
X-Ray Fluoroscence spectroscopy was used to quantify major oxides in the bulk
soil by a wavelength dispersive Rigaku ZSX Primus Il XRF spectrometer.

2.1.2.5. Mineralogy

The mineralogical compositions of the bulk (<2mm) sample was identified by
X-ray powder diffraction (XRD). The sample was prepared by grinding by hand in
mortar and pestle and then loaded to the specially designed sample cells. The sample
was then analyzed with a Philips X’Pert diffractometer with graphite-monochromated
Cu Ka radiation (40mV and 50 mA) with a scanning speed of 2°/min. The XRD pattern
obtained was then viewed and the minerals were identified by matching to reference

mineral patterns.
2.1.2.6. Clay mineral analysis

The clay fraction of the bulk sample was separated by adding a dispersant

(sodium hexa meta phosphate) to the soil suspension and then allowing the suspension
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to settle. The clay sample was then analyzed for clay minerals by XRD with a scanning
speed of 1°/min. XRD pattern of the ethylene glycol-solvated clay sample was also

collected in order to identify any expandable clay mineral.

2.1.2.7. Spectroscopic analysis

Fourier Transform Infrared (FTIR) Spectroscopy was used in this study. In order
to obtain FTIR spectra, KBr pressed-disc technique was used for preparing the solid
sample. About 0.7 mg of air dried sample was dispersed in 150 mg of KBr and the
pellets were prepared. The infrared spectra were recorded on a Jasco FT/IR-670 Plus
spectrometer in the region 4000-400 cm™.

2.1.2.8. Surface area and pore size distribution

The NOVA 2200e surface area and pore size analyzer (Quantachrome) was used
to obtain the nitrogen adsorption/desorption isotherms for the bulk soil (oven dried) at
standard 77 K in order to estimate the pore size and surface area of the sample. The
applied relative pressure (p/po) ranged from 0.01 to 0.997. The soil samples were dried
and degassed by using nitrogen gas as a carrier gas before the measurement. The
Barrett—Joyner—Halenda (BJH) method was used to evaluate the pore size distribution
from the adsorption isotherm. The Brunauer-Emmett-Tellers (BET) multilayer
adsorption theory was used to deduce the internal specific area of pores. These methods

were comprehensively discussed by Gregg and Sing (1982).

2.1.2.9. Soil pH and EC

Soil (<2mm, oven dried) pH was measured with a Sentix 81 pH electrode
combined with a inoLab pH 7310 pH meter in 1:2 deionized water (pHw) and in 1:2
0.01M CacCl, (pHCacCl,) suspension whereas, EC was measured only in 1:2 deionized

water.
2.1.2.10. Leachable ions

Soil samples (<2mm, oven dried) were mixed with MilliQ water (Millipore),

stirred for 15 mins and left overnight. The supernatant liquid was filtered with 0.45um
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syringe filter. Part of the filtrate was acidified to pH <2 with conc. nitric acid for cation
and total elemental analysis. Both acidified and unacidified samples were refrigerated
and analyzed for respective leachable ions by one of the methods described above in

section 2.1.

2.1.2.11. Total Al and Fe

Total Al and Fe concentrations in the soil were measured by acid digestion
following the USEPA method 3050B. This method dissolves the elements that could be
environmentally available. In this method, the sample was digested with repeated
addition of nitric acid and hydrogen peroxide (H20,), the resultant digestate is diluted to
a final volume of 100 ml and then analyzed by ICP-MS.

2.1.2.12. Exchangeable Al

Exchangeable Al in the soil was extracted from the soil sample (<2mm, oven
dried) with 1.0N KCI (1:10). The supernatant liquid was filtered with 0.45um syringe
filter and acidified to pH <2 with conc. nitric acid for exchangeable Al analysis by
ICP-MS.

2.1.2.13. Total fluorine

Total fluoride content in soil was estimated through NaOH fusion method as
described by McQuaker and Gurney (1977). This method involves fusion of soil
samples with 16 N NaOH at 600 °C, adjusting pH to 8-9, filtering and diluting to 100
ml volume and analyzing for fluoride by ISE (section 2.1.1.3.1). Total fluorine in some

of the samples was also measured by X-Ray Fluoroscence spectroscopy.
2.1.2.14. Soil Organic carbon

Total soil organic carbon was analyzed by the dry combustion method using a
CN corder.
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2.2. Field Observations
Onsite investigations are necessary to provide objective data in support of the
impact and process evaluation. Field investigations were conducted in India and Japan

to access fluoride behavior in the soil-water system.

2.2.1. Onsite investigation for fluoride behavior in the soil-water system in India

India is one of the worst affected countries in terms of groundwater fluoride
contamination (Handa, 1975). Andhra Pradesh, India, is one of the states in India, which
iIs rippling under extreme groundwater fluoride contamination (Padhi and Muralidharan,
2012). The role of water harvesting tanks in Anantapur district, Andhra Pradesh, was
studied by Padhi and Muralidharan (2012), and it was found that the soil leachable
fluoride could play an important role in those areas. Hence, few of the water harvesting
tanks, and one percolation tank, along with groundwater and surface water were studied
to understand the fluoride vicious cycle in the Rangareddy district of Andhra Pradesh,
India because this area is already known to be fluorosis endemic (Figure 2.1).

The geology of this area is mainly comprised of granitic and gnessic rocks. The
soil types are mainly sandy loams or sandy clay and are red in color. The annual rainfall
ranges from 516 mm in 2011 to 1110 mm in 2010 (CGWB, 2013). The major source of
water for both domestic and agricultural use is groundwater. Water demand for
irrigation is partly fulfilled by manmade water harvesting tanks. These tanks are much
older and accumulate silt and clay with time.

Soil and surface water samples were collected from some of these tanks
(Yacharam Percolation tank, Nalvelly tank, and Ibrahimpatnum tank) and groundwater
samples from nearby areas in order to understand if fluoride leaching from these soils
can contaminate the shallow groundwater.

Soil samples from three tanks up to a depth of 80 cm are collected and analyzed
for volumetric water content, soil pH, electrical conductivity, water leachable fluoride,
total fluorine, major oxides, trace elements, and mineralogy following standard
procedure (Section 2.1.2). Surface water samples from three tanks are collected. Two

groundwater samples were also collected. The samples were analyzed for
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physico-chemical parameters, following standard procedures of sample analysis
(Section 2.1.1).

WATER LEVEL FLUCTUATION MAP 3
MAY'12 - NOV'12 v
RANGAREDDY DISTRICT
ANDHRA PRADESH

Ibrahimpatn
um Tank

Yacharam PT

Figure 2.1: The water level fluctuation map for the year 2012, produced by CGWB,
India (CGWB, 2012), showing locations of the tanks from where groundwater, surface

water and soil samples were collected.

Figure 2.2 shows the soil pH (Figure 2.2(a)) and leachable fluoride (Figure 2.2(b)) for
all the samples. The Yacharam samples are acidic to neutral in nature with small
leachable fluoride whereas the Nalvelly and Ibrahimpatnum tanks were with high
leachable fluoride and the soil were alkaline in nature.

The total fluorine contents of soil in all the three tanks are comparable (Table
2.1) whereas the leachable fluoride in the Nalvelly and Ibrahimpatnum tank were high.
The alkaline nature of the tanks (soils S2 and S3, Table 2.1) might be responsible for

high leachable fluoride concentration in these soils.
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Figure 2.2: Soil analysis results. (a) soil pH with 1:1 deionized water and (b) leachable

fluoride from soil.

Table 2.1: XRF elemental analysis results of Rangareddy soil samples

S.no. | “Site Sio, AlL,O; | Fe,0; [ MgO [CaO |[Na,O |K,0 [ Total

Name (%) (%) (%) (%) (%) (%) (%) fluorine(ppm)
1 S1(0-80) | 53.6-54.2 | 5.3-5.5 | 3.1-35 [ 227 | 1.6-1.7 | 1.6 9.3-9.6 | 884-1032

2 S2(0-80) | 51.6-53.7 | 5.7-6.1 | 3.3-3.6 | 3.1-3.5 | 2.1-3.6 | 1.2-1.3 | 7.5-7.7 | 887-1153

3 S3(0-87) | 54-58.8 | 6.3-7.0 | 3.7-4.1 | 3.4-3.9 | 3.2-3.9 | 0.9-1.0 | 6.3-6.9 | 830-1075

Numbers in bracket indicate depth of soil sampling

2.2.2. Onsite investigation for fluoride behavior in the soil-water system in Japan

Groundwater fluoride contamination is reported in many parts of Japan, e.g., in
Mizunami, Gifu (Abdelgawad et al., 2009), Nishinomiya, Hyogo (Sumikawa, 1990;
Otsuka and Terrakado, 2003; Tsurumaki and Sakuramoto, 1985), and Kinki (Adachi et
al., 1991). In Nakatsugawa, Japan, fluoride is proposed to be the carrier for rare earth
minerals in soil (Murakami and Ishihara, 2008). However, fluoride mobility in soil was
not understood in these fluoride contaminated areas. Hence, groundwater and soil
samples from Nishinomiya and Nakatsugawa, Japan, were studied in order to
understand the fluoride mobility in soil and factors affecting the retention and release of
fluoride in soil.

Groundwater and soil samples (from outcrops) were collected from Naegi
(Nakatsugawa), Gifu. Groundwater samples were also collected from Nishinomiya,

Japan. The major rock types in the studied area in Naegi are younger Ryoke granites and
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sedimentary rocks. The granites are sporadically overlain by the Quarternary clay

sediments, which are derived from the reworked sediments of the weathered Naegi

granites (Murakami and Ishihara, 2008). The clay rich layers have considerable amount

of halloysite and kaolinite with minor quartz and lignite (Murakami and Ishihara, 2008).

The results of soil and groundwater analysis are listed in Table 2.2 and are compared to

that of the results in Rangareddy district, India and other fluoride contaminated areas.

Table 2.2: Study results from field survey

Env./geological | Geology Avg. Fluorine Total Soil Fluoride in Reference
parameters rainfall | bearing fluorine in | leachable groundwater
Region/Country (mm/a) | minerals soil fluoride (mg/l)
in soil (mg/kg) (mg/kg)
RR district, Granites, ~783 - 830-1032 1.2-30 2.0-2.3 This study
south India gneisses
Nishinomiya, Granites ~1456 | - - 0.3-5.4 2.08-2.4 This study
Japan
Nakatsugawa, Granites/ ~1830 | Biotite, Not not detected | - This study
Japan Clay sediments kaolinite analyzed
Anantapur Granites, gneisses | ~560 Pink 200-460 8-15 2.6-6.5 Padhi and
District, India granites Muralidharan
(2012)
Guangdong, China | Granites, ~1336 Fe, Al rich 78-3130 - Not analyzed Zhu et al.,2007
limestone soil
Guangdong, China | - ~1500 - 186-387 0.7-2.7 Not analyzed Fung et al.,
1999
Hebei,China Alluvial plain ~500 Biotite, 300-460 5.7-11.3 0.2-5.6 Jianhui, 1997
hornblende
and clay
minerals
Tsukuba, Japan Granites Clay - 0.06 Not detected This study
minerals
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The results show interesting findings that in areas with heavy rainfall, the
leachable fluoride is negligible where as in arid/semi-arid areas, the leachable fluoride is
rather high suggesting the possible secondary enrichment of fluoride in the soil.

Groundwater in Tsukuba was found to be not fluoride contaminated. In spite of
that, groundwater and soil samples from Tsukuba were collected and studied for
possible fluoride sorption behavior in soil and leachability of fluoride from this soil

because fluoride contamination of groundwater is often correlated to granitic terrains.
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'Chapter 3: Surface complexation modeling of fluoride sorption onto

calcite

3.1.Introduction

Calcite is an important constituent in geochemical systems such as arid land soils,
subsurface materials, and aquifer sediments as well as coal combustion fly ash. Calcite
has been treated not to be a major contributor to sorption (Neal et al., 1987; Borr’ero et
al., 1988) although studies with natural materials containing calcite have implicated
calcite as an important sorbent for cations and anions (Dudley etal., 1988; Goldberg and
Glaudiberg, 1988a, 1988b). Furthermore, the interaction of fluoride with calcite can be
important due to the fact that many water bodies with high fluoride contamination are
found to be in equilibrium or saturated with respect to calcite (Handa, 1975). In addition,
calcite and limestone have been used for fluoride removal from drinking water and
waste water (Turner et al., 2005; Reardon and Wang, 2000). Therefore, it is necessary
to better understand the mechanism of fluoride sorption on calcite.

A considerable amount of research has investigated the mechanism of fluoride
removal by calcite using a variety of macroscopic and spectroscopic techniques. For
example, fluorite (CaF,) precipitation was considered to be the main mechanism for
fluoride removal by calcite (Pickering, 1985; Reardon and Wang, 2000; Farrah et al.,
1985; Yang et al., 1999) whereas Fan et al. (2003) found that fluoride uptake by calcite
occurred by surface adsorption. Turner et al. (2005) extended the work by Fan et al.
(2003) using crushed limestone and by considering high fluoride concentration where
fluorite precipitation is known to occur, and concluded that fluoride was removed by a
combination of surface adsorption and precipitation. Similarly, Nasr et al. (2014), in the
presence of acetic acid, found that at low initial fluoride concentration (5 mg/l), fluoride
was mainly removed by adsorption at calcite surface whereas at high fluoride
concentration (50 mg/l), fluorite precipitation occurred. Calcite is found to adsorb
divalent metals (Zachara, 1991), arsenate and arsenite (So etal., 2008) and phosphate

! Part of this Chapter is published in Journal of Environmental Chemical Engineering
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(So et al., 2011), and the extent of adsorption depends on the solution chemistry in the

corresponding studies.

The objective of the study in this chapter is to further investigate and elucidate
the mechanism of fluoride sorption on calcite through a series of batch experiments. The
initial fluoride concentration used in this study is equal to or below 7.5 mg/l, which is
the equilibrium fluoride concentration considering fluorite dissolution to pure water and
within the range of fluoride concentration observed naturally in groundwater except for
a few areas where fluoride concentrations are quite high (Amini et al., 2008). For
comparison, we also tested high fluoride concentration (10 mg/l). The sorption of
fluoride on solid calcite (CaCOgs(s)) in equilibrium CaCOj (aq) suspensions was
investigated in this study because little is known regarding the surface reaction of this
ion on CaCOgs (s). The surface complexation model (SCM) developed by Pokrovsky and
Schott (2002) for calcite is extended to model the adsorption of fluoride in this study.

3.2.Theoretical background of fluoride removal by calcite from aqueous phase
3.2.1. Fluorite precipitation

Fluorite precipitation in a solution can occur when the solubility limit of fluorite
is reached. The equilibrium fluoride concentration in pure water is 7.5 mg/l considering
an equilibrium constant of fluorite (log Kuorite) Of -10.5 (at standard temperature and
pressure), which is based on the thermodynamic database of Visual Minteq 3.0
(Gustafsson, 2012). A broad range of fluorite solubility, i.e., log Kayerite Values ranging
from -8.27 to -11.23, was reported from experimental measurements at 25 °C and latm
pressure condition (Nordstrom and Jenne, 1977). Mineral saturation in aqueous solution
in the Visual Minteq 3.0 is determined by saturation index (SI = log (IAP/Ks,); where
IAP is the ion activity product and Kg, is the solubility constant) of the mineral. Sls are
approximate indicators of equilibrium because of the uncertainty in the analytical
measurements and in the thermodynamic constants used to calculate the equilibrium
constants. The equilibrium formation constants for reactions relevant to the
calcite-F-Ca?*-COs*-H" system used in this study were taken from the default database
of Visual Minteq 3.0 (Gustafsson, 2012) (Table 3.1).
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Table 3.1: Equilibrium formation constants for reactions relevant to the

calcite-F- Ca®*- CO5* - H* system at 25°C based on the thermodynamic database

of Visual Minteq 3.0.

Equilibrium reactions logK
H,O = H*+ OH -13.997
Ca®* + COs” + H' = CaHCO5" 11.434
Ca®* + H,0 = CaOH*+ H* -12.697
Ca®* + COs* = CaCOs (aq) 3.22
COs> + 2H* = H,CO;5 (aq) 16.681
COs%+H" = HCO3 10.329
Ca®* + 2NO3 = Ca(NOs) » -4.5
Ca®* + NO3 = CaNO;" 0.5

K" + NO3 = K(NO3) (aq) -0.19
K* + H,0 = KOH (aq) -13.757
H* + F = HF (aq) 3.18

H* + 2F" = HF, 3.78
Ca?* + F" = CaF" 1.14

The equilibrium fluoride concentration in a calcite-fluorite system depends on

the Ca** concentration and pH of the solution which is explained by the following

equations:

CaCO,, +H" +2F < CaF,

+HCO,"
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*HCO,"
Kcal.fluor = ﬁ (32)

H* x(°F)
where Kearfiwor iS the equilibrium constant for the calcite-fluorite system, *HCO3’, *H™,

and °F are the activities of HCO3", H, and F in solution, respectively.

3.2.2. Adsorption of fluoride at calcite surface

Previous studies on fluoride removal by calcite in a system under the condition
that fluorite precipitation should not occur showed that a considerable amount of
fluoride was removed by calcite (Turner et al., 2005; Fan et al., 2003). Thus, adsorption
of fluoride should be considered in addition to fluorite precipitation when the
mechanism of fluoride removal by calcite is inferred.

Surface charge of calcite was believed to be influenced by HCOs", OH", CaOH",
and CaHCO;" by some researchers (Somasundaran and Agar, 1967). While, the
potential determining ions (PDIs) on the calcite surface are considered to be only Ca®*
and COs* with pCa = 4.4 (Foxall et al., 1979) (where pCa = -log[Ca]), which was
further confirmed by steaming potential measurement (Thompson and Pownall, 1981).
A pCa of 4.4 means that the surface exhibits positive charge at Ca concentrations above
this value and negative charge at Ca concentrations below this value. Hence, calcite will
have predominantly positive charge below pH 9.0 in saturated calcium carbonate
solutions in contact with atmospheric CO2(g).

SCMs were widely used to investigate cation and anion adsorption at the metal
oxides and calcite surfaces (So et al., 2008, 2011; Pokrovsky et al., 2004), and there
exist different models, e.g., non-electrostatic, diffuse layer, constant capacitance, triple
layer, and so on (Goldberg, 1992). A SCM explaining surface charge and dissolution
kinetics of calcite was proposed by van Cappellen et al. (1993), which was further
evaluated and refined by Pokrovsky et al. (2000) and Pokrovsky and Schott (2002).
Successful applications of the refined model were found in literatures (So et al., 2008,
2011; Pokrovsky et al., 2004). Based on surface sensitive spectroscopic techniques,
surface titration and electrokinetic study, SCMs for calcite dissolution were postulated
which assumed two surface sites at calcite surface (van Cappellen et al., 1993), i.e., >Ca
and >CO; with a 1:1 stoichiometry and each with a site density of 8.22 umol/m?
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(Lakshtanov and Stipp, 2007). When exposed to aqueous solution, the species to be
formed at the >Ca and >COj; sites are as follows: >CaOH,", >CaOH° >CaO,
>CaHCO;’, >CaCOs, >CO5Ca’, >CO3H’, and >CO;5 (Pokrovsky et al., 2000). The
reactions for the formation of these species along with the equilibrium formation
constants were listed in Table 3.3.

Fluoride adsorption to both >Ca and >COj sites was considered in this study.
This was supported by the fact that fluoride sorption was found to occur on the entire
calcite surface as observed by atomic force microscopy (Turner et al., 2005). Here,
fluoride sorption at the >Ca and >COj sites of calcite surface was set to be represented
by the following reactions:

> CaCO;s + F = >CaF’ + COz” (3.3),

>COH® +Ca® + F'=>CO FCa + H' (3.4)

here, the choice of the reactions related to fluoride surface complexation formation was
based on the analogy between aqueous and surface complex formation (reaction 3.3)
and to explain pH dependency of our observed data (reaction 3.4). The details are

discussed in the subsequent section (Section 3.4.4.2).

3.3.Materials and experimental procedures
3.3.1. Materials

All chemicals used in the experiments were reagent grade and used without
further purification. Milli-Q water was used to prepare the solutions. Fluoride solutions
were prepared by dissolving appropriate amount of analytical grade NaF (Wako Pure
Chemicals Industries, Ltd.). The solution was diluted to get the desired fluoride
concentration. Reagent-grade calcite (CaCO3) was used throughout the study. The XRD
patterns collected by a X-ray diffractometer using Cu Kp radiation operated at 40 kV
and 20 mA confirmed it to be pure calcite. The specific surface area was determined
using a five-point N,-BET method (NOVA station B) for the two lots of calcite used in
this study, and was 0.199 m?g for the smaller fraction (180 pm) and 0.138 m%/g for the

larger fraction (700 um), respectively.
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3.3.2. Calcite equilibrated solutions

Calcite-equilibrated solutions at pH 6 were prepared following Plummer and
Wigley (1976). Approximately 20 g/L of calcite (180 um) was added to Milli-Q water in
glass bottles. The solution was constantly stirred with a magnetic stirrer to keep all the
particles in suspension. The solution temperature was kept constant at approximately
25°C. Commercial grade CO, was bubbled through the solution by controlling CO,
pressure at 1 atm for a period of more than 24 hours until equilibrium is reached. pH
and electrical conductivity of the solution were measured at regular intervals to
ascertain the attainment of equilibrium. After equilibrium was reached, alkalinity and
Ca’* concentration of the solution were measured and were compared to the speciation
results for calcite equilibrium solution calculated by Visual Minteq 3.0 (Gustafsson,
2012). The solution was then filtered and stored for use in batch experiments. The
solutions at pH 7, 8, and 9 were prepared by adding 1M NaOH to the calcite
equilibrated solution at pH 6. Solution at pH 5 was prepared by adding 0.2M H,SO, to

the calcite equilibrated solution at pH 6.

3.3.3. Analytical methods

The pH of the solutions was measured using a pH meter (D 54, Horiba Ltd.),
calibrated using commercial solutions with pH 4.0, 7.0, and 10.0. Fluoride was
measured with a fluoride ion selective electrode (ISE) (model 6561-10C, Horiba Ltd.).
The fluoride ISE was calibrated with known standard fluoride solutions. Total lonic
Strength Adjustment Buffer (TISAB) was prepared by adding 58.0 g of NaCl, 4.0 g of
CDTA, 57.5 ml of acetic acid and sufficient amount of NaOH to 1.0L of solution so that
the final pH is in the range of 5 to 5.5. Equal volume of TISAB was added to solutions
for fluoride measurement. Calcium concentrations in the calcite equilibrated solutions
and solutions from selected sorption experiments were measured using ion

chromatography.
3.3.4. Kinetic experiments

Firstly, kinetic experiments were conducted to quantify the dynamics of fluoride

uptake by calcite and to select appropriate reaction times to be used for subsequent
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equilibrium sorption experiments. No calcite equilibrated solution was used in these
experiments. 0.25 g of calcite was put into 100 ml bottles, and 50 ml of 5 mg/l and 10
mg/I fluoride solutions were poured to these bottles. The experiments were conducted at
ambient pH and the ionic strength of the solution was not controlled. For the first 1 hour,
samples were collected at 10 minutes interval, then, samples were collected at 30
minutes interval for a total period of 12 hours. The samples were filtered with 0.45 um
filter paper and the fluoride concentration was measured. The amount of fluoride

sorbed/precipitated was determined by mass calculation.

3.3.5. Batch experiments

A series of batch experiments was performed in clean, acid-washed, 100 ml
polycarbonate screw-top bottles. Calcite equilibrated solutions were used in all the
batch fluoride sorption experiments. Calcite, at solid-to-liquid ratios of 20 g/l was added
to each bottle by measuring its mass using an analytical balance with an accuracy of
0.001 g. By considering a high solid to liquid ratio and exceeding the solubility limit of
calcite, we can assume a constant surface area throughout the experiments. Aliquots of
50 mg/I fluoride solution were added to the batch test bottles to give the required final
fluoride concentration ranging from 0.0 (blank) to 10 mg/l. The ionic strength of the
solution was kept constant for each batch test at 0.07 M by adding 2.5M KNOj3 solution
to the bottles. The bottles were then capped to avoid CO, exchange, thereby replicating
the closed system conditions with respect to CO,. The solutions were then agitated in a
shaker water bath at 25°C at 180 rotations per minute for 12 hours because the results of
sorption Kinetic experiment suggested that equilibrium was reached within 12 hours
(section 3.4.1). After the experiment, pH and EC of the solution were measured. The
solution was filtered using 0.45 um filter paper, and the fluoride concentration in the
filtrate was measured by an fluoride ISE. Dissolved Ca®* concentration in the filtrate

was also measured in some selected samples.
3.3.6. Isotherms for fluoride removal

For obtaining data for isotherms, calcite equilibrated solutions with varying pH

from 5 to 9 were used. The initial fluoride concentration was in between 2.5 and 10 mg/I
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and the sorption period was 12 hours. The effect of grain size on fluoride removal was
determined by varying calcite grain size from 180 um to 700 um for initial fluoride
concentration of 5 mg/l. Also, the effect of ionic strength on fluoride uptake was tested
at different ionic strengths of 0.05, 0.07 and 0.1M by adding appropriate amount of
KNOs at an initial fluoride concentration of 5 mg/I.

3.4.Results and discussion
3.4.1. Kinetics of fluoride removal by calcite

During the early stage of the batch kinetic experiments, fluoride in solution was
removed rapidly, then, the rate of removal was decreased, and the amount of removed
fluoride remained constant in the case of the initial fluoride concentration of 10 mg/I
(Figure 3.1). This temporal pattern of fluoride removal in our study was similar with the
previous studies by Turner et al.(2005) and Fan et al.(2003), for fluoride sorption on
calcite. In our experimental conditions, equilibrium was reached within 5 hours. Turner
et al. (2005) reported a longer equilibrium time with a solution pH of 10. Their initial
fluoride concentration and solid concentration were much higher than our study. An

equilibrium time of 60 minutes was reported by Fan et al. (2003).

3.4.2. Effect of the surface area

Variation of fluoride removal as a function of calcite surface area with an initial
fluoride concentration of 5 mg/l was shown in Figure 3.2. The amount of fluoride
removed decreased with an increase in calcite grain size from 180 pum to 700pum
because of the decrease of the surface area for sorption, which is expected considering
fluoride removal by sorption. Turner et al. (2005) also observed decreased fluoride
removal with increase in calcite grain size although the tested fluoride concentrations
were high (700 mg/l and 2090 mg/l) and no calcite equilibrated solution was used in the

experiments.
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Figure 3.1: The amount of fluoride removed on calcite as a function of time. Initial

fluoride concentration is 10 mg/I.

3.4.3. Effect of ionic strength and pH

Figure 3.3 showed the change of the amount of removed fluoride with respect to
the concentration of the inert electrolyte. It showed that with an increase in ionic
strength, fluoride removal decreased. Such behavior was attributed to outer sphere
complexation (Hayes et al., 1988). However, to my knowledge, there has been no study
which evidences for outer sphere complexation of fluoride on calcite. lonic strength
elevates the degree of aggregation, which in turn may influence adsorption (Chesne and
Kim, 2014). In this study, | used relatively large calcite particles (180 um), therefore,
the effect of aggregation on sorption could be small. The observed effect of ionic
strength on sorption has not yet been fully understood in our experimental conditions.

The effect of sorbate-to-sorbent ratio on sorption and precipitation was illustrated
using sorption isotherms (Figure 3.4) where fluoride concentrations in solution were
plotted against the fluoride removed from the solution per unit mass of calcite. The
considered pH range was from 5 to 9 and the fluoride concentration was from 2.5 to 10
mg/l. The sorption isotherms could not be explained by Langmuir type of isotherm. The

isotherms showed a convex shape. Removal of fluoride decreased as pH

increased from 6 to 9, which is a typical behavior for anion adsorption observed in
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many previous studies (So et al., 2008, 2011). Moreover, considering equation (3.1),

fluorite precipitation is also dependent on the pH of the solution.
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Figure 3.2: Effect of calcite surface area on fluoride removal at 5 mg/l initial fluoride

concentration and pH 7.
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Figure 3.3: Effect of inert electrolyte on fluoride removal at 5 mg/l initial fluoride
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Figure 3.4: Fluoride removal as a function of pH for 2.5 to 10 mg/l initial fluoride
concentration. Calcite equilibrated solution was used and the ionic strength was
maintained at 0.07M. The error limit considered was 0.1 mg/I fluoride concentration in

solution.

Hence, the pH dependency of fluoride removal could be explained by adsorption
and precipitation or both. Similar kind of fluoride removal behavior by calcite was
observed by Turner et al. (2005) under high initial fluoride concentration and high solid
to liquid ratio where no calcite equilibrated solution was used.

The amount of fluoride removed at pH 5 was smaller compared with that at pH 6.
This could be related to the less availability of calcite surface for sorption at pH 5
because of the possible calcite dissolution by addition of H,SO, to obtain pH 5

solutions.

3.4.4. Modeling

In this study, Visual Minteq 3.0 (Gustafsson, 2012) was run in three different
modes; first for the speciation and Slayerite Calculation of the initial solutions (mode 1),
second for predicting pH dependency of fluoride removal by calcite without
precipitation (mode 2), and third by allowing precipitation (mode 3). In all the
calculations, the default thermodynamic database was used and the Davies equation
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(Davies, 1962) was used to calculate the activity coefficients of the aqueous species (it

is used for solutions with ionic strength up to 0.1M, Dzombak and Morel, 1990)

3.4.4.1.Aqueous speciation and fluorite saturation calculation

In our preliminary model run (mode 1), speciation calculations for the calcite -
Ca®* - COs”- H' - F system were conducted for all the experimentally conducted
fluoride concentrations. The results showed that fluoride was largely dominated by F
ion in the pH range of 6 to 10 whereas the amount of CaF" decreased with the increase
in pH (Table 3.2).

Table 3.2: Fluoride speciation in the experimental solutions calculated using the
default thermodynamic database of Visual Minteq 3.0 (Gustafsson, 2012) under the

condition of 6.5 mg/l initial fluoride concentration.

pH % of species
F- CaF" HF(aq)
6 87.8 12.0 0.1
7 97.5 2.45 0.01
8 99.63 0.3 -
9 99.95 0.04 -
10 99.99 - -

The Slsuerite fOr different initial fluoride concentration at a pH range of 6 to 10
was calculated and plotted in Figure 3.5. Fluorite saturation (Slsyerite>0) was prominent
in the systems with increasing initial fluoride concentration and decreasing pH.

We measured the pH of the solution after each sorption experiment. A mere
increase in pH (0.1-0.9 unit) was observed for solutions with initial pH of 6 to 8
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whereas no pH increase was observed for initial pH of 9, which might give another

evidence for fluorite precipitation at low pH (equation (3.1)).
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Figure 3.5: Saturation index of fluorite (Slsuuorite) @s @ function of pH for different initial
fluoride concentration calculated by Visual Minteq 3.0 (Gustafsson, 2012). The Sls
were calculated for the calcite - Ca®" - COs>- H" - F system. The solid line shows the
saturation index to be zero. Data of which Slgyerite Were greater than 0.5 were not used
for calculating the errors

3.4.4.2 Predictive simulations
3.4.4.2.1. Choice of surface complex reactions of fluoride

Surface complexation of fluoride in this study were represented by reactions
(3.3) and (3.4) (section 3.2.2). Reaction (3.3) is based on the analogy between surface
complexation reactions and solution equilibrium reactions. Although F is the major
fluoride species in our initial solutions (Table 3.2), adsorption of CaF* was included in
the model because it improved the model fit. In addition, in our experimental conditions,

the pH of the solution after adsorption increased for initial pH of 6 to 8 (ca. 0.9 unit
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with pH 6, ca. 0.7 unit with pH 7, and ca. 0.1 unit with pH 8 respectively) while no
change in pH was observed for initial pH of 9. Hence, a pH dependent sorption reaction
was required to be included in our model to explain the pH dependency of fluoride

sorption (Figure 3.4) and pH change enhanced by sorption.

3.4.4.2.2. Parameter optimization

In this study, FITEQL version 4.0 (Herblin and Westall, 1999) was first used to
estimate the expected ranges of the intrinsic surface complexation constants (logKin) for
fluoride sorption reactions. The fluoride sorption data for optimization were selected
based on the values of Slqyorite. The Slayorite for some of our initial solutions was greater
than zero at high initial fluoride concentration and low pH (Figure 3.5). Paces (1972)
suggested that the equilibrium condition may be achieved in the Sl range of 0.5 and -0.5.
Here, we considered the sorption data with Slsyerite less than 0.5 units for the
optimization.

The equilibrium formation constants for the calcite - Ca?* - CO3%- H* - F~ system
(Table 3.1) and the surface complexation constants for calcite surface (Table 3.3) were
used in the FITEQL program. A constant capacitance model (CCM) was used to fit the
data and to optimize the reaction constants. CCM was chosen in this study because of
its simplicity and requirement of less number of parameters. Also, this model
successfully described the surface speciation of calcite and cation and anion adsorption
at calcite surface (van Cappllen et al., 1993; So et al., 2008). The value of capacitance in
the model was not varied; rather it was fixed at a value calculated using the formula x =
1”2/0, where « is the capacitance, a is an empirical parameter equal to 0.006 for calcite
and 1 is the ionic strength (moles/l) (Pokrovsky et al., 2000). The obtained capacitance
value was high, but consistent with previous studies using high capacitance values in
order to describe divalent metal adsorption at calcite surface (Pokrovsky and Schott,
2002). The overall fit was assessed by an indicator of goodness of fit, i.e., the overall
variance defined as VW=SOS/DF, where SOS is the weighted sum of squares of the
residuals and DF is the degrees of freedom. The fit was accepted to be good with values
of Wy less than 20 (Herblin and Westall, 1999). The optimization program was run for

each initial fluoride concentrations and the optimized logKj.s obtained ranged from -2.2
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to -2.8 for reaction (3.3) and 1.55 to 1.8 for reaction (3.4), respectively. The calculated
W values ranged from 0.23 to 1.09.

Table 3.3: Surface complexation reactions for surface speciation of calcite and

fluoride sorption along with intrinsic surface complexation reactions (logKijn).

Surface complexation reactions logKint
0 - + a
>COH =>CO_ +H -5.1
0 2+ + + a
>COH +Ca =>CO.Ca+H -1.7
- + 2- a
>CaCO, +HO0=>CaOH, +CO, -5.25
R - 0 2- a
>CaCO, +HCO, =>CaHCO, +CO, -3.929
- - 0 -2-
>CaCO, +F =>CaF +CO, -3.2°
0 ot ) 0 + 2.9b
>COH +Ca” +F=>COFCa +H '

a

Pokrovsky and Schott (2002)

Poptimized in this study

Next, to obtain the best logKi,; values which explain all the measured data, i.e.,
those obtained by different initial fluoride concentrations, we calculated averaged errors
and constructed the contour map showing the errors with variable sets of logKj.s. The
range of logKiys considered in the forward modeling was selected based on the
optimized logKjns obtained by FITEQL 4.0.

The simulations were run in Visual Minteg 3.0 according to the second mode
simulation, where precipitation was not included. The pH dependency of fluoride
removal was modeled by using a CCM. The sorption database for calcite was created
based on the calcite surface reactions and fluoride surface complex formation reactions
(Table 3.3) because the database for calcite was not included in the software package.
The standard procedure for creating the database was followed (Gustafsson, 2012). The

model parameters, e.g., species concentrations (2.5 — 7.5 mg/l), inert electrolyte
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concentration (0.07moles/l) and surface site density of 8.22umoles/l were used in the
model. Ca %" and CO3* concentrations were the equilibrium concentrations with respect
to calcite at the corresponding pH. The ranges of logKiy considered for surface
complexation reactions are: -1 to -3.3 for reaction (3.3) and 1 to 3 for reaction (3.4).

Fluoride sorption at each pH was compared to the observed value. Then, the
weighted mean square error (WMSE) normalized by the calculated value were
calculated as follows:

WM SE = 12(%} (35)

NSz

where n is the number of data points, x; is the amount of adsorbed fluoride calculated by
considering a particular set of logKi,: values for fluoride sorption at each pH and vy; is
the amount of adsorbed fluoride observed in our experiment for fluoride concentrations

of 2.5 mg/l, 5.0 mg/l, 6.5 mg/l and 7.5 mg/l at the corresponding pH.

24
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logK;, reaction (4)

1.8

-3.2 -3 -2.8 -2.6 24 -2.2 -2
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Figure 3.6: Contour map of the average error for initial fluoride concentrations of 2.5
mg/l, 5.0 mg/l, 6.5 mg/l and 7.5 mg/l by choosing different set of logK;y values for
reactions (3.3) and (3.4).
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Observed data with Slqyorie greater than 0.5 were excluded from the error
calculation. Figure 3.6 showed the contoured error map for the averaged error (-2 to -3.3
for reaction 3.3 and 1.7 to 2.4 for reaction 3.4) for initial fluoride concentrations of 2.5
mg/l, 5.0 mg/l, 6.5 mg/l and 7.5 mg/l. The averaged error data at other logKis were
excluded from the plot because of high value of error. Equilibrium constant for reaction
(3.4) was found to be better constrained than that of reaction (3.3) (Figure 3.6).

The logKi,: values corresponding to the minimum error range, i.e., -3.2 for
reaction (3.3) and 2.198 for reaction (3.4) were considered for the subsequent model

simulations.

Surface complex formation constants are often correlated with the equilibrium
formation constants as evidenced from experimental analysis (Sigg and Stumm, 1981;
Schindler et al., 1976). Van Cappellen et al. (1993) formulated the surface complexation
reactions of Mn?*, Fe?* and Ca?* at carbonate mineral surface by assuming an analogy
between surface equilibria and complexation equilibria in solution. A close relation
between formation constants at the surface and solution were observed. Pokrovsky and
Schott (2002) derived the surface complex formation constants for carbonate minerals
from correlations between surface and homogenous solution equilibria and further
refined by fitting experimental electrokinetic data. In the calcite-fluoride system, the
surface complex formation reaction (reaction (3.3)) is analogous to the equilibrium
reaction in solution:

CaCO, +F =CaF* +CO,” (3.6)

The equilibrium formation constant for reaction (3.6) was calculated to be -2.08
as per the thermodynamic database of Visual Minteq 3.0 (Gustafsson, 2012). The logKin
for reaction (3.3) considered in this study was -3.2, and was close to the equilibrium

formation constant for reaction (3.6), which might evidence for the reliability of the

logKin: for reaction (3.3).

51



3.4.4.2.3. Simulation of pH dependent fluoride removal without fluorite precipitation
The pH dependent fluoride removal according to second simulation mode, i.e., without
allowing fluorite precipitation, was set in Visual Minteq 3.0 with logKi,; values of -3.2

for reaction (3.3) and 2.198 for reaction (3.4), respectively.
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Figure 3.7: Fluoride sorption at varying pH for fluoride concentration from 2.5 mg/l to
7.5 mg/l. The points are measured results. The solid lines are the amount of fluoride
removed calculated as per second simulation mode, and dashed lines the amount of
fluoride adsorbed calculated as per third simulation mode at the corresponding fluoride
concentration. The error bars are for an error estimate of 0.1 mg/l fluoride concentration

in solution.
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Figure 3.7 shows the results of model calculations along with the experimental
data. The curved shape of the isotherm and pH dependency of fluoride removal was
reproduced well by the model.

The model calculations for surface species in our experimental conditions for
initial fluoride concentration of 6.5 mg/l were shown in Figure 3.8. Note that species
distribution at only one concentration was shown here for clarity because the behavior

of species distribution at other concentrations was similar.
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Figure 3.8: Surface species distribution in the calcite-fluoride system as a function of

pH at 6.5 mg/l initial fluoride concentration.

In our experimental conditions, F~ was the dominant fluoride species. Thus,
reaction (3.3) should be the controlling reaction for fluoride sorption. Considering the
speciation of >Ca site, the >Ca site was largely dominated by >CaCOg3 species and
concentration of >CaCOj" increased with the increase in pH, thereby decreasing >CaF°.
Similarly, in the case where we consider only equation (3.4), fluoride sorption should
increase with the increase in pH. However, with the increase in pH, the concentration of
CaF" decreased remarkably (Table 3.2) and the >COs" species increased (Figure 3.8). In
the pH range of 6 to 8, the >COj5 site was represented by >CO5FCa’, >CO;Ca’, and

>COg3 species, whereas in the pH range from 8 to 10, the >COg site was dominated by
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>COg3 species (Figure 3.8). Overall, the combined effect of the surface complexation
reactions for calcite surface speciation and fluoride adsorption (Table 3.3) explains the
dependencies of pH and initial concentration on fluoride sorption at all pH ranges
considered in our model.

Figure 3.7 showed that the offset between the measured data and the model
results at pH 6 was larger. This could be explained as follows. The total number of
surface sites at calcite surface is 8.22 pmol/m?, by assuming 1:1 adsorption reaction, the
total F~ that could be removed by adsorption alone should be 8.22 umol/m? or 0.031
mg/g. However, the amount of fluoride removed at pH 6 exceeded this value for 7.5
mg/l initial fluoride concentration. Also, the amount of fluoride removed at pH 6, i.e.,
0.03 mg/g, with initial fluoride concentration of 6.5 mg/l, was close to this value. Thus,
other processes such as precipitation should have played a role in addition to adsorption
for these experimental conditions.

At fluoride concentrations when adsorption is the only possible mechanism, only
small number of surface sites is accessible for fluoride sorption, which could be
attributed to the heterogeneity of the chemical and structural properties of the surface,
because reaction sites on the calcite surface are located in kinks and steps on corners,
faces, or edges where the crystal ions, i.e., Ca and COg3 are only partially coordinated
(Plummer and Wigley, 1976).

Model calculations except at initial fluoride concentration of 7.5 mg/l
over-predicted the data. However, considering an experimental error of 0.1 mg/l in
removed fluoride concentrations, the difference between observed and modeled fluoride
removal was small. Although there is a mismatch between the calculated adsorption
isotherm and the data points, the model adequately described the main features of
fluoride sorption including the pH dependency of fluoride sorption on calcite at
different initial fluoride concentrations.

Fluoride adsorption in our kinetic adsorption experiments showed a rapid
increase followed by a slow increase (Figure 3.1). Adsorption onto strong sites was
tested in order to check if it can better explain the observed data. The optimization
program did not converge by considering the strong sites. Moreover, by fixing the
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number of strong sites (0.23 pmol/m?) as reported by So et al.(2008), the model result

did not improve. Hence, inclusion of strong sites was not considered in this study.

3.4.4.2.4. Model simulation including precipitation

The third mode of simulation includes pH dependent fluoride removal by surface
complexation with fluorite precipitation. The simulated adsorbed fluoride amount is
plotted along with the observed fluoride removed versus pH in Figure 3.7 as dashed
lines. The total amount of fluoride removed by precipitation and adsorption is much
larger than that of the total amount of fluoride removed in our experiment (Table 3.4). In
the case where there is no fluorite precipitation, the model results were similar to the
calculations from simulation mode 2 (Figure 3.7). The model in which precipitation was
not allowed well reproduced the main features of the experimental results, although the
observed data were slightly over predicted.

Allowing fluorite to precipitate (simulation mode 3) could not explain our data.
However, fluorite super-saturation was observed in some of the samples. Surface
precipitation is a continuum between surface complexation and bulk solid precipitation,
where the surface phase composition varies continuously between that of the original
solid and a pure phase precipitate of the sorbing ion (Farley et al., 1985), and surface
precipitation occurs at the ion activities lower than those required for precipitation of
pure phases. Hence, including surface precipitation in the model may explain the
observed data. However, a generally applicable model with intrinsic sorption and
surface precipitation constants for calcite is not available. Creating a database for
fluoride sorption reactions on calcite including surface precipitation will be interesting

to fully explain the observed data.

3.5.Conclusions

The removal of fluoride by calcite was investigated in this study. Under calcite
equilibrium conditions, fluorite precipitation affects fluoride sorption at lower initial
fluoride concentrations than that of the equilibrium fluoride concentration (7.5 mg/l)
with pure water. Adsorption of fluoride decreases as pH increases. lonic strength also

influences fluoride adsorption. Fluoride removal was modeled with a constant
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capacitance model with and without precipitation,
complexation constants for fluoride sorption were obtained by considering the weighted

average minimum error between the observed and modeled sorbed fluoride

and the

intrinsic  surface

concentrations. The mechanism of fluoride sorption on calcite was found to be

Table 3.4: The amount of fluorite precipitated and fluoride adsorbed at each pH
for initial fluoride concentrations of 2.5 mg/l to 7.5 mg/l, calculated according to

third simulation mode with including precipitation.

Amount of Fluorite precipitated in moles for initial fluoride concentrations (mg/l)

pH

6

10

75 6.5

1.45e-4

1.04e-4

3.68e-5

50 35

1.15e-4

7.37e-5

7.48e-6

2.5
7.90e-5
3.84e-5
0 0
0

0

3.76e-5
0 0
0

1.37e-5

Amount of Fluoride adsorbed in moles/I for initial fluoride concentrations (mg/l)

pH

6

10

75 65

1.61e-5

1.77e-5

1.78e-5

1.44e-5

1.00e-5

50 35

1.61e-5

1.77e-5

1.78e-5

1.30e-5

7.09e-6

2.5

1.61e-5

1.77e-5

1.61e-5

1.12e-5

7.51e-6

1.61e-5

1.74e-5

1.29e-5

8.52e-6

5.56e-6

1.61e-5

1.46e-5

1.04e-5

6.7e-6

4.29e-6
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adsorption at low fluoride concentrations whereas precipitation plays a role at higher
fluoride concentration and lower pH (Padhi and Tokunaga, 2015). Thus, in natural
environments, adsorption of fluoride to calcite can influence the mobility of fluoride in
soil under suitable conditions where calcite is abundant. Moreover, surface adsorption
should also be considered in addition to precipitation in defluoridation methods, which
use calcite or limestone as one of the defluoridating agents.

Calcite can be an important adsorbent phase for fluoride in calcareous geochemical
systems. Although the number of sorption sites on calcite is less than sorption sites on
iron oxides (Goethite -3.0 *10° mol/m? Fe,03.H,0O(s) -1.6%10° mol/m?) or on
aluminum oxides (a-Al,03; -1.6*10° mol/m?), the maximum adsorption density of
fluoride on calcite is quite comparable to that of on kaolinite (Weerasooriya, et al.,
1998), although much lower to that of goethite or alumina. Thus, in spite of the fact that
oxides and clays are expected to be the primary sorbents for fluoride in most situations,
calcite may be an important sorbent in calcareous unconsolidated geologic material or

limestone-dominated aquifer material.
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Chapter 4: Experimental investigations of the mechanism of fluoride

sorption in a granitic soil from Tsukuba

4.1. Introduction

In this chapter, fluoride uptake by a natural granitic soil from Tsukuba, Japan,
was studied with a combination of macroscopic and spectroscopic techniques. Firstly,
the sampling site information is provided. Then, the materials and methods used in the
experiments and analysis are elaborated. Next, the theory of fluoride sorption on soil
and the modeling approach follows. Finally, the results of experiment, analysis and

simulation are interpreted and discussed in detail.

4.2. Sampling site

The sampling site is located near Tsukuba Shrine at the foot of the southern face

of Tsukuba Mountain (Figure 4.1). The geology comprises mainly granite and the soil is

O shues
FURCRE
(FRRES F—FLE)
O semsmsEy
(B - BEEUR)
O B lmsmiEy

(BB - BELUR)
4: H e parsas

158 ¥ d NS/l S SV R}
0 500 1000m ' 2
| a—

Figure 4.1. Location map of the groundwater, surface water and soil sampling sites
modified from Yabusaki et al., (2007).
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formed by weathering of the bed rock, and hence, granitic soil. Groundwater samples
were collected from sampling sites 1 and 2 and surface water was collected from
sampling site no. 3 (Figure 4.1). Soil samples were collected (care was taken to remove
the soil organic matter, by removing the upper layer) from sampling sites 1 and 3
(Figure 4.1).Water samples were analyzed for pH and electrical conductivity on-site.
These samples were then filtered with 0.45 um syringe filter and collected in 50 ml acid
washed polyethelene bottles for cation and anion analysis separately. Samples for cation
analysis were acidified to pH less than 2. The samples were then transferred to the
laboratory and stored at 4°C until analysis. Total alkalinity of the samples was measured
within 24 hours in unfiltered samples. Bulk soil samples were collected and
characterized as described in Section 4.3. After analyzing the water and soil samples, an
acidic granitic soil (sample no. 1, Figure 4.1) was selected for further analysis and to
understand the mechanism of fluoride sorption and transport behavior of fluoride in soil
(Chapter 5). Granitic soil from the site was chosen in this study to understand fluoride
sorption behavior because groundwater and soil fluoride contamination is especially
related to granitic terrain. This is because of the relative abundance of fluorine bearing
minerals such as biotite, amphibole, apatite and fluorite in granites. Previous studies and
field surveys (Section 2.2), also evidence the importance of granitic soil in relation to

soil and groundwater fluoride contamination.

4.3. Materials and Methods
4.3.1. Soil characterization
The soil sample was oven dried and sieved through a 2 mm mesh prior to
characterization and sorption studies. Air dried samples were used for mineralogical and
spectroscopic studies. The physical properties of the soil such as soil particle density
was determined by pycnometer method, and grain size was determined by sieve test.
Chemical properties of the oven dried sample were analyzed. The soil pH (1:2
aqueous solution and 0.01M CacCl, solution) was measured by a Sentix 81 pH electrode
combined with a inoLab pH 7310 pH meter, leachable ions by IC, total Al and Fe by
acid digestion followed by H,O, oxidation, than, the digestate being analyzed by
ICP-MS, total fluorine by NaOH fusion (McQuaker and Gurney, 1977), and total
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organic carbon by dry combustion.

The mineralogical composition of the bulk soil sample (<2mm, air dried) was
identified with XRD. The XRD patterns were also obtained for the clay fraction and
ethylene glycol solvated clay fraction. The major oxides in the bulk sample were
quantified by XRF.

The details of the analytical procedures followed for the above mentioned soil
physical, chemical, mineralogical and elemental properties are discussed in Section 2.1
of Chapter 2.

A spreadsheet program MINSQ (Herrman and Berry, 2002) was used to
semi-quantitatively estimate the mineral constituents of soil from mineralogical
information and elemental data.

The FTIR spectra of the air dried bulk sample (< 2mm) was obtained with a
Jasco FT/IR-670 Plus spectrometer in the region 4000-400 cm™.

The specific surface area, pore surface area and pore volume were determined by
N, gas adsorption and desorption process using a surface area and pore size analyzer
(NOVA 2200e, Quantachrome). The 10-point Brunauer, Emmett, Teller (BET) method
was used to determine specific surface area (Brunauer et al., 1938). Pore area and pore
volume was determined by the Barrett, Joyner, Halenda (BJH) adsorption method
(Barrett et al., 1951). The t-plot was created from the adsorption/desorption data by
plotting the quantity of gas adsorbed as a function of the calculated film thickness, to
determine microporosity (Gregg and Sing, 1982). The statistical film thickness was
calculated using the Harkins-Jura equation:

13.99
0.034 - Iog(poj
p

where, t(A?) is the statistical film thickness and P/P? is the relative pressure.

t(A%)= (4.1)

Micropores and micropore volumes were determined from the curve fits to the
linear portion of the plot (Gregg and Sing, 1982; Leofanti et al., 1998; Hay et al., 2011,
Craig et al., 2015).
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4.3.2. Model approach and data evaluation
4.3.2.1. Isotherm model

The performance of a sorption system can be assessed based on the sorption
isotherms. Isotherms deal with the relationship between the activity or equilibrium
amount of ion concentration on the solution and on the adsorbent. Langmuir and
Freundlich isotherms are the most commonly used nonlinear sorption models (Sparks,
2003). Another isotherm model that is frequently used to determine the possible
adsorption mechanism is the Dubinin—Radushkevick (D-R) equation (Romero-Gongalez
et al., 2005).

The Langmuir isotherm model assumes that adsorption sites are energetically the
same with monolayer formation and independent of surface coverage (Langmuir, 1918),
whereas the Freundlich isotherm model proposes a monolayer sorption with a
heterogeneous energetic distribution of active sites, accompanied by interaction between
adsorbed molecules (Freundlich, 1906).

These isotherm equations can be easily transformed to their respective linear
forms, so that the adjustable parameters can be calculated by linear regression.

The Langmuir isotherm is generally expressed as:

9,0C,
- , 4.2
de =1, bC, (4-2)
which can be linearized in many different ways. The commonly used linearized form is:
LZ(LJL+L (43
q. \bag,/C. an

where, C. is the equilibrium fluoride concentration (mg 1) in solution, ge is the
equilibrium amount of fluoride sorbed on the sorbent (mg g™), and gm (mg g™) and b (I
mg™) are the Langmuir isotherm constants related to the capacity and the energy,
respectively.

Plotting qi VS Ci gives a straight line. gy, and b can be calculated from the slope and

e e

intercept respectively.
The Freundlich isotherm is written as:
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q, =K,CJ", (4.4)
The linear form of which is as follows:

log(q,) = log(K, )+ ¥/ -log(C,) (4.5)

Ki (I g%) and 1/ne are Freundlich constants that can be obtained by plotting,
log(q, )vs log(C,) where these constants signify the capacity and the intensity of

sorption respectively.

The D-R isotherm and its linearized form are presented in equations 4.6 and 4.7
respectively.

g—e:exp[—KE(RTln(H %DZ] (4.6) and

m

Ing, =Inq, —K.&e" 4.7)
where ¢° is the Polanyi potential, gn is the monolayer capacity (mg g*), and Ke is the

constant related to sorption energy (mol®> K J?). The parameters g, and Kg can be
obtained from the intercept and slope of the linear plot (Ing, vs g% ). The D-R equation
has the advantage that the mean free energy of sorption, E, can be calculated as:

E=(-2K.)"? (4.8)

4.3.2.2.Surface complexation model

The necessary aspects of developing a SCM are to determine the total number of
surface sites, to define the mass action and mass balance equations that describe the
equilibria of surface reactions, to determine the conditional equilibrium constants for
surface species, and to develop an approach to quantify the Coulombic correction
factors (Davis et al., 1998). The SCM development in this study is as follows.

4.3.2.2.1. Total surface site density determination for natural soil
Total site density determination of single mineral phases can be achieved by a
variety of methods (Davis and Kent, 1990). For complex mineral assemblage, the most

used method is determining the reactive specific surface area of the assemblage, and
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then calculating the total reactive surface area from the recommended site density which
is 2.31 sites/nm? (Davis and Kent, 1990). According to Davis and Kent (1990), the
actual site density may vary from 1 to 7 sites/nm® however, to encourage the
development of a self-consistent thermodynamic database that can be applied easily to
soils and sediments, it is important to select one value. The chosen value of 2.31
sites/nm? closely approximates the site densities found by adsorption on various

minerals and the edge sites of clay minerals.

4.3.2.2.2. Surface complexation reactions

Both constant capacitance model (Stumm et al., 1980) and the generalized
two-layer model (Dzombak and Morel, 1990) were fit to the fluoride sorption data in
this study, which consider only inner surface complexes. Considering SOH as a
functional group of oxide minerals from the clay particle of soil fraction (>SOH),
protonation and deprotonation reactions of >SOH are defined as:

>SOH+H* < >SOH," (4.9)
>SOH < >SS0 +H” (4.10)

The surface complexation reactions for fluoride sorption considered in this study
are presented in Equations 4.11 to 4.14. These reactions were chosen based on the study

by Hao and Huang (1986) for fluoride sorption onto hydrous alumina.

>SOH+F +H" < >SF+H,0 (4.12)
>SOH +F < >SOHF" (4.12)
>SOH+2F +H" < >SF, +H,0 (4.13)
>SOH," +F < >SF+H,0 (4.14)

The intrinsic equilibrium constants considered for the aforementioned reactions

(Equation 4.11 to 4.14) are represented by equations4.15 to 4.18 respectively.
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[SF]

Ki(int)= sonlF 7] (4.15)

K2(int)= [S[Z%F]'FF] exp|- Fy, /RT] (4.16)
3 int)= [SFZ_] exp |-

KF( t)_ [SOH] [F_]Z[H+] Xp[ FWO/RT] (4.17)

K¢ (int)= Ed (4.18)

* [sor;][F]

where F: Faraday constant (C mol™), R: molar gas constant (J mol™ K™, int: intrinsic,
T: absolute temperature (K), square brackets: concentrations (mol L™).
The mass balances of the surface functional group >SOH considering the

fluoride sorption reactions (Equations 4.11 to 4.14) is

[SOH]; =[SOH]+[sOH; |+]sO™ |+[sF]+|SOHF™ |+|sF, |+[sF] (4.19)

The charge balance expression is written as:
G, =|SOH; |-[s0~ |- [soHF~ |- [sF; | (4.20)

where gy is the surface charge (mol L™).

4.3.2.2.3. Parameter optimization

First, the computer program FITEQL version 4.0 (Herblin and Westall, 1999)
was used to fit surface complexation constants to the experimental adsorption data. This
program uses a nonlinear least squares optimization routine to fit equilibrium constants
to experimental data. The goodness of fit was accessed by WSOS/DF (weighted sum of
squares divided by degrees of freedom). When insufficient data were available to
extract a surface-complexation constant for a reaction in FITEQL 4.0, or when
convergence problems were experienced with FITEQL 4.0 for other reasons, manual
adjustments of surface-complexation constants was performed using Visual Minteq
(3.0) (Gustafsson, 2012). This kind of methodology was followed in other studies to fit

the surface complexation constants, e.g., by Karamalidis and Dzombak (2010).
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Next, the software PEST (Doherty, 2004) by coupling with PHREEQC
(Parkhrust and Appello, 1999), was used to estimate the surface/sorption constants and
the site density parameter from the experimental data. PEST is commonly used with
groundwater flow and transport modeling (Doherty, 2004), and coupling PHREEQC
with PEST to optimize surface complexation constants has been reported (Appelo et al.
2002; Bachmaf and Merkel, 2011; So et al., 2008). The advantage of using
PHREEQC-PEST approach over other codes such as FITEQL 4.0 is that any number
and type of parameters can be optimized as long as the number of parameters to be

estimated is less or equal to the number of observations.

4.3.3. Adsorption experiments

All chemicals used in the adsorption experiments and soil characterization were
reagent grade and used without further purification. Milli-Q water was used to prepare
the solutions. Fluoride solutions were prepared by dissolving appropriate amount of
analytical grade NaF (Wako Pure Chemicals Industries, Ltd.). The desired fluoride
concentration solutions were prepared from the stock solution by dilution. The soil
sample used in the batch experiments were the sieved samples to less than 250 pm,
unless otherwise stated. The batch experiments were conducted in clean, acid washed
polyethylene bottles and the temperature was kept constant at 25°C (+/- 0.5°C). The
shaker bath used to keep the temperature constant and to agitate the samples was set to a

agitation speed of 60 rotations per minute (+/-2 rpm).

4.3.3.1. Kinetic uptake experiments

In order to characterize fluoride uptake by soil, kinetic experiments were
conducted at a total fluoride concentration of 5 mg/l and solid concentration of 5 g/I.
0.25g of soil was weighed to the bottles and 50 ml of 5 mg/I fluoride solution was added
to it. The initial pH of the solution was measured. The bottles were than capped and
placed in a shaker water bath. Samples were collected at regular intervals (10, 20, 30
minutes, 1, 1.5, 2, 3,4, 5,6, 7, 9, 12, 18, 24, and 30 hours) over a total reaction time of
30 hours. Blank sample with deionized water was run to ensure fluoride release from

soil. The pH of the solution after the experiment was measured immediately. The
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solution was filtered using 0.45 um syringe filter, and the fluoride concentration in the
filtrate was measured. Amount of sorbed fluoride was calculated from the initial

fluoride concentration and the amount of fluoride in solution.

4.3.3.2. Sorption isotherm

Fluoride sorption isotherms were obtained to characterize fluoride uptake by soil
as a function of initial fluoride concentration at a pH range of 4 to 9. 0.5g of soil was
weighed to the bottles. 0.5 ml of deionized water was added to it, the bottles were than
capped and left overnight for soils to equilibrate with the solution. Appropriate amount
of 100 mg/l fluoride solution was added in order to produce a total fluoride
concentration ranging from 2.5 to 10 mg/l in 50 ml solution. The ionic strength of the
solution was kept constant by adding 2.5M KNOj3 solution. The pH of the solution was
measured and adjusted by adding 0.01M KOH or 0.01M HNOj3. The total volume was
adjusted to 50 ml, and the bottles were capped and placed in the shaker bath for 24
hours. After the experiment was finished, the solutions were measured for pH, than
filtered with 0.45um syringe filter and measured for fluoride concentration in solution.
The concentration of adsorbed fluoride was calculated as the difference between amount

added and the amount remaining in solution after equilibrium.

4.3.3.3. Adsorption at various ionic strength, solid to solution ratio and grain size

The effect of soil mass loading on fluoride sorption was investigated by varying
the solid to solution ratio from 5 g/l to 30 g/l. Fluoride adsorption on soil was also tested
at various ionic strengths (e.g., 0 (no electrolyte addition), 0.01, 0.001 M) and different
grain size (e.g. >425um, >250um, >106pum and <106um). The experimental procedure
and reaction time were the same as that described for the batch pH dependent isotherm

experiments.

4.3.4. Analytical methods
The pH of the solutions was measured using an Horiba model pH meter and
sensor, calibrated using commercial pH 4.0, 7.0, and 10.0 buffers. Filtered solutions

from sorption experiments were analyzed for major anions including fluoride by IC

67



(Dionex DX120, with Dionex lonPac Column, AS18, 4 x 250 mm) with an eluent of
23mM KOH and a flow rate of 1 ml/min (Section 2.1.1.3.3. of Chapter 2). However,
barring the filtrates from the Kinetic experiment and the experiments where the
electrolyte is not added, the IC results were erroneous because of high concentration of
NOjs', as dissolved KNOj3 salts were used as a background electrolyte in the experiments.
Hence, the samples were reanalyzed for fluoride with the SPADNS method with a Hach
890 colorimeter (Section 2.1.1.3.2. of Chapter 2). The samples were also analyzed for
total metal concentrations by ICP-MS (Section 2.1.1.4. of Chapter 2).

4.4. Results
4.4.1. Physical and chemical properties of soil
4.4.1.1.Physical characteristics

The N gas adsorption/desorption isotherms were used to calculate the surface
area of the dried (< 2mm) sample and for the sample after fluoride sorption for
sufficient long time (the procedure for obtaining this sample is described in Chapter 5,
from the fluoride transport experiment during fluoride sorption) by BET method and

pore area and pore volume by the BJH method (Table 4.1).

Table 4.1. The BET surface area, BET ¢ parameter, BJH cumulative pore area and

volume using adsorption curve, and the t-plot surface area and micropore volume

Parameter value
Tsukuba sample (<2mm) | fluoride sorbed Tsukuba
oven dried sample (<2mm) oven dried

Surface area (m°/g) (BET) | 7.6 5.7

BET c parameter 167 162

Pore area (m“/g) (BJH) 47 3.6

Pore volume (cm®g) (BJH) | 0.02 0.018

Surface area (m?/g) (t-plot) | 7.18 5.52

Micropore volume (cm®/g) | 5.4*10™ 2.5%10™

(t-plot)
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The adsorption/desorption results for both the samples before and after fluoride
sorption show a type 1V isotherm with an H3-type hysteresis loop (Figure 4.2 (a) and
(b)) (Leofanti et al., 1998; Sing, 1989, Hay et al., 2011, Craig et al., 2015). The BET ¢
parameter was 167 and 162 for samples before and adsorption, respectively, suggesting
mesopore dominated samples (Davis and Kent, 1990). The BJH method was also

applied to determine the pore area and pore volume, as it is widely used. However, the
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Figure 4.2: BET plot for N, gas adsorption and desorption isotherm for (a) the Tsukuba
soil (<2mm, oven dried) and (b) fluoride sorbed Tsukuba soil (<2mm, oven dried). The
t-plot for Tsukuba soil is represented in (c) and that for fluoride sorbed soil is
represented in (d). The lines in the t-plots represent the linear fit to the adsorption data
at p/po 0.04 to 0.3. In all the plots, solid symbols represent N, gas adsorption data and
open symbols represent N, gas desorption data.

results of BJH analysis are highly unreliable for type IV isotherms with an H3
hysteresis loop (Gregg and Sing, 1982). The t-plot method is quite often used to
determine the presence of micropores. The t-plots produced using the N, adsorption and
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desorption isotherms are shown in Figure 4.2 (c) for the soil before sorption experiment
and Figure 4.2 (d) for the sample after fluoride sorption. The linear fit for the lowest
part of the curve (0.3 to 0.5 nm) (Figure 4.2 (c) and (d)) was used to calculate the
surface area from the slope and micropore volume from the intercept (Davis and Kent,
1990). The t-plot surface area is almost equal to the surface area calculated by BET
method (Table 4.1). The adsorption and desorption isotherms yield very similar fits in
this range and indicate <0.6 nm pore volumes of 0.54 and 0.25 mm?®g for the samples

before and after fluoride sorption, respectively.

4.4.1.2. Grain size distribution

Grain size of the sorbing material is an important parameter considering sorption
processes because of change in physical properties and available area for sorption.
Figure 4.3 shows particle size distribution for the Tsukuba bulk soil. The distribution of
different grains in the sample is also listed in Table 4.2. The soil is largely dominated by

larger grain particles.
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Figure 4.3: Particle size distribution for the Tsukuba bulk soil.
4.4.1.3.Chemical properties:

The dried sample was characterized by physical-chemical analysis, e.g., quantification
of chemical constituents and surface characteristics (Table 4.2). The soil is acidic with a
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Table 4.2: Physical and chemical properties of the experimental soil

Parameter Value Parameter Value
pH. 4.41 Surface area (m?/g) °

PHcaci?’ 4.01 SAgeT-bulk 7.67
particle density (g/cm®)  2.27 SAgeT- >425 pm 3.39
soil leachate concentration SAgeT->250 pm 7.31
F (mg/kg) 0.1 SAgeT->106 pm 9.68
SO, (mg/kg) 30 SAgeT-<106 pm 13.74
Total element concentration Pore radius (A’)

Tot. Al (mg/g) 19.5 adsorption 16.89

Tot. Fe (mg/g) 14.9 desorption 19.17

Grainsize distribution Mass % of major elements '

>2mm (%) 19.5 SiO, 64.44
>425um (%) 46 Al,O5 15.52
>250um (%) 11 Fe,O3 2.85
>106um (%) 14.4 TiO, 0.26
>75pum (%) 3.6 MnO 0.09
<75um (%) 54 MgO 0.52
Mineral phase quantification (% ) © CaOo 1.15
Quartz 29.1 Na,O 2.15
Feldspar 44.1 K,0 3.35
Chlorite 4.2 TOC (%) 0.7
Kaolinite 13.6

% pHwand pHcacro: soil pH measured in deionized water and CaCl, solution respectively

b

c

d

e

: total Al and total Fe of soil are obtained by acid digestion method.

: BET surface area of bulk soil sample and sieved samples

:pore radius was calculated from BJH method

: Mineral phase quantification was done as per Herrman and Berry (2002).

" major elements data of soil sample was obtained from XRF spectroscopy
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PH@q) of 4.4. Leachable fluoride for this soil is negligible. Total organic carbon (TOC),
as estimated from the dry combustion method, shows that TOC accounts for 0.7 % of
the bulk soil before fluoride sorption and 0.66 % of the fluoride sorbed soil. The oxide
contents in the soil is presented in Table 4.2 and a comparison between the oxides
present in the sample before and after sorption are given in Table 4.3. The soil is silica
rich with 15 % Al,O3 and 2.8 % Fe,O3, which are considered to be responsible for
fluoride retention. The total Al and Fe is also high. The BET surface area increases with
decrease in grain size of the soil fraction, as expected.

Figure 4.4 represents the XRD pattern of the sample before and after sorption.
The minerals identified in the bulk sample are: quartz, feldspar, and kaolinite (Figure
4.4(a)). The clay minerals in the bulk sample before sorption are further identified to be
kaolinite and chlorite by the analysis of clay fraction and the peaks were differentiated

by analysis of the expandable mineral by ethylene glycol solvation treatment (Figure 4.4

().

Table 4.3. Comparison between major oxides for sample before and after fluoride

sorption
Oxides (wt %) Sample Dbefore fluoride | Sample  after  fluoride
sorption sorption

SiO, 64.4 61.6
Al,O3 15.5 18.2
Fe,O3 2.8 3.2
TiO, 0.25 0.3
MnO 0.09 0.1
MgO 0.52 0.54
Cao 1.1 1.3
Na,O 2.1 2.6
K,0 3.3 2.9

72




Qz (3.34 A%

Kf (3.24 A®
7

Pl (3.1

%)
%)

Qz (4.25 A°)

2A°)

Lch (14.1 A°)
Ch/K (7.
Pl (4.03 A
K(3.47 A

Soil after F sorption

o
<
n
=
o~
N
o

Soil before F sorption

20

2.E+04
1.E+04
1.E+04
1.E+04
8.E+03
0.E+03
4 E+03
2.E+03

DE'H]D T T T T T T T T
3 5 7 g 11 13 15 17 19
20

clay_sample
exp_clay

Ch,K

Intensity (cps)

Figure 4.4: (a) XRD pattern of the bulk soil and fluoride sorbed soil. (b) XRD pattern
of the clay and ethylene glycol solvated clay from the sample before fluoride sorption.
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4.4.1.4. Semi-quantitative analysis of mineral phases

Quantification of the mineral phases from major element analysis was carried out
with a spreadsheet based program- MINSQ (Hermaan and Berry, 2002). This program
adjusts the proportions of all selected phases by iteration to provide a best-fit solution to
the composition data. The results of mineral phase quantification for the sample before
sorption are presented in Table 4.2. As per the analysis, the soil contains 29 % of quartz,

44% of feldspar and 18 % clay mineral (kaolinite and chlorite).

4.4.1.5.FTIR spectroscopic analysis

Spectroscopic techniques are useful in identifying clay minerals and defining
sorption mechanism. FTIR spectra have been used for this purpose in previous studies,
e.g., Balan et al., (2001) and Madejova and Komadel, (2001) among others for clay
mineral analysis, and Arai and Sparks (2001) and Vithanage et al., (2013) for
identifying mineral sorption. The FTIR spectra of the bulk soil (< 2mm) before and after

fluoride sorption are shown in Figure 4.5, and band assignment to the corresponding

e sorbed sample

M

1629

Absorbance

tsukuba sample

3620
3606

3900 3400 2900 2400 1900 1400 900 400
wave number (cm™)

Figure 4.5: FTIR spectra of the bulk soil (<2mm) before and after fluoride sorption.
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peak are presented in Table 4.4. The peak at 3463 cm™ (3400~3700) and 1635 cm™
could be assigned to adsorbed water, the former could be due to the stretching modes of
OH bands related to free water (surface adsorbed water) and the latter to the bending
mode of H-O-H band. After fluoride sorption, some absorbance loss was observed at
564 and 467 cm™, which could be attributed to structural deformation of the Al-O-Si

bond, whereas, the sorption of fluoride could not be confirmed.

Table 4.4. FTIR peak assignment for the bulk soil (Madejova and Komadel, 2001)

Peak position (cm™) Assignment

~3695 Inner surface hydroxyl group, OH stretching
3620 Inner hydroxyl group, OH group linked to -Si
3463 OH stretching of water

1635 OH deformation of water

1085, 1029 Si-O stretching (or Si-O of quartz)

915 Inner hydroxyl group, OH group linked to -2 AI**
779 Si-O stretching (or Si-O of quartz)

694 Si-O stretching (or Si-O of quartz)

574 Al-O-Si deformation

467 Si-O-Si deformation

4.4.2. Adsorption experiments
4.4.2.1. Kinetics

Kinetic experiments were conducted in order to get first assessment of how fast
the system reaches equilibrium, and based on the results, to determine an appropriate

equilibration time for the fluoride sorption experiments. In the kinetic experiments, the
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initial fluoride concentration used was 5 mg/l at a solid to solution ratio of 5 g/l. Figure
4.6 shows the data of fluoride sorption as a function of time.

The results of the kinetic experiment showed that 70-80% of the fluoride
sorption took place within the first 1.5 hours of interaction. This initial step of rapid
sorption was followed by a decreasing rate of fluoride uptake, which continued
throughout the time frame of the experiment, i.e., up to 30 hour. The initial rapid uptake
indicates surface bound sorption to readily available surface sites whereas the following
slow removal is sometimes assumed to represent diffusion to additional less accessible
sites in pores and fractures, or adsorption to sites that have a lower reaction rate due to

lower affinity (e.g., Davis et al., 1987).
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Figure 4.6. Fluoride uptake by soil as a function of time at an initial fluoride
concentration of 5 mg/l and solid to solution ration of 5 g/l. The pH of the solution was

not controlled during the experiment.

4.4.2.1.1. Kinetic modeling and determination of rate parameters

Various kinetic models have been proposed to throw light on the mechanism of
sorption, based on the Kkinetic sorption data. The most widely used kinetic models in
literature related to sorption processes are the Lagergren’s pseudo-first order model
(Lagergren, 1898; Ho, 2004), Ho’s pseudo-second order model (Ho, 2004), intraparticle

surface diffusion model by Weber and Morris and the Elovich model. Here, the models
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that are applied to the kinetic fluoride sorption data are the Lagergren’s pseudo-first
order model and the Ho’s pseudo-second order model. The applicability of a particular
model for kinetic uptake of fluoride by soil was evaluated from the goodness of data fit
and regression coefficient value (R?). The linear fit to these models are presented in
Figures 4.7 (a) and (b) respectively.

The Lagergren pseudo-first-order kinetic model is generally expressed as
(Lagergren, 1898; Ho, 2004):

d
%ﬂq(qe ~q,) (4.21)

Equation 4.21 can be rearranged and integrated with boundary conditions t=0 to t = o
and g; =0 to g; = g to give the linearized form as:

In(q, —q,)=Inq, —k,t (4.22)
where g. and g;are the amount of fluoride on soil (mg g™) at equilibrium and at time t,
respectively, and ks; (min™) is the first-order rate constant. A linear fit between log(qe
—() versus contact time (t) (Figure 4.7 (a)), as indicated by Equation (4.22) imply that
the reaction may follow a pseudo-first-order. The R* value for the linearized Lagergren
model is 0.67. The poor fit to the model indicates that the sorption reaction may not
follow the pseudo-first-order kinetics.

The pseudo-second-order chemisorption Kinetic rate equation can be expressed
as (Ho, 2004):

d
7?L=kzme—q02 (4.23)
t
Equation 4.23 reduces to the linearized form by rearranging and integrating as:
L 1t (4.24)
qe - qt qe
or
t.1.1, (4.25)
. h q

where ks is the pseudo-second-order rate constant (g mg ™ min™!) and h is the initial
sorption rate (mg g * min™*), expressed as:

h=k,q (4.26)
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where ge and g are the amount of fluoride on soil (mg g™) at equilibrium and at time t,
respectively. The linear fit obtained with Equation 4.25 showed excellent fit with a R?
value of 0.9949 (Figure 4.7 (b)), showing that the sorption processes follow the second

order Kinetics.
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Figure 4.7: (a) Fit to the Linearized Lagergren plot and (b) Linearized Ho’s Pseudo
second order plot for Kinetic uptake of fluoride on soil

4.4.2.2. Fluoride adsorption isotherm and pH dependent fluoride adsorption
Fluoride adsorption data obtained as a function of pH at initial fluoride
concentration of 2.5 and 10.0 mg/l are presented in Figure 4.8.
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Figure 4.8: pH dependent fluoride sorption on soil at initial fluoride concentration of
2.5 mg/l and 10.0 mg/l at 25°C. The ionic strength is kept constant at 0.01M.
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Amount of fluoride sorption increases with increase in initial fluoride
concentration. The data show a decrease in fluoride adsorption with increase in pH,
which is a typical behavior for anion adsorption, with a change in adsorption pattern
frompH5to 7.

The effect of solid concentration, background electrolyte and surface area on
fluoride sorption on soil are also evaluated and presented in Figures 4.9 (a-c),

respectively.
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Figure 4.9: Effect of (a) solid concentration, (b) background electrolyte concentration
and (c) grain size on fluoride sorption by soil. The experimental conditions are: initial
fluoride concentration: 5 mg/l; pH: soil pH, electrolyte concentration: 0.1M;

temperature: 25°C.

Fluoride sorption increased with increase in mass loading in the range of solid
concentrations tested (5-30 mg/l) because of increase in available surface sites. Grain
size also has similar kind of effect on fluoride sorption, by decrease in sorption with

increase in grain size because the surface area decreases with increase in grain size
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(Table 4.2). Effect of electrolyte on fluoride sorption is also well pronounced in Figure
4.9 (c). Decrease in fluoride sorption with increase in background electrolyte
concentration is due to the fact that increase in electrolyte concentration presses the
double layer thickness and reduces the electrostatic repulsion on the surface (YYang et al.,
2007).

4.4.2.2.1. Isotherm models

The Freundlich and Langmuir equations are traditionally used to describe an
array of reactions on soils and soil components. These models often describe
experimental data quite well and can be useful in making comparisons about sorption
behavior between soils. The parameters calculated from these equations can be used to

get information about the binding sites and strengths and types of sorption mechanisms,
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Figure 4.10. Sorption data and Langmuir isotherm for fluoride on soil at different pH.
The lines are Langmuir isotherm fitted to the experimental data. The experimental
conditions are: initial fluoride concentration: 2.5-10.0 mg/l; electrolyte concentration:
0.01M; temperature: 25°C.
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e.g., adsorption, precipitation etc. Fluoride sorption data were investigated by
Freundlich and Langmuir isotherm models (Section 4.3.2.1.). The data fit to the
Langmuir model at a pH range of 4-9 are shown in Figure 4.10. Fluoride sorption could
be well represented by Langmuir equations with high R? values for the linear fits at all
pH ranges. The data could also be well described by the Freundlich model with lower

R? values for linear fit than that to the Langmuir model.

The sorption data were also analyzed by the Dubinin—Radushkevick equation,
which has been used to determine the possible adsorption mechanism (Section 4.3.2.1).
Figure 4.11 shows the fit of fluoride sorption data at pH 4 (data at pH 4 is shown
because the maximum sorption occurs at pH 4) to the linearized Dubinin—Radushkevick

equation (Section 4.3.2.1). The data fit is quite good with a R? value of 0.992.
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Figure 4.11. Linearized Dubinin-Raduschkevick plot for fluoride sorption on soil at pH

4. Initial fluoride concentration: 2.5-10 mg/I.

4.4.2.2.2. Surface complexation modeling

In the past years, major advances have been made in modeling sorption reactions
at the mineral water interface and elucidating the kinetics and mechanisms of sorption
desorption phenomena in soils. Empirical models, such as Freundlich and Langmuir, are

valid only for the conditions under which the experiment was conducted (Goldberg et
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al., 2007), for example, adsorption isotherm datasets are typically developed for a single
pH value. Hence, most adsorption isotherm models are valid only at the pH it was
developed and cannot be used to predict sorption behaviors involving pH variations.
This is also clarified in Figure 4.10, where, Langmuir fit at each pH range requires a
different data set.

Surface complexation models (SCM) based on a thermodynamic approach are
able to describe surface species, mass balance, and chemical reactions and are used to
model the effect of pH variation on sorption (Davis and Kent, 1990; Dzombak and
Morel, 1990). Application of SCM to single mineral phases is already well known,
whereas, application of SCM to mineral assemblage (or soil) is complicated because of
the presence of mineral coatings. Two kinds of major approach are suggested for
application of SCM to mineral assemblage/soils/sediments: the component additivity
(CA) and generalized composite (GC) approaches (Davis et al., 1998). The assumptions,
approaches and details of these methods are presented in Table 4.5. Both CA and GC
approach have been applied to explain metal and oxy (an)ion sorption to complex
mineral assemblage and soil, e.g., Serrano et al. (2009) used the CA approach to explain
Pb and Cd sorption on to natural soil, Davis et al. (2004) used the GC approach to
explain U(VI) sorption to natural sediments. The advantages and limitations of using
CA and GC approach are illustrated well by Davis et al. (1998), Davis et al. (2004) and
the references therein. Based on the discussion on both these approaches, the GC
approach is chosen to describe the sorption behavior of fluoride in soil. Both constant
capacitance model (CCM) and the generalized two layer model are used to explain the

sorption data. The SCM framework is explained in (Section 1.2.4.2. of Chapter 1).

4.4.2.2.2.1. Model simulation and parameter optimization using CCM

A constant capacitance model (CCM) was used to describe the fluoride sorption
edges in soil and to optimize the reaction constants. CCM was chosen in this study
because of its simplicity, requirement of less number of parameters and because it has
been successfully applied for contaminant adsorption to heterogeneous soil surface.
Fluoride sorption was assumed to take place on a generic surface site (>SOH). This

assumption is clearly a gross simplification since soils are complex multisite mixtures
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containing many diverse surface sites. The sorption reaction equations that are

considered in the model are as explained in Section 4.3.2.2.2 (Equations 4.9 to 4.14).

Table 4.5. The Component additive approach and General composite approach

used in surface complexation modeling for ion

assemblage/soil/sediments.

sorption on mineral

Parameters CA approach GC approach

Surface sites based on mineral Generic surface site
composition

Site concentration calculated from the a fixed site conc.

concentration of

reactive element concentration

of 2.31 sites/nm? is

assumed

Intrinsic surface complexation Optimized values
surface complexation constants of pure
constants minerals
Advantage no data fitting is Nonelectrostatic model can be
Required used; no. of surface equations
can be minimized
Disadvantage Too simplified May not perform well when extra-

polated beyond the chemical

conditions used for calibration

Difficulty Determining relative
abundance of adsorptive

phases
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Moreover, fluoride can effectively facilitate Al dissolution from Al-containing
minerals at low pH, which can be increased by increasing fluoride concentration
(Haidouti, 1995; Harrington et al., 2003; Zhu et al., 2004). Fluoride induced Al release
is observed in our sorption experiments (Figure 4.12). Modeling results for the
speciation of Al in solution using Visual Minteq 3.0 (Gustafsson, 2012) shows the
predominance of ionic Al as AIF," at all pH ranges. Figure 4.13 (a) and (b) show the
predominance of Al species in solution at pH 4 and 9 for initial fluoride concentration
of 5.9 mg/l. The distribution of species at other concentrations was almost similar.
Hence, the possibility of fluoride adsorption as AIF," cannot be ruled out. Fluoride
sorption as ionic Al-F complex (AlF,) is suggested by Harrington et al., (2003) because

this species was the dominant species in their experimental solutions.
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Figure 4.12. Al release during fluoride sorption at varying pH.
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Hence, model calculations were conducted with and without including dissolved
Al and AIF," sorption.

Reaction equations and the model parameters used in the optimization process
and forward modeling are summarized in Table 4.6. The reactive surface hydroxyl
groups on oxide minerals and aluminol groups on clay minerals in the soils are
represented by >SOH surface site. Some of the model input parameter values were
taken from previous studies as an initial guess, such as: the capacitance value C, was
chosen to be 1.06 F m™. This value was chosen because it is considered optimum for Al
oxide by Westall and Hohl (1980). The initial guesses for the protonation constant
logK™inyy and deprotonation constant logK ny are 7.35 and -8.95, respectively. These
values are average logK”inyand logK iny values of a literature compilation for Al and
Fe oxides (Goldberg and Sposito, 1984). The number of reactive sites is suggested to be
2.31 sites nm™ (Davis and Kent, 1990).

Table 4.6: Surface complexation reactions for protonation and deprotonation and
fluoride sorption along with initial guesses for intrinsic surface complexation

reactions (logKj.;) and model parameters.

Surface complexation reactions logKint Reaction no.
* ¥ 8 4.3
>SOH+ H = >SOH, 7.35
- + a
>SOH =>S0 +H -8.95 4.4
e b 4.5
>SOH + F + H = >SF + H,0 8.78 '
) i b 4.6
>SOH + F = >SOHF 1.0 '
' b 4.7
>SOH +2F + H = >SF, + H,0 11.94 '
3 * ‘ 4.8
>SOH +2F + Al =>SOAIF, +H 10.00 '
Capacitance (F/m?) 1.06°
Surface sites density (moles/m?) 3.84e-6°
Surface area (m%/g) 9.68°

a
Goldberg and Sposito, 1984; "Karamalidis and Dzombak (2010); “This study; “Westall
and Hohl (1980); ° Davis and Kent (1990).
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The C value was found to be not so sensitive to model calculations (Goldberg
and Sposito, 1984), hence can be assumed to be constant in the model. Whereas SCMs
are highly dependent on the surface site density (Goldberg, 1991) parameter. Surface
site density is generally calculated by multiplying number of sites to the surface area.
However, for some mineral phases, the surface area determined by BET might be under
predicted (Davis et al., 1998). Hence, the surface site density should be estimated for the
sorbent considered. Similarly, logK™ny and logK ny should also be estimated because
surface fluoride sorption reactions and surface protonation/deprotonation reactions are

interdependent.

4.4.2.2.2.2. Model simulation parameter optimization using DDL

The optimization process set in PEST and PHREEQC was run for three different cases:
Case 1: without adding dissolved Al and Al-F complex sorption to the model; Case 2:
with dissolved Al but without Al-F complex sorption and Case 3: with dissolved Al and
Al-F complex sorption. The dissolved Al concentration considered was 2.435 mg/kg,
which is the exchangeable Al concentration, as explained in section 2.1.2.12. The
results of optimization are presented in Table 4.7.

Next, the optimized model parameters were carried to the forward simulation set
in PHREEQC using the generalized two layer model. The generalized two layer model
in PHREEQC contains the database for sorption to hydrous ferric oxide as per Dzombak
and Morel (1990). Hence, the database for fluoride sorption to soil using a generic
surface site was created in the PHREEQC format and the pH dependent fluoride
sorption in soil were modeled.

The results of simulation for all the three cases are shown in Figures 4.14 (a-c).
The modeled data for pH dependent fluoride adsorption at 0.01M ionic strength
compare well with the experimental data in case 3, whereas the model with case 1

parameters does not explain pH dependency of fluoride sorption quite well.
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Table 4.7: Surface complexation reactions, optimized intrinsic surface

complexation reaction constants (logKin:), and model parameters.

Surface complexation reactions logKint

Case 1° Case 2" Case 3°
>SOH+ H = >SOH, 3.0 5.08 4.67
SO =5S0 +H 7.02 8.75 8.26
>SOH + F + H = >SF + H,0 6.00 9.28 10.04
SOH + F = >SOHE 5.89 5.49 5.78
>SOH +2F + H+= >SF,” + H,0 12.72 11.47 -
>SOH +2F + A|3+= >SOAIF; + H+ --- --- 10.91
Surface sites density (moles/I) 4.69*10%  4.58*10™ 3.29*10™
Surface area (m%/g) 9.68 9.68 9.68

a
Case 1: without dissolved Al and Al-F complex sorption; ® with dissolved Al but

without Al-F complex sorption; © with dissolved Al and Al-F complex sorption.

The weighted mean square error (WMSE) normalized by the model calculated

value were calculated for different cases of fluoride sorption simulation as follows:

1S (X ?
WMSE = _z[l_ylj

) Yi
where n is the number of data points, x; is the amount of adsorbed fluoride calculated by
considering different sets of fluoride sorption reactions at each pH and y; is the amount
of adsorbed fluoride observed in our experiment for fluoride concentrations of 2.5 mg/I,

5.0 mg/l, 7.5 mg/l and 10.0 mg/l at the corresponding pH. Table 4.8 shows the
calculated WMSE for models Case 1 and Case 3.
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Figure 4.14. Amount of fluoride sorbed with increase in pH for different fluoride
concentration. (a) model calculations, where neither dissolved Al or Al-F complex
sorption were considered, (b) model calculations, where dissolved Al was included in
the model without Al-F complex sorption, (c) model calculations, both dissolved Al and
Al-F complex sorption were considered. The symbols represent experimentally
observed amount of fluoride sorption and lines represent model calculations. The
symbol and line definitions in Figure (a) also indicate the symbols and lines in Figure
(b) and (c).
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Table 4.8: WMSE by considering different sets of fluoride sorption reactions for

different fluoride concentrations.

Initial fluoride concentration WMSE
Case 1° Case 3°
2.5 (mg/l) 0.05 0.01
5.0 (mg/l) 0.02 0.01
7.5 (mg/l) 0.01 0.005
10.0 (mg/1) 0.02 0.002

a
Conditions for Model cases Case 1 and Case 3 are as represented in Table 4.7.

4.5.Discussion
4.5.1. Physical and chemical properties that effect fluoride sorption
45.1.1. Surface area and porosity:

The micropore size distribution analysis with t-plot method gives valuable
information regarding sorption processes. The results of Figure 4.2 and Table 4.1 show
that the sample contains both micro-pores and meso-pores. The t-plot calculated surface
area is almost identical to the BET surface area suggesting lesser micro-pores. The
micropore-volume as calculated by the t-plot method for the sample after fluoride
sorption is reduced by 50% of micro-pore volume of the sample before fluoride sorption,
which suggests that not all the micropores are filled even after fluoride sorption for long
duration. Although there is a decrease in surface area (BET and t-plot) (Table 4.1) after
fluoride sorption, the decrease is not much pronounced.

Another discussion that could be made from the N, gas sorption/ desorption
isotherm is from the hysteresis loop. The hysteresis loop for the samples analyzed
closed at p/p° of about 0.45 (Figure 4.2 (a) and (b)), which corresponds to a Kelvin
radius for capillary condensation (Hay et al., 2011), and to a pore width of about 2.4 nm
for parallel sheets and 3.6 nm for cylindrical pores (Gregg and Sing, 1982, Craig et al.,
2015). This kind of desorption isotherm suggests that many of the pores are controlled
by pore necks that are narrower than the above Kelvin radius (Hay et al., 2011).

Considering the hydrated ionic radii of fluoride to be 0.34 nm (the ionic radii is 0.13
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nm), this kind of discussion could be useful, which is beyond the scope of this study.
Also, diffusion to the intragranular region is a slow process, which could affect the
sorption processes.

The discussion above shows that pore structure, size, and shape can greatly

impact the adsorption processes, which should be studied in sorption process evaluation.

45.1.2. Chemical properties:

Fluoride sorption in soil is negatively correlated with soil pH, and CaO, but
positively correlated with Al,O3; and Fe,O3 and organic matter content (Wang et al.,
2002). Considering the chemical properties (Table 4.2), fluoride sorption is favored for
this soil sample concerned. Since the total organic carbon for the sample is low, effect
of organic carbon on fluoride sorption is not considered in this study.

The semi-quantitative mineralogical estimation shows that the soil consists of
29% silica, mostly as quartz, which is a very poor sorbent for fluoride (Fan et al., 2002)
and the major clay minerals are kaolinite and chlorite, which can adsorb fluoride.
Although, the Al oxides found might be occupied in the feldspars, the sorption behavior
shows that some sorption occurs to Al-oxides (Figure 4.8) because of the change in
sorption pattern at 6-7. Fluoride sorption to alumina shows the sorption maximum at
neutral pH range (pH 6.5-7.5) (Ghorai and Pant, 2005).

Also, the XRD patterns of the samples before and after fluoride sorption are

quite similar and no new mineral phase could be identified due to fluoride sorption.

4.5.2. Spectroscopic evidence for fluoride sorption on soil

The results and details of spectroscopic analysis by FTIR are discussed in
Section 4.4.1.5. The FTIR spectra are shown in Figure 4.5 and the assignments of the
bands are given in Table 4.4. The sharp doublet at 3696 and 3620 cm™ is characteristic
for the kaolin group in general, which arise from the internal surface OH groups (Balan,
2001). The OH deformation bands of kaolinite are situated at 938 and 913 cm™.
Supporting bands at 794 (Si-O) and 698 cm™ (Si-O) are diagnostic for kaolinite, too.
The peak at 3463 cm™ (3400~3700) and 1635 cm™ could be assigned to adsorbed water,

the former could be due to the stretching modes of OH bands related to free water

90



(surface adsorbed water) and the latter to the bending mode of H-O-H band. After
fluoride sorption, some absorbance loss was observed at 564 and 467 cm™, which could
be attributed to structural deformation of the AI-O-Si bond, whereas, the sorption of

fluoride could not be confirmed.

4.5.3. Fluoride sorption kinetics and sorption isotherm

The behavior of fluoride sorption Kinetics and kinetic modeling are discussed in
section 4.4.2.1 and 4.4.2.2. The model results show that the data fits well to the Ho’s
pseudo second order model, which implies that chemisorption processes are governing
sorption and the low value of the second order rate constant k, (0.098 g mg™* min™?)
indicates that the rate of fluoride sorption process is fast.

The sorption data modeled for Langmuir, Freundlich and Dubinin-Raduschvick
equations are discussed in section 4.4.2.2.1. The maximum sorption density calculated
according to the Langmuir equation at pH 4 is 0.93 mg/g. This value decreases with
increase in pH, as expected. The observed maximum sorption at pH 4 for initial fluoride
concentration of 10.0 mg/l is 0.52 mg/g; which shows that fluoride occupies ~55% of
the available sites. Isotherm models cannot give molecular description of sorption;
nevertheless, these models can be used to derive important thermodynamic parameters.

For example, the Gibb’s free energy change (AG®) can be calculated from the
Langmuir constant “b” (Section 4.3.2.1.). AG® calculated at pH 4 is -21.08 KJ/mol;
which indicates that the sorption is feasible under the conditions considered. AG® at
other pH is also similar to this value.

Similarly, the adsorption intensity (R.) can be calculated from the Langmuir “b”
value as: R_ = 1/(1+bCy), where Cy (mol/l) is the initial fluoride concentration
(Romero-Gonzalez et al., 2005). A R, value in the range of 0 to 1 indicates favorable
sorption. The R, values calculated at pH 4 for all the fluoride concentrations are in the
range of 0.28 to 0.61 suggesting favorable adsorption. At other pH ranges also the R.
value is in the range of 0 to 1.

Another important information regarding sorption that can be derived
from the Dubinin-Raduschvick equation is the mean free energy of sorption (E)
(Equation 4.8).

91



The E values are useful in estimating the type of sorption reaction, e.g., if the E
value is in the range of 8-16 kJ/ mol, this indicates an ion-exchange reaction (Helfferich,
1962). The E values at pH ranges 4-9 are calculated to be in the range of 9.2-12.3
kJ/mol, which suggests that ion exchange is occurring in the system.

4.5.4. Surface complexation modeling

Fluoride sorption in soil is described by the generalized two-layer surface
complexation model (Dzombak and Morel, 1990). Fluoride sorption in the model is
described by the sorption reactions as represented in Table 4.7. Reaction 4.5 represents
the ion exchange processes, which can explain the change in pH of the solution after
sorption. Also, mean energy of sorption as calculated by the Dubinin-Raduschvick
equation reveals that ion exchange is occurring in the system. Hence, the ion exchange
reaction (Reaction 4.5) was included in the final model. Similarly, Reaction 4.6
represents the sorption processes and Reaction 4.8 represents Al-F complex sorption on
the surface. The final model (Case 3; Table 4.7 and Figure 4.14 (c)) could explain quite
fairly the observed fluoride sorption at all pH. In order to better explain the modeled
results, the species distribution was calculated. Figure 4.15 shows the fluoride surface
species distribution at all pH for initial fluoride concentration of 10.0 mg/I.

lon exchange between the fluoride ion in solution and OH" at the surface
(Reaction 4.5) dominates the sorption processes (blue line in Figure 4.15) in addition to
surface processes (Reaction 4.6). With increase in pH, (neutral to alkaline conditions),
the ion exchange processes almost ceases because of greater competition between OH"
ions in solution and fluoride ion.

Our experimental data suggests fluoride sorption even at high pH (e.g., pH 8 and
9). Hence other processes need to be examined to explain fluoride sorption at this pH.
Reaction 4.6 explains the observed fluoride sorption at higher pH. In order to explain
the fluoride sorption behavior at pH range of 6-7, the discussion of fluoride surface
distribution is necessary. Figure 4.15 represents the distribution of fluoride surface
when the sorption data were modeled without including Al-F complex sorption and
dissolved Al (Case 1, Table 4.7, Figure 4.14 (a)) and by including Al-F complex
sorption and dissolved Al (Case 3, Table 4.7, Figure 4.14 (c)).
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In the case of the model with Case 1, fluoride sorption is almost represented by
the sorption reaction, Reaction 4.6 with formation of >SOHF" species (red line in Figure
4.15 (a)), whereas the contribution of sorbed complex >SF in fluoride sorption is
negligible (blue line in Figure 4.15 (a)). Some contribution of the species>SF, is
observed at a narrow pH range of 4-5. However, isotherm analysis for thermodynamic
properties reveals that ion exchange might be occurring in the fluoride-soil system in
the experimental conditions of this study (Section 4.5.3). Hence the model calculations

with Case 1 may not be practical to implement in fluoride-soil system.
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Figure 4.15: Fluoride surface species distribution for initial fluoride concentration of
10.0 mg/l as calculated with the generalized two layer model with model parameters
given in Table 4.7, case 3.
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Surface speciation calculation with model Case 3 shows that ion exchange contributes
to fluoride sorption in the pH range of 4-8, although the effect of ion exchange
decreases with increase in pH (blue line in Figure 4.15 (b)). The behavior of fluoride
sorption in the range of pH 6-7 can be explained by the behavior of the surface species
>SOAIF; (green line in Figure 4.15 (b)), because the contribution of >SOAIF; at this pH
range is maximum, whereas at other pH ranges, the effect is marginal. Including Al-F
sorption and dissolved Al in the model yielded best results (Figure 4.14 (c) and Figure
4.15 (b)), which is also evidenced from the minimization of error between the observed
and model calculated fluoride sorption (Table 4.8). The model results strongly evidence
the effect of Al on fluoride speciation and sorption on soil.

4.6. Conclusions

The mechanism of fluoride sorption on a granitic soil from Tsukuba was studied
through a series of batch experiments, surface complexation modeling and FTIR
spectroscopy. Adsorption processes of fluoride are fast and regulated by chemisorption
processes. Fluoride sorption was pH dependent, increase in sorption with decreasing pH,
the dependency being non-linear. The amount of fluoride sorbed depends on the surface
area and background electrolyte concentration, possibly due to electrostatic effect.
Fluoride occupies ~55% of total surface sites. The sorption data were well explained by
a generalized two layer model that considers inner sphere complexation. The
protonation/deprotonation constants, fluoride sorption constants and site density
parameter were optimized instead of using literature cited values. The modeled results
are quite different when dissolved Al was not included in the model, suggesting the
importance of dissolved Al on fluoride sorption. This study introduced Al-F complex
sorption to the model to explain fluoride sorption behavior at pH range of 6-7 which is
first of its kind. The results reveal that fluoride may be released into the environment
under alkaline conditions because of the weak binding and no precipitation, although
acidic pH (pH 4) may help in binding fluoride in soil. The results also encourage to
investigate fluoride sorption under different environmental conditions (e.g., high
fluoride concentration and low pH, keeping in mind fluoride contamination from

industrial waste).
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Chapter 5: Flow through experiments for fluoride sorption and

desorption in a disturbed soil from Tsukuba, Japan

5.1. Introduction

In this chapter, fluoride desorption from a saturated fluoride-sorbed column was
investigated by flow through experiments. Flow interruption with variable stop flow
durations was applied to investigate non-equilibrium behavior during fluoride transport.
The transport properties of the soil were independently measured by fitting the
breakthrough curves of stable isotopes of oxygen (**0) and deuterium (*H), used as
tracers to the standard advection dispersion equation (ADE) and to the equation
considering the two domain (mobile-immobile zone) concept. Reactive transport
models that integrated the physical transport properties and geochemical processes were
used to evaluate the kinetics of fluoride desorption from the column.

5.2. Materials and methods

The soil sample chosen for studying fluoride transport behavior is from Tsukuba,
Japan (sample no. 1, Figure 4.1). The site at Tsukuba was selected because it is granitic
terrain. Our field survey results from granitic terrains in India show high leachable
fluoride and possible relation between leachable fluoride and groundwater fluoride,
whereas that from Nakatsugawa, Japan has negligible leachable fluoride (Section 2.2).
Batch experiment results for fluoride sorption in the granitic soil from Tsukuba found
that the sorption capacity of the soil was high (Chapter 4). Hence, the soil from Tsukuba

was selected to further understand transport behavior of fluoride in the environment.

5.2.1. Sample characterization

The bulk soil collected from Tsukuba, Japan (the details are explained in Section
4.2.) contained ~20% of > 2mm granules (Table 4.3). The sample used in the column

experiment was sieved to < 2mm. The sieved sample was dominated by > 425um grain
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Figure 5.1.: Column experiment set up in the laboratory.

diameter particles (~55%) whereas the finer particles (< 106um) constitute ~10% of the
total volume. Before the experiment, the bulk soil was subjected to analysis for
physical-chemical properties such as pH, particle density, surface area, grain-size
distribution, soil leachable ion concentration, mineralogical analysis, elemental analysis

and spectroscopic analysis.

5.2.2. Column experiment for fluoride transport during sorption

First, column experiments for fluoride sorption were conducted under saturated
conditions at the laboratory. The experimental set up is shown in Figure 5.1. Acrylic
resin column (30 cm long and 6.4cm inner diameter) was used in all the experiments.

First, the column was secured to a stand, 100 ml of degassed deionized water
was added to the column and 200 g of field moist soil was slowly added to it. Deionized
water and soil were added in succession to the column. Following each soil addition, the
column was gently tapped on the outside with a rubber mallet to bring the soil to the
appropriate volume and to make sure the column is well packed. By adding soil to water
this way, fully saturated conditions in the column was ensured. At each end of the
column, rubber sheets were used to stop leakage and large diameter filter papers are
used to prevent passing of soil particles. The porosity was calculated from the column

volume and soil volume. The column was then left overnight to allow equilibrium
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before fluoride sorption experiment. Two columns were prepared for the experiments.
50 mg/l of fluoride stock solution was then pumped from the bottom of the column at a
flow rate of 3.6 ml/min by a TRIS peristaltic pump with 1/8 inch tubing. For the first
column, fluoride was injected for 5.74 pore volumes (PV) and then flow was stopped
for 12 hours. Flow was resumed again and continued for another 5.75 PV. Stop flow
was applied again for 84 hours and fluoride injection was resumed until breakthrough
was obtained (for a total of 17 pore volumes). The effluent was collected with a CHF10
automatic fraction collector. The effluent samples were measured immediately for pH,
filtered with a 0.45um syringe filter and stored for fluoride measurement. An aliquot
was removed from the filtered sample, acidified and stored at 4°C for cation analysis.
After the sorption experiment, the column was rested and the fluoride-sorbed sample
was analyzed for further physico-chemical analysis.

Fluoride sorption in the second column follows the same procedure as that of the
first column, except that in the second column the first stop flow was applied after 13.6
PV and stopped for 15 hours, injected with fluoride solution for another 13.6 PV. The
second column was rested for few days and fluoride desorption experiment was

conducted, as described below.

5.2.3. Column experiment for fluoride transport during desorption

Fluoride desorption kinetics from the fluoride-sorbed column was studied. The
flushing solution was ICEFIELD pure and natural Canadian water. ICEFIELD water
solution was used because it has a distinct stable 0 and &°H values than that of the
MilliQ water used in the fluoride sorption experiment for saturation and of stock
fluoride solution preparation, and could be used as a tracer. Also, the ion concentrations
of this water are low (Na* 0.86 mg/l, Ca** 8.6 mg/l; Mg®* 15 mg/l, Ref:
http://www.icefield.jp/index_en.html) to affect fluoride behavior in the column anyway
and has a neutral pH (pH 7.0), similar to that of the MilliQ water. Stop flow events were
applied at regular intervals. The flushing solution was switched to MilliQ water to
obtain the tracer breakthrough data. All the injecting solutions were passed through a
degasser before the experiment. The history of the desorption experiment run was

presented in Table 5.1. The effluent was collected at regular intervals with a fraction
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collector and samples were analyzed for pH. Filtered samples were analyzed for
fluoride, major anions and filtered and acidified samples were analyzed for cation. §**0

and &°H values were analyzed for selected samples.

5.2.4. Chemical analysis

The detailed procedure for analysis of soil pH, particle density, surface area,
grain size distribution, soil leachable ion concentration, effluent concentration,
mineralogical composition, elemental concentration, and FTIR spectra are described in
Section 2.1.

Stable isotopes, 50 and §°H were analyzed with a PICARRO L2130-1 D and
880 High-Precision Isotopic Water Analyzer, with guaranteed precision of < 0.025 %
for 30 and < 0.1 %o for 5°H.

Table 5.1: Fluoride desorption experiment history

Experiment run history PV/time Injecting solution
First run 7.7 ICEFIELD water
First stop flow 9.4hours -

Second run 7.11 ICEFIELD water
Second stop flow 12.4hours -

Third run 5.9 ICEFIELD water
Third stop flow 37.0hours -

Fourth run 5.90 ICEFIELD water
Fourth stop flow 85.4hours -

Fifth run 7.1 DI water

5.3. Parameter optimization and numerical modeling
5.3.1. Estimation of transport parameters using CXTFIT

Stable isotopes of *0 and 5°H were used as tracers in the column during fluoride
desorption to determine the dispersion coefficient and other mass transfer properties.

The program named CXTFIT 2.0 (Toride et al., 1995) was used to describe tracer
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transport.

CXTFIT 2.0 (Toride et al., 1995) is a computer program for estimating solute
transport parameters using a nonlinear least-squares parameter optimization method. In
this program, the advection-dispersion equation (ADE) was used to solve the inverse
problem by fitting mathematical solutions of theoretical transport models to
experimental results. Equation 5.1 represents the generic form of the ADE for a sorbing

solute assuming one-dimensional steady flow in a homogenous, isotropic porous

medium:
oC aq 0°C oC

0—+p, —=0D, ——-0v, — 5.1
a Pt Ttk X ox ®-1)

where, C: concentration in liquid phase (ML™), x: distance (L), t: time (T), v average
linear velocity in the x direction (LT™?), D.: coefficient of longitudinal hydrodynamic
dispersion (L%T), &: volumetric water content (L® L), py: dry soil bulk density (ML)
and qge: sorbed concentration (MM™). In the case of linear sorption, the relation between

the sorbed concentration and solution concentration can be defined by equation (5.2) as:

qe = KdC (52)

where Kg is an empirical distribution coefficient (L°M™). The term retardation factor (R)
is defined as:

R :1+—pb:d (5.3)

Equations (5.4) and (5.5) below represent the dimensionless physical non-equilibrium
ADE (PNADE). The model is based on the assumption that the aqueous phase can be

partitioned into mobile and immobile regions.

oC oC, 1 0°C, oC
m+(1—BIR m _ - m_ m 5.4
R oT ( 'B) oT P, oX? oX 4
oC,
1-B)R—" =w(C,, —C, 5.5
@-pR— =0(C, -C) (5.5)
Where1 szl_L, ﬂ:M and Pe:V_L (56)
v 0 +p,K, D,

where T=vt/L and X = x/L are dimensionless representations of time and distance along

the column, and subscripts m and im indicate the mobile and immobilize zones
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respectively; « is the first-order mass transfer coefficient (T™), 4 represents the fraction
of mobile water in the case of a nonreactive solute, f is the fraction of adsorption sites
that equilibrates with the mobile liquid phase.

8'%0, and &°H breakthrough during injection and washout processes were used to
estimate various transport parameters using the CXTFIT program. Both equilibrium and
non-equilibrium models were used to estimate the model parameters by fitting the
experimental results.

Stable isotopes, 8*%0 and §°H are considered non-reactive, hence, their R values
were set to 1 in the fitting program. Effluent 8°H data were fit to determine D, value in
the equilibrium model, and Peclet number (P.), mobile water fraction (f), mass transfer
coefficient («) in the non-equilibrium model. Fluoride retardation factor (R) was
optimized by both the equilibrium and non-equilibrium models using the optimized

parameters from the 8°H tracer data.

5.3.2. Geochemical transport code PHREEQC

There are several public-domain geochemical models that can be used to model
transport in addition to geochemical reactions. The geochemical computer model
PHREEQC (Parkhrust and Appello, 1999) can be used to model solute transport in one
dimension by considering aqueous complexation, precipitation and dissolution of
minerals, adsorption, ion-exchange, and oxidation-reduction reactions.

PHREEQC uses a mixing-cell approach to simulate advection. The equilibrium
aqueous and solid phase compositions are computed for each cell at the beginning of a
transport simulation, then, transport is simulated by shifting the aqueous content of each
cell to the adjacent downstream cell and the water is equilibrated with the solid-phase
component again. The sequence of shifting, mixing, and equilibration is repeated for
each cell until the total number of shifts are completed. By this approach, advective
transport and chemical equilibrium are computed separately.

The PHREEQC dual-porosity (mobile-immobile) transport formulation involves
a single row of mobile cells adjacent to an array of immobile cells (Parkhrust and
Appello, 1999). One dimensional groundwater flow and solute transport occur in the

mobile zone via advection, dispersion, diffusion, and solute water-matrix interactions.
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Exchange of water and solutes between the two parts, i.e., mobile zone and immobile
zone is allowed through diffusion. A first order exchange approximation for diffusion in
the immobile zone is generally used in PHREEQC (Parkhrust and Appello, 1999).
Mixing factors are used to approximate the diffusive transport of solutes between the
mobile and immobile zones and within the immobile zone.

In this study, PHREEQC is used for simulating reactive transport of fluoride in
the column during desorption by considering fluoride sorption to soil surface by surface

complexation.

5.3.3. Geochemical transport code TOUGHREACT

TOUGHREACT (Xu et al., 2012) is a numerical simulation program for
chemically reactive nonisothermal flows of multiphase fluids in porous and fractured
media, written in Fortran 77. The program can consider a number of subsurface
thermo-physical-chemical processes under various thermos hydrological and
geochemical conditions. The code can accommodate any number of chemical species
present in liquid, gas and solid phases and can handle physical and chemical
heterogeneity present in the porous media effectively.

TOUGHREACT was also used in this study to explain fluoride transport

behavior.

5.4. Results and discussion
5.4.1. Soil characteristics

The physical and chemical properties of the experimental soil are listed in Table
4.3 and are discussed in detail in section 4.4.1. A short summary of the results is as
follows: the soil is acidic with an aqueous pH of 4.1 and the leachable fluoride from the
soil is negligible (0.1 mg/kg). Mineralogical analysis indicated that the soil is dominated
by quartz and feldspars. The clay size fraction consisted of mainly kaolinite and chlorite.
The elemental analysis indicated that the soil is rich in Si, Al and Fe. Chemical
extraction with acid digestion followed by H,O, oxidation showed that the total Al
concentration is ~19.5 mg/kg and total Fe concentration is 14.9 mg/kg. Analysis of the
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N, gas sorption/desorption isotherm of soil indicates that the soil is dominated by

meso-pores with small amount of microporosity (Table 4.2).

5.4.2. Major chemical composition during fluoride desorption

The composition of the effluent from the column during fluoride desorption was

dominated by Na, K, Ca, Mg, Al and Fe (for these elements, the total concentration was
measured by ICPMS, Section 2.1.1.4), CI', SO,* and NOj. Figure 5.2 shows the

effluent concentrations of Na, Ca, Al and Fe during fluoride desorption from the

column.

Effluent concentration of Na decreased with time to follow the advective trends (Figure

5.2 (a)). This high Na in solution is because of the injection of fluoride as NaF during
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Figure 5.2: Temporal evolution of aqueous solution concentrations (a) Na, (b) Ca, (c) K,

(d) Mg, (e) Al and (f) Fe in the effluent solutions during fluoride desorption from the

column. The X-axis represents number of pore volumes.
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fluoride sorption experiment. Ca in the effluent first increased abruptly after 5 pore
volumes and then decreased towards the infiltrating solution (Figure 5.2 (b)). Effluent
concentration of K remained constant except after 19.4 and 25.9 pore volume (Figure
5.2 (c)). Concentration of Mg in effluent does not change drastically, however, the
concentration profile is similar in behavior to that of Ca (Figure 5.2 (d)).

Al in solution during fluoride desorption decreases with time, with an abrupt
increase after MilliQ water injection (Table 5.1 and Figure 5.2 (c)). Because the
infiltrating solution does not contain Al and the leachable Al from the original soil is
low (0.25 mg/l), such high Al in the effluent is considered to be due to fluoride-induced
Al release. Al dissolution from Al-containing minerals at low pH and high fluoride
concentration can effectively be facilitated by fluoride (Haidouti, 1995; Harrington et al.,
2003; Zhu et al., 2004). According to Polomski et al. (1982) and Nordin et al. (1999),
fluoride ions replace —OH/-OH," groups bound to surficial Al atoms via ligand
exchange, loosen other AI-OH bonds, and facilitate Al release.

5.4.3. Fluoride sorption kinetics and pH change during fluoride sorption experiment

Interrupted flow experiments were performed in order to discriminate between
dispersion and non-equilibrium effects. During flow interruption, solute transport
proceeds only by diffusion. These methods can be used to discriminate between various
sets of processes, such as rate-limited vs. nonlinear sorption and physical

nonequilibrium vs. heterogeneity (Brusseau et al., 1997).

5.4.3.1. pH change during sorption

Since pH is an important factor in adsorption and desorption of fluoride (Wang
et al., 2002; Padhi and Muralidharan, 2012), pH change may cause re-dissolving of
solid phase fluoride into the solution phase. Hence, the effluent pH was routinely
checked for any change in pH, and is represented in Figure 5.3. The pH values in the
effluent increased gradually with time, requiring 17 pore volumes to reach the influent
pH value. Stop-flow (SF) events led to an increase in the effluent pH (~0.04 pH unit)
immediately after the SF events. However, this small change in pH may not be

unanimously attributed to the effect of change in flow conditions. These results
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collectively indicate that the hydroxyl ion release from soil was a kinetic process that

could be due to the pH buffering reactions and/ or ion exchange processes.
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Figure 5.3. pH change during fluoride sorption in the column. The arrows show the
points when stop flow events are applied. The horizontal axis represents number of pore

volumes

5.4.3.2. Fluoride concentration profile during sorption flow through experiment

At the initial stage of the experiment, fluoride sorbed quite effectively in the soil
column. Fluoride starts to appear in the effluent after 6.5 pore volumes (Figure 5.4),
which shows high sorption capacity of soil. The effluent fluoride concentration
increased with time and reached the infiltrating fluoride concentration after 17 pore
volumes. The characteristics of fluoride sorption breakthrough curve is similar to that of
the effluent pH break through curve (Figure 5.3), i.e., the effluent concentration reached
the infiltrating solution concentration after 17 pore volumes. After the stop flow events,
the effluent fluoride concentration was decreased, which shows the kinetic behavior of

fluoride sorption, because it provides more time for fluoride sorption (Figure 5.4).
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Figure 5.4. Breakthrough curve of fluoride sorption in the column. Two stop flow

events are also included. The horizontal axis represents number of pore volumes

5.4.4. Fluoride desorption kinetics and pH change during fluoride desorption

experiment
5.4.4.1. pH change during desorption

The effluent pH immediately after the fluoride sorption experiment was 6.5
(Figure 5.5). Effluent pH during fluoride desorption for the first pore volume was less
than 6.5 (Figure 5.5), although the infiltrating solution has a pH of 7.0, which could be
due to the change in pH of the pore-water during the resting time (time allowed between
end of fluoride sorption experiment and start of fluoride desorption experiment) or the
pH buffering capacity of the sediment, such as ion exchange reactions of major cations
that released H*. The effluent pH changed slightly (6.5 to 7.1) with time during fluoride
desorption until the flow was interrupted for the second time (~ 15 pore volume). pH
change of the effluent after second stop flow event was abrupt, which could not be
explained. Effluent pH also changed slightly before and after the SF events, e.g., pH
decreased from 6.98 to 6.77 after first SF event and from 7.03 to 6.81 after second SF
event. A pH increase was observed after third and fourth SF events with a pH increase
from 6.9 to 7.0 in the case of third stop flow and 7.0 to 7.3 in the case of fourth.
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Figure 5.5. pH change during fluoride desorption in the column with number of pore

volumes. The arrows show the points when stop flow events are applied.
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Figure 5.6. Breakthrough curve of fluoride desorption in the column with number of

pore volumes. Four stop flow events are also included

5.4.4.2. Fluoride concentration profile during desorption flow through experiment

The effluent fluoride concentration decreased gradually until the first stop flow event
(about 7™ pore volume) with the continuous flush of fluoride-free influent (Figure 5.6).
After 7th pore volume, the effluent fluoride concentration decreased more slowly,
which suggests that fluoride was sorbed to sites with a range in kinetic and/or
thermodynamic properties (Liu et al., 2008). After the first SF event, there is a decrease

in fluoride effluent concentration, which recovered after 1 pore volume. No measurable
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change in aqueous concentration of fluoride was observed after second, third or fourth
stop flow events. A rise in effluent concentration following a no-flow period has been
reported, which could be interpreted as desorption being kinetically controlled (Liu et
al., 2008; Tran et al., 1998). Our experiments were conducted in a constant laboratory
temperature of 25.0°C, hence, effect of change in temperature on fluoride desorption
may be negligible.

The effluent fluoride concentration gradually decreased with time, reflecting the
slow depletion of sorbed-fluoride in the soil column. Moreover, the column was not
completely flushed with in the experiment time (~30 pore volumes) with the continuous
flush of fluoride free solution.

5.4.5. Tracer breakthrough curve

The breakthrough curves for the water isotopes 5'20 and 8°H in the column are
shown in Figure 5.7. The breakthrough curves are symmetric for both 5'®0 and 5°H. As
expected, for a non-reactive solute, 50 and §°H transports were not retarded through
the column and their R value can be set to be 1.0. The data for 8°H were used to
calculate the dispersion coefficient (D.), o and g from the fit to the equilibrium and
non-equilibrium ADE (Figure 5.8). The measured porosity (6), bulk density (p,), and
pore velocity (v) values (Table 5.2) were used.

Figure (5.8) shows the results of optimization for the §°H breakthrough curve
using the ADE and PNADE models. However, the fitted parameters are highly
dependent on the initial values if all the three parameters (D, o and f) are optimized in
the PNADE model. Table (5.3) represents the effect of initial values on the fitted
parameters. When the Dy value is fixed at 8.9%*10”" m%s and « and S were optimized, the
results were quite similar to that of ADE, suggesting that physical nonequilibrium is
not having significant contribution on the tracer breakthrough data (Figure 5.8). The
goodness of fit can be estimated from the mean square error parameter.

Moreover, considering a Dy value of 8.9*10” m?s, as calculated from the ADE
fit to the 82H breakthrough data, the Peclet number (v*L/D,) is calculated to be 15.75,
which indicates that the flow regime within the column was dominated by advection

(Fetter, 1999) which may allow to neglect dispersion effects in the modeling of BTCs of
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chemically reactive fluoride. Furthermore, immobile or stagnant regions within the
columns, if present at all, may not be significant for the transport of the conservative
tracer, which could be confirmed from the fact that, no measurable changes in §°H was

observed during the stop flow events.
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Figure 5.7: Breakthrough curves for §'®0 and &°H during fluoride desorption. The

arrows indicate stop flow events. The x-axis indicates number of pore volumes.
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Figure 5.8. 5°H breakthrough curve. The points are the observed values. Red line
represents the model calculations from the ADE model, blue line and violet line
represent model calculations from the PNADE model, where in case 1, all the three
parameters (D, f and w, Table 5.3) were optimized and in case 2 the D, value was kept

constant at 8.9*107 m?/s and 8 and  were optimized.
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Table 5.2. Parameters used in the modeling

Parameters Symbol Unit value
Column length L cm 30

Pore velocity v m/s 455%10°
“Dispersion coefficient Dy, m?/s 8.9%107
Total porosity 0 .. 0.39
"Retardation coefficient R 9.63
‘Retardation coefficient R 5.16

*Dispersion coefficient was optimized from fitting the 6°H breakthrough curve to the
ADE

"Retardation factor for fluoride was calculated by fitting fluoride breakthrough curve
during sorption to the ADE.

‘Retardation factor for fluoride was calculated by fitting fluoride breakthrough curve

during desorption to the ADE.

5.4.6. Modeling fluoride sorption and desorption behavior

A literature search revealed that only a few studies focused on the kinetics of
fluoride retention and release during transport in soils. For example, Johannes et al.
(1996) and Usunoff et al. (2009) studied fluoride transport in a quartz-sand packed
column and Begin et al. (2003) studied fluoride transport in an unsaturated soil, using
the linear Kd model. Kinetic adsorption data have the advantage that they can account
for the non-equilibrium sorption behavior, which may result from the heterogeneities of
sorption sites and diffusion processes in the interface between the liquid phase and the
soil matrix.

This study simulates the fluoride desorption behavior in a soil column, set in the
PHREEQC 1-D transport program. The simple linear Kd model and the two domain
model were applied to the fluoride desorption concentration data. Fluoride sorption in
the soil used in the column experiment was found to be explained by surface
complexation reactions (Chapter 4). Surface complexation (SC) model has an advantage
over the linear Kd model because the SC model with surface reactions with the same

reaction constants can be used to describe the fluoride sorption under variable
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Table 5.3: Estimates of fitted parameters and coefficient of determination (Mean

Square Error) for the optimization of 8°H Breakthrough curve (during injection)

for different sets of initial values

Case Y D R B ® r MSE
1. Two parameter (B, w) estimation

Initial values 393.1 765.3 1 0.9 10 - -

Final values Fixed Fixed Fixed 2.57e-3 68.2 0.985 2.74e-4
Initial values 393.1 385.3 1 0.9 10 - -

Final values Fixed Fixed Fixed 4.42e-3 100 0.979 3.89e-4
Initial values 393.1 100 1 0.9 10 - -

Final values Fixed Fixed Fixed 7.74e-3 15.72 0.942 1.1e-3
Initial values 393.1 765.3 1 0.1 10 - -

Final values Fixed Fixed Fixed 4.3e-3 98 0.984 2.9e-4
2. Three parameter (D, B, ®) estimation

Initial values 393.1 765.3 1 0.9 10 - -

Final values Fixed 2.27e-2 Fixed 8.13e-3 14.21 0.986 2.64e-3
Initial values 393.1 385.3 1 0.9 10 - -

Final values Fixed 2.27e-2 Fixed 4.6e-2 11.4 0.974 5.05e-3
Initial values 393.1 100 1 0.9 10 - -

Final values Fixed 775.3 Fixed 0.999 1.2e-3 0.933 1.33e-3
Initial values 393.1 765.3 1 0.1 10 - -

Final values Fixed 1.49e-2 Fixed 1.78e-2 19.4 0.985 2.84e-4
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solution compositions such as pH and ionic strength. Whereas, the Kd values have to be
varied to describe fluoride adsorption and desorption under different solution
compositions (Chapter 4). For reactive systems, the traditional ADE with reaction has
been shown to give inaccurate predictions of experimental results (Gramling et al.,
2002; Kapoor et al., 1997). This is because geochemical reactions occur locally at the

pore scale where the ADE assumes complete mixing of the concentrations.

5.4.6.1. Linear Kd model

First, the linear Kd model was used to explain fluoride sorption and desorption
data. The model parameters that are used are listed in Table 5.2. The retardation factor,
calculated during fluoride sorption by fitting fluoride sorption data in the CXTFIT
program was 9.26 and that for fluoride desorption was 5.16. As discussed above,
different Kd values are required to explain model calculations with change in pH and
solution concentrations. These values were then used in the forward simulation to
explain fluoride sorption and desorption kinetics.

In PHREEQC, there is no way to strictly implement a linear Kd model. By
specifying an imaginary surface with a very large number of binding sites, the model
could behave linearly as long as the soil chemistry stays within reasonable limits.
Nevertheless, it is obvious that this approach is not realistic because the number of
binding sites in the model actually should represent the reality (Jaremalm et al., 2013).
Hence, TOUGHREACT was used to simulate fluoride desorption processes by linear
Kd model.

Figure 5.9 shows the calculated results from the linear Kd model during fluoride
desorption, by using R value of 5.16, that was estimated from the fit to fluoride
desorption breakthrough. The model poorly fit the observed data, especially the tailing
part of desorption could not be observed.

A range of retardation factors (4.1 to 138) are reported by Begin et al., (2003),
which was attributed to the differences in the soil properties. For example, highly acidic
soils (pH of 3.9 to 4.1) and alkaline soils (pH 8.0) had low retardation factor which

could be explained by the formation of soluble fluoride complexes at this pH. A R value

111



of 9.6 was estimated from the model fit to fluoride sorption data. The linear model was
also tested with a R value of 9.6 to explain fluoride desorption behavior, however, the

model fit was not improved.
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Figure 5.9. Model results for fluoride desorption from the column. The x-axis
represents number of pore volumes. The points are the observed data and the lines are
simulated results with linear Kd model (blue line: with a retardation factor of 5.16 and

green line: with a retardation factor of 9.6).

5.4.6.2. Model including surface complexation
5.4.6.2.1. Scaling of model parameters

Scaling of the parameters is necessary to model contaminant transport using
geochemical coupled transport codes because the surface complexation constants
strongly depend on the value of the surface site density (Davis and Kent, 1990).
According to Davis and Kent (1990), the constants derived using a known surface site
density value for a given system may not be directly used for predicting adsorption in
another system that has a different surface site density value. Sverjensky (2003)
proposed a correction for this purpose.

Equilibrium constants of soil surface reactions were taken from Chapter 4. The

transport model used in this chapter involves different solid concentration, although the
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site density was the same. Hence, the traditional molar-based constants (K°) were
converted into intrinsic equilibrium constants (K®) using the corrections established by
Sverjensky (2003).
For example, for the reaction

>SOH+ H" = >SOH,",

K® can be calculated as:

K® = KO( NA j (5.7)

N*A*
and for the reaction
>SOH =>SO + H",

K9 — KO( NA j_l (5.8)
N*A*

where, N and A are site density (sites/nm?) and specific surface area (m?/g) of the
sample and N* =10 sites/nm? and A* = 10 m?/g are the selected reference site density
and specific surface area.

K’ can also be calculated for other reactions in the similar way as that of
reactions (5.7) and (5.8). The new molar-based constants can be calculated from these
intrinsic equilibrium constants.

Following Chapter 4 for the fluoride sorption to the soil, the surface
complexation reactions considered are shown in Table 5.4. Table 5.4 also lists the
reaction constants after correction for solid concentration and surface area as per
Sverjensky (2003), as described before.

The surface area of the soil, 7.67 m%g, was as listed in Table 4.2. Site density
parameter is 9.356*10 moles/l (optimized site density corrected for solid concentration

and surface area).
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Table 5.4: Surface complexation reactions, optimized intrinsic surface

complexation reaction constants (logKin:), and model parameters.

Surface complexation reactions logKint

Reaction number  Table 4.7 corrected®

(Chapter 4)

>SOH+ H = >SOH, 43 4.67 59
SSOH = >3S0 + 1 4.4 -8.26 -10.42
SSOH+F +H =>SF+H,0 45 10.04 12.67
>SOH + F = >SOHF 46 578 73
>SOH +2F + AI3+: >SOAIF; + H+ 4.8 10.91 13.77
Surface sites density (moles/I) 3.29*10™ 9.3*10%
Surface area (m%/g) 9.68 7.67

a
logKint values are corrected as per Sverjensky (2003)

5.4.6.2.2. Transport model including surface complexation

Fluoride sorption was described by a diffuse double layer model (Dzombak and
Morel, 1990). The initial soluble ion and mineral concentrations are as listed in Table
4.3.

Modeling fluoride sorption was difficult because of the application of stop flow
events before the breakthrough (Figure 5.4) and unavailability of other geochemical
parameters. Thus, in this study, only desorption experimental results were used for
detailed analysis.

Model 1

Fluoride desorption kinetics was modeled for the second column after the
fluoride sorption experiment. First, a 1-D reactive transport model was considered
accounting for fluoride sorption represented by fluoride sorption reactions (Table 5.4)

with corrected equilibrium constants and site density. However, the model predicted
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high fluoride sorption with the calculated site density. Consequently, the site density
parameter was decreased by trial and error to fit the fluoride effluent data. The site
density considered in the final model is 3.356*10 moles/I. This variation could be due
to the variation in the soil properties, e.g., the batch experiments of Chapter 4 used <
250 pm grain sized soil, whereas the column considered for fluoride transport consists
of soil with < 2mm grain diameter. This kind of corrections were already adapted by Liu
et al., (2008), e.g., for corrections of logKi,; of U(VI) sorption reactions. The simulated
results from the final model were shown in Figure 5.10. The model well predicted
fluoride desorption from the column. Stop flow events were not included in the final
model (Figure 5.10), as the effect of stop flow on fluoride desorption was negligible
(Figure 5.6) and the model including stop flow events where flow interruptions were
defined by diffusive flow only, did not produce any change in concentration during
fluoride desorption. The final set of flow and transport parameters and geochemical

parameters are presented in Table 5.5.

Model 2: The two domain model coupled with surface complexation reaction:

The concept of a two-domain model for solute transport in soil was presented by
Coats and Smith (1964). This model has been proven to be a versatile and popular
method for analyzing solute breakthrough curves (BTCs). The final set of model
parameters considered in the PNADE model is presented in Table 5.5. The porosity (6)
and velocity (v) were the measured values, while the dispersion coefficient was
determined by fitting the §°H breakthrough curve to the ADE (Figure 5.8). The mass
transfer coefficient («) and mobile water fraction £ values are adjusted by trial and error
and considered to be 1.32*10 s and 0.73, respectively. The simulated results from the
PNADE model are quite similar to that of the results from ADE model (Figure 5.10).
The agreement of the predicted values for fluoride desorption data with these two
different models demonstrates that physical nonequilibrium may not be important in the
conditions simulated in this study.

Numerical oscillation could not be eliminated in both the model calculations
(ADE and PNADE model), which resulted in overshooting in the fluoride breakthrough
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curve during early part of the simulation calculations, however, the tailing was not
affected.

Table 5.5: Parameters considered in the final model

Parameters ADE model PNADE model
Column length (cm) 30 30

Pore velocity (m/s) 4.55%107 4.55%107
*Dispersion coefficient (m?%/s) 8.9%107 8.9%107
Total porosity 0.39 0.39

Mas transfer coeff. (sec™) - 1.32*10°
Mobile water fraction -- 0.76

logK for reactions

43 5.9 5.9

4.4 -10.42 -10.42

45 12.67 12.67

4.6 7.3 7.3

48 13.77 13.77

Sites density (moles/I) 3.356*107 3.356*10%

Surface area (m%/g) 7.67 7.67

Influent water Fluoride free water with pH 7 in both the model
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Figure 5.10: Fluoride desorption from the soil column. Symbols are the experimental
data, and lines are model-calculations. Model 1 represents model calculations, where
fluoride sorption was described by surface complexation and the surface complexation
constants were corrected. Model 2 represents model calculations with the two-domain
model coupled with surface complexation reactions, with the two-domain model
parameters estimated from &°H breakthrough data and corrected to fit the observed
fluoride desorption data.

A drop in effluent concentration immediately after the resumption of flow

indicates nonequilibrium behavior (Brusseau et al., 1989). In this study, a small drop in
effluent fluoride concentration was observed after the first stop flow event, which may
suggest nonequilibrium, however, stop flows after the first stop flow does not have
significant effect.
The Damkohler number (Dal) (Dal = aL/v) can indicate whether reaction rates should
be considered in analyzing sorption/desorption processes. For example, if Dal>>1, then
the solid phase concentration is considered to be in equilibrium with the solution phase
concentration for the time scale of the experiment (Barry and Li, 1994). In this
experiment, the combination of Dal value of 8.7 and B value of 0.73 may suggest
equilibrium conditions.

Considering the multitude of processes and scales that may contribute to rate
limited mass transfer, e.g., when fluoride will exist as adsorbed phase that could be

associated with mineral surfaces, dispersed in grain coating materials, and/or distributed
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within intra-aggregates, the multisite Kinetic processes should be considered (Haggerty
and Gorelick, 1995). The multirate mass transfer models have already been developed
and applied for contaminant release, e.g., U(VI) release from sediment by accounting
for the surface processes of U(VI) sorption to the sediment (Liu et al., 2009). In addition,
the mixing model approach of PHREEQC has been questionable by many researchers to
predict effluent release from soil/sediment in comparison to the sequential iteration
approach. Hence, the model can be considerably improved by considering a multi-site

and multirate mass transfer processes.

5.5. Conclusions

Potential applications of the two-region model for predicting fluoride transport
under conditions of chemical and physical nonequilibrium were demonstrated in this
chapter. The inclusion of surface complexation of fluoride on the soil surface improved
the description of effluent data. The results from the PHREEQC dual-porosity transport
model that uses a finite-difference approach showed good agreement with the observed
data.

The fate and transport of fluoride in the geo-environment is important
considering possible contamination of groundwater and plant availability. Sorption of
fluoride in a soil column during fluoride transport in a soil column showed that the
sorption is high and could be explained by surface complex formation on the soil
surface.

Stable isotopes of water (50 and °H) are found to be useful tracers for column

experiments in laboratory scale.
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Chapter 6: Summary, Implications and Recommendations
6.1. Summary

The results of this thesis can be summarized as follows:

Leachable fluoride from soil can contaminate the shallow groundwater under
suitable conditions. Hence, it is necessary to decipher fluoride transport processes in
soil. Studying contaminant transport in the laboratory scale gives an idea to scale the
geochemical reactions and Kkinetics into reactive transport models for large-scale porous
media containing multiple flow domains (e.g., mobile and stagnant zones). The overall
objectives of this study were (1) to identify the mechanism of fluoride
sorption/desorption in a granitic soil under wide range of environmental conditions, (2)
to develop a fluoride reactive transport model describing the physical and chemical
non-equilibrium processes observed in laboratory scale.

First, areas with fluoride contamination of groundwater in India (e.g. Rangareddy;,
Telengana) and Japan (Nishinomiya, Japan) were selected and investigated to
understand the behavior of fluoride in groundwater and soil system. Granitic soils from
Nakatsugawa (Japan) and Tsukuba (Japan) were also investigated to understand the
geochemical factors responsible for fluoride mobilization in the soil system. The
leachable fluoride in Rangareddy, India is comparatively high (1.2-30 mg/kg) and
corresponds to the occurrence of dissolved fluoride in groundwater in the respective
area (2.0-2.3 mg/l). Fluoride in groundwater and soil leachate is negligible in
Nakatsugawa (Japan) and Tsukuba (Japan). In Nishinomiya (Japan), soil leachable
fluoride is in lower range although shallow groundwater is contaminated with fluoride.
Soil pH, mineral constituents and infiltrating solutions were found to be correlated to
soil leachable fluoride. From the field observations, it can also be inferred that in areas
with heavy rainfall, the leachable fluoride is negligible whereas in arid/semi-arid areas,
the leachable fluoride is rather high, which may suggest secondary enrichment of

fluoride in soil.
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Next, fluoride sorption to calcite was studied because calcite is a major soil
constituent in calcareous soil and fluorite precipitation was reported to be the
mechanism of fluoride removal from aqueous solution. The batch experiment results
and surface complexation modeling suggest that at low fluoride concentration, surface
adsorption could be the governing mechanism. Fluoride adsorption was described by
the formation of two surface complexes, >CaF° and >COsFCa’ on the calcite surface.
The database for fluoride sorption on calcite was created which can be used in other
studies for fluoride interaction with calcite. The importance of this part of research lies
in the understanding of the confirmation of fluoride interaction with calcite at lower
fluoride concentrations, where fluorite precipitation does not occur, by surface

complexation modeling approach.

Next, fluoride sorption to a granitic soil was investigated. The results from batch
experiment, surface complexation modeling, pore structure analysis and spectroscopic
investigation suggest strong fluoride retention in soil. The characteristics of pH
dependent fluoride sorption were well understood by surface complexation modeling
with general composite approach. Fluoride sorption was considered by the formation of
>SF, >SOHF and >SOAIF, complexes. The intrinsic surface complexation constants for
fluoride sorption reactions and site protonation reaction along with surface site density
were optimized. The results demonstrate the importance of including dissolved Al and
Al-F complex sorption in the model, despite the fact that dissolved Al and Al-F

complex sorption were neglected in previous studies.

Finally, kinetic transport of fluoride in a granitic soil was investigated in the
laboratory during fluoride sorption and desorption. Sorption capacity of the soil is high
with breakthrough occurring after 17 pore volumes of fluoride injection. Fluoride
desorption was comparatively fast, and desorption was slow after 10 pore volumes of
flushing with long tailing. No considerable effect of flow interruption on the effluent
data during desorption was found, which is reasonable considering the high peclet

number considered.

The linear Kd model was first used to explain fluoride desorption data. The

transport parameters were optimized from the tracer data (stable isotope of water, 880
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and 8°H). The linear model could not explain fluoride desorption, especially the tailing
during desorption. Hence, a geochemical model considering fluoride sorption in soil by
surface complexation was developed and used to explain fluoride transport during
desorption in the column. Both the single domain and two domain models were used to
explain the observed data. Fluoride sorption was described by sorption to a generic
surface site, and the intrinsic surface complexation constants for fluoride sorption
reactions and surface site protonation and deprotonation reactions were corrected from
that of the optimized results from batch experiments, in order to account for the site
concentration. The results show that the model, where fluoride sorption was described
by surface complexation could explain fluoride desorption observed data quite
satisfactorily. The results from the two domain model does not vary much from that of
the single domain model, which shows that in the experimental conditions, mass
transfer to the immobile zones may not be important as that of considering fluoride

sorption by surface processes.

The results of this thesis show that fluoride desorption is highly affected by pH
and the interfering ions and presence of dissolved Al effects the model calculations.
Long tailing was observed during fluoride desorption, which needs attention while
designing remediation measures. Both of the two-domain model and single domain
model produced almost similar breakthrough curves. Moreover, inclusion of fluoride
sorption as surface complexation resulted good fit to the observation. Fluoride induced
Al release from soil was observed which needs attention as the toxicity of Al-F

complexes is controversial.

6.2.Implications
1. The results of this study show that the transport of fluoride is dependent on the
geochemical factors. In highly contaminated soils, the slow and gradual release
of fluoride can be of significant concern, under favorable conditions.
2. Dissolved Al is important to be considered in model applications considering

fluoride sorption in presence of Al.
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3. SCMs could successfully describe fluoride sorption behavior in contrast to the

classic isotherm models.

4. Mobility of fluoride also depends on the complex form of fluoride (e.g.,

precipitate, surface bound or co-precipitate).

5. Since experimental and numerical investigation of kinetic behavior of fluoride in
natural soil is first of its kind, the transport model can be used for further
laboratory investigations and can be tested in the field by scaling up the

parameters.

6. Stable isotope of 8'°0 and &°H could be used as tracers in laboratory

experiments without affecting the contaminant of concern.

7. The observations from this study also show fluoride induced Al release, which is

another potentially toxic element, which warrants further investigation.

6.3. Recommendations

1. Fluoride measurement in soil solution:
This study used colorimetric, ionmetric and chromatographic methods for
fluoride analysis. The analytical results from batch experiments show that with
increase in ionic strength of solution, Al release from soil increases. All of the
methods used in this thesis for fluoride analysis are affected by Al in solution in
addition to other parameters. Although different methods exist to diminish the
effect of Al on fluoride measurement, attention should be paid to the methods
used for removing Al interference. Also, during batch experiments relating soil
and fluoride, ionic strength should be checked for possible Al release from soil
in addition to fluoride.

2. Surface complexation modeling
Dissolved Al and Al-F complex should not be neglected in the model, when Al is

present in solution.
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3. Fluoride desorption processes should be studied in more detail, e.g., under
different flow conditions, under the influence of competing ions and different
pH conditions. The two-domain model should be improved to account for the
sorption to multi-sites at different rate of mass transfer processes.

4. Soil fluoride leaching could be an important contributor to groundwater fluoride
contamination in suitable conditions (change in pH, change in flow field and
change in environmental conditions). This could also enhance plant fluoride and
Al uptake. Hence, the transport behavior of fluoride in soil should be

investigated in areas rich in leachable soil fluoride.
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