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Abstract of the Dissertation 

Tungstate Sorption Mechanisms on Various Mineral Surfaces: 

Systematic Batch Uptake Experiments and Spectroscopic Studies 

by 

Hyuck Hur 

Doctor of Philosophy 

in 

Chemistry 

Stony Brook University 

2014 

The importance of this study is related to releases of tungsten to environment as a result 

of its widespread used in industrial, civil, and military applications. Recent studies have reported 

the oxidative dissolution of tungsten metal or alloy under appropriate pH and redox conditions 

resulting in the formation of tungstate, W(VI), which occurs mainly as oxyanions—some of 

which have a high solubility in aquatic and soil systems. Therefore, the environmental fate of W 

ultimately depends on an understanding of tungstate geochemistry.  

We will discuss the role of tungstate speciation on its sorption mechanism on 

environmentally relevant mineral surfaces, including aluminum oxyhydroxide, hydroxyapatite 

(HAP), and layered double hydroxide (LDH). Tungstate speciation in aqueous systems is 

strongly related to its mobility, toxicity, and bioavailability. Tungstate speciation in aqueous 

solution was investigated using reported stability constants of known tungstates, combined with 

characterization by X-ray absorption spectroscopy (XAS) and electrospray ionization mass 

spectroscopy (ESI-MS). Batch uptake experiments were carried out to investigate tungstate 

sorption behavior on boehmite over a range of environmentally relevant conditions such as pH, 

tungstate concentration, and ionic strength. Tungsten L1- and L3-edge XANES was used to 

distinguish coordination environment around W atoms. The local structure and coordination of 

tungsten at the surface were determined using tungsten L3-edge EXAFS, which allowed us to 
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further characterize the binding mechanisms. Various sorption mechanisms such as the surface 

polymerization (aluminum oxide), the intercalation reaction (LDH), and coprecipitation (HAP) 

were suggested depending on the properties of mineral surfaces in this study. This work will 

provide a foundation for subsequent studies of tungstate sorption on other solids. The findings 

also have possible implications for tungsten toxicity in natural environments.   
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Chapter 1. Introduction: Environmental Chemistry of Tungstate 

1.1 Overview 

The focus of this thesis is the investigation of tungstate sorption mechanisms on various 

mineral surfaces, including aluminum oxyhydroxide, hydroxyapatite, and layered double 

hydroxide. The importance of this study is related to releases of tungsten to the environment as a 

result of its widespread uses in industrial, civil, and military applications. Despite its broad 

applications and extensive uses, tungsten is one of the least studied transition metals in the 

environment, partly because it has been considered as being non-toxic in its metal and alloy 

forms.
1-3

 However, recent studies have reported the oxidative dissolution of tungsten metal or 

alloy under appropriate pH and redox conditions
4
 resulting in the formation of tungstate, W(VI), 

which occurs mainly as oxyanions—some of which have a high solubility in aquatic and soil 

systems. Therefore, the environmental fate of W ultimately depends on an understanding of 

tungstate geochemistry. 

The toxicity, mobility, and bioavailability of tungstate are dependent on its chemical 

speciation. Tungstate speciation in solution is somewhat more complicated than other oxyanions 

owing to its strong tendency to polymerize at low pH conditions. Furthermore, polymerization 

kinetics can be sluggish, resulting in the appearance of intermediate species in the laboratory 

time scale, as we demonstrate using electrospray ionization mass spectroscopy (ESI-MS) in 

Chapter 2.
1, 5

 The most important factors influencing tungstate speciation are pH and 

concentration in solution. 

In this thesis, I have focused on the role of tungstate speciation on its sorption 

mechanisms on environmentally relevant mineral surfaces. The studies are briefly summarized in 

section 1.6, and the following chapters will describe detailed experimental procedures and results.  
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1.2 Introduction of tungsten and tungstate 

1.2.1 Tungsten 

Tungsten is an economically important transition metal with noteworthy chemical and 

physical properties. It has the highest melting point of all elements, a boiling point of 5660 °C, 

high electrical and thermal conductivity, and the lowest vapor pressure and expansion coefficient 

of all metals.
6
 Tungsten belongs to the VIB group along with Cr and Mo, and exists in a variety 

of oxidation states (-2, -1, 0, +2, +3, +4, +5, +6). In nature, tungsten is found dominantly 

associated with oxygen. Common forms include the minerals scheelite (CaWO4) and wolframite 

[(Fe, Mn)WO4]. 

The unique chemical and physical properties of tungsten are used to advantage in a wide 

range of applications. The industrial uses of tungsten include construction industries, 

electrical/electronic applications, heavy metal alloys and super alloys, and wear-resistant 

mechanical parts and specialized tools. The chemical uses of tungsten vary from catalysts to 

inorganic pigments. In civil life, it is used in lamp filaments, electrical consumer products, tires, 

and outdoor activities such as golf, fishing, and hunting ammunition.
2
 Recently, tungsten has 

replaced lead in many military applications because of the adverse effects of lead in 

environments and related public health concerns. 
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Figure 1. 1. World consumption of tungsten by end-use (2010). Graphic taken from Minor 

Metals Trade Association (http://www.mmta.co.uk/tungsten-market-overview) 
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With the increasing uses of tungsten, its toxicological and environmental effects have 

begun to receive new attention over the last decade. In the U.S. workplace exposure to soluble 

and insoluble tungsten compounds is regulated
7, 8

, although there are no drinking water standards 

or discharge limits for air, surface water, groundwater or soils. An intensive tungsten eco-

toxicological research program was conducted in Russia. As the results of this study, the Russian 

Federation limits tungsten levels in drinking water (0.05 mg/l) and in fishing lakes and rivers 

(0.0008 mg/l).
2
 Intensive investigations of tungsten, including its fate and transport, as well as 

toxicological and ecotoxicology studies, have been conducted in connection with the U.S. 

Army’s Green Ammunition Program.
3, 9-14

 Biomedical researches have also examined potential 

applications of tungsten for implants and drugs.
15-17

 A possible connection of tungsten to the 

childhood leukemia cluster in Fallon, NV, has also been studied extensively.
18-22

 

Whereas tungsten has long been considered as nontoxic or environmentally inert in its 

metallic or alloyed forms, recent studies have focused on the toxicological aspects of tungstate.
1-4

  

Recent studies have also identified the occurrence of monomeric and polymeric tungstate species 

in soils.
3, 10, 11, 13, 22

 For example, Clausen et al. reported monotungstate, polytungstate, and 

polyoxometallate species in firing range soils.
13

 The study using size exclusion chromatography 

(SEC) Inductively Coupled Plasma Mass Spectrometry (ICP-MS) by Bednar et al. found several 

tungstate species which showed different mobilities.
11
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Figure 1. 2. Tungstate speciation in solution as a function of pH.
2
 Tungstate favors formation of 

polymeric tungstate under acidic condition, while monotungstate is dominant above neutral pH. 

Some polytungstates in the diagram are intermediate species, and the time-scale of conversion 

kinetics is indicated. Graphic taken from reference 2. 
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1.2.3 Tungstate species   

Chromium and molybdenum share the VIB group with tungsten. In their highest common 

oxidation state (VI), these elements form oxyanions, including dimeric or polymeric species in 

solution under appropriate conditions.
23

 The two most important oxidation states of Cr in 

solution are Cr(VI) with mostly tetrahedral coordination and Cr(III) with octahedral 

coordination.
24

 Chromium(VI) forms monomeric and polymeric species such as chromate 

(CrO4
2-

), dichromate (Cr2O7
2-

), and less commonly trichromate (Cr3O10
2-

) and tetrachromate 

(Cr4O13
2-

), depending on pH and concentration in the solution. Although tungsten and 

molybdenum can exist in several oxidation states, hexavalent is the most important oxidation 

state in solution.
2
 In contrast to mineral forms of W or Mo, the solution chemistry of 

tungsten(VI), tungstate, and molybdenum(VI), molybdate, is complicated. The dominant 

oxyanion species of tungstate and molybdate at basic pH are monomeric forms with tetrahedral 

coordination, WO4
2-

 and MoO4
2-

. Tungstate and molybdate can also form polymeric species 

depending on pH and concentration in solution. The tendency for polymerization in the VIB 

group increases with increasing atomic number.
23

 Tungstate has generally seen less study than 

molybdate and chromate regarding its aqueous chemistry. 

ESI-MS was utilized to determine tungstate species in several tungstate salt solutions.
25

 

Walanda et al. reported the formation of polytungstates in freshly prepared aqueous tungstate 

solutions under acidic condition, and observed cation effects on tungstate species.
25

 This study 

suggested a mechanism of tungstate polymerization via formation of open chain structures 

consisting of octahedral units that are edge shared with terminating tetrahedral units.  
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Figure 1. 3. Structures of some common polytungstates. Polytungstates are formed by 

condensation of simple tungsten anions WO4
2-

 by protonation and release of water molecules. 

These polytungstates were included for the tungstate speciation calculation in Chapter 2. Image 

taken from Jena Bioscience (http://www.jenabioscience.com)     

http://www.jenabioscience.com/
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 Tungsten can also form a variety of polyoxometallates (POMs) in solution and in soil 

systems.
29, 30

 Tungsten-containing POMs can be considered a subset of polymeric tungstates, and 

may be difficult to distinguish because of structural similarities. Tungsten POMs consist of WO6 

octahedra and a central MO4 tetrahedron.  Phosphotungstic acid (H3PW12O40), which has the 

Keggin structure, is the best known example (Figure 1.3).
1
 Although previous studies reported 

their occurrence in environmental samples, few studies have examined their fate in soil or 

aquatic systems.
31-33

 Given the large molecular size of POMs, their mobility is expected to be 

low and thus would likely be retained in soils. Therefore, tungsten POMs, along with other 

polymeric species, deserve greater investigation from a geochemical perspective.    

1.2.4 Speciation and toxicity, mobility, and bioavailability 

Tungstate speciation is relevant for understanding its toxicity, mobility, and 

bioavailability. The toxicological and biological effects of tungsten have been studied through 

experiments with monotungstate.
2, 17, 34, 35

 Polytungstates have unique physical and chemical 

properties in comparison to monotungstate, and therefore can be expected  to have different 

biological and toxicological properties. This is supported by recent discoveries indicating that 

tungsten speciation may be important to ecotoxicology, with polymeric tungstates differing from 

monotungstate with respect to toxicity.
1
 

Different effects of polytungstate on porcine sperm activity compared to monotungstate 

were observed by Tajima et al.
36

 In further studies, polymeric tungstate compounds enhanced 

antibacterial activity of β-lactam antibiotics on methicillin-resistant Staphylococcus aureus, 

while monotungstate showed no influence.
37-39

 This led to further studies showing different 

effects on genes for tungsten POMs compared with monomeric tungstate.
16,40 
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Different levels of toxicity depending on tungstate species were observed in experiments 

with plants and fish.
1, 40, 41

 In toxicological experiments involving fish, sodium metatungstate 

(3Na2WO4·9WO3), a representative polytungstate, showed significantly greater toxicity than 

sodium tungstate, Na2WO4.
40, 41

 A similar toxicity of phosphotungstic acid, silicotungstate acids, 

and sodium metatungstate was also observed in studies by Strigul.
1, 40, 41

 These polytungstate 

have unique properties from an environmental toxicology point of view; they behave as 

oxidation agents and have acidic properties.
42-44

  

1.2.5 Previous sorption studies   

As mentioned above, the fate of tungstate in aquatic and soil systems is controlled by its 

speciation. For elements present in trace or minor concentrations, sorption on mineral surfaces 

represents a primary control on their mobility and bioavailability in natural environments. 

Relatively few studies have investigated tungstate sorption mechanism on mineral surfaces.
9, 18, 

45-47
 Laboratory experiments and modeling of tungstate sorption on ferrihydrite were conducted 

by Gustafsson.
45

 The experimental results showed that tungstate strongly adsorbed on the 

ferrihydrite surface, showing pH dependence typical for anions. The Diffuse Layer Model (DLM) 

and CD-MUSIC Model (CDM) were used to fit the data with both mono- and polytungstate 

species. Competition between anions with strong affinity to form inner-sphere complexes is 

largely dependent on the relative sorption capabilities at the specific conditions. Xu et al. 

examined the competition of tungstate with other anions, including molybdate, phosphate, sulfate, 

and silicate, on the goethite surface.
46

 This study reported that the affinity of anions for the 

goethite surface follows the order phosphate  tungstate > molybdate > silicate > sulfate. 

Tungstate sorption on a biosorbent-coated clay was also investigated by Gecol et al.
47

 Whereas 

all of these earlier studies found that tungstate interacts strongly with mineral surfaces, none has 
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focused on tungstate speciation and its role in sorption behavior. Therefore, the focus of this 

thesis is to highlight that aspect of tungstate geochemistry in order to gain a better understanding 

of mechanisms associated with the behavior of tungstate in natural systems. 

1.3. Sorbents  

1.3.1 Boehmite (γ-AlOOH) 

Aluminum-containing minerals are abundant in soils and other environmental systems. 

Boehmite has been widely studied as a model sorbent, representing solids containing 

octahedrally coordinated aluminum. Boehmite is isomorphous with lepidocrocite (γ-FeOOH). 

Boehmite occurs naturally as a common weathering product. Boehmite has a simple and well-

characterized structure.
48

 Boehmite is also known as an effective sorbent for anionic and cationic 

contaminants in solution with its typically high surface area and basic point of zero charge (PZC, 

8.7).
49-52

   

The structure of boehmite is shown in Figure 1.4. It consists of layers of edge-shared 

aluminum octahedra linked by hydrogen bonding. Nordin et. al distinguished  different oxygen 

sites in the structure (Figure 1.4).
48

 η
i
 sites indicate terminal (nonbridging) sites, with ‘i’ ligand 

atoms bonding to the metal, and  µ
i
 sites are ligand atoms that bridge ‘i’ metals. Boehmite 

consists of sheets containing 2 octahedral layers, giving the mineral a pronounced (010) cleavage 

that exposes 2 and 4 coordinated oxo groups (µ2-OH, µ4-OH) on basal planes and µ2-OH, µ3-O 

and η1-OH sites at the sheet steps and edges.
48
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Figure 1. 4. Idealized AlO6 polyhedral model for boehmite. Different oxygen sites are labeled 

with η and µ for terminal and bridging oxygen atoms, respectively.
48

 Graphic taken from 

reference 48.      
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1.3.2 Layered double hydroxide (LDH) 

Layered double hydroxides have been investigated for many years as possible host 

materials for anion exchange reactions. In this role they have been used extensively as ion-

exchange materials, catalysts, and sorbents. The structure of LDHs (Figure 1.5) consists of layers 

of positively charged brucite-like sheets, where the positive charge is balanced by intercalation 

of anions in the hydrated interlayer regions. LDHs have relatively weak interlayer bonding and, 

as a consequence, exhibit excellent ability to capture various anions. The most interesting 

properties of LDHs include large surface area, high anion exchange capacity, and good thermal 

stability.
53

  

The structure of LDHs can be described as a layered hydroxide (e.g. brucite, Mg(OH)2), 

where a fraction of the divalent cations coordinated octahedrally by hydroxyl groups have been 

isomorphously replaced by trivalent cations, giving positively charged sheets.
54

 The 
2+

 and M
3+

 

octahedra share edges to form infinite sheets. These sheets are stacked on top of each other and 

are held together by hydrogen bonding. The general formula of an LDH is [M1-

x
2+

Mx
3+

(OH)2]
x+

(A
n-

)x/n·mH2O, where M
2+

 and M
3+

 are divalent and trivalent cations, 

respectively; the value of x is equal to the molar ratio of M
3+

/(M
2+

+M
3+

), where the interlayer 

anion has valence n. The identities of M
2+

, M
3+

, x and A
n-

 may vary over a wide range, thus 

giving rise to a large class of isostructural materials with varied physiochemical properties.
55, 56

    

The intercalation chemistry of LDH hosts is very extensive. A huge variety of anions can 

be incorporated into the interlayer region of these hosts.
53, 56

 The schematic diagram of the 

intercalation reaction is shown in Figure 1.5  
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Figure 1. 5. General structure of layered double hydroxide and schematic showing the 

intercalation of 1,2-benzenedicarboxylate and 1,4- benzenedicarboxylate. Graphic taken from 

Inorganic biomaterials chemistry at the UCL School of Pharmacy 

( http://www.garethrwilliams.org.uk/research.htm)   
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1.3.3 Hydroxylapatite, Ca5(PO4)3(OH)  

Apatite is the most abundant naturally occurring phosphate mineral on Earth. 

Consequently, it is the major source of phosphorous, both as an ore and as the base of the global 

phosphorous cycle. The structure and chemistry of apatite allow for numerous substitutions, 

including metal cations (K, Na, Mn, Ni, Pb, Cu, REEs) that replace Ca in the structure, and 

anionic complexes (AsO4
3-

, SO4
2-

, CO3
2-

, SiO4
4-

) that substitute for PO4
3-

.
57-63

 These substitutions 

are usually in trace concentrations, but large concentrations ard even complete solid solutions 

exist for certain substituents. Moreover, apatite is commonly found in low temperature 

sedimentary environments and commonly precipitate form hydrothermal solution.
57, 64

 Because 

of its high affinity for many trace metals, the presence of apatite in environments can strongly 

influence the fate of trace elements. 

Substitutions can occur in HAP for the calcium ions, the phosphate groups, or the 

hydroxyl groups in the channel. It is assumed that oxyanions substitute into phosphate or channel 

hydroxyl sites, and cations replace Ca sites. One of the main complications in determining the 

location of cationic substitutions based only on experimental data is that the calcium ions in HAP 

occur in two distinct sites, Ca1 and Ca2. 
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Figure 1. 6. The structure of hydroxylapatite. Graphic taken from the website 

(http://electronicstructure.wikidot.com/cation-substitutions-in-hydroxyapatite) 
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1.4 X-ray absorption spectroscopy 

1.4.1 EXAFS Overview 

X-ray absorption spectroscopy (XAS) is a spectroscopic technique that used provides 

information on the local structure of an element in a sample. XAS has been widely applied in 

different scientific fields, including molecular and condensed matter physics, material science, 

chemistry, biology, mineralogy, and soil science since its modern development in the early 

1970s.
65

  The experiment is usually performed at synchrotron radiation sources, which provide 

intense and tunable X-ray beams. XAS spectra can be collected in the gas-phase, solution, or 

solids. Moreover, little or no sample pretreatment is typically required, making it ideally suited 

for complex systems. The structural information obtained from XAS is useful for identifying the 

chemical speciation of an element, including its oxidation state, coordination geometry, and 

neighboring ligands.  

X-ray absorption spectroscopy is the measurement of absorption changes associated with 

transitions from core electronic states of the element to the excited electronic states and the 

continuum; the former is known as X-ray near-edge structure (XANES), and the latter as 

extended X-ray absorption fine structure (EXAFS), which studies the fine structure in the 

absorption at energies greater than the threshold for electron release. These two methods give 

complementary structural information, the XANES spectra are more sensitive to the oxidation 

states and symmetry of the element, and the EXAFS can be useful to determine numbers, types, 

and distances of near-neighbor atoms.
66

 
67
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1.4.2 X-ray absorption coefficient (µ)  

The absorption of X-rays by a material can be given by the percentage decrease in the 

incident X-ray intensity (I0) or by the energy-dependent absorption length of the material through 

the exponential factor, µx:  

     
   

    

The absorption coefficient (µ) varies according to individual elements. Elements such as Pb have 

greater X-ray absorption coefficients than lighter elements, such as O.  

The X-ray absorption coefficient (µ) is a function of the incident X-ray energy:  

       
  
  

  

The probability for absorption increases sharply when the incident X-ray energy equals the 

energy required to excite an electron to an unoccupied electron orbital. These steps in the 

absorption coefficient are termed absorption edges.  

1.4.3 Absorption edge 

The absorption edges are the specific energies where the absorption coefficient suddenly 

increases. Each element has a specific set of absorption edges at the binding energies of its 

electrons. Therefore, XAS is an element specific technique. Figure 1.7 is an example of the 

absorption edges of Pb. The edges are named according to the principal quantum number of the 

electron that is excited. The energy of a specific edge increases as the atomic number of the 

element increases. Electrons in the K-shell show greater binding energy than those in L and M 

shells because the K-shell is closer to the atom’s nucleus.   
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Figure 1. 7. X-ray absorption edges of Pb. Three major transition are seen (K, L, and M edges)
68

 

Graphic taken form reference 70 .  
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1.4.4 X-ray absorption near-edge structure (XANES)  

XANES is the part of the absorption spectrum near an absorption edge, ranging from 

approximately -50 to +200 eV relative to the edge energy (Figure 1.8). XANES provides detailed 

information about the average oxidation state and coordination geometry of the atoms of the 

given element. The shape of the absorption edge is related to the density of states available for 

the excitation of the photoelectron. Therefore, the coordination geometry and the oxidation state 

of the atom affect the XANES part of the spectrum (Figure 1.9). 

In this study, W L1- and L3-edge XANES were used to provide information on the local 

symmetry and coordination of the tungstate sorbed on various surfaces. All XANES spectra of 

the model compounds are given in the Appendix. The local symmetry of W is determined by the 

area of pre-edge peak of the W L1-edge XANES, which is due to a 2S → 5d transition.
69

 This 

transition is dipole-forbidden for regular octahedral symmetry. However, it is partially allowed 

for a distorted octahedral structure, which gives rise to the absence of an inversion symmetry 

because the p orbitals are mixed with 5d orbitals. Therefore, tungsten tetrahedra exhibit a large 

pre-edge area in W L1-edge XANES.  For the L3-edge, the white line feature in transition metals 

is attributed to electronic transitions from the 2p3/2 orbital to vacant s and d orbitals. Teo and Lee 

have reported that mainly the p-d transition contributes to the white line intensity.
70

 Therefore, 

the L3-edge X-ray absorption white line reflects the electronic states of the vacant d orbitals of 

the atom. In the case of W L3-edge X-ray absorption, the prominent peak in the white line is 

caused by the 2p → 5d transition. The splitting of the white lines depends on the symmetry of 

the W unit because the splitting corresponds to ligand field splitting of the d orbitals.
71-74

  

Therefore, W L3-edge XANES provides direct structural information for W units via splitting of 

the white line. In this study, the combination of the area of the pre-edge peak of W L1-edge 
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XANES spectra and the energy separation between the peaks in the W L3-edge white line were 

used to obtain more reliable information on the structure of the W species.  
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Figure 1. 8. a, Mn K-edge XANES and EXAFS spectra. The energy levels are indicated at the 

top of the panel. The expanded views show the Mn K-edge XANES and the k-space EXAFS 

spectrum. The Fourier transform of the k-space EXAFS data is shown on the right. B.  Schematic 

views of the outgoing and backscattered photoelectron waves at bottom illustrate the concept of 

interference in EXAFS. (Left: constructive interference; right: destructive interference) Graphic 

taken from reference 11.  
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Figure 1. 9. Examples of XANES spectra. a, Cr K-edge XANES spectra for different 

coordination environments.
75

 Tetrahedrally coordinated Cr(VI) shows a strong pre-edge feature, 

while small steps appear in the pre-edge region for Cr(III) octahedra. b, Se K-edge XANES 

spectra for different oxidation states.
76

 The different oxidation states of sulfur show different 

absorption energies. Graphics taken from references 12(a) and 13(b). 
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1.4.5 Extended X-ray absorption fine structure (EXAFS)  

EXAFS is the oscillatory part of the absorption coefficient above the absorption edge 

extending to approximately 1000 eV or higher (Figure 1.8). The EXAFS region is used to 

determine local molecular bonding environments of the specific absorber element. The EXAFS 

spectrum contains information on the types and numbers of atoms in coordination with absorber 

atoms, their interatomic distance, and the degree of local bonding disorder.  

At energies somewhat greater than the lowest unoccupied molecular orbital (LUMO) 

level, the absorption of an X-ray provides sufficient energy to cause the absorbing atom to 

release the electron. Any excess energy is carried off as translational kinetic energy, which is 

alternatively reflected in the wavelength associated with the electron treated as a wave 

phenomenon. The kinetic energy of the photoelectron is equal to the difference between the 

incident X-ray energy (E) and the binding energy of the photoelectron (E0): 

        

The wave nature of the departing electron results in interference owing to scattering by nearby 

atoms. Thus, the EXAFS oscillations result from the interference between the outgoing 

photoelectron wave and components of backscattered waves from neighboring atoms in the. The 

relative phase is determined by the photoelectron wavelength and the interatomic distances 

between the absorber and scattering atoms (Figure 1.8 b). Each atom at the same radial distance 

from the absorber contributes to the same component of the EXAFS signal (Figure 1.10). This 

group of atoms at a particular radial distance is called a shell. The number of atoms in the shell is 

the coordination number (CN).  
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The EXAFS equation can be expressed as follows
77, 78

: 

 

The terms Feffi(k), ψi(k), and λ(k) are the effective scattering amplitude of the photoelectron, the 

phase shift of the photoelectron, and the mean free path of the photoelectron, respectively. All of 

those terms can be calculated using the ab initio computer program FEFF.
79

 The Ri distance is 

one-half the path length of the photoelectron. The value of Roi is one-half the path length used in 

the theoretical calculation which can be modified by ΔRi. 
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Figure 1. 10. Schematic of the absorber atom (N0) surrounded by two shells of atoms, N1 at 

distance R1 and N2 at distance R2. Single (1) and multiple (2, 3) backscattering paths are depicted 

in b. Graphic taken from reference 2. 
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1.4.6 Tungstate coordination geometries and relevant model compounds for X-ray 

absorption spectroscopy 

Reference compounds were chosen to represent a range of W(VI) coordination 

environments, including isolated tetrahedra and octahedral, and various polymeric forms (Figure 

1.11). The compounds Na2WO4·2H2O and CaWO4 contain exclusively isolated tungstate 

tetrahedra, whereas Ba2NiWO6 contains exclusively isolated tungstate octahedra (Oh symmetry). 

Polymeric tungstate reference compounds include phosphotungstic acid (H3PW12O40), sodium 

metatungstate (Na6W12O40·xH2O), sodium ditungstate (Na2W2O7), and tetrabutyl-ammonium 

hexatungstate (TBA-W6O19). TBA-W6O19 contains isolated W6O19 units in which six distorted 

tungstate octahedra share edges. Tungsten occurs as distorted octahedra in WO3, sharing all 

corners in a perovskite-like structure. Na2W2O7 contains both tetrahedral and octahedral tungsten 

in a 1:1 ratio. Phosphotungstic acid has a Keggin-type structure with tungstate octahedra around 

a tetrahedral phosphate center.  
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Figure 1. 11.. Structural representations of selected tungstate model compounds with different 

coordination environments. a) Na2WO4·2H2O (tetrahedral), b) Ba2NiWO6 (isolated and perfect 

octahedral), c) Na2W2O7 (tetrahedral and octahedral), d) WO3 (distorted octahedral, only corner 

sharing), e) TBA-W6O19 (distorted octahedral, only edge sharing), f) phosphotungstic acid 

(distorted octahedral, Keggin type), g) sodium metatungstate (distorted octahedral). 
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1.5 Outline of the thesis 

Chapter 2 addresses tungstate sorption on the aluminum oxyhydrixde mineral boehmite. 

We first consider tungstate speciation in aqueous solution using reported stability constants of 

known tungstate complexes. Batch uptake experiments were carried out to investigate tungstate 

sorption behavior on boehmite over a range of environmentally relevant conditions. XAS 

analysis shows that polymerization of tungstate appears to be favored during sorption onto 

boehmite. At pH 8, where monotungstate is the dominant solution species, polymerization on the 

surface is accompanied by a change in coordination from tetrahedral (in solution) to octahedral 

in the surface complex.  This study suggests that sorption onto boehmite is an effective means 

for environmental remediation of dissolved tungstate.  

In chapter 3, we determined the effect of Co(II) on tungstate sorption on the boehmite 

surface. This behavior was investigated over a range of Co(II) and tungstate concentrations at 

constant pH 7.5. In this study, we focused on high cobalt coverage, which results in formation of 

CoAl LDH on the boehmite surface. Sorption studies showed that enhanced tungstate uptake is 

strongly related to the CoAl LDH formation on the boehmite surface. XAS was utilized to 

investigate tungstate and cobalt in the surface complexes.  This study showed that the mobility of 

tungstate may be effectively limited by the presence of Co(II) on the boehmite surface at neutral 

and basic conditions. 

Chapter 4 demonstrates the possible application of CoAl LDH for tungstate removal from 

aqueous media at pH8, where tungstate is typically soluble and mobile. Batch reaction 

experiments with CoAl LDH were conducted as a function of tungstate concentration. Anion 

exchange resulting in layer expansion was studied using X-ray diffraction. The large sorption 
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capacity of CoAl LDH for tungstate is expected to effectively limit tungstate in aqueous systems 

via the anion exchange mechanism. Tungstate speciation was characterized using XAS. This 

study revealed CoAl LDH is an effective sorbent for tungstate removal from aqueous media. 

However, further studies of competitive reactions with other anions are needed to examine the 

prospective application of LDH for tungstate removal from aqueous systems. 

The mechanism of tungstate incorporation into hydroxyapatite (HAP) was investigated in 

Chapter 5. HAP is well known for its structural flexibility, resulting in the incorporation of 

various anions in the structure. The incorporation of tungstate into HAP may be an alternative 

way for the long-term immobilization in natural environments. The structure and mode of 

tungstate incorporation into HAP are important for determining the solubility and long-term 

stability of tungstate-coprecipitated phases and therefore the potential remobilization of the 

contaminant. The local structure of tungstate in HAP was investigated using XAS, and the results 

suggest tungstate replaced phosphate by forming defect sites. In parallel experiments, tungstate 

sorption reactions were perfromed as a function of tungstate concentration and pH. Although we 

provide some constraints on the structure of surface complexes, further studies are needed to 

distinguish the sorption mechanism and the surface complex of tungstate on the HAP structure.  
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Chapter 2. Tungstate Sorption Mechanisms on Boehmite: Systematic Uptake Studies and 

X-ray Absorption Spectroscopy Analysis 

Abstract 

Mechanisms of tungstate sorption on the mineral boehmite (γ-AlOOH) were studied 

using a combination of batch uptake experiments and X-ray absorption spectroscopy. Batch 

uptake experiments over the range of pH 4-8 and [W] = 50-2000 µM show typical sorption 

trends of oxyanions, and isotherm experiments reveal continued uptake with increasing tungstate 

concentration without any clear maximum. Desorption experiments showed that sorption is 

irreversible at pH 4, and only partly reversible at pH 8. Tungsten L1- and L3-edge XANES 

spectra of wet pastes recovered from uptake experiments at pH 4 and 8 indicate all sorbed 

tungstates are octahedrally coordinated, even though the dominant solution species at pH 8 is 

monotungstate. Tungsten L3-edge EXAFS analysis shows that sorbed tungstate occurs as 

polymeric form(s), as indicated by the presence of corner- and edge-sharing of distorted 

tungstate octahedra. The occurrence of polymeric tungstate at the boehmite surface at pH 8 

indicates that sorption is accompanied by polymerization and a change from tetrahedral 

coordination (in solution) to distorted octahedral coordination (on the surface).  The strong 

tendency for tungstate polymerization on boehmite can explain the continued uptake without 

reaching an apparent maximum in sorption, as well as the limited desorption behavior. Our 

results provide the basis for a predictive model of the uptake of tungstate by boehmite, which can 

be important for understanding tungstate mobility, toxicity, and bioavailability.  

Keywords: tungstate, tungstate speciation, boehmite (γ-AlOOH), sorption mechanism, 

polymerization, X-ray absorption spectroscopy 
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2.1. Introduction 

Until recently, little consideration has been given to the environmental impact of tungsten. 

This industrially important metal has been widely thought to be nontoxic in its pure or alloyed 

forms.
1, 2

 However, recent studies have shown that oxidized forms of tungsten are soluble under 

appropriate conditions of pH and redox potential.
3
 Oxidation of metallic forms of tungsten result 

in dissolution and formation of soluble anions that are mobile in aquatic and soil systems. 

Tungsten in the VI oxidation state, tungstate, forms many different oxyanions, including 

monooxyanion and polyoxyanion forms.
4-6

 The study of tungstate behavior in the environment is 

complex due to the occurrence of multiple species associated with polymerization and their 

interactions with environmental materials. The oxidation, dissolution, and mobilization of 

tungsten may lead to adverse environmental effects, including soil acidification as well as toxic 

effects on plants, soil microorganisms and invertebrates.
7-9

 Recent studies have shown that the 

toxicity of tungstate is related to its speciation. Strigul et al. studied toxicities of tungstate species 

in fish, and reported that polymeric tungstates were more toxic than monotungstate.
10

 

Investigation of tungstate behavior in aqueous systems, including its toxicity, has become 

increasingly important as its use in industry and releases to the environment have escalated. 

Tungsten is in the same chemical group with Cr and Mo. The oxyanions of these 

elements form dimeric or polymeric species in solution under appropriate conditions.
11

 Two 

important oxidation states of Cr in solution are Cr(VI) with mostly tetrahedral coordination and 

Cr(III) with octahedral coordination in aqueous solution.
12

 Chromium(VI) forms monomeric and 

polymeric species such as chromate (CrO4
2-

), dichromate (Cr2O7
2-

), and less commonly 

trichromate (Cr3O10
2-

) and tetrachromate (Cr4O13
2-

), depending on pH and concentration in the 

solution. The dominant oxyanion species of tungstate and molybdate at basic pH are monomeric 
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forms with tetrahedral coordination, such as WO4
2-

 and MoO4
2-

. As pH is decreased, tungstate 

and molybdate form polymeric species with mainly octahedral coordination. The polymerization 

is dependent on pH and tungsten or molybdenum concentration. Furthermore, the kinetics of 

formation of some polymeric species is sluggish, so that equilibrium speciation is not necessarily 

obtained over the time scale of lab experiments.
4
 The tendency for polymerization in the VIB 

group increases with increasing atomic number.
11

 Tungstate has generally seen less study than 

molybdate and chromate regarding environmental behavior.
13

 Tungstate speciation has been 

studied by several researchers with 
187

W nuclear magnetic resonance (NMR) spectroscopy, 

electrospray ionization mass spectroscopy (ESI-MS), and Raman spectroscopy.
4-6, 14

 General 

trends of tungsten polymerization are known under acidic conditions, but the mechanisms and 

kinetics are still not completely understood. 
4, 6, 14, 15

 

Sorption processes on mineral surfaces play an important role in regulating the 

distribution and mobility of trace metals in natural aquatic and soil systems. Tungstate has been 

shown to strongly adsorb on iron oxyhydroxide mineral surfaces at low pH conditions.
16, 17

 

Gustafsson used the Diffuse Layer Model and the CD-MUSIC model to describe tungstate (and 

molybdate) sorption on ferrihydrite, accounting for monomeric and polymeric tungstates to fit 

the experimental data for both models.
17

 The competitive sorption of tungstate and other 

oxyanions on goethite was studied by Xu et al.
16

  Tungstate sorption was found to be strongly 

competitive with molybdate and phosphate at the surface, whereas silicate and sulfate sorption 

was affected minimally by tungstate. Tungstate speciation in natural soils was studied by 

Bednard et al. and Clausen et al. with various analytical techniques.
2, 3

  These studies found 

tungstate forming polymeric species with phosphate and silicate, and suggested the general 

transformation pathway of tungstates in nature. However, little is known of the influence that 
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tungstate speciation plays in sorption behavior over a broader pH range and on other mineral 

sorbents. This fundamental information is important inasmuch as it may control tungstate 

mobility, toxicity, and bioavailability in natural systems. However, because of the complexity of 

tungstate speciation, the sorption mechanisms of tungstate remain poorly understood. 

In the present study, the aluminum oxyhydroxide mineral boehmite, AlO(OH), was 

chosen as a model sorbent, representing solids containing octahedrally coordinated aluminum. 

Boehmite occurs naturally as a common weathering product and is an effective sorbent owing to 

its high surface area and basic point of zero charge (~8.7). Its sorption properties have been 

studied for various metal cations and anions such as Pb, Ni, phosphate, and chromate.
18-21

  

In this study, we first consider tungstate speciation in aqueous solution using reported 

stability constants of known tungstates, combined with characterization by X-ray absorption 

spectroscopy (XAS) and electrospray ionization mass spectroscopy (ESI-MS). Batch uptake 

experiments were carried out to investigate tungstate sorption behavior on boehmite over a range 

of environmentally relevant conditions. Tungsten L1- and L3-edge XANES was used to 

distinguish coordination environment around W atoms. The local structure and coordination of 

tungsten at the surface were determined using tungsten L3-edge EXAFS, which allowed us to 

further characterize the binding mechanism as well as the dependence of tungstate sorption on 

environmental parameters such as pH, metal concentration and ionic strength. This work will 

provide a foundation for subsequent studies of tungstate sorption on other solids as well as other 

oxyanion species, such as molybdates and vanadates, which show similar behavior in solution. 

The findings also have possible implications for tungsten toxicity in natural environments. 
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2.2. Materials and Experiments 

2.2.1 Sorbent 

Boehmite from CONDEA Chemie GmbH was used in this study. Powder XRD was used 

to confirm the structure, and no other phases were detected. The specific surface area (SSA) of 

the boehmite was found to be 136 m
2
/g by five-point N2 Bruner-Emmett-Teller (BET) analysis, 

and a point of zero charge was determined as 8.7 in a previous study.
19, 22

 Boehmite suspensions 

were equilibrated at designated pH conditions for at least one day prior to further experiments.    

2.2 Batch uptake experiments 

 All sorption experiments were performed under atmospheric conditions. Tungstate stock 

solutions were prepared using Na2WO4·2H2O (Alfa Aesar) and deionized water. Tungstate was 

added to suspensions from 0.01 M or 0.1 M stock solutions. The stock solutions were pre-titrated 

to target pH values prior to addition to the suspensions. Both titrated and fresh stock solutions 

were compared in sorption studies and XAS studies, but no difference was observed from 

titrating stock solutions.  

Batch uptake experiments were conducted for a range of tungsten concentrations, from 

50 to 2000 µM, at pH 4, 6.5, and 8. Based on tungstate speciation calculations, pH 4 and 8 

represent solution conditions for which polytungstates and monotungstate, respectively, 

represent the major components in the solution. The pH 6.5 condition represents a mixture of 

monomeric and polymeric species. The boehmite suspensions were equilibrated overnight before 

being titrated to the desired pH using HCl or NaOH. After an additional 24 h equilibration time, 

a pre-determined amount of the 0.1 M or 0.01 M Na2WO4 solution was added to 1 g/L boehmite 

suspensions to achieve the target W concentration. Small amounts of 0.1 M HCl or NaOH were 

used to adjust the pH after adding the Na2WO4 solution to the suspension. After 24 hours of 
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equilibration on a shaker table, the suspensions were centrifuged for 10 min at 10,000 rpm, and 

10 mL aliquots of supernatant were collected from each sample. Tungsten concentration in the 

aliquots was measured with direct coupled plasma atomic emission spectroscopy (DCP-AES) to 

calculate the amount of tungsten sorbed on the boehmite surface. Selected samples were filtered 

using a vacuum pump, and the wet pastes were prepared for XAS analysis.  

2.2.3 Desorption experiments 

Desorption experiments were conducted following the sorption reactions (as described 

above) for selected samples. Two concentrations (200 and 1000 µM) of Na2WO4 solution were 

reacted with boehmite suspension for 24 h, and the suspension was centrifuged for 10 min at 

10,000 rpm. The solution was discarded, and the moist particles were re-suspended in tungstate-

free solution with the same pH condition and background electrolyte concentration. Aliquots (5 

mL) were taken at designated time periods, and W concentration in the solution was measured by 

DCP-AES to allow calculation of sorbed W. 

2.2.4 ESI-Mass spectroscopy  

 All ESI-MS data were measured with a Thermo TSQ Quantum Access Triple Quadrupole 

Mass Spectrometer at the Proteomics Center at Stony Brook Universtiy. The mass spectrometer 

was connected to an electrospray ionization unit. The samples were infused with 50 % acid 

nitrile and DI water at 5 µL/min in negative ion mode. The flow rate of the sheath gas was 

maintaied at 15 L/min for all samples, and the capillary temperature optimized at 270 °C. The 

spray needle voltage was 2.0 to 3.0 kV. For the data acquisition, the quadrupole mass filter was 

scanned from m/z 200 to 3000 for 1 s. A 2 mM Na2WO4 solution was titrated to pH 4 or 8 before 

ESI-MS measurement. Solutions were aged 5 h after adjusting to the designated pH; this spanned 

the typical period required for preparing the stock solution and initiating a sorption experiment.   
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2.2.5 X-ray absorption spectroscopy   

2.2.5.1 Tungsten L1- and L3-edge EXAFS and XANES 

Tungsten L1- and L3-edge XANES and L3-edge EXAFS were collected at beamlines 

20BM and 12BM at the Advanced Photon Source (APS, Argonne National Laboratory) and at 

X11A, X18B, and X19A at the National Synchrotron Light Source (NSLS, Brookhaven National 

Laboratory). Spectra were collected at the W L1 and L3 edges using Si(111) monochrometer 

crystals with detuning of 10–30%. Energy calibration was performed with a Ga filter (K-edge, 

10.367 keV) or a W metal foil for the W L3-edge (10.207 keV), and a Pt metal foil (L3-edge, 

11.564 keV) or a W metal foil for the W L1-edge (12.2 keV). The monochrometer was calibrated 

by assigning the indicated energy to the first peak of the derivative of the edge spectrum of the 

element used for calibration.  

EXAFS and XANES spectra for model compounds were collected in transmission mode. 

Model compounds were mixed with boron nitride to achieve the proper edge step, and then 

loaded into Lucite sample holders and sealed using two layers of Kapton tape. All spectra for 

sorption samples and solutions were taken in fluorscence mode using a partially implanted planar 

silicon (PIPS) detector at the NSLS and a 13-element Ge detector at the APS. Wet pastes 

obtained from vacuum filtration of reacted suspensions were sealed in Lucite sample holders 

with Kapton tape, and stored in sealed poly bags with wet tissues to prevent drying. Samples 

were placed at a 45° angle to the incident beam for fluorescence measurements.  Multiple spectra 

were routinely collected and averaged to achieve acceptable signal/noise.  

2.2.5.2 Tungsten L3-edge EXAFS fitting  

Data analysis was conducted using iFeffit
23

 and WinXAS
24, 25

. Shell by shell fitting was 

performed in real space. In fitting the model compounds, coordination numbers were fixed 
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because the structures are well known. All scattering paths were calculated by FEFF7 according 

to the published structures.
23, 26

 Fitting of model compounds was begun using only single 

scattering paths. In some instances, like paths close to each other were combined to minimize the 

number of paths necessary to get an acceptable fit.  The significance of multiple scattering (MS) 

from linear chains, e.g., O-W-O, has been previously noted by Kuzmin et al.
27

 This study 

reported that the contribution from multiple scattering (MS) paths is important for properly 

explaining the observed EXAFS spectra. Their study showed that the contribution of a MS path 

with 4 legs from near-linear O-W-O  chains is most significant for EXAFS fitting.  In the present 

study,  fitting results were compared with and without this MS contribution. 

The primary challenges in fitting W L3-edge EXAFS spectra for soprtion samples arise 

from the existence of multiple, overlapping paths for polymeric species and the likely existence 

of multiple species, particularly at higher tungsten concentrations. A distinction between 

tetrahedral and octahedral coordination can be made on the basis of  average, first-shell W-O 

distances. The average W-O distance in tetrahedral tungstates is ~1.8 Å , while polytungstates 

have longer average W-O distances  (~1.95 Å ), reflecting octahedral coordination. However, the 

octahedral coordination in polytungstates is invariably distorted, resulting in a range of 

individual W-O distances (1.76-2.4 Å  ). The octahedra may be connected by corner- and/or 

edge-sharing. Because of the distortion observed in W octahedra, fitting typically requires using 

two or more W-O paths, whereas tetrahedral W is best fit with a single W-O path. Although the 

common polymeric tungstate species differ in the details of their configuration, they share 

several common characteristics that distinguish them from monomeric, tetrahedral species.  W-

W distances differ between octahedra linked by corner- vs. edge-sharing, although the range of 

characteristic distances for each linkage can overlap slightly.  Nevertheless, peaks in the range 
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3.3-3.8 Å  that are fit well by W-W paths provide strong evidence of polymeric tungstates, even if 

the exact species cannot be identified.  Further complications in fitting result if multiple 

polymeric species exist. The peaks around thses distances in sorption samples were fit with W-W 

paths.  

The general fitting procedure followed three steps. First, the main peak corresponding to 

first-shell W-O backscattering was fit using one or more paths. The best fits for sorption samples 

were typically achieved using two or three W-O paths for the first main peak in FT magnititude. 

Second, a near-linear O-W-O MS path was introduced. Multiple scattering (MS) is found to have 

an effect mainly at low k in the chi functions, and was found to be necessary to achieve an 

acceptable fit of the splitting in the first oscillation near 3.5-5 Å
-1

. Finally, the peaks in the range 

3.0–3.8 Å  were fit with W-W and/or W-Al paths. Reference compounds were fit to validate the 

strategy described, however, their coordination numbers were constrained to be consistent with 

known structure data. In addition, to reduce the number of paths using in fitting, like paths with 

similar distances were combined.  

The EXAFS data for the lowest concentration sorption samples were fit first with single 

scattering paths for octahedral coordination. We constrained total coordination number of first 

shell with 6 if the fitting results were not reasonable with floating coordination numbers. We 

assumed that a W-Al path contributes to the EXAFS signal in even higher tungstate 

concentration sorption samples, so the parameters of a W-Al path, obtained from the results of 

the 5 µM  sorption sample, were fixed in the fitting processes. The fitting results of higher 

concentration samples were compared with and without a W-Al path adopted from the result of 

the lowest concentration sample. We also adopted two W-W paths, corner- and edge-sharing, to 

fit the second shell for the higher concentration smples.  
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2.2.5.3 Reference Samples for X-ray Absorption Spectroscopy 

XAS data were collected for several tungstate-containing model compounds for 

comparison with the sorption and solution samples and also to validate the fitting strategy. 

Compounds were chosen to represent a range of W(VI) coordination environments, including 

isolated tetrahedra and octahedra and various polymeric forms. The compounds Na2WO4·2H2O 

and CaWO4 contain exclusively isolated tungstate tetrahedra, whereas Ba2NiWO6 contains 

exclusively isolated tungstate octahedra (Oh symmetry). Polymeric tungstate reference 

compounds include phosphotungstic acid (H3PW12O40), sodium metatungstate 

(Na6W12O40·xH2O), sodium ditungstate (Na2W2O7), and tetrabutyl-ammonium hexatungstate 

(TBA-W6O19). TBA-W6O19 contains isolated W6O19 units in which six distorted tungstate 

octahedra share edges. Tungsten occurs as distorted octahedra in WO3, sharing all corners in a 

perovskite-like structure. Na2W2O7 contains both tetrahedral and octahedral tungsten in a 1:1 

ratio. Phosphotungstic acid has a Keggin type structure with tungstate octahedral around a 

phosphate center. The reagents were used as purchased. Ba2NiWO6 was synthesized by the 

method described by Yamazoe, using BaCO3 (Alfa Aesar), NiCO3 (Alfa Aesar), WO3 (Sigma 

Aldrich) reagents.
28

 TBA-W6O19 was prepared according to the procedure described by Sanche 

et al., using Na2WO4, acetic anhydride (Sigma Aldrich) and dimethyformamide (Sigma 

Aldrich).
29

 Na2W2O7 was synthesized by the method described in previous studies.
30

  H3PW12O40 

(Sigma Aldrich) and Na6W12O40·xH2O (Acros Organics) were used as provided. Powder XRD 

confirmed the structures of all model compounds, and no impurity phases were detected.  
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2.3. Results   

2.3.1. Tungstate aqueous speciation 

  Calculation of tungstate speciation in ambient temperature aqueous solutions is 

complicated by the existence of multiple polymeric species and a wide variation in the kinetics 

involved in their formation.
4, 6, 15, 31

 For example, previous studies have shown that paratungstate 

A (W7O24
6-

) forms rapidly from acidification of sodium tungstate solution, followed by a slow 

isomerization reaction forming paratungstate B (H2W12O42
10-

), for which equilibrium may 

require months.
4
 Several metatungstate species may form, with variable kinetics, upon further 

acidification. In the present study, only polymeric tungstate species that have been directly 

observed in solution using 
183

W
 
NMR were included in our aqueous speciation calculations.

4
 

Furthermore, we limited the calculation to species that were expected to form in significant 

proportion over the duration of the laboratory experiments, eliminating those species for which 

formation kinetics were known to be excessively long. Therefore, these calculations do not 

necessarily represent final equilibrium states.  Stability constants are given in Table 2.1. 

Calculations were performed using the program PhreeqC over a range of total W concentrations 

at ionic strength 0.01 M. 
32

  

The calculated speciation with 1 mM tungstate in solution is shown in Figure 2.1. 

Monotungstate is the dominant species at pH > 6.5, consistent with previous studies
1, 4, 14

, 

whereas formation of several polytungstates is favored at lower pH conditions. These 

calculations confirm that polytungstate species are favored as monotungstate (WO4
2-

) is 

acidified.
4
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Species Solution Species Reaction 

Stability 

Constant 

(log K) 

Reference 

Paratungstate A 
   7 WO4

2-
 + 8 H

+
  <=>       

W7O24
6-

 + 4 H2O 
68.17 

4 Paratungstate B 
12 WO4

2-
 + 14 H

+
  <=>     

H2W12O41
10-

 + 6 H2O 
118.00 

a-Metatungstate 
12 WO4

2-
 + 18 H

+
  <=>  

H2W12O40
6-

 + 8 H2O 
144.72 

 

 

 

 

 

 

 

 

 

 

 

Table 2. 1. Stability constants of polytungstate species used for simulation of aqueous speciation 

(at 298K) 
4
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Figure 2. 1. Calculated aqueous tungstate speciation at [WO4
2-

]tot = 1 mM. Tungstate stability 

constants are reported in Table 2.1.  Monotungstate is the dominant species above pH 6.5. 

Several polytungstates such as H2W12O40
6-

, H2W12O42
10-

, and W7O24
6-

 exist at low pH values. 
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2.3.2 Electro-spray Ionization Mass spectroscopy    

Results for ESI-MS experiments from 2 mM Na2WO4 solutions at pH 4 and 8 are shown 

in Figure 2.2. Both pH 4 and 8 solutions showed the expected natural abundance isotope ratio 

near 248 m/z with side peaks (tungsten isotopes of 180, 182, 183, 184 and 186 AMU yield 

tungstate ion at 245, 247, 248, 249, and 251 m/z respectively).
14

 Consistent with the speciation 

calculation, monotungstate is dominant in the pH 8 solution. At pH 4, the 248 m/z peak is 

present, along with multiple peaks at higher m/z values, consistent with the presence of 

polymeric tungstates such as W3O10
2-

, H2W12O40
6-

, NaW2O7
-
, NaW4O13

-
, HW2O7

-
, W4O13

2-
, and 

W6O19
2-

. This result is similar to the findings of Walanda et al.
14

, who suggested that 

polymerization occurs via formation of intermediate species of the general forms WmO3m+1
2-

, 

HWmO3m+1
-
, NaWmO3m+1

-
, which are observed in our study. Other studies have reported a 

number of intermediate species; however, they are thought to be metastable, short-lived speces.
4, 

14, 33
 Our solution samples, which were aged 5 h before ESI-MS measurements were made, will 

not have reached final equilibrium with respect to polymerization.  Therefore, the multiple m/z 

signals are likely to include such intermediate species. Exact concentrations of individual 

tungstate species cannot be determined reliably because suitable references containing the 

different species are not available. Furthermore, it is possible that some signals result from  

fragmentation of larger polytungstates by collision-induced dissociation.
34

 While the ESI-MS 

results cannot provide a quantitative speciation of the tungstate solution at low pH, they confirm 

the dominance of polymeric species and the likely occurrence of multiple polymeric tungstates 

for the conditions of the sorption experiments performed here.  
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Figure 2. 2. ESI-MS results from 2 mM tungstate solutions at pH 4 and pH 8. Both pH 4 and 8 

solutions show a strong peak near 249 m/z, corresponding to monotungstate.  Multiple peaks at 

high m/z in the pH 4 solution correspond to polytungstate species.   
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2.3.3 Batch uptake trends 

The effect of pH on tungstate sorption by boehmite was investigated at an initial tungstate 

concentration of 50 µM at two ionic strength conditions using NaCl as a background electrolyte 

(Fig. 3). Adsorption edges show the general behavior expected for anions, with maximum 

sorption in the pH range 4-5, and decreasing sorption with increasing pH, approaching minimum 

values near and above the PZC of boehmite, 8.7. A smaller decrease in sorption is observed at 

pH values below the maximum. The efficiency of W sorption is slightly affected by ionic 

strength. Slightly greater tungstate sorption is observed at 0.1 M NaCl for pH > 5, while the 

boehmite suspension at 0.01 M NaCl shows slightly greater sorption at pH < 5. The lower 

tungstate sorption with 0.1 M NaCl at pH < 5 could be explained by competing reactions of 

tungstate and Cl
-
 on the positively charged boehmite surface. Also, polymeric tungstate with 

large negative charge, e.g., H2W12O42
10-

, could form electrostatic bonds with Na
+
 thereby 

reducing polytungstate sorption on boehmite at higher NaCl concentrations. The greater 

tungstate sorption at 0.1 M NaCl above pH 5 is similar to observations by Wei et al., who studied 

phosphate sorption on boehmite from the same source (CONDEA Chemie GmbH).
35

 These 

authors attributed greater phosphate uptake at higher NaCl concentration to Na
+
 coadsorption on 

the surface. 
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Figure 2. 3. Effect of pH on tungstate sorption on boehmite at different ionic strength conditions. 
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Uptake experiments were performed to construct isotherms in the range 50 to 2000 µM 

total tungstate at pH 4, 6 and 8. These pH conditions were chosen to represent solutions in which 

polytungstate species (pH 4) or a monotungstate (pH 8) dominates, or in which a mixture is 

present (pH 6), as indicated by the speciation calculations described above. We performed initial 

kinetic experiments of tungstate sorption (initial [WO4
2-

] = 200 µM , and 0.19 mmole/g sorbed 

on boehmite at pH 4), which confirmed that sorption is fast, with ~80% of the equilibrium 

amount of tungstate sorbed within the initial few hours, and >90% sorbed within 24 h.  On this 

basis, all subsequent sorption experiments were conducted over 24 h duration. In all pH 

conditions, the amount of W sorbed on the surface increased as W concentration in the solution 

increased, without reaching a maximum in the concentration range studied. As we expected from 

the pH edge experiments, W showed greatest sorption at pH 4. The tungstate surface coverage 

increased from 0.04 mmole/g to 0.72 mmole/g at pH 4, and increased from 0.01 to 0.21 mmole/g 

at pH 8.   

 

 

 

 

 

 

 



 

53 

 

 

 

 

 

Figure 2. 4. Tungstate isotherm experiments on boehmite were conducted as a function of pH 

and tungsten concentration at room temperature. Continued tungstate uptake was observed in the 

isotherm experiments.  
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2.3.4 Desorption Experiments 

   Desorption experiments were performed at  200 µM and 1000 µM initial W 

concentration at pH 4 and pH to establish sorption reversibility. Tungstate sorbed for 24 h on 

boehmite at pH 4 showed largely irreversible behavior in desorption experiments, with more than 

95% of the tungstate remaining on the surface for both initial concentrations studied. Sorption 

was found to be partly reversible at pH 8, as shown in Figure 2.5. Approximately 25-30 % of the 

tungstate on the surface was released into the solution at pH 8, with slightly greater release at 

200 M than at 1000 M. These desorption results imply different sorption mechanisms on the 

boehmite surface at pH 4 and  pH 8. X-ray absorption spectroscopy was used to provide further 

insight to dominant sorption mechanisms.  
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Figure 2. 5. Tungsten desorption from boehmite at pH 4 (square) and 8 (circle).  Sorption is more 

reversible at pH 8 than at pH 4, suggesting different sorption mechanisms.  
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2.3.5 Tungsten L1- and L3-edge XANES  

Both the L1- and L3-edge XANES spectra of tungsten have proven useful for 

characterizing tungstate coordination environments.
28

 A pre-edge feature is observed in the L1-

edge, associated with electron transitions from 2s to unoccupied valence orbitals. This transition 

is dipole forbidden in symmetric octahedral environments, but allowed for tetrahedral and 

distorted octahedral environments.  Previous studies have shown that the intensity and shape of 

the pre-edge feature relate to coordination and degree of (octahedral) distortion.
36

 Tungsten L1-

edge XANES spectra of selected reference and sorption samples and detailed explanations are 

provided in supporting information. Tungsten L3-edge XANES has been studied less than the L1-

edge.  Recently, Yamazoe et al. demonstrated that second derivatives of the L3-edge show 

differences corresponding to coordination environment, analogous to the ligand field splitting of 

5d orbitals observed for different coordination environments of Mo(VI).
28

 Here, we combine the 

complementary L1- and L3-edge XANES data to discriminate between tetrahedral and octahedral 

coordination of W, including identification of distortion for octahedral environments, which is a 

characteristic feature of polymeric tungstates. Tungsten L1-edge XANES spectra are shown in 

Figure 2.7, while tungsten L3-edge XANES will be more discussed in section 3.6 below.  

2.3.6 W L3-edge XANES Analysis 

Yamazoe et al. demonstrated that differences in the second derivatives of W L3-edge 

XANES spectra could be used to distinguish between tetrahedral and octahedral W(VI) 

coordination, as well as the presence of distortion of octahedra.
28

 Reference samples containing 

only W(VI) tetrahedra show a single minimum with a weak shoulder on the low-energy side, as 

observed for Na2WO4·2H2O and CaWO4 (Fig. 6). Model compounds containing only W(VI) 

octahedra show splitting to create two minima. Yamazoe showed that the shape of the minima 
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and the degree of splitting between them are dependent on the coordination type and the degree 

of distortion of the octahedra.
28

 Figure 2.6 shows second derivatives of W L3-edge XANES 

spectra of the lowest W concentration sorption samples (5 M) at pH 4 and 8, compared with 

tetrahedral and octahedral model compounds. Findings for higher concentration samples are 

summarized in Table 2.2. Second derivative spectra of both sorption samples display two well 

separated minima, consistent with distorted octahedral coordination of W(VI). Notably, these 

second derivative spectra are nearly identical for samples at both pH conditions. In Figure 2.6, 

sorption samples are clearly distinguished from Na2W2O7, which contains both tetrahedral and 

octahedral W(VI). Although, it is not possible to rule out a minor contribution from tetrahedrally 

coordinated W(VI), the dominant component in the sorption samples is clearly octahedral, which 

is distorted.  
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Figure 2. 6. XANES (a) and Second derivative spectra (b) of W L3-edge XANES for selected 

model compounds showing differences that distinguish tetrahedral and octahedral coordination 

of W(VI). 
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2.3.7 W L1-edge XANES analysis  

W L1-edge XANES has been widely utilized to distinguish W coordination geometry. 
28, 

37, 38
 The shape, position, and area of this pre-edge peak in W L1-edge XANES spectra have been 

used to distinguish between octahedral and tetrahedral coordination, as well as the degree of 

distortion in octahedral geometry.
28

 Figure 2.7 shows W L1-edge XANES spectra selected model 

compounds representing a range of coordination geometries. A prominent high intensity peak in 

the pre-edge region is indicative of tetrahedrally coordinated tungsten, as shown by 

Na2WO4·H2O and CaWO4. Reference compounds with octahedral coordination, such as 

Ba2NiWO6, TBA-W6O19, phosphotungstic acid, and WO3,  display pre-edge peaks that are lower 

in intensity and of different shape than tetrahedral compounds. The intensity of the pre-edge 

feature for the octahedrally coordinated compounds is sensitive to the degree of distortion. 

Phosphotungstic acid, and WO3 have distorted octahedra, so their pre-edge features have greater 

intensity than that for Ba2NiWO6, which has Oh symmetry for the tungsten octahedron. The 

compound Na2W2O7 contains both tetrahedral and octahedral W in the ratio 1:1. Its XANES 

spectrum clearly shows a pre-edge peak with intensity intermediate between perfect octahedral 

and tetrahedral compounds. 

Figure 2.7 also shows XANES spectra of 1 mM sodium tungstate solutions at pH 4 and 

pH 8. The intensity of the pre-edge feature from the pH 4 solution is lower than for the solution 

at pH 8 and similar in intensity to the feature from phosphotungstic acid, indicating distorted 

octahedral coordination. The higher intensity of the pre-edge feature for the pH 8 solution 

spectrum is similar to that for Na2WO4·H2O and consistent with tetrahedral coordination. These 

solution spectra are consistent with the aqueous speciation calculations showing monotungstate 

dominating at pH 8 and polytungstate dominating at pH 4. 
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XANES data for tungstate-sorbed boehmite samples are compared to reference 

compounds and tungstate solutions at different pH values in Figure 2.7. The intensities of the 

pre-edge feature for the sorption samples are similar to those for phosphotungstic acid, indicating 

either distorted octahedral coordination, or possibly a mixture of tetrahedral and octahedral 

coordination. 
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Figure 2. 7. a) Normalized W L1-edge XANES spectra for selected reference compounds, 1 mM 

tungstate solutions at pH 4 and pH 8, and sorption samples at W concentrations of  5 and 25 μM. 

b) W L1-edge XANES results of sorption samples comparing to Na2WO4, tetrahedral 

coordination.   
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2.3.8 Combining of L1-edge and L3-edge XANES     

By combining the pre-edge peak area from L1-edge XANES with the energy separation 

between minima in the L3-edge second derivatives, clear differences are evident among W(VI) 

coordination environments (Figure 2.8). Na2WO4·2H2O and CaWO4, both with tetrahedrally 

coordinated W, lie at one end of a trend, distinguished by a large pre-edge area in W L1-edge 

XANES and a small energy separation in W L3-edge second derivatives.  On the other end of this 

trend lies Ba2NiWO6, with perfect octahedral coordination, having a relatively small pre-edge 

area and a large energy seperation in the second derivative. Reference compounds with more 

distorted octahedra, such as WO3, phosphotungstic acid, and sodium metatungstate, lie at 

intermediate positions along the trend, reflecting intermediate values of pre-edge peak area and 

energy separation. All of the sorption samples are tightly clustered at an intermediate position 

along the trend (within the yellow circle, Figure 2.8). Their proximity near Na2W2O7, which 

contains both tetrahedral and octahedral W(VI) might suggest that the sorption samples also 

contain  mixtures of W(VI) tetrahedra and octrahedra. However, the second derivative spectra 

for the L3-edge (Figure 2.6) clearly indicate that all sorption samples are octahedrally 

coordinated, as described in the previous section.    
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Figure 2. 8. The relationship between the splitting of the minima in the L3-edge XANES second 

derviatives and the pre-edge peak area of L1-edge XANES. a) Na2WO4·2H2O, b) CaWO4, c) 

Phosphotungstic acid, d) WO3, e) Na2W2O7, f) Sodium metatungstate, g) Ba2NiWO6, h) TBA-

W6O19. All sorption samples are tightly clustered (yellow circle).  
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Name Energy gap (eV)
a
 Pre-edge area (eV)

b
 

5 µM at pH 4 4.22 5.2 

5 µM at pH 8 4.22 5.3 

200 µM at pH 4 4.1 5.7 

200 µM at pH 8 4.5 5.7 

1000 µM at pH 4 4.6 5.4 

1000 µM at pH 8 4.4 5.3 

a : energy gap of W L3-edge XANES second derivatives 

b : Pre-edge area of W L1-edge XANES 

 

 

 

 

 

 

Table 2. 2. The summary of enregy gap in W L3-edge XANES second derivatives and the pre-

edge area in W L1-edge XANES for all sorptio samples. 
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2.3.9 W L3-edge EXAFS 

2.3.9.1 Model compounds and tungstate reference solutions 

 W L3-edge EXAFS provides further insight to local structure of sorbed W(VI). EXAFS 

chi functions and corresponding Fourier transforms are shown in Figure 2.9 for selected model 

compounds and aqueous tungstate solutions at pH 4 and 8. Fitting results are summarzied in 

Table 2.3.     

   The 1 mM pH 4 and 8 solutions show distinct differences in their chi curves and FT 

magnititudes (Figure 2.9). The chi function for the pH 8 solution shows a single beat and the FT 

magnitude shows a corresponding single peak, similar in character to the Na2WO4·2H2O 

reference sample, which contains only tungstate tetrahedra. The pH 8 solution data were best fit 

with a single shell of W-O atoms at 1.78 Å , which is characteristic of tetrahedral W(VI) 

coordination, and consistent with the dominance of monomeric tetrahedral species expected at 

pH 8.  In contrast, the pH 4 solution shows several oscillations with different phases in the chi 

curve, with evident splitting in the first two oscillations, similar to the splitting observed for the 

polymeric reference samples. The FT magnitude for the pH 4 solution shows a split first peak 

with weaker peaks at higher R. The split first peak compares with the polymeric reference 

compounds but with a different asymmetry in intensities. The distinguishing feature of 

polytungstates is connected W(VI) octahedra, which should be evident in FT data as peaks at 

greater distances, like those seen in model compounds (in Figure 2.9). The peaks in the range 

3.3-3.8 Å  are consistent with edge- and corner-sharing of tungstate octahedra, and confirmed by 

fitting reference compounds. At pH 4, polymerization is favored, with H2W12O40
6-

 being the 

dominant species based on the calculations in section 3.1 and confirmed by the ESI-MS results 

showing the likely presence of multiple polytungstate speciecs. The structure of H2W12O40
6- 
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contains two distinct W-W distances, ~3.3 Å   for edge-sharing and ~3.8 Å  for corner-sharing. 

These distances are consistent with our EXAFS result for the solution at pH 4. However, we 

cannot uniquely identify the metatungstate species or rule out the presence of other polymeric 

tungstate species, inasmuch as they share the distinctive edge- and corner-sharing of W(VI) 

octahedra and would not be distinguishable by EXAFS. Nevertheless, the EXAFS results 

confirm the dominance of polymeric tungstate species in the pH 4 solution, whereas the pH 8 

solution contains monomeric tetrahedral tungstate. 

Na2WO4·2H2O is representative of a monotungstate, with W(VI) in tetrahedral coordination with 

four oxygen atoms at 1.79 Å . Na-metatungstate (Na6(H2W12O40)·xH2O) contains distorted W(VI) 

octahedra with two tungsten atoms at 3.3 Å  (edge-sharing) and two tungsten atoms at 3.7 Å  

(corner-sharing). WO3 was fit with six oxygen atoms in three shells (2 each at 1.77, 1.93, and 

2.14 Å ). W-W distances occur at ~3.7 Å  in the exclusively corner-sharing structure. TBA-W6O19 

contains distorted W(VI) octahedra; the first shell was fit with one oxygen atom at 1.71 Å , four 

oxygen atoms at 1.93 Å , and one oxygen atom at 2.32 Å . The W(VI) octahedra in TBA-W6O19 

are edge-sharing, with W-W distances at ~3.3 Å . The different shapes of the first peak in the 

Fourier transform magnitudes were attributed to the distortion of W-O. More distorted model 

compounds such as Na-metatungstate and TBA-W6O19 show split features in the first shell 

(Figure 2.9). 
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Figure 2. 9. W L3-edge EXAFS chi functions (left) and corresponding Fourier transform 

magnitudes (right, not corrected for phase shifts) for 1 mM tungstate solutions (pH 4 and 8) and 

selected model compounds. The peaks near 3.3 – 3.7 Å  in the FT magnitude correspond to W-W 

backscattering from edge- and corner sharing tungsten units. 1 mM Na2WO4 solution at pH 8 

showed strong peak near 1.78 Å  while several other peak appeared at further distance in 1 mM at 

pH 4.   
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Sample Path CN
a
 R(Å )

b
 σ

2
(Å

2
)
c
 ∆E0 (eV) 

Na2WO4·2H2O 
W-O1 4* 1.78 0.004 

10.7 
W-O2 4* 3.71 0.013 

TBA-W6O19 

W-O1 1.0* 1.71 0.002 

10.5 
W-O2 4.0* 1.92 0.003 
W-O3 1* 2.32 0.004 
W-W1 4.0* 3.30 0.004 

    

WO3 

W-O1 2* 1.78 0.001 

11.3 
W-O2 2* 1.93 0.007 
W-O3 2* 2.14 0.004 
W-W 2* 3.78 0.002 
W-W 4* 3.9 0.006  

Na6(H2W12O40)·xH2O 

    

5.6 

W-O 3* 1.76 0.009 

W-O 2* 1.93 0.002 

W-O 1* 2.17 0.008 

W-W 2* 3.24 0.012 

W-W 2* 3.68 0.006 

*: fixed in the fitting,  

a : coordination number (±20%), b: distance in Å  (±0.02 Å ),  

c : Debye-Waller factor, 

 

 

 

Table 2. 3. Summary of W L3-edge EXAFS fitting results of model compounds 



 

69 

 

2.3.9.2 Tungstate sorption samples 

 The W L3-edge EXAFS of tungstate-sorbed boehmite samples at different tungstate 

concentrations and pH conditions are compared in Figure 2.10. Based on the experimental 

isotherms, we chose sorption samples for EXAFS study at three total W concentrations: 5, 200, 

and 1000 μM.  At pH 4, these concentrations result in coverages of 0.022, 0.197, and 0.557 

mmol/g, corresponding to less than theoretical monolayer coverage, near monolayer coverage, 

and greater than monolayer coverage, respectively. The surface coverages at pH 8, 0.007, 0.014, 

and 0.125 mmol/g, are all less than the theoretical monolayer coverage. The most striking 

observation is that the chi functions are broadly similar for all samples, with the only obvious 

exception being the 1000 µM sample at pH 4 (Figure 2.10).  All chi functions show a split first 

oscillation and a sharp second oscillation apparently from interference with a second  or 

additional beat. The 1000 µM sample at pH 4 shows an asymmetry in the split first oscillation in 

the chi function compared to other samples, as well as a different or additional phase obvious at 

higher k.  

The corresponding FT magnitudes show generally similar first peaks, corresponding to 

first-shell W-O coordination, but important differences are evident in weaker peaks at higher R 

values. For the lowest concentration samples, 5 µM tungstate, no discernible differences are 

evident between pH 4 and 8 conditions. Similarly, the FT magnitudes for the 200 µM samples at 

pH 4 and 8 are similar to one another, but differ from the 5 µM sample by the presence of a pair 

of weak but distinct peaks at 2.5-3.0 Å  (Figure 2.10, not corrected for phase shifts), consistent 

with backscattering from W or Al.  The FT magnitude for the 1000 µM sample at pH 8 is 

indistinguishable from the 200 µM sample, whereas the 1000 µM sample at pH 4 shows more 
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features in the range 3.0-3.5 Å  (Figure 2.10, not corrected for phase shifts). Fitting described in 

the following section provides further information about local structure. 
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Figure 2. 10. W L3-edge EXAFS data for tungstate sorbed on boehmite. Arrows indicate the 

differences between sorption samples in EXAFS spectra.      
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2.3.10 W L3-edge EXAFS fitting 

Shell by shell fitting in real space was performed as described in section 2.5.2. Fitting 

results for representative samples are shown in Figure 2.10, and all fit results are summarized in 

Table 2.4. Both 5 µM  tungstate sorption samples (pH 4 and 8) were fit best with two W-O paths 

(1.75 and 2.14 Å ) for the first peak with a combined coordination number (CN) of 6.3 (± 1.2). 

This gave a clearly better fit than a single path. The split first shell, with an average W-O 

distance of 1.95 Å , is consistent with octahedral coordination in which the W atom is off-

centered, confirming that the dominant W(VI) component sorbed on boehmite is octahedrally 

coordinated. This finding agrees with W L1- and L3-edge XANES results, showing distorted 

octahedral coordination at both pH 4 and 8. Based on fits of polymeric tungstate model 

compounds, and consistent with the findings of Kuzmin,
27

 it was necessary to introduce a 

multiple scattering (MS) contribution to satisfactorily fit the splitting in the first oscillation in the 

chi functions at 3–3.5 Å
-1

. A four-leg, near linear O-W-O path, based on the configuration in 

sodium metatungstate, was found to be suitable. The weak peak at 2.7 Å   in the FT (not corrected 

for phase shift) was alternately fit with a W-Al path and a W-W path. The fit with 2.2 Al at 3.1 Å  

was favored, inasmuch as fits with a W-W path gave a distance (2.8 Å ) considered to be 

unrealistically short. Furthermore, the intensity of this peak decreases as tungstate concentration 

increases in the solution.   

Fitting of the 200 and 1000 µM pH 8 samples gave similar fit results. The first peak was 

again best fit with two W-O paths at 1.75 and 2.15 Å .  A MS path was again found to be 

necessary. The peaks near 3.3–3.8 Å  were best fit with two W-W path at 3.23 and 3.73 Å , with 

combined CN of 2.2 ± 0.4. Fits were also attempted with W-Al paths, however, these fits were 
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either not satisfactory or resulted in W-Al distances that were not reasonable. The peaks near 

3.3-3.8 Å  appear with increasing tungstate concentration, while the peak at 3.1 Å  in the 5 µM  

pH 8 sample diminishes as tungstate concentration increases, indicating that increasing W-W 

coordination (near 3.3-3.8 Å )  is linked to tungstate concentration.    

The 200 µM sorption sample was best fit with three W-O paths at 1.73, 1.90 and 2.19 Å , 

and a W-W path at 3.25 Å . In fitting the 200 µM sorption sample, a second W-W path was 

introduced to fit the right shoulder near 3.3 Å  in the FT (not corrected for phase shift) which is 

similar to the feature in the sorption samples at pH 8. The 1000 µM sorption sample was best fit 

with three W-O paths at 1.74, 1.98, and 2.21 Å , and a W-W path at 3.25 Å . The coordination 

number for the first shell of the 200 µM and 1000 µM at pH 4 samples was set to a value of 6 

based on analysis of the W L1- and L3-edge XANES results. We constrained the CN of each W-

O path to 2 based on the W-O paths in model compounds. Fits using two and three W-O paths 

constrained to total CN of 6 were compared for fitting the first peak in the FT. Not surprisingly, 

the use of three W-O paths gave a better fit to the first oscillation in the chi function and the first 

peak in the FT, but neither case fit the observed splitting of this oscillation ideally. Fit results 

were compared with and without a W-Al path, with slightly better results obtained by including 

W-Al, and especially the small feature near 2.5 Å  in the FT (not corrected for phase shift) 

occurring at the same position of the W-Al path in the 5 µM sorption samples. The second shell 

in the 1000 µM at pH 4 sample was best fit with a W-W path near 3.25 Å , consistent with edge-

sharing W-W. This peak also appears with increasing tungstate cocentration in the solution. We 

also attempted fits using additional W-W paths to explore possible destructive interference 

resulting from multiple closely spaced W-W backscattering paths. However, this resulted in 

unrealistic parameters with no clear improvement in fit results.  
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Figure 2. 11. EXAFS chi functions (left) and FT magnitudes (right) and corresponding fits for 

selected sorption samples. a) 1000 µM at pH 4, b) 1000 µM at pH 8, c) 5 µM at pH 4 Colored 

lines are EXAFS data for sorption samples and dotted lines are fitting results. 
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Sample Path CN
a
 R (Å )

b
 σ

2
 (Å

2
)
c
 ∆E0 (eV) 

5 µM 

pH 4 and 8 

W-O1 3.1 1.75 0.002 

3.4 W-O2 3.2 2.14 0.009 

W-Al 2.2 3.14 0.01 

      

1000 µM 

pH 8 

W-O1 3.0 1.75 0.003 

-0.4 

W-O2 4.0 2.14 0.009 

W-Al 2* 3.14 0.012 

W-W1 0.6 3.23 0.004 

W-W2 

 

 

1.6 3.73 0.007 

      

200 µM 

 pH 4 

W-O1 2* 1.73 0.003 

-4.1 

W-O2 2* 1.90 0.019 

W-O3 2* 2.19 0.007 

W-Al 2* 3.19 0.012 

W-W 2.4 3.25 0.008 

W-W 1.3 3.69 0.008 

     

1000 µM 

pH 4 

W-O1 2* 1.74 0.003 

-1.2 

W-O2 2* 1.98 0.019 

W-O3 2* 2.21 0.006 

W-Al 2* 3.15 0.015 

W-W 3.4 3.25 0.008 

 

*: fixed in the fitting,  

a : coordination number (±20%), b: distance in Å  (±0.02 Å ),  

c : Debye-Waller factor 

    

Table 2. 4. Summary of EXAFS fitting results for tungstate-sorbed boehmite samples    
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2.4. Discussion   

Tungstate shows a strong affinity for sorbing onto boehmite at low and neutral pH 

conditions, with decreasing uptake at higher pH. Observed uptake above the PZC value of 

boehmite (pH 8.7) indicates that tungstate sorption is not due entirely to electrostatic attraction. 

This result is consistent with previous studies investigating the reaction of tungstates with other 

mineral-water interfaces.
16, 17, 39

 The absence of a maximum in uptake of tungstate with 

increasing concentration in the solution suggests that tungstate sorption on the surface is not 

limited by the surface site availability. The desorption experiments show that tungstate uptake is 

essentially irreversible at pH 4 and only partly reversible at pH 8. Sorption irreversibility is 

commonly attributed to formation of a surface precipitate or to coprecipitation, where release of 

the adsorbate to solution is restricted either because of its greater stability on (or in) the solid or 

due to a kinetic hindrance.
40, 41

 These desorption results imply some differences in sorption 

complex on the boehmite surface at pH 4 and pH 8. 

The most striking finding in our study, however, is the almost exclusive occurrence of 

polymeric tungstates at the boehmite surface from sorption experiments at both pH 4 and 8. 

While not surprising for pH 4 sorption samples, this finding was unexpected at pH 8, where 

monotungstate dominates in solution. Furthermore, the tungsten XANES and EXAFS signatures 

of the sorbed polymeric tungstates are almost indistinguishable between these two pH conditions, 

showing clear variation only with increasing total tungsten concentration. The L1- and L3-edge 

XANES results confirm distorted octahedral coordination of W(VI) for all sorption samples. The 

L3-edge EXAFS is consistent with such coordination, and also confirms W-W distances that 

correspond directly to corner- and edge-sharing of W(VI) octahedra. These XANES and EXAFS 

signatures are distinguishing characteristics of polymeric tungstate species. However, because 
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many different polytungstates share these features in some combination, we are unable to 

identify individual species. It is also possible, perhaps even likely, that multiple tungstate species 

occur on the boehmite surface. Possible evidence supporting that may be found in the change of 

EXAFS results with increasing concentration. ESI results show several types of polytungstates in 

pH 4 solution, and previous studies reported various intermediate polytungstate species.
4-6, 14

 

Those polymeric tungstates are possible candidates for surface complexes. Yet, the XANES and 

EXAFS of the sorption samples do not match exactly any particular model compounds we 

examined. While ESI-MS result of pH 4 stock solution shows monotungstate as only a minor 

component, monotungstate is the dominant species in stock solution at pH 8. Our XANES and 

EXAFS results confirm the polytungstates as the major surface complexes. However, it is not 

possible to entirely rule out the occurrence of a minor component of tetrahedral tungstate co-

existing with polymeric forms on the surface.  

The occurrence of one or more polymeric tungstate species in sorption samples at pH 4, 

where polymerization dominates in solution, is not surprising. However, our results at pH 8 lead 

us to conclude that one or more polymeric tungstate species forms during uptake at the boehmite 

surface, inasmuch as the dominant solution species is a monomer. Furthermore, this is 

accompanied by a change from tetrahedral coordination of W(VI) in solution to octahedral 

coordination in the polymeric surface complex. The precise details of how the polymerization 

and change in coordination occur remain unclear, as does the actual form of the surface species. 

Yet, interaction of tungstate with the boehmite surface seemingly must favor a coordination 

change and polymerization. Previous studies of tungstate sorption on iron and manganese oxide 

have suggested the existence of monomeric tungstate with octahedral coordination on the surface 

at pH 8.
39

 However, the tungstate concentrations used in that study (0.15-100 µM) were 
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restricted to the lower end of the range in our study (5-1000 µM), so that only our lowest 

concentration sample can be compared with their results. Yet, our results are consistent with 

octahedral coordination and the absence of clear W-W backscattering could provide plausible 

evidence for a monomeric tungstate on the surface at this low W concentration (5 µM). However, 

we cannot entirely rule out the possibility that polymeric tungstate exists on the surface, 

especially at pH 4 where the polymeric species H2W12O40
6-

 is dominant in solution. We also note 

that Clausen et al. reported polytungstates species present in firing range soils at pH 6, with 

EXAFS data suggesting an α-Keggin type cluster.
42

 We are not aware of any other reports of 

polymeric tungstate sorption complexes at basic pH conditions.  

The inability to identify the particular type of the sorbed polymeric tungstate(s) because 

of the similarities they share in coordination and configuration raises interesting questions. First, 

do multiple species occur at surface, i.e., more than one type of polymeric unit? This possibility 

might be anticipated at low pH because of the presence of multiple polytungstate species in 

solution, some of which may be metastable species associated with slow polymerization kinetics. 

The subtle changes observed in EXAFS with increasing W concentration at pH 4 may reflect the 

appearance of additional surface species at the higher end of the concentration range.  

Differences in the EXAFS are also observed with increasing concentration at pH 8, although the 

highest concentration samples differ from those at pH 4 (Figure 2.10).   

A related question is whether the differences in sorption reversibility between pH 4 and 8 

can be explained by different surface complexes. Sorption at pH 4 is largely irreversible, whereas 

at pH 8 some reversibility (25-30 %) is observed. EXAFS results for the 1000 µM sorption 

samples reveal differences between pH 4 and 8, suggesting that structural differences in the 

surface complexes could be responsible the desorption behavior.  However, no obvious 
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differences in the EXAFS are observed between the pH 4 and 8 sorption samples at the lower 

concentration 200 µM); yet the same difference in sorption reversibility is found at both 

concentrations. This suggests that pH may play the more important role in controlling the 

observed sorption reversibility.  Polymerization behavior in solution may provide a useful 

analogy.  At low pH polymerization of W(VI) is clearly favored, whereas at near neutral and 

higher pH, monomeric tungstate is favored.  Hence, we might speculate that the surface 

complexes are more stable at pH 4 than at pH 8.  This would be consistent with irreversible 

sorption at the lower pH but some limited degree of reversibility at the higher pH.  The effect of 

pH on surface charge may also play a role in sorption reversibility.  The more positively charged 

surface at pH 4 would create more favorable circumstances for sorbed polytungstates, which 

have large negative charges. Neither explanation precludes differences in the surface complexes 

themselves.  Nor does it rule out the possible existence of multiple tungstate species on the 

surface could be an alternative explanation for different reversibility, although exact tungstate 

species are not distinguishable by EXAFS as note earlier. 

It is also interesting to consider if formation of polymeric tungstates at the surface is 

analogous (in some ways) to surface precipitation. In both cases, W(VI) forms extended 

structures at the surface. We consider that no distinction between them would be difficult using 

EXAFS.  

In view of the similarities noted between tungstate and molybdate systems, it is 

interesting to compare their sorption behavior. Molybdate shows a distribution of species in 

solution broadly similar to tungstate, favoring monomeric species at neutral and high pH and 

formation of polymeric species at low pH.
11

 Arai investigated molybdate species sorbed on the 

goethite surface using Mo K-edge EXAFS.
43

 This study reported the existence of monomeric 
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tetrahedral molybdate at the surface at near neutral pH and a mixture of monomeric tetrahedral 

and polymeric octahedral molybdate at acidic pH. Increasing Mo loading favored the formation 

of the polymeric form. Wasylenki et al. used Mo K-edge EXAFS to investigate molybdate 

species sorbed on birnessite (MnO2).
44

 In sorption experiments performed at pH 8.0-8.5, where 

monomeric tetrahedral molybdate is the dominant solution species, they found the sorbed species 

to be a polymeric molybdate with distorted octahedral coordination. This finding differs from the 

results of Arai at near neutral pH, where monomeric tetrahedral molybdate was reported. This 

difference may reflect the differing properties of the sorbent phases and/or their surface charge. 

However, both studies identified the tendency for molybdate to polymerize when sorbed at metal 

(hydr)oxide surface, although at different pH conditions. In our study, we find that tungstate 

exhibits a strong tendency to sorb as a polymeric species to the surface of boehmite over the 

entire range of experimental conditions studied.  At pH 8, sorption is accompanied by a change 

in W(VI) coordination from tetrahedral (in solution) to distorted octahedral (on the surface). The 

tendency that we observe for polymerization of tungstate over the entire pH range 4-8 may 

reflect the different sorbent (boehmite) and/or a greater inherent tendency for tungstate to 

polymerize compared to molybdate. Further studies of tungstate sorption on different mineral 

surfaces are needed to evaluate the importance of surface-driven tungstate polymerization. 

The coordination change and the polymerization of tungstate sobred on boehmite at pH 8 

were observed by XANES and EXAFS in our study. However, the mechanisms still remain 

unclear. Our hypothesis is that formation of an inner-sphere surface complex could induce the 

observed symmetry change from tetrahedral WO4
2-

 to octahedral coordination, with the addition 

of water molecules. Like other tetrahedral oxyanions (e.g., PO4
3-

), we presume that tetrahedral 

tungstate would initially form a bidentate binuclear surface complex on the boehmite surface at 
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pH 8.
39

 Our EXAFS fitting results for 5 µM sorption sample at pH 8 support formation of an 

inner-sphere complex, showing a W-Al path at 3.14 Å . The W-O bonds for the oxygens bridging 

with Al atoms at the surface would lengthen, thereby lowering their bond strengths and also 

allowing introduction of water molecules that ultimately result in the symmetry change to 

octahedral coordination. (Figure 2.12)  

Previous studies of tungstate species sorbed on aluminum oxide surfaces observed  the 

coordination change of tungsten sorbed on the Al2O3 surface with two water molecules 

coordinated to tungsten..
37, 38

 This hypothesis indicates the sorption modes of tungstate on 

mineral surfaces play important roles in the coordination change. Similar results were observed 

in previous studies of molybdate species on various oxide catalyst surfaces, such as δ-MnO2, 

TiO2, ferrihydrite, Al2O3, goethite, and hematite.
45-50

 In these studies, molybdates forming inner-

sphere complexes on δ-MnO2, TiO2, and hematite were found to have octahedral symmetry, 

while tetrahedral molybdates found on ferrihydrite and Al2O3 surfaces were interpreted to form 

outer-sphere complexes.
51

 Furthermore, the different symmetries of Mo on Fe (oxyhydr)oxides 

implies that specific properties of the surface influence the symmetry change.  Yet, the 

coordination change was clearly induced by the inner-sphere surface complexation of Mo in 

these studies. Further studies of tungstate sorption on various mineral surfaces are needed to 

reveal the relationship between the properties of the mineral surfaces and the symmetry change 

of adsorbed tungstate species. 
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Figure 2. 12. Geometric models for (a) tungstate and (b) phosphate surface complexes on 

boehmite at pH 8.
39

 (l: long, s: short) Bidentate binuclear model for tungstate was constructed 

using EXAFS fitting results. Graphic in  (b) taken from reference 1. 
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We can envision two possible surface polymerization mechanisms:  the polymerization of 

neighboring tungstate species sorbed on the surface and the additive polymerization with the 

tetrahedral residue in a terminal position. Schematic models for these mechanisms are shown in 

Figure 2.13. The former would be dependent on a sufficiently high surface coverage of tungstate 

to allow linkages that result in edge- or corner-sharing of tungstate octahedra. Furthermore, this 

mechanism may not be consistent with the continued tungstate uptake that we observed in the 

isotherm results, sincethis model reqiures that polymerization occurs only between tungstate 

sorbed on the surface.  

The second possible model is an example of open-chain polymerization, and is similar to 

the tungstate polymerization mechanism suggested by Walanda et. al in solution based on  ESI-

MS results.
14

 Monotungstate surface complexes, which would be octahedral as described above, 

could act as preferred sites for attachment of tetrahedral tungstate species in solution. Hence, the 

tetrahedral tungstate at the end is open to form tungstate chains with additional monomers. 

Additional monomers share two oxygen atoms with tungstate seeds (tetrahedral), resulting in the 

coordination change of W to octahedral. Once the seeds have been formed by the surface 

sorption, polymerization is driven by the addition of monomers. This model allows continued 

attachment from solution, and is therefore consistent with the isotherm results.  With the present 

information, we cannot determine which of these two possible mechanisms of tungstate 

polymerization are most likely in our experiments. Further studies using complementary 

approaches are needed to understand these mechanisms better.   
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Figure 2. 13. Models of the surface polymerization of tungstate on the boehmite surface. The 

polymerization of neighboring tungstate surface complexes is shown in a. The open chain 

polymerization mechanism is depicted in b.     
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Strigul reported that speciation of tungstate is likely to be important for controlling its 

mobility, toxicity, and bioavailability in aquatic systems.
1
 Our present findings demonstrate that 

tungstate forms stable polymeric surface complexes when sorbed on boehmite over a range of 

pH conditions. Hence the mobility of dissolved tungstate may be effectively limited by sorption 

on the boehmite surface. However, we still lack an understanding of the toxicity and 

bioavailability of polytungstates bound on the surface of fine mineral particles. Evaluation of the 

toxicity of polytungstates sorbed on other mineral surfaces will also be important for a complete 

understanding of the detailed environmental behavior of tungstate. 

2.5. Conclusions 

In this study, we examined the systematics and microscopic mechanisms of tungstate 

sorption onto boehmite over a range of pH values and tungstate concentrations. Batch uptake 

results reveal sorption behavior that is expected for anions, with tungstate binding strongly and 

irreversibly at low pH and less strongly with increasing pH. XAS analysis confirms the presence 

of polytungstate on the surface over the pH range 4-8, although  the exact tungstate species 

cannot be determined. Polymerization of tungstate appears to be favored during sorption onto 

boehmite. At pH 8, where monotungstate is the dominant solution species, polymerization is 

accompanied by a change in coordination from tetrahedral (in solution) to octahedral in the 

surface complex. The results suggest that sorption onto boehmtie is an effective means for 

environmental remediation of dissolved tungstate. The role of the mineral surface in favoring 

polymerization of tungstate remains unclear, and further studies should be undertaken using 

different sorbent phases. The results of this study may also be significant for understanding 

tungstate mobility and bioavailability, which are strongly influenced by its sorption behavior, 
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and should be accounted for in models concerned with the solubility, mobility, and accumulation 

of tungsten species in natural environments.  
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Chpter 3. Co-sorption of tungstate and cobalt on boehmite: Mechanisms of uptake 

enhancement 

 

Abstract 

Co(II) effects on tungstate sorption on the boehmite (γ-AlOOH) surface were studied using 

systematic batch uptake experiments and X-ray absorption spectroscopy. Tungstate uptake over 

the range of [WO4
2-

] = 50-1000 µM increased with increasing tungstate concentrations in the 

solution, and the isotherm experiments revealed that tungstate uptake is strongly linked to the 

amount of Co(II) on the surface. Desorption experiments showed that tungstate sorption is less 

reversible with the Co(II) existence. The CoAl LDH formation on the surface was confirmed 

using XRD and XAS. Tungsten L3-edge XANES revealed that all sorption samples are 

octahedral W(VI). The change of energy gaps in L3-edge XANES and the desorption results 

support the tungstate intercalation mechanism for enhanced tungstate uptake at higher tungstate 

concentrations. The results of W L3-edge XAS suggest that the surface sorption reaction mainly 

occurs on the surface at low tungstate concentration, while CoAl LDH plays an important role in 

tungstate sorption at higher tungstate concentration. Our results provide the importance of the 

LDH formation of cation, which influences tungstate sorption and the mobility. 

3.1. Introduction 

Recently, tungsten has received attention because of increasing awareness of its presence in 

soil and aquatic systems.  Although it had long been considered as environmentally benign, 

recent findings suggest that oxidized species are both mobile and potentially toxic.
1
 Tungsten 

metal and alloy, which are regarded as nontoxic materials, undergo oxidative dissolution under 

suitable conditions, forming tungstate, W(VI). The formation of tungstate may lead to adverse 

environmental effects, including soil acidification and toxicity effects in plants, soil 

microorganisms and invertebrates.
2-4

 Recent studies have suggested that the toxicity of tungstates 
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is strongly linked to their speciation.
1
 Under acidic soil and aquatic conditions, orthotungstate, 

WO4
2-

, the dominant species at near-neutral and basic pH, polymerizes to form a range of 

polymeric species.  The polymerization reactions are complex, and strongly related to W 

concentration, solution pH, and reaction time.
1, 5

 Recent studies have suggested that 

polytungstates may be more toxic than orthotungstate
1
, underscoring the importance of 

determining environmental factors that limit the mobility and reactivity of tungstates in natural 

and engineered systems.  

The fate of contaminants in aquatic and soil systems is commonly controlled by sorption 

reactions at mineral surfaces. Tungstate has been shown to adsorb on mineral surfaces depending 

on pH and other factors.
6-8

 Tungstate uptake onto ferrihydrite has been studied experimentally 

and modeled using a diffuse layer model and the CD-MUSIC model, accounting for sorption of 

monomeric and polymeric tungstate.
7
 Tungstate shows sorption behavior on mineral surfaces 

that is typical for anions, consistent with their dominant speciation in solution over a wide pH 

range.
6, 7

 Maximum sorption occurs at acidic pH, and uptake decreases with increasing pH, so 

that sorption becomes significantly less effective at near neutral pH and higher. In a separate 

study we examined the character of surface complexes resulting from tungstate uptake onto 

boehmite at pH 4 and 8.(Chapter 2)  A striking finding was the dominance of polymeric surface 

complexes—thought to be more toxic—at both pH conditions, even though the solution species 

at pH 8 is orthotungstate. The decreased effectiveness of sorption in limiting the mobility of 

dissolved tungstate at near neutral and basic pH makes it important to identify other factors that 

might enhance uptake on common mineral surfaces in order to develop effective methods for 

tungstate remediation in the environment. 
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Other studies have demonstrated that the presence of anions and cations together in aqueous 

solution may have a profound effect on their mutual sorption behaviors
9-15

 Often, these mutual 

effects result not only in the formation of more stable surface complexes, but also enhanced 

uptake on the surface.
11, 13, 16

 Previous studies demonstrated the co-precipitation reaction with 

cations and anion on mineral surfaces.
9-12

 Other studies reported only the enhanced uptake by the 

change of point of zero charge and surface area.
14, 15, 17, 18

 The cation effects on the anion 

speciation were reported in Cd(II) and phosphate co-sorption study on hematite by Elzinga et. 

al.
19

 Tungstate sorption on γ-alumina has been observed to increase with the addition of 

cations.
20, 21

 In these studies, tungstates were more effectively sorbed on the surface at and above 

neutral pH in the presence of Co(II) or Ni(II). The authors suggested that the increased tungstate 

uptake was a result of ternary complex on the surface with the cation at the surface, although no 

direct evidence was provided to support this. Furthermore, Co(II) (or Ni(II)) sorption 

mechanisms on aluminum (oxyhydr)oxide surfaces have been well known for the formation of 

polymeric Co(II) (or Ni(II)) species, Co(or Ni)Al Layered double hydroxide. 

It is well known that several divalent cations, including Ni(II), Mn(II), Co(II), and Zn(II), 

may form layered double hydroxides (LDHs) on sorbents containing A(III) and Si(IV).
22

 Co(II) 

sorption has been extensively investigated on a wide variety of mineral surfaces.
23-29

 In previous 

studies sorption studies on alumina, Co(II) sorption mechanisms were found to depend on 

surface loading.
30

 At low surface coverage (below 0.25 µmole/m
2
), Co(II) forms mononuclear, 

inner-sphere complexes, while Co(II) reacts to form a Co-Al LDH as the surface loading 

increased (above 0.5 µmole/m
2
).

30
 Distinctive features in in EXAFS spectra have been used to 

confirm the formation of LDH on the surface, although some of these features are similar to 

Co(OH)2 precipitates.
31

 This Co(II)-Al LDH phase, based on the hydrotalcite structure, has been 
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identified in previous spectroscopic studies.
24, 25, 31-33

 The formation of a Co(II)-containing as 

hydrotalcite-like structure, with a high capacity for anion sorption, could be an important 

mechanism for enhanced tungstate uptake on aluminum-containing solids.  

Aluminum-containing minerals are abundant in soils and other environmental systems.   In 

the present study we focus on the common mineral boehmite (γ-AlOOH), which has a simple, 

well–characterized structure.
34

 Furthermore, Co(II)  sorption mechanisms on aluminum oxide 

have been well studied.
25, 32

 Boehmite also commonly has as high surface area (136 m
2
/g in this 

study), which can facilitate sorption experiments. It is representative of aluminum minerals with 

octahedral coordination. Aluminum oxide minerals are also well suited for X-ray absorption 

spectroscopy (XAS), due to the low absorption edge energy of aluminum.   

The goal of this study was to determine the effect of Co(II) on tungstate sorption on the 

boehmite surface at near-neutral pH, where enhancement of tungstate sorption is observed. The 

effect of Co(II) on tungstate uptake was investigated over a range of Co(II) and tungstate 

concentration at constant pH, 7.5. In this study, we focused on high cobalt surface coverage, 

which results in formation of CoAl LDH on the boehmite surface. Sorption studies showed 

enhanced tungstate uptake is strongly related to the CoAl formation on the boehmite surface. 

XAS was utilized to investigate tungstate and cobalt surface complexes on the surface.  The 

findings allow us to propose strategies for enhancing tungstate remediation in contaminated 

systems. 

3.2. Materials and Experiments 

3.2.1. Chemicals 

Boehmite from CONDEA Chemi GmbH was used in this study without further treatment. 

Powder XRD confirmed the structure without second phases. The surface area as measured by 
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BET analysis is 136 m
2
/g, and point of zero charge (PZC) has been reported at 8.7.

34
 Boehmite 

was equilibrated at pH 7.5 at least one day prior to further experiments. 0.01 M NaCl was added 

as a background electrolyte.      

CoAl layered double hydroxide (LDH) was synthesized with the method previously 

described,
35

 with the ratio 2(Co) : 1(Al). CoCl2 (Acros) solution was added drop-wise into 

AlCl3·6H2O (Fisher scientific) solution at pH 8, controlled using an auto titrator with 0.1 M 

NaOH solution. Pinkish-colored, milky suspension formed upon addition of CoCl2 solution. 

After reaction, the suspension was filtered and dried in an oven at 60 °C. A powder XRD pattern 

was collected for the dry solid without any further processing.   

3.2.2. Sorption isotherm / Desorption 

All sorption and desorption experiments were conducted under atmospheric condition, using 

boehmite suspensions with 1 g/L particle loading and 0.01 M NaCl background electrolyte. 

Preliminary experiments were conducted that compared the sequence of addition of Co(II) and 

tungstate; in one set, Co and tungstate were added simultaneously to the equilibrated suspension 

and in a second set, Co was equilibrated in the suspension followed by addition of tungstate. 

Comparison showed no difference in the results of sorption behavior or XAS results. On this 

basis, for all subsequent sorption experiments desired amounts of Co(II) were added first from a 

0.01 M CoCl2 solution and allowed to equilibrate for 24 hr.  Total Co concentrations of 100, 500, 

and 2000 µM were obtained.  After equilibration, tungstate was added to obtain total W 

concentrations over the range 50-1000 boehmite suspensions with 1 g/L particle loading and 0.01 

M NaCl, and again allowed to equilibrate for 24 h. For all sorption experiments, pH was 

maintained at a value of 7.5 using an auto-titrator with 0.1 M NaOH or HCl.   

After equilibration, a small aliquot from each suspension was filtered with 0.45 µm pore 

syringe filter, and then tungstate concentration was analyzed in the solution using DCP-AES 



 

95 

 

(direct-coupled plasma atomic emission spectroscopy). Samples were filtered to retain solids, 

which were then used to collect W L3-edge and Co K-edge EXAFS spectra as described below. 

Control experiments were performed using similar procedure except for the absence of boehmite 

sorbent (Co(II) = 100, 500, and 2000 µM; and tungstate = 50–2000 µM) to test for precipitation, 

but no precipitate was observed. 

  In separate experiments tungstate sorption on CoAl LDH was performed at W selected 

concentrations (25, 100, and 1000 µM) at pH 7.5 for 24 h with 0.01 M NaCl as a background 

electrolyte. The W-reacted CoAl LDH samples were vacuum-filtered, rinsed, and air-dried. XRD 

and W L3-edge XAS were then collected as described below. 

Desorption experiments were conducted for selected samples following sorption reactions as 

described above. First, 2000 µM Co(II) solution was reacted with boehmite suspension for 24 h, 

and the suspension centrifuged for 10 min at 10,000 rpm. The solution was discarded, and the 

moist particles were resuspended in Co(II)-free solution with the same pH and background 

electrolyte condition. Aliquots were taken at designated time periods, and Co concentration in 

the solution was measured by DCP-AES to allow calculation of sorbed Co. Second, 200 µM 

Na2WO4·2H2O was reacted on the Co(II) treated boehmite surface for 24 h. The same 

procedures for Co(II) desorption experiments were performed to calculate W and Co 

concentrations on the surface.     

3.2.3. Powder XRD 

Powder XRD was used to confirm the identity of boehmite and CoAl LDH phases. 

Selected sorption samples after sorption experiments were filtered and dried at room 

temperature, and then analyzed by powder XRD. A Scintag Pad-X diffractometer, using Cu Kα 

radiation, was used with a scan rate was 0.2 °/minute from 5-45 2Ɵ. The XRD patterns of 

boehmite with the Co(II) sorption was compared with a pure boehmite pattern and the Co(II) 
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pre-treated boehmite. The peak positions and broadening for CoAl LDH were tracked for 

different tungstate concentrations.  

3.2.4. X-ray absorption spectroscopy 

Tungsten L3-edge EXAFS and XANES were collected at beamline 12BM at the Advance 

Photon Source (Argonne National Laboratory). Cobalt K-edge EXAFS was collected at beamline 

X11B at the National Synchrotron Light Source (Brookhaven National Laboratory). Spectra 

were collected at the W L3-edge (10.207 keV) and Co K-edge (7.709 keV) using a Si(111) 

monochrometer crystal with detuning of 10-30% for harmonic rejection. Energy calibration was 

performed with W metal foil (L3-edge, 10.207 keV) or a Ga filter (K-edge, 10.367 keV), and Co 

metal foil (K-edge, 7.709 keV). The monochrometer was calibrated by assigning the indicated 

energies to the first peak of the derivative of the edge spectrum. All samples for the XAS data 

collection were loaded into Lucite holders and sealed with Kapton tape. Reference materials 

(Na2WO4·2H2O, WO3, Na2W2O7, (TBA)2W6O16, Co(OH)2) were mixed with boron nitride to 

obtain the proper edge step. The XAS data for the reference materials were collected in transition 

mode with gas-filled ionization chambers at room temperature. Fluorescence mode was used to 

collect XAS spectra for sorption samples and CoAl LDH with a Lytle detector or a Canberra 13-

element solid-state Ge detector positioned at 90° to the incident beam. All samples were scanned 

multiple times to obtain adequate signal to noise ratio. 

3.2.5. EXAFS analysis 

Data processing was performed using the program WinXAS.
36, 37

 Shell by shell fitting 

was conducted in R-space using standard procedures. All theoretical scattering paths were 

calculated using FEFF7 based on published structures of relevant model compounds.
38

 Fitting of 

model compounds was begun using only single scattering paths, and scattering paths of like 

backscatters close to each other were combined to minimize the number of paths necessary to get 
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an acceptable fit. A single threshold energy value (∆E0) was allowed to vary during fitting. The 

amplitude reduction factor was fixed at S0
2
 = 0.9. 

In W L3-edge EXAFS fitting, a significant contribution of multiple scattering (MS) from 

near-linear chains, O-W-O, has been reported in previous studies.
39

 (Our paper) Therefore, a MS 

path with 4 legs from near-linear O-W-O units was applied in all fitting.  

In the fitting of W L3-edge EXAFS spectra for sorption samples, no constraints were 

applied to fit first-neighbor oxygen shells. Debye-Waller factors were fixed at 0.008 (W-W and 

W-Co paths) and 0.01 Å
2 

(a W-Al path) for second and higher shells, based on fits to model 

compounds. These values are in the range expected for higher shells (0.005-0.015 Å
2
). The first 

main peak was found to be best fit using two W-O paths. A near-linear O-W-O MS path was 

introduced to account for the distinctive splitting in the first oscillation near 3.5-5 Å
-1 

in the chi 

function. We found that the MS contribution was mainly evident at low k in the chi function. In 

fitting the low-W (25 µM) sorption samples, a W-Al path was necessary to fit the peak near 2.7 

Å  in the Fourier transform (not corrected for phase shift), which is shorter than typical W-W and 

W-Co distances. For the higher concentration samples, two W-O paths were used to fit the first 

peak, and fitting results were compared using W-W, W-Co and their combination for the higher 

shells, 3.0-3.5 Å  (not corrected for phase shift). Estimated errors are ±20% for the first oxygen 

shell and ±50% for the higher shells. Estimated Debye-Waller factors are ±0.001 Å
2
 and ±0.005 

Å
2 

for first and higher shells respectively.  

3.3. Results 

3.3.1. Sorption Isotherm 

Figure 3.1 shows tungstate sorption isotherm on Co(II)-sorbed boehmite. In preliminary 

sorption experiments, tungstate sorption was significantly affected by Co(II) at neutral and basic 

conditions, but slightly at acidic pH. Therefore, pH 7.5 was chosen for this study to minimize 
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Co(OH)2 precipitate and to obtain greater Co(II) effects on tungstate sorption on the boehmite 

surface. The blank tests were conducted with 2000 µM Co(II) and tungsate concentrations in the 

solution without boehmite. In these tests, we did not observe any precipitation at pH 7.5. Overall, 

tungstate uptake increases as tungstate concentrations increase in the solution. The more 

interesting observation is the link between initial Co(II) concentration and the tungstate uptake 

on the boehmite surface. Figure 3.1 clearly shows more tungstate sorbed on the surface over the 

entire W concentration range as Co(II) concentration increases. This enhancement of tungstate 

uptake onto boehmite is significant, amounting to a three-fold increase over the Co concentration 

range studied. Sorbed tungstate over the range of initial tungstate concentrations (50-1000 µM) 

are 0.011-0.073 mmole/g, 0.021-0.126 mmole/g, and 0.029-0.216 mmole/g with no Co(II), 500 

µM, and 2000 µM Co(II), respectively. At these conditions, the amount of Co(II) sorbed on the 

boehmite surface is 0.052 mmole/g for 500 µM  and 0.150 mmole/g for 2000 µM, respectively. 

These results indicate that tungstate uptake is strongly related to the presence of Co(II) on the 

surface. 
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Figure 3. 1. Tungstate sorption isotherm on the boehmite surface over the range [WO4
2-

] = 50-

1000 µM conducted at two different Co(II) concentrations and in the absence of Co at pH 7.5. 

Enhanced tungstate uptake is observed with increasing Co(II) on the boehmite surface. 
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Figure 3. 2. Desorption results for (a) Co(II) and (b) tungstate on the boehmite surface at pH 7.5.  

Tungstate sorption (b) is more irreversible with Co(II) present on the surface. Black lines; single 

sorbate, Co(II) or tungstate. Red lines; Co(II) and tungstate co-sorption. 
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3.3.2. Desorption 

Co(II) desorption behavior was compared with and without tungstate present. Co(II) 

sorption on boehmite is found to be mostly irreversible regardless of tungstate concentration, 

with 95% of Co(II) retained on the surface (Figure 3.2-a). Desorption behavior of tungstate 

shows an interesting contrast. Tungstate sorbed on the Co(II) treated boehmite surface is mostly 

irreversible (>90%), while tungstate on Co-free boehmite surface shows significantly greater 

reversibility, with 30 % released from the surface. This result shows that Co(II) treatment 

(sorption) significantly affects tungstate uptake, whereas an analogous effect on Co(II) sorption 

is not evident over the conditions examined.. Taken together, the sorption and desorption results 

demonstrate that Co(II) sorption pretreatment not only enhances tungstate uptake but also 

significantly reduces its sorption reversibility on boehmite at pH 7.5. 

3.3.3. Powder XRD results  

Powder XRD patterns of Co(II)-sorbed boehmite are compared with  pure boehmite and 

CoAl LDH (Figure 3.3). CoAl LDH, synthesized as described above, shows an XRD pattern 

characteristic of LDH.
35

 The assignment of peaks is well known in previous study.
35

 The peak 

near 11.6
o
 2Ɵ corresponds to the basal spacing at 7.63 Å , which higher-order basal peaks at 

23.3 and 35
o
. The thickness of a brucite layer is about 4.8 Å , therefore the height of interlayer is 

2.83 Å . This interlayer distance is reasonable considering the ionic radius of water molecules 

and Cl
-
 which are expected to be the main interlayer species in our initial synthesis conditions.

40
 

Co(II)-sorbed boehmite samples show the three major boehmite diffraction peaks in this 

scan range, with additional weak peaks in the 500 and 2000 µM Co(II)-sorbed boehmite patterns 

near 11.6
o
, 23.3

o
, and 35

o
 2Ɵ corresponding to CoAl LDH. These peaks confirm that CoAl LDH 

forms on the boehmite surface during reaction with Co(II) at the higher concentration range. We 
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cannot rule out the formation of CoAl LDH at 100 µM Co(II), because of limited sensitivity of 

powder XRD to minor phases. For the Co(II) concentrations used, the solution is oversaturated 

with respect to Co(OH)2 at pH 7.5, and the peaks marked by an asterisk in Figure 3.3 correspond 

to the main peak of this phase, confiming its occurrence as a minor component. Co K-edge 

EXAFS results described in the following section provide more details of the Co(II) phases. The 

formation of CoAl LDH on boehmite agrees with previous studies documenting LDH formation 

on aluminum oxide mineral surfaces.
25, 31, 33
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Figure 3. 3. Powder XRD patterns of CoAl LDH, Co(II) sorbed boehmite, and boehmite. The 

peaks marked by an asterisk correspond to the most intense peak forCo(OH)2. Weak peaks for 

CoAl LDH are visible in the 500 and 2000 uM Co(II) samples. 
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Figure 3. 4. Co K-edge EXAFS results for Co(OH)2 and Co(II) sorption samples with 1000 µM 

tungstate on the boehmite.  
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3.3.4. Co K-edge EXAFS   

 Figure 3.4 shows Co K-edge EXAFS for boehmite reacted with Co(II) at three 

concentrations and then reacted with 1000 µM tungstate. A reference spectrum is shown for 

Co(OH)2, which was determined to be a minor component by XRD. The chi functions (Figure 

3.4, left) for the two higher concentration Co(II) sorption samples (500 and 2000 µM) are nearly 

identical, while the 100 µM Co(II) chi function displays some differences near 5 and 8 Å
-1

. 

Co(OH)2 displays a distinctly different beat pattern. The interesting feature among the spectra of 

the higher concentration sorption samples is the splitting of the feature centered near 8 Å
-1

. This 

splitting has been reported as  a signature of the LDH structure.
22

  

 The Fourier transform (FT) magnitude of the 100 uM Co(II) sorption sample is 

dominated by a single peak at 1.8 Å  (not corrected for phase shift), with weaker peaks at 2.8 and 

3.2 Å  (Figure 3.4, right).  The peak at 1.8 Å  corresponds to the first-shell coordination by 

oxygen, and the weaker peaks at higher R result from backscattering from higher shells.  The 1.8 

Å  peak appears in the FT magnitudes of the two higher concentration Co(II) sorption samples, 

along with a second intense peak at 2.8 Å  (not corrected for phase shift). This latter peak is 

aligned exactly with the most intense peak in the FT magnitude for the Co(OH)2 reference 

sample, and is consistent with the presence of a minor component  of Co(OH)2 in these two 

sorption samples as identified by XRD.   

 The FT magnitude for the Co(OH)2 reference sample shows two prominent peaks, 

corresponding the published structure with the first-shell Co-O at 2.11 Å   and Co-Co at 3.18 Å .
41

  

The distances obtained by fitting are 2.06 and 3.17 Å , respectively, in good agreement with the 

reported structure. In fitting the Co K-edge EXAFS of the sorption samples, we must recognize 

that two or more Co-containing phases are present, so that fit results may reflect a mixture of 

backscattering contributions dominated by the most abundant components. 100 µM Co(II) 
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sorption sample was fit with a W-O path at 2.06 Å  and a Co-Co path at 3.11 Å . 500 and 2000 

µM Co(II) sorption samples were fit with the same paths, but the fit obtained larger CN for the 

second shell. A Co-Al path was added in the fitting, but the results showed similar results 

without Co-Al. All Co(II) sorption samples were fit slightly a shorter Co-Co distance (3.11 Å  ) 

than Co(OH) (3.17 Å ). This shorter Co-Co distance is characteristic in EXAFS spectra for metal 

cations forming LDH on aluminum oxide mineral surface, and this result is consistent to XRD 

results.
22, 31

 These results are consistent with the XRD results that CoAl LDH forms on the 

boehmite surface. The absence of the significant Co(OH)2 contribution at high Co(II) 

concentrations in Co K-edge EXAFS means CoAl LDH is the dominant Co(II) surface complex, 

although Co(OH)2 feature was shown in XRD. The significant contributions of Co-W 

backscattering were not observed in Co K-edge EXAFS. The will be discussed later with W L3-

edge EXAFS results.  

 

 

 

 

 

 

 

 

 



 

107 

 

 

 

Sample Path CN
a
 R(Å )

b
 σ

2
(Å

2
)
c
 ∆E0 (eV) 

100 µM Co(II) 

Co-O 5.9 2.06 0.008 

0.9 

Co-Co 1.7 3.11 0.008 

500 µM Co(II) 

Co-O 5.9 2.08 0.007 

0.2 

Co_Co 3.8 3.11 0.009 

2000 µM 

Co(II) 

Co-O 6.0 2.06 0.008 

0.5 

Co-Co 3.7 3.11 0.007 

Co(OH) 

Co-O 6.0* 2.06 0.01 

-2.3 

Co-Co 6.0* 3.17 0.01 

*: fixed in the fitting, 

a : coordination number (±20%), b: distance in Å  (±0.02 Å ), 

c : Debye-Waller factor 

 

Table 3. 1. The fitting results of Co K-edge EXAFS for Co(II) sorption samples with 1000 µM 

tungstate. 
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Figure 3. 5. Second derivatives of W L3-edge XANES with tungstate sorption samples [Co(II)] = 

2000 µM and selected model compounds. Na2WO4·2H2O was selected for tetrahedral tungstate, 

and Ba2NiWO6 contains octahedral tungstate. Na2W2O7 includes both tetra- and octahedral 

coordination.  
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3.3.5. W L3-edge XANES 

Tungsten L3-edge XANES has been shown to be useful for distinguishing between 

tetrahedral and octahedral coordination environments of tungstate.
8, 42

 The tungsten L3-edge 

white line is attributed to the electron transition from 2p to vacant 5d orbitals.
42

 Incipient 

splitting of the white line may occur as a result of ligand field splitting, and has been shown to 

reflect molecular symmetry of W(VI).  This behavior is most readily observed in the second 

derivative of the XANES spectrum, in which a single minimum is found for tetrahedral 

coordination and two minima for octahedral coordination. Furthermore, the separation between 

minima is related to the degree of octahedral distortion.  

Figure 3.5 shows second derivative spectra for three reference compounds and tungstate 

sorption samples after reaction with 2000 µM Co(II) co-sorbed boehmite and CoAl LDH. 

Tungstate in the reference compound Na2WO4·2H2O is tetrahedrally coordinated; the second 

derivative spectrum exhibits a single minimum. In contrast, the octahedral coordination of W(VI) 

in Ba2NiWO6 results in two distinct minima separated by  4.3 eV,  similar to value reported in a 

previous study.
42

   Second derivative spectra of all sorption samples display two distinct minima, 

indicating octahedral coordination. The interesting point here is that monotungstate is dominant 

in the solution at pH 7.5, so that a change in coordination occurs during interaction of dissolved 

WO4
2-

 at the surface. In a separate study we observed a similar change in W(VI) coordination  

associated with sorption on boehmite at pH 8.
8
 The separation values between the minima in the 

second derivatives are summarized in Table 2. These splitting values are 3.1, 3.5, and 5.0 eV for 

the 25, 100, and 1000 µM tungstate on the Co(II) treated boehmite surfaces respectively (Table 

2). We also determined the energy separation of minima for tungstate-sorbed boehmite (Co-free) 

and for tungstate reacted with CoAl LDH (Table 2).  The trend of increasing energy separation 

with increasing W concentration observed for the Co(II)-pretreated boehmite is nearly identical 
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to that observed for tungstate reacted with CoAl LDH, and different from that for the Co-free 

beohmite,  which showed a nearly constant energy separation of 3.2-3.4 eV. The larger energy 

separation in the second derivative XANES with increasing tungstate concentration indicates that 

the octahedral coordination environment of W(VI) becomes more symmetric at the higher 

concentration.
42

     

3.3.6. W L3-edge EXAFS 

Figure 3.6 shows the k
3
-weighted W L3-edge EXAFS data of tungstate sorbed on 

boehmite and Co(II) co-sorbed boehmite, and the corresponding Fourier transformation 

magnitudes. The chi functions are broadly similar for all samples (Figure 3.6, left), showing a 

split first oscillation and a sharp second oscillation from interference with a second or additional 

beat. Small differences in the 1000 µM sample for the Co(II) treated boehmite is observed near 

9-10 Å
-1

. FT magnitudes also show broadly similar features, but some differences are observed 

near 3–3.5 Å  in FT magnitude of the 1000 µM sample (not corrected for phase shift). The 

broadly similar spectra for sorption samples imply the absence of significant contribution from 

W-Co backscattering, although the small difference observed near 9-10 Å
-1

 could be attributed to 

W-Co backscattering. This will be discussed later in this section about the fitting results. The 

positons of peak are identical for 25 µM sorption samples, but the Co(II) co-sorbed sample 

shows the broader first peak 1000 µM tungstate on Co(II) treated boehmite surface shows a 

broader first peak at 1.5 Å  than 1000 µM on the pure boehmite surface. Furthermore, one small 

feature is shown at 3.2 Å  (not corrected for phase shift) in 100 and 1000 µM tungstate on the 

Co(II) co-sorbed boehmite surface, while two distinct peaks appear near 3.2-3.5 Å  (not corrected 

for phase shift) in the FT of the 1000 µM tungstate on boehmite sample. 
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Name Energy gap (eV) ±0.5  

Co(II) pre-treated boehmite, [Co(II) ]= 2000 µM, at pH 7.5 

25 µM WO4
2-

 3.1 

100 µM WO4
2-

 3.5 

1000 µM WO4
2-

 5.0 

Pure boehmite at pH 8 

25 µM WO4
2-

 3.3 

100 µM WO4
2-

 3.2 

1000 µM WO4
2-

 3.4 

CoAl layered double hydroxide at pH 7.5 

25 µM WO4
2-

 3.0 

100 µM WO4
2-

 3.5 

1000 µM WO4
2-

 5.0 

 

 

 

 

Table 3. 2. The summary of energy gap between in W L3-edge XANES second derivative 

. 
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Figure 3. 6. The spectra of W L3-edge EXAFS with various combination of Co(II) and WO4
2-
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EXAFS data were fit using shell by shell approach in real space as described in section 

2.4. Selected fits are shown Figure 3.7, and all fit results are summarized in table 3. Best fits for 

the 25 µM sorption samples were obtained using two W-O paths (1.75 and 2.16 Å ) for the first 

shell with a combined coordination number (CN) of 5.9 (±1.2). The average W-O distance for 

the first shell is 1.96 Å , which is consistent with octahedral coordination of W(VI) and in 

agreement with the W L3-edge XANES results. Based on previous studies, near-linear O-W-O 

path as a MS path was introduced to obtain a satisfactory fit of the first oscillation in the chi 

functions at 3–3.5 Å
-1

.
39

 (Chapter 2) The peak at 3.17 Å , which is unrealistically short for W-W 

or W-Co distances, was fit with a W-Al path. Moreover, W-W or W-Co backscattering paths 

could be ruled out with the identical EXAFS spectra for 25 µM sorption samples on the 

boehmite and Co(II) co-sorbed boehmite surface. The same fitting method was applied to the 

100 µM sorption sample  

For the 1000 µM sorption sample, two W-O paths (1.74 and 2.13 Å ) were again used to 

obtain the best fit of the first peak in the FT.  A W-Al path was introduced for the small feature 

near 2.5 Å  (not corrected for phase shift) as in the lower concentration samples, which was found 

not to depend on the tungstate concentration. A MS path was again found to be necessary to fit 

the first oscillation in the chi function. Compared to tungstate sorbed on pure boehmite, the 

feature at 3.0-3.5 Å  (not corrected for phase shift) was found to change as tungstate 

concentration increased. Fitting this peak alternately using W-W or W-Co backscattering paths 

showed that both paths resulted in satisfactory fits and reasonable distances. Therefore, we 

cannot distinguish between fits for this feature.  
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Figure 3. 7. The fit results of W L3-edge EXAFS spectra for tungstate sorption samples with 

[Co(II)] = 2000 µM. The dotted lines are fits, and the solid lines are data. Using different paths to 

fit the 1000 µM sample are indicated in the figure. 
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Sample Path CN
a
 R (Å )

b
 σ

2
 (Å

2
)
c
 ∆E0 (eV) 

25 µM 
W-O1 3.1 1.76 0.002 

2.4 
W-O2 3.2 2.16 0.01 

W-Al 1.4 3.17 0.01 

100 µM 
W-O1 3.1 1.76 0.002 

1.8 
W-O2 3.2 2.14 0.01 

W-Al 1.2 3.15 0.01* 

1000 µM 

(W-W) 

W-O1 2.9 1.74 0.005 

3.0 W-O2 2.4 2.12 0.01 

W-Al 1.3 3.13 0.01* 

W-W 0.7 3.62 0.008* 

1000 µM 

(W-Co) 

W-O1 2.7 1.77 0.004 

1.2 W-O2 2.6 2.13 0.01 

W-Al 1.4 3.18 0.01* 

W-Co 0.9 3.53 0.008* 

*: fixed in the fitting,  

a : coordination number (±20%), b: distance in Å  (±0.02 Å ),  

c : Debye-Waller factor 

 

 

 

 

 

Table 3. 3. The summary of the fit results for W L3-edge EXAFS spectra of tungstate sorption 

samples with [Co(II)] = 2000 µM 
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3.4. Discussion 

Our findings demonstrate that tungstate sorption on boehmite at pH 7.5 is strongly 

enhanced by pre-treatment with Co(II). This results in formation of more stable surface 

complexes of tungstates, as demonstrated by the significant reduction in sorption reversibility on 

the boehmite surface. The significant finding is the relevance of tungstate uptake with Co(II) 

concentration. The tungstate uptake was largely increased with more Co(II) concentration on 

boehmite surface.  

The formation of CoAl LDH leads us to the question of its role in enhanced tungstate 

uptake on the boehmite surface. Enhanced anion uptake may be associated with different 

mechanisms. For example, co-precipitation of anions with cations, pre-treatment to modify the 

surface (e.g., surface charge), and “lateral interaction (the formation of ternary surface complex)” 

are well documented for increasing uptake of anions.
9, 13, 15, 20, 21

 In the present case, we can rule 

out precipitation of cobalt tungstate with no observed precipitate in our blank tests described in 

section 3.1.  The calculation with thermodynamic data base using Phreeqc was not aware of any 

Co-tungstate precipitate within the concentration range used in this study at pH 7.5.
43

 Moreover, 

the co-precipitation of Co(II) and tungstate could be ruled out with the absence of significant 

contributions in W L3-edge and Co K-edge EXAFS spectra, although the precipitate could exist 

as a minor component which would not significantly affect tungstate sorption. The absence of 

substantial contribution in W L3-edge EXAFS for sorption samples also rule out the formation of 

ternary surface complex.  

The identical EXAFS spectra for 25 µM regardless of the CoAl presence imply that 

tungstate predominantly sorbed on the boehmite surface at this concentration. The PZC of 

boehmite is 8.7.
34

 Therefore, large amount of tungstate could be sorbed on the boehmite surface. 

Furthermore, changes in PZC values resulting from cation sorption have been documented in 
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previous studies.
14, 15, 18

 Co(II) sorption could shift the PZC of boehmite to a high pH value, 

resulting in increased tungstate uptake without any influence in W L3-edge EXAFS spectra. 

Therefore, the enhanced tungstate uptake at low concentration could be mainly attribute the 

tungstate sorption on the Co(II) treated boehmite surface.  

The speciation of Co(II) on the boehmite surface are a key to understand  their roles in 

tungstate sorption and the mechanism of sorption enhancement. The thermodynamic calculation 

indicated Co(OH)2 precipitation, and Figure 3.3 showed Co(OH)2 feature (marked with stars). 

Co K-edge EXFAS and powder XRD results support that Co(II) mainly formed CoAl LDH on 

the boehmite surface, although Co(OH)2 was precipitated as a minor phase. Co(II) sorption 

mechanisms on mineral surfaces containing Al have been extensively studied.
22, 31

 Moreover, the 

formation of LDH at neutral and basic conditions on mineral surfaces containing Al or Si has 

been documented in previous studies
22

 In this study, the Co(II) surface coverage (0.15mmole/g) 

in this study is much greater than the coverage at which Co(II) forms CoAl LDH on the 

boehmite surface (0.5 µmole/m
2 

 or 0.068 mmole/g).
30

  

The intercalation of tungstate into CoAl LDH has the potential to be a significant 

mechanism for the enhanced tungstate uptake and more irreversible tungstate sorption reaction at 

higher tungstate concentrations. LDHs have large sorption capacity for anions.
44, 45

  Previous 

study reported that the value of 2+ to 3+ metal cation ratio in LDH is important for controlling 

the preference of the anion exchange and surface adsorption.
46

 In this study, CoAl LDH on 

boehmite surface would have a large Co(II) and Al(III) because of the low Al(III) concentration 

with the low solubility of boehmite at pH 7.5. A high Co(II)/Al(III) ratio favors intercalation of 

anions into the LDH interlayers.   
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The affinity of LDH for different anions has been reported to vary in the order CO3
2-

 > 

SO4
2-

 > Cl
-
 > NO3

-
 >> I

-
. In the initial condition of our sorption experiments, the major anion is 

Cl
-
 in the LDH. Anions such as CO3

2- 
(D3h) and SO4

2- 
(Td), which possess symmetry compatible 

with the local symmetry of the interlayer sites in the LDH structure, show strong affinity to 

LDH. Intercalation of anions with greater charge is also favored to achieve charge 

compensation.
47

 Our XAS results indicate octahedral tungstate which would not satisfy with 

respect to compatible symmetry. The intercalation of tungstate in the LDH could be driven by 

the higher negative charge of tungstate. Thus, the formation of CoAl LDH at the boehmite 

surface not only creates additional sites in which tungstate uptake would be favored, but also 

provides an explanation for the decreased sorption reversibility observed in our desorption 

experiments.   

As we described in section 3.5, the energy separation of minima in tungstate L3-edge 

XANES second derivative spectra provides evidence supporting intercalation of tungstate in 

CoAl LDH. Yamazoe et. al reported that the energy gap in W L3-edge EXAFS is strongly linked 

to its geometry,
42

 with the largest energy separation for symmetric octahedral (Oh) coordination 

of W(VI). The interesting finding in the present study is that energy separation values of second-

derivative minima for tungstate sorbed onto Co(II)-pretreated boehmite increase with increasing 

tungstate concentration exactly as observed for tungstate reacted with CoAl LDH (Table 2).  

Furthermore, this trend in energy minima separation coincides with the expansion of CoAl LDH 

that would be expected for intercalation of tungstate in the interlayer. The shifting and 

broadening of XRD peaks for CoAl LDH with increasing tungstate concentrations are taken as 

evidence of tungstate intercalation between layers (Chpter 3)
45, 48

 The greater separation of 

second derivative minima in the XANES with higher tungstate concentration would be consistent 
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with a more symmetric octahedral coordination of tungstate in the more expanded interlayer of 

the CoAl LDH. Taken together, these observations support the hypothesis that tungstate becomes 

intercalated into CoAL LDH that forms from Co(II) treatment. This represents a plausible 

explanation for the enhanced tungstate uptake on boehmite following treatment with Co(II), and 

further explains the decreased reversibility of tungstate sorption.   

Our XAS results also demonstrate that tungstate undergoes coordination changes during 

interaction with Co(II)-treated boehmite.  All of our sorption samples show two distinct minima 

in W L3-edge XANES, indicating octahedral W(VI). Therefore, at near-neutral pH dissolved 

tungstate changes its coordination from tetrahedral (WO4
2-

 in the solution) to octahedral 

following uptake on the surface. The second derivative W L3-edge XANES further suggests that 

tungstates with different degrees of octahedral distortion exist depending on the tungstate 

concentration. Our EXAFS analysis of 25 µM sorption samples also confirm octahedral 

tungstate, which is most likely a monotungstate.  . Kashiwabara et al reported octahedrally 

coordinated monomeric tungstate sorbed on birnessite (MnO2) at basic pH.
8
 Our previous study 

also suggests the occurrence of an octahedral monomeric tungstate sorbed onto boehmite at low 

W concentration and a polymeric tungstate at higher concentrations.(Our study) In W L3-edge 

EXAFS, the clear difference in the second shell (3.2-3.8 Å , not corrected for phase shift) for 

1000 µM sorption samples was observed(Figure 3.6). The EXAFS for the 1000 µM on Co(II)-

treated boehmite was fit equally well by W-W and W-Co. We speculate that this is most likely to 

be W-Co backscattering in the light of our sorption, desorption, XANES results all supporting 

intercalation of tungstate into an LDH at higher tungstate concentrations.  

Nevertheless, we cannot rule out some polymerization of tungstate on the surface, as 

reported in our previous study.(Chapter 2) The fit results using a W-W path shows reasonable fit 
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parameters. Furthermore, the absence of the backscattering between tungsten and metal atoms in 

LDH has been observed.
48, 49

 If so, tungstate species on the Co(II) treated boehmite surface could 

be different from those on the boehmite surface.  

The EXAFS results suggest that tungstate sorption reaction on the modified boehmite 

surface is favored at low tungstate concentration, while the combination of the PZC change and 

the LDH intercalation result in the enhanced tungstate uptake at higher tungstate concentration. 

The identical W EXAFS spectra for 25 µM sorption samples regardless of the CoAl LDH 

formation support the conclusion that enhanced tungstate sorption at the low concentration is 

driven by the change of PZC. The formation of CoAl LDH, resulting in greater tungstate uptake 

and less reversible reaction on the surface implies that CoAl LDH plays important roles for 

tungstate sorption mechanism.  

3.5. Conclusion 

It is important to control monotungstate at neutral and basic pH to limit mobility and its 

toxicity in natural environments. Our findings demonstrate that the existence of Co(II) as CoAl 

LDH results in enhanced tungstate uptake and more stable tungstate surface complex at neutral 

and basic pH conditions. Therefore, the mobility of tungstates may be effectively limited by the 

Co(II) presence on the boehmite surface. However, we still lack of understanding of tungstate 

species on the surface. Additionally, competitive sorption reaction of tungstate with other anions 

on mineral surface has been known in previous studies.
6
 Other anions effects on tungstate 

sorption with co-existing cations would be important to evaluate the mobility and toxicity of 

tungstate in natural aqueous systems. 
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Chapter 4. The application of CoAl layered double hydroxide (LDH) for the removal 

of tungstate 

Abstract 

Tungstate sorption mechanisms on CoAl LDH were investigated as a function of 

tungstate concentrations at pH 8. Batch uptake experiments were conducted over the range of 

tungstate = 50-2000 µM. CoAl LDH showed a large sorption capacity to tungstate, and the anion 

exchange mechanism was suggested with the XRD results. The changes of the intensity, width, 

and position of peaks in XRD indicated the expansion of the interlayer space with the tungstate 

intercalation. W L3-edge XANES implied that the coordination of tungsten changes from 

tetrahedral (solution) to octahedral (in CoAl LDH). However, exact tungstate species in CoAl 

LDH could not be determined with W L3-edge EXAFS. Our results suggest the possible 

application of CoAl LDH for tungstate removal from aqueous media, but further studies about 

tungstate species and the competitive reaction with other anions are needed to evaluate the 

mobility, toxicity, and bioavailability of tungstate. 

4.1. Introduction 

Layered double hydroxides (LDHs) have received much attention recently for their wide 

range of applications related to a positive interlayer charge.
1-3

 The structure of the LDHs is based 

on a stacking of brucite-like (Mg(OH)2) layers.
4
 A fraction of the divalent cations in a layer can 

be replaced with trivalent cations, giving positively charged sheets. The net positive charge is 

compensated by anions, which occupy the interlayer along with water molecules.
2
 The 

octahedral M
2+

/M
3+

 units share edges to form infinite sheets. These sheets are stacked on top of 

each other and are held together by hydrogen bonding.
2
  

The significance of LDHs is based on their ability to retain anions and molecules in the 

interlayers. Layered double hydroxides have been well known for their large surface area, 
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flexible layer structure, and anion exchange reaction with various anions.
2, 3

 These characteristics 

make LDHs good candidates for anion uptake. In general, three different mechanisms have been 

proposed for the removal of anions from aqueous solutions by the LDHs, namely surface 

adsorption, interlayer anion exchange, and reconstruction of calcined LDH precursors by 

memory effect.
5
 The large surface areas provide more sorption sites for anions, and the anion 

adsorption on the LDH surface is dependent on pH. The anion exchange process of LDHs is 

mainly influenced by the layer charge density and its effect on intercalation of charge-balancing 

anions in the interlayer. Many studies reported on the application of LDHs for removal of 

various contaminants, including monoatomic anions, oxyanions, and organic molecules.
6-13

 The 

reconstruction mechanism using memory effects is accompanied with the calcination procedure 

during LDH synthesis. As a result of it, LDHs obtain high surface area, small crystal size, and 

high stability. The calcination temperature is the key parameters to obtain proper properties for 

anion sorption.
2
 

The advantage of LDHs for anion sorption is their stability and high sorption capacity of 

LDHs at neutral and basic conditions, where anion sorption onto many common sorbents is 

relatively low. The stability of sorbents is one of important factor for considering the practical 

application.
14

 The dissolution of LDHs could result in the release of contaminants as well as 

potential health risks due to released metal cations from LDH. Ferreira et al. reported increased 

Mg
2+

 release from LDHs as pH decreased from 10 to 4.
15

  

Dissolved tungstate, W(VI),  is receiving attention recently as a more common 

contaminant that previously recognized, as a result of widespread industrial and military 

applications.
16, 17

 Recently, Strigul et al. reported that toxicity of tungstate varies according to its 

speciation in solution, whereas tungsten metal and alloys are considered largely non-toxic.
16

 This 
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study concluded that polymeric tungstate species are more toxic than monotungstate (WO4
2-

), 

although the latter are   more mobile in aquatic and soil systems.
16, 17

 Therefore, the 

environmental fate of W ultimately depends on an accurate understanding of tungstate 

geochemistry.  

Tungsten is in the same group with Cr and Mo (VIB). The oxyanions of these elements in 

their 6+ oxidation states form dimeric or polymeric species in solution under appropriate 

conditions of pH.
16, 18

 The tendency for polymerization in the VIB group increases with 

increasing atomic number.
5
 Polymerization reactions involving tungstate are generally the  most 

complicated and least understood among this group. Formation of polymeric species of tungstate, 

, including W7O24
6-

 and H2W12O42
10-

, is favored at acidic conditions and higher W 

concentrations, whereas monotungstate, WO4
2-

, is dominant at and above neutral pH values.
16, 17, 

19
 

Previous studies have shown that tungstate exhibits sorption behavior on mineral surfaces 

that is typical for anions, with maximum uptake at low pH.
20, 21

 Only limited uptake is observed 

at neutral and basic pH conditions. Tungstate shows a strong affinity to mineral surfaces. The 

adsorption of tungstate is stronger than that of molybdate, whereas phosphate could displace 

tungstate on iron oxide surface.
21

 
20

    

With its limited sorption at neutral and basic pH, tungstate is potentially a good candidate 

for anion exchange in LDHs.  Anion exchange in LDHs is strongly influences by the symmetry 

and charge of anions.
14

 Anions with compatible symmetries, such as D3h and Td, generally show 

significant exchange.  Furthermore, more negatively charged anions have a strong tendency to 

replace similarly sized anions in LDH interlayers because of more effective charge 

compensation.
14

.  
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In this study, we investigated the effectiveness of CoAl LDH for tungstate removal from 

aqueous media via anion exchange. We focus on slightly basic pH conditions (pH 8) because of 

the dominance of montungstate in solution and the overall stability of LDH. Batch reaction 

experiments with CoAl LDH were conducted as a function of tungstate concentration. Anion 

exchange resulting in layer expansion was studied using X-ray diffraction. Tungstate speciation 

was characterized using W L3-edge X-ray absorption near edge spectroscopy (XANES) and 

extended X-ray absorption fine structure (EXAFS).  The results provide new insight to the 

environmental behavior of tungstate and suggest potential remediation techniques. 

4.2. Materials and experiments 

4.2.1. CoAl LDH synthesis 

The procedure for synthesizing CoAl LDH followed the method described by Perez-

Ramierez et al.
22

 Briefly, 0.02 M CoCl2 (Acros) solution was added drop-wise into 0.02 M AlCl3 

(Fisher) solution under ambient conditions open to air. The pH was maintained at 9.5 by addition 

of 0.1 M NaOH using an auto-titrator. The cloudy pinkish suspension that formed was filtered, 

rinsed, and dried at 60 °C in a convection oven. XRD was used to confirm the identity of the 

LDH phase, with no other phase present (Figure 3.1). The dried LDH was used for sorption 

experiments without any further treatment. The possible anions in CoAl LDH are CO3
2-

 

dissolved from air and Cl
-
 from chemicals used for the synthesis.

23
 This will be discussed in 

section 3.1 with XRD results.   

4.2.2. Batch reactions 

Tungstate sorption experiments were conducted at pH 8 as a function of tungstate 

concentration over the range 50-2000 µM. All sorption experiments were carried out with 1 g/L 

particle loading. Small amounts of 0.1 M NaOH or HCl was added to adjust pH. The CoAl LDH 

suspensions were equilibrated at pH 8 with 0.1 M NaCl as a background electrolyte at least 2 
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days prior to the addition of tungstate. In our preliminary kinetic experiments with [WO4
2-

] = 200 

µM, tungstate uptake by CoAl LDH was found to be a rapid process, with 70% of tungstate 

sorbed within 1 h and 90% in 24 h. All our sorption experiments were equilibrated for 24 h based 

on this kinetic study. Designated amounts of 0.1 M Na2WO4·2H2O were added to CoAl LDH 

suspensions and allowed to react for 24 h on a shaker table. A 5 mL aliquot of solution was 

extracted from selected samples, filtered using a 0.25 µM filter, and analyzed using inductively 

coupled plasma-atomic emission spectroscopy (ICP-AES) to calculate the amount of tungstate 

sorbed on CoAl LDH. The wet CoAl LDH pastes after reacting with tungstate were brought to 

the beamline to collect XAS data. XRD were measured with air-dried CoAl LDH recovered from 

experiments.       

4.2.3. Powder XRD 

Powder XRD was collected for synthesized and tungstate-sorbed CoAl LDHs. All 

samples were scanned from 5 to 45 in 2Ɵ with 0.2 degree/min rate with a Scintag Pad-X 

diffractometer using Cu Kα radiation. The peak position, width, and intensity were tracked as a 

function of tungstate concentration. 

4.2.4. Tungsten L3-edge X-ray absorption spectroscopy 

XAS data for tungstate sorption samples and model compounds were collected at 

beamline X11A at the National Synchrotron Light Source (Brookhaven National Laboratory in 

Upton, NY) and beamline 12-BM at the Advanced Photon Source (Argonne National 

Laboratory, Argonne, IL). All model compounds and sorption samples were mounted in a Lucite 

sample holders and sealed with Kapton tape. Transmission mode was used to collect data for 

model compounds. Wet pastes of sorption samples were placed at 45° to the incident beam, and 

data were collected in fluorescence mode using a detector (Canberra 13-element Ge solid 

detector) was position at 90° to the incident beam. Si(111) crystals were used for the 
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monochrometer at these beamlines, and the beam was detuned 20-30 % for harmonic rejection. 

Energy calibration was performed with a Ga filter (K-edge, 10.367 keV) or a W metal foil for the 

W L3-edge (10.207 keV).  

Data analysis was performed with the EXAFS data analysis programs WinXAS 
24, 25

 and 

IFEFFIT
26

. Spectra were averaged to obtain proper signal to noise ratio after careful energy 

calibration. The χ(k) function was Fourier transformed using k
3
 weighting, and shell-by-shell 

fitting was carried out in R-space. Theoretical paths were calculated using FEFF7 based on 

published structures.
26

 A single threshold energy value (∆E0) was allowed to vary during fitting. 

The amplitude reduction factor was fixed at S0
2
 = 0.9 for all samples. 

In fitting the model compounds, coordination numbers were fixed according to published 

structures. Fitting of model compounds was begun using only single scattering paths. In 

instances where like paths were close or overlapped one another, they were combined to 

minimize the number of paths necessary to obtain an acceptable fit. The significance of multiple 

scattering (MS) from linear chains, e.g., O-W-O, has been previously noted by Kuzmin et al.
27

 

Their study showed that the contribution of a MS path with 4 legs from near-linear O-W-O 

chains is most significant for EXAFS fitting.  In the present study, fitting results were compared 

with and without this MS contribution. 

In the fitting of W L3-edge EXAFS spectra for sorption samples, no constraints were 

applied if the sum of the first-shell W-O coordination numbers (CN) was near 6. The octahedral 

coordination ofW(VI) was determined based on the W L3-edge XANES, as described inSection 

3.4. Debye-Waller factors were constrained with 0.01 Å
2
 (in the typical range 0.005-0.015 Å

2
) 

for the second shell and further distances. For the second shell, various combinations of W-W 
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and W-Co paths were attempted in the fitting. Based on previous studies and our fitting results 

for model compounds, a MS path was included in fits for all sorption samples.  

4.2.5. Reference Samples for X-ray absorption Spectroscopy 

Reference samples were selected to reflect different coordination of W(VI) for 

comparison with tungstate-reacted LDH and for validating XAFS fitting. The reagents were used 

as obtained. CaWO4 was selected to represent isolated tungstate tetrahedra exclusively. Distorted 

octahedral coordination of W(VI) occurs in WO3 (Sigma Aldrich), sharing all corners in a 

perovskite-like structure. Ba2NiWO6 contains exclusively isolated tungstate octahedra (Oh 

symmetry). Ba2NiWO6 was synthesized by the method described by Yamazoe, using BaCO3 

(Alfa Aesar), NiCO3 (Alfa Aesar), WO3 (Sigma Aldrich) reagents.28 Na2W2O7 contains both 

tetrahedral and octahedral tungsten in a 1:1 ratio. Na2W2O7 was synthesized by the method 

described in previous studies.
29
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Figure 4. 1 The result of isotherm experiment as a function of tungstate concentration, 50-2000 

µM at pH 8 
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Figure 4. 2. XRD results of pure and tungstate-sorbed CoAl LDHs. Tungstate concentration 

indicated in the figure.   
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4.3. Results 

4.3.1. Tungstate uptake experiments 

Figure 4.1 shows the isotherm for tungstate uptake on CoAl LDH at pH 8 over the 

tungstate concentration range 50-2000 µM. The initial tungstate uptake increases steeply as 

tungstate concentration in the solution increases, followed by decreased slope at higher 

concentration. The tungstate coverage increased from 0.019 to 0.87 mmole/g for the 

concentration range studied. CoAl LDH shows a large sorption capacity for tungstate at pH 8, in 

agreement with previous studies indicating that LDHs are effective sorbents for anions.
2
  

4.3.2. Tungstate intercalation into CoAl LDH 

XRD data for synthesized CoAl LDH show typical patterns corresponding to the LDH 

phase.
22

 The peaks at 11.6°, 23.3, and 35° 2-theta correspond to the (003), (006), and (009) basal 

planes. The corresponding interlayer distance for this synthetic CoAl LDH is 7.6 Å  including the 

thickness of the layer, which is reasonable to consider Cl
-
 , CO3

2-
, and H2O as the anion and 

molecule between layers in our initial condition.
2, 22, 23

 After reaction with tungstate, systematic 

changes are observed in the XRD patterns, according to tungstate concentration (Figure 4.2). 

Most notably, a shift in the 003 peak to lower 2-theta is observed with increasing tungstate 

concentration, accompanied by peak broadening.  A similar but smaller shift is observed for the 

006 peak, however, the shift is obscured in the higher concentration samples because of 

asymmetry associated with the broadening. In addition, the higher concentration samples exhibit 

weak, broad features at 8 and 18 degrees. These shifts to lower 2-theta and the associated peak 

broadening indicate an expansion of the basal spacing, accompanied by some interlayer 

variation.
3
 The progressive nature of the expansion with increasing tungstate concentration is 

consistent with increasing tungstate intercalation into the interlayers as tungstate concentration 
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increases in solution.  The increase in broadening likely reflects variability in the degree of 

intercalation among layers.  

4.3.4. L3-edge XANES results 

The W L3-edge XANES are strongly linked to geometry and coordination of W(VI).
28

 

The white line feature in the W L3-edge results from the electron transition from 2p to 5d orbital. 

Therefore, the number of peaks and their positions are sensitive to the ligand field splitting, 

which reflects the coordination geometry of W(VI). These details are best observed in the second 

derivative of the absorption edge, where subtle inflections correspond to one or more minima.  

Yamazoe showed that tetrahedral W(VI) compounds exhibit a single (sometimes asymmetric) 

minimum in the second derivative XANES, whereas octahedral W(VI) compounds exhibit two 

distinct minima.  Furthermore, the energy separation between minima for octahedral 

coordination is correlated to the degree of octahedral distortion.   

The second derivatives of W L3-edge XANES for sorption samples and selected model 

compounds are shown in Figure 4.3, with energy separation values, where relevant, given in 

Table 1. Model compounds exhibit different numbers and shapes of minima in the second 

derivatives according to the W(VI) in each. Ba2NiWO6 and WO3, both with octahedral 

coordination, show two distinct minima, while the tetrahedral W(VI) in CaWO4 exhibits a single, 

slightly asymmetric minimum. One broad feature is seen in the spectrum of Na2W2O7, which 

contains both octahedral and tetrahedral W(VI). More symmetric octahedra in Ba2NiWO6 result 

in a greater energy separation (4.5 eV) than the distorted octahedra in WO3 with a 4.0 eV 

separation. These results are consistent with previous studies.
28, 30

   

All tungstate-reacted LDH samples exhibit two distinct peaks in the second derivative 

XANES (Figure 4.3), indicating octahedral coordination. Close examination reveals that the 

energy separation of the minima increases progressively from 3.0 to 5.0 eV as tungstate 
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concentration increases. This indicates an increasingly symmetric octahedral environment of 

W(VI) as tungstate concentration increases. 
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Name Energy gap (eV) 

CoAl layered double hydroxide at pH 7.5 

25 µM WO4
2-

 3.0 

100 µM WO4
2-

 3.5 

1000 µM WO4
2-

 5.0 

Model compounds 

WO3 3.3 

Ba2NiWO6 4.5 

 

 

 

 

 

 

Table 4. 1 The energy gaps for sorption samples and model compounds in the second derivatives 

of W L3-edge XANES 
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Figure 4. 3. Second derivatives of W L3-edge XANES for sorption samples and model 

compounds. The number of peaks is related tungsten coordination.  
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4.3.5. L3-edge EXAFS result and fitting  

The W L3-edge EXAFS and corresponding Fourier transform magnitudes of CoAl LDH 

reacted with tungstate at different concentrations are compared in Figure 4.4. Broadly, the chi 

functions and FT magnitudes are similar for all samples. The fitting results are summarized in 

table 2. Because the XANES analysis confirms octahedral coordination of W(VI), with varying 

degrees of distortion, the first peak in all spectra was fit using two W-O paths with the total CN 

near 6. For higher shells, various combinations of W-Co and W-W paths were used to fit the 

spectra. A MS path of a near-linear O-W-O chain was included to account for the distinct 

splitting of the first oscillation in the chi functions, in agreement with previous findings. 
27

Best 

fits were obtained with two W-Co paths and a combination of W-Co (a shorter distance) and W-

W (a longer distance) for higher shells.  We did not obtain a satisfactory fit using a combination 

of W-W (a shorter distance) and W-Co (a longer distance) paths, or two W-W paths even with 

constrained Debye-Waller factor. W-Co distances at 3.3 and 3.6 Å  are in the range expected for 

corner- or edge-sharing of tungsten and cobalt octahedral units. The W-W distance at 3.7 Å  

could alternatively correspond to edge-sharing of W(VI) octahedra in a polytungstate.      
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Figure 4. 4. W L3-edge EXAFS spectra for sorption samples. 
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Sample Path CN
a
 R (Å )

b
 σ

2
 (Å

2
)
c
 ∆E0 (eV) 

1000 µM 

(2 W-Co) 

W-O1 2.9 1.76 0.003 
3.1 W-O2 1.8 2.08 0.01* 

W-Co 1.1 3.30 0.008 

W-Co 1.9 3.69 0.007 

1000 µM 

(W-Co, W-W) 

W-O1 2.9 1.77 0.003 

3.9 W-O2 1.9 2.08 0.01* 

W-Co 0.9 3.30 0.005 

W-W 1.6 3.77 0.01* 

100 µM 

(2 W-Co) 

W-O1 3.8 1.76 0.004 
0.3 W-O2 3.2 2.11 0.01* 

W-Co 1.2 3.28 0.006 

W-Co 1.7 3.55 0.008* 

100 µM 

(W-Co, W-W) 

W-O1 3.8 1.77 0.004 

2.2 W-O2 3.2 2.11 0.01* 

W-Co 1.2 3.25 0.01* 

W-W 3.3 3.68 0.01* 

25 µM 

(2 W-Co) 

W-O1 3.1 1.77 0.003 
2.6 W-O2 2.2 2.10 0.01* 

W-Co 1.0 3.37 0.01* 

W-Co 1.4 3.59 0.01* 

25 µM 

(W-Co, W-W) 

W-O1 3.0 1.77 0.003 

2.4 W-O2 2.1 2.11 0.01* 

W-Co 0.6 3.43 0.01* 

W-W 1.8 3.67 0.01* 

*: fixed in the fitting,  

a : coordination number (±20%), b: distance in Å  (±0.02 Å ),  

c : Debye-Waller factor 

 

 

Table 4. 2 The summary of fitting results for sorption samples 
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4.4. Discussion 

The tungstate reactions with CoAl LDH described here document a large sorption 

capacity for tungstate at pH 8, a pH condition where uptake of tungstate and other oxyanions 

tends to be limited. This finding supports previous studies demonstrating that oxyanions, such as 

arsenate, vanadate, phosphate, and molybdate, can be effectively removed from near-neutral and 

basic solutions by LDH phases.
2
 At pH 8, the dominant W(VI) aqueous species is tetrahedral, 

WO4
2-

, similar to the oxyanions mentioned above.
14

  

Three possible mechanisms for the removal of oxyanions from aqueous solutions by 

LDHs include surface adsorption, anion exchange, and reconstruction of LDH precursors. In the 

latter two cases, anions are intercalated between metal layers. The reconstruction mechanism 

involves thermal treatment (calcination) and we do not consider it further here.
2
  

The intercalation of tungstate via the anion exchange mechanism is supported by the 

XRD results, which showed progressive changes in the position and width of basal peaks of 

CoAl LDH.
2, 23

 These observations demonstrated increasing interlayer expansion (from 7.6 Å  to 

11.1 Å ) with increasing tungstate concentration. This is consistent with increasing exchange of 

tungstate for Cl
-
, the dominant anion from synthesis, and possibly H2O. The similar expansion of 

the interlayer space was observed by Ciocan et al. in molybdate intercalation study into MgAl 

LDH.
31

 The XRD results showed broaden and asymmetric peaks, suggesting that the LDH phase 

is more or less disordered.    

Although our findings support intercalation in the LDH via anion exchange, it is possible 

that adsorption onto surface sites is also operative in removing some tungstate from solution. In 

general, LDHs show large surface areas and high point of zero charge for CoAl LDH (pH 6.8-

9.5).
32

 Therefore, surface adsorption is expected to contribute to the overall sorption capacity of 

CoAl LDH for tungstate, even if only to a small extent.  
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     Intercalation of tungstate in LDHs has been reported by previous workers.  Mohapatra et. al 

reported intercalation of tungstate, into ZnY LDH, which they interpreted to be monomeric 

WO4
2-

 on the basis of  FT-IR.
33

 Maciuca et al. concluded that a mixture of monomeric and 

polytungstates were present in anion exchange experiments with MgAl LDH.
34

 Evans et al. also 

observed intercalation of Keggin-type polytungstate in MgAl LDH synthesized through a 

reconstitution mechanism.
35

 These studies documented interlayer expansion using XRD resulting 

fromtungstate intercalation. The study by Maciuca et al. reported a similar basal spacing (10.46 

Å ) to our result (11.1 Å ).
34

 Therefore, we cannot rule out the possible existence of polytungstates 

into layers. 

An interesting result from the W L3-edge XANES is the presence of octahedral 

coordination for all of the tungstate-reacted CoAl LDH samples.  Inasmuch as the dominant 

aqueous form of tungstate is monomeric WO4
2-

 at pH 8, this result indicates that tungstate 

changes coordination from tetrahedral in the solution to octahedral in CoAl LDH.
16

 This result is 

not entirely unexpected since our previous work has demonstrated that WO4
2-

 undergoes a 

change in coordination during sorption on boehmite, where it is associated with polymerization.   

Furthermore, other studies have observed similar behavior during sorption.
30

(Chapter 2) 

Our W L3-edge EXAFS results support the close proximity of tungstate with structural 

units of the CoAl LDH, but do not uniquely identify the location of the tungstate.  Only minor 

differences were observed in the EXAFS results for the different tungstate concentrations. Fits of 

second and higher shell features (near 3-4 Å ) in the FT magnitude support W-Co paths and/or the 

combination of W-Co and W-W paths, with W-Co and W-W distances comparable to those in 

model compounds. However, these distances do not necessarily distinguish intercalation from 

surface adsorption. Vaysse et al. reported the dimeric tungstate species in (Ni or Co)Al LDH 



 

146 

 

with the absence of the backscattering from Ni or Co in the host LDH.
36

 Given our XRD 

evidence for intercalation of tungstate, we tentatively conclude that the EXAFS reflect the 

interlayer local environment, at least predominantly.  Further experiment study, such as Raman 

or FT-IR, would be needed to provide additional constraints on the local structure.
23, 37

    

4.5. Conclusion 

Our present findings demonstrate the possible application of CoAl LDH for tungstate 

removal from aqueous media at pH 8, where more mobile tungstate exists. The large sorption 

capacity of CoAl LDH for tungstate is expected to effectively limit tungstate in aqueous systems 

via the anion exchange mechanism. However, the intercalation reaction into LDHs is sensitive to 

competitive anions such as CO3
2-

, PO4
3-, 

and SiO4
2-

.
2, 3, 5

 We lack an understanding of the 

competitive sorption reaction of tungstate with other anions. Hence, further investigations of the 

tungstate sorption with other anions are needed to examine the prospective application of LDH 

for tungstate removal from aqueous systems. Strigul emphasized that tungstate species is 

significantly relevant to its toxicity.
16

 Therefore, the determination of tungstate species is 

important to evaluate the toxicity and bioavailability. The stability of LDHs will be also needed 

to consider for the possible application of LDHs in the removal of contaminants.    
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Chapter 5. Tungstate sorption and coprecipitation with hydroxyapatite 

Abstract 

The mechanisms of tungstate sorption and coprecipitation with hydroxyapatite (HAP) 

were investigated through batch uptake experiments combined with X-ray diffraction and X-ray 

absorption spectroscopy. Tungsten L3-edge XANES analysis of W-doped HAP indicates 

octahedral coordination of tungsten in the structure. This is supported by fits of W L3-edge 

EXAFS that yield an average W-O distance of 1.96 Å , consistent with octahedral coordination. 

These findings indicate that the coordination of tungstate changes, from tetrahedral in solution 

(at pH 8) to octahedral in the structure, during the incorporation process. Fits distances for W-Ca 

paths in higher shells are consistent with substitution of tungstate in phosphate sites, presumably 

accompanied by local distortion.  Tungstate uptake experiments in HAP-equilibrated suspensions 

reveal that sorption behavior and mechanisms differ between pH 5.5 and pH 8. At pH 8, XANES 

analysis reveals that sorbed tungstate occurs in octahedral coordination, requiring a coordination 

change from solution conditions where it occurs as the tetrahedral WO4
2-

 species. Additional 

studies are needed to fully identify tungstate surface complexes on HAP.       

5.1. Introduction 

Tungstate, W(VI), has recently received attention as a potential contaminant and health 

risk in water and soil systems. Tungstate is primarily derived from oxidative weathering and 

dissolution of tungsten metal and alloys, which have long been considered as non-toxic. With 

widespread applications of tungsten, ranging from daily household products to highly specialized 

components of modern technology, occurrences of tungstate in environmental settings are 

increasing reported.
1, 2

 Some military and mining areas show high levels of tungstate 

concentration in the soil.
3-5

 The possible relevance of tungstate to a Leukemia cluster in Fallon, 
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NV, has been studied.
4, 5

 Moreover, eco-toxicological studies of tungstate are now becoming a 

focus of researchers.
1, 2

 The U.S. Environmental Protection Agency (EPA) does not regulate 

tungsten in drinking water, but Russia is controlling tungsten levels in drinking water (0.05 mg/l) 

and in lakes and rivers used for fishing (0.008 mg/l).
1
  

Mono- and polytungstates are different in mobility, toxicity, and bio-accessibility in 

environment. Recently, Strigul reported tungsten toxicity is strongly related to its speciation.
2
 

This study found that polytungstate is more toxic to fish than monotungstate. Different 

bioavailability properties for monotungstate and polytungstate were also reported in a recent 

experimental study with sunflowers.
6
 In aqueous solution, the speciation of tungstate is linked to 

its concentration and pH conditions.
2, 7-9

 
7-10

 Formation of polymeric species, with octahedral 

coordination of tungsten, is favored under acidic conditions, while monotungstate, with 

tetrahedral W coordination, is dominant at neutral and basic conditions.
10

 Tungstate 

polymerization in the solution is fairly complicated and  not fully understood because of its 

sluggish kinetics and the existence of several intermediate species during the polymerization 

process.
9
  

Sorption mechanisms on mineral surfaces play an important role in controlling mobility, 

toxicity, and bioavailability of contaminants in natural aqueous and soil systems. Physical factors 

such as pH, mineral surface properties, and speciation of tungstate affect sorption mechanisms 

on mineral surfaces. Moreover, surface sorbed species can be susceptible for remobilization 

when solution conditions change, or as a result of competitive sorption of other naturally 

occurring oxyanions such as carbonate and phosphate. Under these conditions, tungstate 

coprecipitated with a sparingly soluble phase may be less likely to release tungstate and may 
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therefore be an alternative mechanism for long-term immobilization of tungstate in natural 

environments.  

Hydroxyapatite (HAP), Ca10(PO4)6(OH)2, has been suggested as a common mineral for 

remediation of contaminants.  It also shares structural and compositional similarities with natural 

bone tissue.
11

 The structure of HAP is well-known for accommodating impurity species owing to 

its inherent flexibility. As a result, many studies have focused on incorporation of anions and 

cations in the structure. A wide range of divalent cations are known to substitute in one or both 

Ca sites in HAP.
12-14

 Previous studies have also reported anion substitution in channel site 

normally occupied by OH
-
, F

-
, or Cl

-
 , as well as in the PO4

3-
 site, including CO3

2-
, SiO4

2-
, SO4

2-
, 

AsO4
3-

 and VO4
3-

.
12, 15-19

 Incorporation into the structure effectively reduces the mobility of these 

anions through the formation of solid solutions.  

The tetrahedral tungstate anion, WO4
2-

, is larger in size than the phosphate group (W-O = 

1.76 Å ; P-O =1.53 Å ), yet substitution of phosphate by larger tetrahedral oxyanions has been 

reported in previous studies.
12, 18

 Understanding the structure and mode of tungstate 

incorporation is important to determine the extent of its incorporation into HAP, and the related 

effect on solubility and long-term stability, and therefore the potential remobilization of the 

contaminant. In this study, we compare results of tungstate batch uptake experiments in pre-

equilibrated HAP suspensions with coprecipitation experiments that lead to incorporation during 

HAP formation. We use X-ray absorption spectroscopy to evaluate the local structure of 

tungstate and compare mechanisms of uptake. 
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5.2. Materials and methods  

5.2.1 Synthesis of tungstate-doped HAP 

Tungstate-doped HAP was synthesized using the method described by Lee et. al.
18

 

Briefly, 0.19 M KH2PO4 and 0.02 M Na2WO4 (Acros) solutions in separated syringes were 

added  via syringe pumps at a rate of 0.25 mL/min and 0.1 mL/min, respectively, into a reaction 

vessel containing 50 mL of 0.2 M of Ca(NO3) with vigorous stirring. The pH was maintained at 

a value of 8.5 with an auto-titrator. The reaction temperature was maintained at 75–80 °C during 

the synthesis. In order to avoid precipitation of CaWO4, the WO4
2-

 concentration was maintained 

below saturation. A white precipitate was filtered using 0.3 µm membrane filters, and washed 

three times with DI water before drying. A portion of each sample was dissolved using nitric 

acid to analyze the W concentration in the HAP. DCP-AES analysis yielded concentrations of 

700 and 1500 ppm W in two HAP samples. Powder X-ray diffraction (XRD) was used to 

confirm the identity of the HAP phase and the absence of any secondary precipitate (Figure 5.3). 

These W-doped HAP samples were mounted in Lucite sample holders and sealed with Kapton 

tape prior to X-ray absorption spectroscopy measurements. 
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Figure 5. 1. XRD results of pure and W-doped HAP.  Cu Kα radiation. 
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5.2.2 Tungstate batch sorption experiments on HAP 

The HAP used for sorption experiments in this study is a precipitated reagent-grade 

tribasic calcium phosphate (J. T. Baker), with a surface area of 56 m
2
/g.

18
 XRD confirmed that it 

is HAP.  HAP suspensions were pre-titrated to the target pH values and allowed to equilibrate for 

more than two weeks.
18

 Suspensions were prepared with ionic strengths spanning the range 

0.006-0.05 M. Freshly washed HAP was added to pre- equilibrated solutions to obtain final 

suspensions with a particle loading of 1 g/L for sorption experiments. Calculated amounts of 

0.01 M Na2WO4 stock solution were added to suspensions.  Small amounts of 0.1 M HCl or 

NaOH were used to make minor adjustments to pH.  Sorption experiments with 50 µM tungstate 

were performed to determine the pH edge over the range pH 4.5-10. Isotherm experiments were 

conducted at pH 5.5 and 8 over a concentration range of 20-1000 µM W. Sorption suspensions 

were allowed to react for 24 h on a shaker table, after which 5 mL aliquots were taken from each 

suspension, filtered, and analyzed for tungsten concentration using DCP-AES to calculate the 

amount of tungstate sorbed on the surface. Selected samples were filtered to remove excess 

liquid and mounted as wet pastes in Lucite sample holders and sealed with Kapton tape for XAS 

data collection as described below.  

5.2.3 W L3-edge X-ray absorption spectroscopy 

Tungsten L3-edge XAS data were collected for selected samples and reference 

compounds at beamline X11B at the National Synchrotron Light Source (NSLS) at Brookhaven 

National Laboratory, and at sector 12BM at the Advanced Photon Source (APS) at Argonne 

National Laboratory. Model compounds (CaWO4, WO3, and TBA-W6O19) were mixed with 

boron nitride to obtain a proper edge step, and measured in transmission mode. EXAFS data 

from sorption samples were collected in fluorescence mode. A Si(111) monochromator was used 

with 10-30% detuning for harmonic rejection. Energy calibration was performed with a Ga filter 
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(K-edge, 10.367 keV) or a W metal foil for the L3-edge (10.207 keV). The first inflection points 

in the absorption edge of a Ga filter or a W foil was assigned to the energy values, 10.367 keV or 

10.207 keV. A PIPS detector (NSLS) and a 13-element Ge detector (APS) were used in 

fluorescence mode. Multiple XAS spectra were collected to obtain proper signal to noise ratio. 

Individual spectra were calibrated and averaged, and data analysis was performed with iFeffit 

and WinXAS.{Ressler, 1997 #28}{Zabinsky, 1995 #30} The χ(k) functions were extracted using 

cubic spline and were Fourier transformed with k
3
 weighting over the k range 2.3-13 Å

-1
. 

 Theoretical phases shift and amplitudes were calculated by FEFF7 according to the 

published structures.
20

 Shell-by-shell fitting was done in R-space. An amplitude reduction factor 

(S0
2
) was fixed with 0.9. No constraint was applied for fitting the first W-O shells. Coordination 

numbers (CN) for model compounds were fixed when values were known. Debye-Waller factors 

for higher shells for W-doped HAP were fixed at representative values (0.008Å
2
) when multiple 

nearby shells were present, and for weak backscattering atoms at high R values. For the second 

shell, various combinations of W-W and W-Ca paths were attempted in fitting. We did not add 

higher oxygen shells in the fitting because the good fitting result for model compounds was 

obtained without them.     

5.2.4 XAS model compounds  

XAS data were collected for several model compounds for comparison with the sorption 

and incorporated samples. Compounds were chosen to represent different W(VI) coordination 

environments, including isolated tetrahedra (scheelite, CaWO4), octahedra (TBA-W6O19, WO3), 

and a mixture of tetrahedral and octahedral (Na2W2O7). TBA-W6O19 contains polymeric W6O19 

units with all W atoms in octahedral coordination sharing edges. Tungsten occurs as distorted 

octahedra in WO3, sharing all corners in a perovskite-like structure. Na2W2O7 contains both 

tetrahedral and octahedral tungsten in a 1:1 ratio. TBA-W6O19 (tetrabutyl-ammonium 
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hexatungstate) and Na2W2O7 were synthesized by methods described in previous studies.
21, 22

 

Powder XRD confirmed the structures for model compounds without any impurity phases. 

5.3. Results 

5.3.1 Aqueous speciation and saturation state calculations 

Tungstate species in the HAP-equilibrated solution at pH 5.5 and pH 8 were calculated 

with PhreeqC using a modified LLNL database.
23

 Stability constants for polymeric tungstate 

species that were observed in previous studies and known to be stable were included in these 

calculations (Table 1).
9, 10

 It is known, however, that formation of several polytungstate species 

is sluggish kinetically, with intermediate species present.
8
 Tungstate speciation results and 

saturation indexes are summarized in Table 2. At pH 5.5 formation of polymeric species, 

including H2W12O42
10-

 and W7O24
6-

 is favored, while monotungstate (WO4
2-

) is the dominant 

species at pH 8. Thermodynamic calculations show that HAP-equilibrated solutions are 

supersaturated with respect to CaWO4 (scheelite) at total W concentrations greater than 50 (pH 

5.5) and 200 µM (pH 8).  Yet, no evidence for precipitation was observed in the sorption 

experiments, which is consistent with previous studies showing that extremely rapid uptake of 

tungstate reduces its concentration before any precipitation occurs.    
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Species Solution Species Reaction 
Stability 

Constant (log K) 
Reference 

Paratungstate A 
7 WO4

2-
 + 8 H

+
  <=>       

W7O24
6-

 + 4 H2O 
68.17 

9 Paratungstate B 
12 WO4

2-
 + 14 H

+
  <=>     

H2W12O41
10-

 + 6 H2O 
118.00 

a-Metatungstate 
12 WO4

2-
 + 18 H

+
  <=>  

H2W12O40
6-

 + 8 H2O 
144.72 

 

pH 8 

Concentration   % of total concentration 

1000 µM 
Speciation WO4

2-
 99.637 

CaWO4(aq) 0.36 

SI* 0.707, CaWO4(s) 

200 µM 
Speciation WO4

2-
 99.610 

CaWO4(aq) 0.387 

SI* 0.040, CaWO4(s)  

50 µM 
Speciation WO4

2-
 99.604 

CaWO4(aq) 0.393 

SI* -0.556, CaWO4(s) 

pH 5.5 

1000 µM 
Speciation 

WO4
2-

 19.302 
H2W12O42

10-
 13.147 

W7O24
6-

 66.409 

CaWO4(aq) 3.065 

SI* 1.641, CaWO4(s) 

50 µM 
Speciation WO4

2-
 85.515 

CaWO4(aq) 13.628 

SI* 0.9888, CaWO4(s) 

SI* : Saturation Index 

 

 

Table 5. 1 Stability constants of polytungstate species used for simulation of aqueous speciation 

(at 298K)  

Table 5. 2   Thermodynamic calculation of tungstate speciation and saturation state    
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Figure 5. 2. The pH dependence of tungstate sorption on HAP. Initial [WO4
2-

] = 50 µM and 1 

g/L particle loading. 
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Figure 5. 3. Tungstate isotherm experiments on HAP over the concentration range 50-1000 µM 

at pH 5.5 and 8. The enlarged result of isotherm at pH 8 is inserted in the figure.  
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5.3.2 Tungstate batch uptake trends on HAP 

The pH dependence of tungstate sorption on HAP at [WO4
2-

] = 50 µM is shown in Figure 

1. Tungstate sorption behavior is typical for anion sorption. A maximum in uptake occurs near 

pH 5, with decreasing uptake as pH increases. 50 % sorption is observed at pH 6.5, near the point 

of zero charge (PZC) of HAP (6.9-8.5),
24

 and 10 % or less sorption is observed above neutral pH 

conditions.   

Subsequent uptake experiments were conducted at pH 5.5 and 8 over the concentration 

range 50-1000 µM to obtain isotherms. These pH conditions were chosen on the basis of pH 

edge results (Figure 1) and the tungstate speciation calculations. At both pH conditions, tungstate 

uptake increases as tungstate concentration in solution increases without reaching a maximum in 

the concentration range studied.  Greater tungstate sorption occurs at pH 5.5, consistent with the 

pH edge results. The surface coverage of tungstate is 0.008-0.423 mmole/g and 0.004-0.034 

mmole/g at pH 5.5 and 8, respectively. The greater tungstate uptake at pH 5.5 could be attributed 

to either the greater affinity of the HAP surface for anion species owing to its more positive 

surface charge or the greater formation of CaWO4 precipitate (if such precipitation occurred).   

Tungsten L3-edge XAS data were collected for selected sorption samples to identify mechanisms 

of uptake. 

5.3.4 W L3-edge XANES results 

W L3-edge XANES has proven useful for distinguishing W(VI) coordination 

environments.
25, 26

 The number of minima in the second derivative of the XANES is strongly 

correlated to the coordination geometry (tetrahedral or octahedral), and the separation between 

minima reflects the degree of distortion in W(VI) octahedra. Second derivative spectra are shown 

in figure 4. CaWO4 represents tetrahedral coordination with a single, asymmetric minimum, 

while octahedrally coordinated tungsten(VI) in WO3 shows two well separated minima. The 
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second derivative for Na2W2O7, which contains both tetrahedral and octahedral W(VI), exhibits a 

broad, asymmetric feature with a shoulder on the higher energy side. The two W-doped HAP 

samples (700 and 1500 ppm) show two minima with energy separations of 4 eV. This separation 

value indicates distorted octahedra for tungstate doped into the HAP structure.
25, 26

 This finding 

therefore indicates that tungstate changed its coordination from tetrahedral (in solution) to 

octahedral (in the HAP) during coprecipitation.  

Two well separated minima were observed for all sorption samples at pH 8 and for the 

lowest concentration sorption sample at pH 5.5 (Figure 4).  This confirms that W(VI) in these 

sorption samples is dominantly (or exclusively) in octahedral coordination. This further confirms 

that CaWO4 either did not precipitate in this suspension or that it was a very minor component, 

despite the aqueous speciation calculations which showed that the initial state was supersaturated.    

For the two higher concentration sorption samples at pH 5.5, one broad, slightly asymmetric 

minimum is found (Figure 4). These second derivative spectra are noticeably different than those 

for the other sorption sample. Aqueous speciation calculation indicated the initial state for these 

solutions were also supersaturated with respect to CaWO4.  However, the second derivative is 

dissimilar to that for the CaWO4 reference sample, and more similar to that for the Na2W2O7 

sample, which contains a mixture of W(VI) octahedra  and tetrahedra. W(VI) octahedral linked 

to W(VI) tetrahedra in this model compound. These results indicate different tungstate species 

exist on the HAP surface at pH 5.5 depending on tungstate concentration, with a distinct change 

between 50 and 100 uM.  
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Figure 5. 4. W L3-edge second derivative XANES spectra showing differences that distinguish 

tetrahedral and octahedral coordination of W(VI). 
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5.3.5 W L3-edge EXAFS fitting results  

Figure 5 shows W L3-edge EXAFS chi functions and corresponding Fourier transforms 

(FT) for selected model compounds and W-doped HAP. TBA-W6O19 and WO3 were chosen for 

edge- and corner-shared W(VI) octahedra, respectively. TBA-W6O19 shows a strong peak in the 

FT magnitude at 3 Å  (not corrected for phase shift), while the FT for WO3 exhibits a peak at 

3.5 Å  (not corrected for phase shift). CaWO4 has exclusively tetrahedral coordination of W(VI).  

For fitting the model compounds, CN was constrained to the known values from 

published structures. In the fitting for all model compounds, a multiple scattering (MS) 

contribution with a near linear O-W-O chain was included to obtain satisfactory fit results for the 

split feature near 3.5-5 Å
-1 

in chi functions.{Kuzmin, 1993 #36} All fitting results for model 

compounds are summarized in Table 3. CaWO4 is well fit with 4 first-shell oxygen atoms at 1.78 

Å , and 4 oxygen atoms from a second shell at 2.94 Å . Eight Ca atoms are located at 3.78 Å . WO3 

was fit with six oxygen atoms in three shells (2 each at 1.78, 1.93, and 2.14 Å ), reflecting the 

distorted octahedral environment. W-W distances occur at 3.7 and 3.9 Å  in the exclusively 

corner-sharing structure. TBA-W6O19 also contains distorted W(VI) octahedra. The first shell 

was fit with one oxygen atom at 1.71 Å , four oxygen atoms at 1.92 Å , and one oxygen atom at 

2.32 Å . The W(VI) octahedra in TBA-W6O19 are edge-sharing, with W-W distances at 3.3 Å .  
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Figure 5. 5. W L3-edge EXAFS chi functions (left) and corresponding Fourier transform 

magnitudes (right, not corrected for phase shifts) for W-doped HAP (700 and 1500 ppm) and 

selected model compounds. Dotted lines in the figure indicate the fitting results. The results are 

summarized in Table 4. 
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Sample Path CN
a
 R(Å )

b
 σ

2
(Å

2
)
c
 ∆E0 (eV) 

CaWO4 
W-O1 4* 1.78 0.004 

3.5 
W-O2 4* 2.94 0.012 

W-Ca 8* 3.78 0.02 

TBA-W6O19 

W-O1 1.0* 1.71 0.002 

0.5 W-O2 4.0* 1.92 0.003 
W-O3 1* 2.32 0.004 
W-W1 4.0* 3.30 0.004 
    

WO3 

W-O1 2* 1.78 0.001 
1.3 W-O2 2* 1.93 0.007 

W-O3 2* 2.14 0.004 
W-W 2* 3.78 0.002 
W-W 4* 3.9 0.006  

*: fixed in the fitting, 

a : coordination number (±20%), b: distance in Å  (±0.02 Å ),  

c : Debye-Waller factor, 

 

 

 

 

 

Table 5. 3  Summary of W L3-edge EXAFS fitting results of model compounds 
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EXAFS spectra for selected sorption samples are shown in Figure 6. Data for CaWO4 are 

also shown for comparison. EXAFS chi functions and FT magnitudes for all sorption samples   

are clearly different from those for CaWO4, confirming that this phase was not a (significant) 

precipitate in the suspensions even though the initial solution was supersaturated in most cases, 

and consistent with the XANES results. Differences between pH 5.5 and 8 sorption samples are 

observed in the first (split) oscillation and also near 7 and 9 Å
-1

 in the chi functions. In the FT 

magnitudes, pH 8 sorption samples show distinctly more intensive first peaks (corresponding to 

the first oxygen shell) compared to the pH 5.5 sorption samples. For the pH 8 samples, the 

intensity of the first peak decreases as tungstate concentration increases. All sorption samples at 

pH 5.5 exhibit similar features in higher shells of the FT magnitude, while 1000 µM sample at 

pH 8 shows distinct higher shell compared to the 50 and 100 µM samples.   

5.3.6 EXAFS fitting results for W-doped HAP  

In fitting the EXAFS from the W-doped HAP, it was necessary to account for the likely 

substitution of tungstate in the tetrahedral phosphate site of HAP, the possible precipitation of 

CaWO4 (with its tetrahedral coordination), and the contrasting XANES analysis indicating 

octahedral W(VI) coordination.  Consequently, fitting was attempted using alternately tetrahedral 

and octahedral coordination for the two W-doped samples.  Best fit results are shown in Figure 5 

and summarized in Table 4. Fitting with tetrahedral coordination did not yield satisfactory results 

for either samples (700 and 1500 ppm W), even when constraining the CN to 4. Hence, we 

quickly ruled out tetrahedral coordination of W(VI), or any measureable fraction of it, in the W-

doped HAP. As with the model compounds, all fits includes a MS path from a near-linear O-W-

O chain. The 1500 ppm W-doped HAP was best fit with two W-O distances (1.77 and 2.13 Å ) 

for the first peak with a total CN of 7.6 (± 1.5). The average W-O distance for the first shell is 

1.97 Å , consistent with the XANES result indicating octahedral coordination. For fitting higher 
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shells, W-W paths were introduced in fitting, but we could not obtain any reasonable parameters. 

Instead, we attempted to use a single W-Ca path to fit the broad peak near 3.2 Å , under the 

assumption that tungstate replaced phosphate in the structure. This gave a Debye-Waller factor 

of 0.03 Å
2
, which was considered unrealistically large. We found that the best fit was obtained 

using three W-Ca paths at 3.23, 3.43, and 3.61 Å  with a summed CN of 9.4. The 700 ppm W-

doped HAP was also fit with octahedral coordination for the first oxygen shell based on the 

XANES results. Two W-O distances (1.75 and 2.14 Å ) were used to fit the first peak with a total 

CN 6.7 (± 1.5). Higher shells were fit with two W-Ca paths (3.34 and 3.57 Å ). In both fitting 

results, the W-Ca distances are longer than P-Ca distances in the HAP structure.  
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Figure 5. 6. W L3-edge EXAFS results for CaWO4 and sorption samples on HAP. 
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Sample Path CN
a
 R(Å )

b
 σ

2
(Å

2
)
c
 ∆E0 

(eV) 

1500 ppm 

W-O1 3.4 1.77 0.002 
5.26 W-O2 4.2 2.13 0.01* 

W-Ca 2.4 3.23 0.008* 
W-Ca 3.9 3.43 0.008* 
W-Ca 3.1 3.61 0.008*  

700 ppm 
W-O1 3.4 1.75 0.004 

2 W-O2 3.3 2.14 0.01* 
W-Ca 2.0 3.34 0.008* 
W-Ca 2.5 3.57 0.008* 

*: fixed in the fitting, 

a : coordination number (±20%), b: distance in Å  (±0.02 Å ),  

c : Debye-Waller factor, 

 

 

 

 

 

 

Table 5. 4 Summary of W L3-edge EXAFS fitting results of two W-doped HAP samples 
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5.4. Discussion    

5.4.1 W doped HAP 

Our present results provide new insight to interactions of dissolved tungstate with HAP 

for two conditions relevant for understanding its mobility in natural systems, with possible 

applications for remediation strategies. The sorption experiments are most relevant for solutions 

that are equilibrated with HAP, so that no net dissolution or precipitation of this phase is 

expected. In contrast, the coprecipitation experiments specifically relate to dynamic conditions 

where HAP is precipitating in the presence of dissolved tungstate. Our findings reveal some 

common aspects in the uptake mechanisms for these different conditions, but with distinctly 

different final states.  

For the tungstate coprecipitation experiments, our EXAFS results indicate that tungstate 

substitutes in the phosphate site in the HAP structure. While this conclusion might be anticipated 

based on the many previous studies of oxyanion substitution for phosphate in HAP, it is 

complicated by the XANES and EXAFS fit results, both of which show that the W(VI) has 

octahedral coordination. The EXAFS fit for the first oxygen shell gives an average W-O distance 

of 1.96 A, consistent with octahedral geometry, and the second derivative XANES shows the 

two split minima that are distinctive of distorted octahedral coordination. Yet octahedral 

coordination for W(VI) is seemingly inconsistent with the tetrahedral coordination of phosphate. 

The EXAFS fit result for more distant shells indicates 5-9 Ca atoms at an average distance of 

3.46 A.  This distance is greater than the corresponding average P-Ca distance (3.35 A) in HAP, 

and is consistent with an overall expansion of the local environment around W(VI), which is 

presumably a strongly distorted site. Previous studies of As-doped HAP also reported longer 

As(or Se)-Ca distances.
18

 The phosphate groups are surrounded by 9 Ca atoms in HAP. The fit 

results for the two W-doped HAP samples give different total coordination numbers W-Ca shells: 



 

173 

 

4.5 (± 0.9) and 9.4 (± 1.9) for 700 and 1500 ppm samples, respectively. Although the total CN 

values for W-Ca shell differ, the distances of the fitted Ca shells are nevertheless similar for both 

samples.   

A significant finding is the coordination change of tungsten during coprecipitation with 

HAP, from tetrahedral (in solution) to octahedral (in HAP). This is unexpected since the 

dominant tungstate species in solution at the synthesis pH (8) is tetrahedral WO4
2-

 , and the 

possible precipitate (CaWO4), which did not form, is also tetrahedral. Although Ba2NiWO6 

contains isolated tungstate octahedra, we are not aware of isolated tungstate octahedra in any 

other compounds that contain Ca and W without any other metal elements. 

5.4.2 Tungstate sorption mechanism on HAP  

The tungstate uptake behavior in the HAP-equilibrated suspensions shows a strong 

dependence on pH, with significantly great uptake at pH 5.5 compared to pH 8.  This is 

consistent with the behavior typically observed for anion sorption.  The tungstate isotherm at pH 

5.5 showed a rapid increase in sorption as tungstate concentration increased, without any 

maximum being reached. This behavior is sometimes interpreted as indicating formation of 

tungstate precipitates. Moreover, the speciation calculations indicated the initial solutions were 

supersaturated with respect to CaWO4 at this pH. Yet, the W L3-edge XANES and EXAFS 

results are unlike those found for CaWO4, suggesting that it did not precipitate.  The W L3-edge 

XANES results, however, do indicate notable differences in sorption mechanism at pH 5.5 

depending on tungstate concentration. The 50 µM sorption sample at pH 5.5 shows octahedral 

coordination of tungsten. The 100 and 1000 µM samples at pH 5.5 show distinctly different 

XANES second derivatives that are suggestive of a mixture of tetrahedral and octahedral 

coordination. The EXAFS results of sorption samples at pH 5.5 do not show any similarity to the 

CaWO4 chi function. These limited observations would suggest that tungstate forms surface 
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complexes containing both octahedral and tetrahedral coordination.  However, non-unique fits 

raise questions that will require further study.      

The adsorption of tungstate on the HAP surface at pH 8 could be major sorption 

mechanism based on the results of XAS and isotherm experiments, while a CaWO4 precipitate 

was expected by tungstate speciation calculation at pH 8. The PZC values of HAP reported in 

previous studies varies from pH 6.5 to 8.4.
24

 Considering the CaWO4 precipitation predicted by 

theoretical calculation results at higher tungstate concentration, much less tungstate uptake was 

observed at pH 8. Furthermore, XAS results indicate CaWO4 was not formed on the surface or in 

the solution. XANES results suggest octahedral coordination of tungsten on the HAP surface, 

and EXAFS results for sorption samples at pH 8 do not show any similar features to CaWO4. 

Therefore, tungstate uptake on the HAP surface at pH 8 can be attributed to the formation of 

octahedral surface complexes. 

An important to question reaming is whether we can distinguish between W-doped into 

the HAP structure and tungstate sorbed at the surface. The combination of EXAFS and XAENS 

results would be useful to distinguish them at pH 5.5. However, we need to be careful to 

differentiate W-doped HAP from tungstate sorbed on the surface. Both W-doped HAP and 

tungstate sorbed on the surface at pH 8 contain W(VI) octahedral and exhibit broadly similar 

spectra in chi function, but small difference observed in second shell in FT magnitude. In FT 

magnitude, the trend toward a little shorter distance of the first shell (W-O) with higher tungstate 

concentrations is observed, whereas W-doped HAP show the same distance. Therefore, it would 

be useful to utilize complementary techniques as well as XAS to distinguish surface sorption and 

coprecipitation of tungstate with HAP.    
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5.5 Conclusion 

A combination of XRD and XAS analyses were used to examine tungstate interaction 

with HAP for two environmentally relevant conditions: adsorption and coprecipitation.  For 

tungstate coprecipitation into HAP, EXAFS fitting results show that an octahedral tungstate 

substitutes in the phosphate site.  This is expected to be accompanied by local distortion owing to 

the large size and different coordination geometry compared to phosphate. The incorporation of 

trace elements into HAP and HAP-like minerals has a considerable influence the mechanical and 

physio-chemical properties of the crystals and significantly affects their reactivity and 

solubility.
12, 19

 The impact of such a defect site on the properties of HAP is unknown and 

deserves further study.   

In HAP-equilibrated suspensions, tungstate forms octahedral surface complexes at pH 8, 

whereas multiple coordination environments are observed at pH 5.5, including possible surface 

precipitation. Exact details of local structure of tungstate require further study.  Overall, the 

findings indicate that tungstate has a high affinity for HAP at low pH, with decreasing affinity as 

pH increases. For certain environmental settings HAP may be useful in remediation strategies 

where dissolved tungstate is present.  Further work is needed to address the effectiveness of HAP 

at higher pH conditions.  
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Chapter 6. Conclusions 
 

Through this thesis, we have investigated the role of tungstate speciation on sorption onto 

various mineral surfaces, which are environmentally relevant. In this study, we first consider 

tungstate speciation in aqueous solution using reported stability constants of known tungstates, 

combined with XAS and ESI-MS. Tungstate favors to polymerize under acidic condition, while 

monotungstate is a major component at neutral and basic conditions.  

Batch uptake experiments were carried out to investigate tungstate sorption behavior on 

mineral surfaces over a range of environmentally relevant conditions such as pH, tungstate 

concentration, and ionic strength. Tungstate showed strong affinity to the mineral surfaces, used 

in this study, and XAS results suggested various sorption mechanisms such as surface sorption 

accompanied polymerization (boehmite), intercalation (Co(II) treated boehmite and CoAl LDH), 

and coprecipitation (HAP). 

In Chapter 2, tungstate sorption on the boehmite surface was investigated with systematic 

batch uptake studies and XAS. Tungstate has been shown to adsorb as polymeric complexes on 

the boehmite surface, even when monotungstate is the dominant solution species. The polymeric 

tungstates on the surface were inferred from the W-W distance at near 3.3 and 3.75 Å  of typical 

the edge and corner sharing octahedra found in polytungstates at high tungstate concentration, 

while monomeric tungstate with octahedral coordination was suggested at low concentration 

both pH 4 and 8. We suggested the tungstate polymerization driven by the mineral surface, 

although the role of the mineral surface remains unclear. 
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We determined the effect of Co(II) present on the boehmite surface on tungstate sorption 

at near-neutral pH, where more mobile tungstate (monotungstate) exits, in Chapter 3. Sorption 

studies showed enhanced tungstate uptake is strongly related to the CoAl LDH formation on the 

bohemite surface. The intercalation mechanism for enhanced tungstate uptake at higher tungstate 

concentration was supported by desorption experiments and the XANES results. W L3-edge 

EXAFS suggested the surface sorption of tungstate as a main mechanism at low tungstate 

concentration. 

The interaction mechanism of tungstate on CoAl LDH was suggested for the tungstate 

uptake mechanism (Chapter 4). Batch uptake experiments at pH 8 revealed a large sorption 

capacity of CoAl LDH for tungstate. XRD results confirmed the expansion of the layer space 

with tungstate intercalation. This study suggest the possible application of CoAl LDH for 

tungstate removal form aqueous systems, although the exact tungstate spices in CoAl LDH could 

not be determined with W L3-edge EXAFS. 

For the long-term sequestration of tungstate from environmental systems, the 

coprecipitation of tungstate in HAP structure was investigated in Chapter 5. Phosphate sites in 

HAP were replaced with octahedral tungstate, confirmed with XAS results. W L3-edge EXAFS 

results revealed that tungstates form defects site, resulting in structural distortion in HAP. The 

effects of the defect sites created by tungstate substitution on the properties of HAP are 

unknown, and are needed further studies. Tungstate showed strong affinity for HAP at low pH, 

with decreasing affinity as pH increases. Further work in needed to evaluate the effectiveness of 

HAP at higher pH conditions.  
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This study finds that tungstate is effectively limited in aqueous systems by sorption 

reactions on mineral surfaces. However, the exact tungstate species on mineral surfaces are still 

remained unclear. Moreover, we lack an understanding the mechanisms of the surface-driven 

polymerization of tungstate and the coordination change of tungsten from tetrahedral (in solution 

at pH 8) to octahedra (on mineral surfaces or in structures). Further studies should be undertaken 

to understand tungstate mobility, toxicity, and bioavailability, which are strongly related to its 

spcies. This work will provide a foundation for subsequent studies of tungstate sorption on other 

solids as well as other oxyanion species, such as molybdates and vanadates, which show similar 

behavior in solution. The findings also have possible implications for tungsten toxicity in natural 

environments. 
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Appendix 
 

EXAFS spectra for tungsten model compounds 

XAS data were collected for several tungstate-containing model compounds, which were 

chosen to represent a range of W(VI) coordination environments, including isolated tetrahedra 

and octahedra and polymeric forms. The detailed structures of these model compounds were 

described in section 1.4.6 and shown in Figure 1.11 (Chapter 1). Na2WO4·2H2O and CaWO4 

contain isolated W(VI) tetrahedra, whereas Ba2NiWO6 contains isolated W(VI) octahedra. 

Polymeric tungstate reference compounds include Na2W2O7 (tetrahedra and octahedra), WO3, 

TBA-W6O19, sodium metatungstate, and phosphotungstic acid. Each model compound is 

distinctive in its chi function. Multiple scattering (MS) paths were introduced to fit the splitting 

of the first oscillation in the chi function for all model compounds. On this basis, MS paths were 

also used in fitting the W L3-edge EXAFS data of sorption samples (Figure A1, left). The model 

compounds with distorted W(VI) octahedra such as phosphotungstic acid, TBA-W6O19, sodium 

metatungstate, and WO3, showed a broad or split first peak in the FT magnitudes (Figure A1, 

right). The peaks in the range 3.3-3.8 Å  in the FT magnitudes are consistent with edge- and 

corner-sharing of tungstate octahedra, and confirmed by fitting reference compounds. These 

peaks were used to distinguish monomeric and polymeric tungstates for sorption samples on the 

boehmite surface.  
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Figure A1. Tungsten L3-edge EXAFS chi functions (left) and corresponding Fourier transform 

magnitudes (right, not corrected for phase shifts) for selected model compounds.     
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Tungsten L1-edge XANES spectra for model compounds 

The pre-edge feature in W L1-edge XANES is senstive to the local symmetry and the 

geometry of W in the structures. The electron transition from a 2s→ 5d is dipole-forbidden for 

regular octahedral symmetry. However, it is partially allowed for a distorted octahedral structure, 

which gives rise to the absence of an inversion symmetry because the p orbitals are mixed with 

5d orbitals. Simplified tungstate structures and corresponding XANES spectra are shown in 

Figure A2. Tungsten tetrahedra, as in Na2WO4·2H2O and CaWO4, exhibit large pre-edge areas in 

W L1-edge XANES, while tungsten octahedra, including WO3, FeWO4, and Ba2NiWO6, show 

weak features in the pre-edge region depending on the degree of distortion.  
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Figure A2. W L1-edge XANES spectra for selected model compounds (right). Panels at left show 

simplified tungsten structures in reference compounds. Model compounds with octahedral 

coordination exhibit different pre-edge features depending on the degree of the distortion.   
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Tungsten L3-edge XANES spectra for model compounds 

The L3-edge white lines, caused by the 2p → 5d transition, reflect the electronic states of 

the vacant d orbitals of the W atom. The splitting of the white lines depends on the symmetry of 

the W unit because the splitting corresponds to ligand field splitting of the d orbitals. Therefore, 

W L3-edge XANES provides direct structural information for W units via splitting of the white 

line. Figure A3 shows XANES (left) and the corresponding second derivative spectra (right) for 

selected model compounds. Na2WO4·2H2O and CaWO4 with tetrahedral coordination show a 

single minimum value in second derivatives. Reference compounds with W(VI) octahedra show 

broader white line in W L3-edge XANES, and corresponding second derivative spectra exhibit 

two minima. The energy gap between two minima is dependent on the degree of octahedral 

distortion. Ba2NiWO6, with perfect octahedral symmetry around W(VI), shows the greatest 

energy gap (4.5 eV).   
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Figure A3. XANES (left) and second derivative spectra of W L3-edge XANES (right) for 

selected model compounds showing differences that distinguish tetrahedral and octahedral 

coordination of W(VI). 

 


