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ABSTRACT 

 

 Oxyanions are key components of organism, and mutual interaction among 

oxyanions, organic acids, and metal (hydr)oxides determines the bioavailability and 

leacheability of the oxyanion in the soil environment. The structural configuration, 

competition, and preferential sorption control the behaviors of oxyanions but it has 

not fully understood under various environmental fluctuations yet. In this study, 

previous studies were reviewed on the iron (hydr)oxides transformation and 

structural configuration, competitive sorption, and preferential sorption of 

oxyanions. The structural configuration of oxyanions by changing the pH and 

surface loading condition was studied, and the competitive and preferential sorption 

were examined by employing bi-sorbate system or bi-sorbent system. As a result, 

the EXAFS study identified tridentate complex of arsenate on a goethite surface at 

low pH and surface loading condition, and a bidentate and monodentate complex 

were observed at high pH and surface loading condition. Langmuir isotherm with 

batch experiment examined that the arsenate is more preferentially adsorbed at low 

pH on four synthetic iron (hydr)oxides but vice versa in the phosphate (bi-sorbate 

system). The sequential development of promotive effect and competition was 

observed by increasing the surface loading in the bi-sorbate system. In the bi-

sorbent experiment, the preferential adsorption of phosphate on the maghemite over 

the goethite was firstly identified using ATR-FTIR and FE-SEM-EDS. Based on 

our observation, it was concluded that the environmental conditions such as pH, 

surface loading, sample phase, competitor concentration and type of available 

surface determines not only the structural configuration, competitive and 

preferential sorption of oxyanions, but also the transformation of iron (hydr)oxides, 

and the complexly inter-connected mechanism determines the behavior of 



 

 ii 

oxyanions in the soil environment. I believe that the bottom-up approach from 

simplest system to the more complex system would eventually explain the 

adsorption characteristics of all types of soils, and the environmental problems 

would be diminished by controlling the bioavailability and leachability. 

 

Key words: EXAFS, ATR-FTIR, Competitive Sorption, Preferential Sorption, 

Oxyanion, Iron (hydr)oxide 

 

Student Number: 2014-31235  
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CHAPTER 1. GENERAL INTRODUCTION 

 

1.1. Oxyanions in the soil environment 

 An oxyanion is a negatively charged molecule with the generic formula 

AxOy
z-. Carbonate (CO3

2-), nitrate (NO3
-), phosphate (PO4

3-), silicate (SiO4
2-) and 

sulfate (SO4
2-) are the major oxyanions in the soil environment, whereas arsenate 

(AsO4
3-), antimonate (SbO4

3-), borate (BO3
3-), selenate (SeO4

2-), and tellurate 

(TeO4
2-) are generally found at trace levels (Johnson, 1971; Sparks, 2000) (Table 1-

1). Oxyanions are ubiquitous on Earth and are fundamental constituents of 

organisms and the environment. Based on their chemical structures, oxyanions can 

easily undergo reactions that change them into other chemical species, a process 

called species transformation (Templeton and Fujishiro, 2017). The species 

transformation of oxyanions in the soil is caused by environmental fluctuations, 

such as changes in the pH, redox potential and concentrations of ligands 

(Georgiadis et al., 2006; Masscheleyn et al., 1991) (Fig. 1-1). The species 

transformation not only changes the oxyanion species but also affects its affinity to 

the adsorbent; thus, it determines the behavior of oxyanions in the soil environment 

(Mir et al., 2007; Pantsar-Kallio and Manninen, 1997). 

 Arsenic is one of the most notorious elements in the earth because of its 

abundance, toxicity and usage worldwide (Jain and Ali, 2000; Leermakers et al., 

2006). Over 20 countries have suffered from groundwater contamination by arsenic 

originating from the natural and anthropogenic sources, such as mining, agricultural 

chemicals and wood preservatives (Smedley and Kinniburgh, 2002; Zhang and 

Selim, 2006), which have accelerated arsenic contamination in the soil environment 

(Hyun et al., 2012; Singh et al., 2015; Zhang and Selim, 2006). Arsenic 

accumulation poses a serious threat to human and ecosystems health (Han et al., 
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2014; Hughes, 2002; Jain and Ali, 2000; Leermakers et al., 2006), since arsenate 

(major oxyanion form of arsenic) resembles phosphate and can block phosphate 

metabolism, causing various problems to humans (Hughes, 2002; Li et al., 2007; 

Ratnaike, 2003). However, it is extremely difficult to diminish such problems due to 

its distinctive dynamics in the soil environment such as species transformation, 

methylation, transport, precipitation and adsorption (Diaz-Bone et al., 2011; 

Leermakers et al., 2006; Rosen and Liu, 2009). 

 Phosphorus is one of the essential elements in the soil environment and is a 

key element for the growth of terrestrial organisms in most environments. In the 

past, phosphorus acted as a limiting factor for cultivation; however, recent 

developments in fertilization have caused over-fertilization in most agricultural 

regions to maximize agricultural productivity (Elser et al., 2007). As a consequence, 

the excess phosphorus has leached out into the water system, leading to 

eutrophication, creating serious health and environmental problems worldwide 

(Barberis et al., 1995; Elser et al., 2007). Therefore, it is essential to understand how 

the phosphorus interacts with soil components and what critical factor governs the 

structural configuration of phosphorus to retain the phosphorus in the soil 

environment (Kubicki et al., 2007).  

 Both arsenic and phosphorus are located in group VII in the periodic table, 

and their electrochemical properties are similar, while their environmental impacts 

are extremely different (Luengo et al., 2007; Woolson et al., 1971). Recent 

anthropogenic activities, natural abundance and development in fertilization have 

accelerated arsenic contamination in over 20 countries, and the eutrophication of 

water system is caused by over-fertilization of phosphorus worldwide (Barberis et 

al., 1995; Elser et al., 2007; Jain and Ali, 2000; Leermakers et al., 2006). They are 

known as the most notorious elements used to control the dynamics in the soil  
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Fig. 1-1 pH-Eh diagrams of arsenic (a) and phosphorus (b), re-illustrated works 

from Lu and Zhu (2010) and Pasek (2008).  
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 Table 1-1 Fundamental properties, toxicity, and uptake mechanism of oxyanions 

 

Element Symbol Number Atomic 
weight 

Oxidation 
states 

Electro- 
negativity 

Atomic 
radius 

Covalent 
radius 

Van der 
Waals 
radius 

Isotope Toxicity Uptake mechanism in plant 

Arsenic As 33 74.92 5,3-1,-3 2.18 119 119 185 73-75 Tox. 

As(III) Si transporter (Zhao et al., 2009) 
As(V) P transporter  

(Smith et al., 2008; Zhao et al., 2009) 
DMA/MMA unknown (Zhao et al., 2009) 

Selenium Se 34 78.96 6,4,2,1,-2 2.55 120 120 190 72/74-80/82 Ess., 
Tox. 

Se(IV) inhibited by Phosphate (Li et al., 2008) 
Se(VI) Sulfate transporter (Li et al., 2008) 

Carbon C 6 12.01 -4-4 2.55 - 77 170 11-14 Ess., 
Tox. - 

Sulfur S 16 32.06 6-1, -1, -2 2.58 - 105 180 32-36 Ess. Sulfate transporter (Takahashi, 2010) 
Phosphorus P 15 30.97 5-1, -1,-2,-3 2.19 - 107 180 31/32/33 Ess. Phosphate transporter (Bucher, 2007) 

Nitrogen N 7 14.01 5-1,-1,-2,-3 3.04 - 71 155 13-15 Ess. Ammonium transporter (Von Wirén et al., 2000) 
Nitrate transporter (Parker and Newstead, 2014) 

Tellurium Te 52 127.6 6,5,4,2,-2 2.1 140 138 206 120-130 unknown unknown 
Antimony Sb 51 121.8 5,3,-3 2.05 140 139 206 121/123/125 Tox. unknown 
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environment because a majority of soil problems occur due to cationic heavy metals, 

but oxyanion has the opposite characteristics; the oxyanion exists as various species 

depending upon the environmental conditions (Han et al., 2016; Kwon et al., 2010). 

 

1.2. Iron (hydr)oxides as a key sorbent 

 The solid component of soil is a complex of various materials, such as 

phyllosilicates, metal (hydr)oxides, and organic matter (Fig. 1-2). Iron (hydr)oxide 

is one of the key sorbents in retaining both nutrients and pollutants because of its 

reactivity, surface area and surface charge (Adegoke et al., 2013; Lefevre, 2004; 

Panias et al., 1996). Environmental fluctuation causes oxyanions to undergo species 

transformation, and the transformation of iron (hydr)oxide, which changes its 

crystal structure and morphology, ultimately affects the sorption characteristics of 

oxyanions in the soil environment (Kubicki et al., 2012; Michael Bolanz et al., 

2013).  

 Iron is the fourth most abundant element in the crust of the Earth, at 5.1 % 

by mass (Cox, 1989). Biotite, pyroxene, olivine, magnetite and pyrite are the main 

iron-containing minerals (Cornell and Schwertmann, 2003), and weathering by 

hydrolysis and oxidation forms iron (hydr)oxide in the soil (Cornell and 

Schwertmann, 2003; Udo and Rochelle, 2008). During the weathering process, once 

the primary rock containing iron is exposed to oxic conditions, Fe2+ is readily 

oxidized to Fe3+ by providing an electron to oxygen at soil pH, and then soluble Fe3+ 

oxides are easily formed by hydrolysis. Based on the parent materials, climate, 

redox conditions and organisms involved, various iron (hydr)oxides can be formed, 

such as amorphous iron (hydr)oxide (AIO), goethite (α-FeOOH), lepidocrocite (ϒ-

FeOOH), ferrihydrite (Fe2O30.5H2O), hematite (α-Fe2O3) and maghemite (ϒ-Fe2O3) 

(Cornell and Schwertmann, 2003; Udo and Rochelle, 2008).  



 

 1-7 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-2 Schematic illustration for soil heterogeneity and oxyanion dynamics in gas, 
aqueous and solid phases.  
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1.3. Bioavailability in the rhizosphere 

 Plant uptakes aqueous or weakly bound oxyanions from soil rhizosphere 

via specific transporter at cell membrane, and the abundance of bioavailable 

fraction of the adsorbed complex controls the growth of organisms in the terrestrial 

environment (Fig. 1-3). The plant developed several mechanisms to optimize 

nutrient uptake, for instance, dual pathways of uptake as ammonium and nitrate ions, 

and nitrogen fixation by leguminous bacteria. Unlike the nitrogen, the phosphorus 

only exists as trivalent phosphate in soil pore water through phosphorous cycle (Fig. 

1.1), and the aqueous phosphate also easily precipitates as minerals with multivalent 

cations such as apatite with calcium and vivianite with iron; thus, the bioavailability 

of phosphorous controls the plant growth in the most terrestrial system.  

 However, recent development and production of chemical fertilizer caused 

that no longer consider such oxyanions as the limiting factors in cultivation. The 

over-fertilization was conducted to maximize the agricultural productivity; less 

attention was paid to optimize bioavailability through study and management of soil. 

In consequence, excessive nutrients have leached out from the pedosphere to the 

hydrosphere, and it raises severe environmental problems worldwide. In case of 

nitrogen, it has several pathways to circulate nitrogen cycle, such as atmospheric 

discharge via volatilization of NH3 by ammonification, and emission of N2, N2O 

and NOx by denitrification, and nitrification into nitrate and nitrite under oxidizing 

condition with high pH, or ammonification as NH4
+ under reducing condition with 

low pH. On the other hand, the phosphorus only existed as phosphate in aqueous 

and mineral phase, most of it transports to water system by water movement and 

causing severe eutrophication. To diminish such problem, maintaining optimum 

bioavailability of nutrient is crucial, but the heterogeneity and complexity of soil 

makes it hard to estimates optimum bioavailability. 
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1.4. Importance of structural configuration 

 Not only the sorbent characteristics but also the interactions of the 

oxyanions with iron (hydr)oxide are important. There are two main types of 

interactions: the inner-sphere (IS) complex is formed by adsorption through 

covalent bonds, while the outer-sphere (OS) complex is formed by adsorption 

through electrostatic attraction and dispersion interactions (Sparks, 2003; Stumm 

and Morgan, 1981). The IS complex can be monodentate, bidendate or tridentate, 

and its structural configuration is essential to understanding the behavior of 

oxyanions in the soil environment because it determines their leachability and 

bioavailability (Fendorf et al., 1997; Liu et al., 2015; Zhu et al., 2013). 

Numerous studies have attempted to reveal the structural configuration of 

oxyanions on the iron oxides, but it is still controversial. A bidentate binuclear (BB) 

complex has been confirmed as the major structural configuration of arsenate and 

phosphate on the iron oxides(Antelo et al., 2005; Farquhar et al., 2002; Fendorf et 

al., 1997; Gao et al., 2013; Morin et al., 2008; Neupane et al., 2014; Randall et al., 

2001; Waychunas et al., 1993), but few studies also identified bidentate 

mononuclear (BM)(Fendorf et al., 1997; Neupane et al., 2014) and monodentate 

mononuclear (MM) complexes(Fendorf et al., 1997; Loring et al., 2009; Waychunas 

et al., 1993). Previous studies confirmed the transition of structural configuration by 

the environmental condition, Elzinga and Sparks(Elzinga and Sparks, 2007), 

Waychunas et al.(Waychunas et al., 1993), He et al.(He et al., 2009)and Abdala et 

al.(Abdala et al., 2015) reported the pH and surface loading effect on the transition, 

while Gu et al.(Gu et al., 2016) reported the drying effect. From the literature, it is 

clear that the transition of structural configuration is highly dependent on the 

environmental condition, but the inter-connection among the environmental 

conditions was not fully addressed yet. 
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Fig. 1-3 Schematic illustration of competitive sorption between root-derived 
organic acids and oxyanions in the soil.  
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 Recent study revealed that plant secretes root exudate, and possibility of 

increase in bioavailability by competitive sorption between root-derived organic 

acids and sorbed oxyanions or reductive dissolution of oxyanion-containing mineral, 

but concrete evidence has not been provided yet. Three reasons would be inferred; 

in first, previous soil analysis is based on completely dry sample instead of practical 

wet sample. Bioavailable oxyanion only existed as low level in the soil by aqueous 

ion, outer-sphere complex, and monodentate inner-sphere complex. During the 

drying process, the weakly bound oxyanion easily precipitates with multivalent 

cation from soil component or mainly sorbs onto metal oxides. The structural 

configuration of sorbed oxyanion controls the bioavailability of nutrients (López-

Arredondo et al., 2014). In the most environments, we do not concern the 

concentration of silica and sulfur, which are known as essential element because of 

the abundance while we concern the oxyanions in the trace level or high 

consumption, such as nitrogen, phosphorus and selenium (Andrew et al., 2000; 

Zamparas and Zacharias, 2014).  

 

1.5. Analytical technique for interfacial measurement 

 Several studies have attempted to reveal the structural configuration of 

oxyanions and organic acids on an iron (hydr)oxide surface. There are few 

experimental and theoretical methods for identifying this structural configuration. 

The surface complexation model is the most versatile method and is based on 

theoretical approximation combined with sorption data from batch experiments 

(Goldberg, 2013; Sharif et al., 2011). Theoretical calculation based on 

computational chemistry is a promising way to reveal the structural configuration 

(Acelas et al., 2013; Johnston and Chrysochoou, 2012; Kubicki et al., 2007), but it 

is still unsuitable for simulating a multicomponent system because it requires 



 

 1-14 

excessive computational resources, and the structure must be confirmed by 

comparison with experimental data (Luengo et al., 2015; Yang et al., 2016). 

Spectroscopy is an applicable technique, and X-ray and infrared are common light 

sources for the experiments (Ferrari et al., 2004; Lefevre, 2004; Liu et al., 2015; 

Mudunkotuwa et al., 2014; Ona-Nguema et al., 2005). X-ray absorption 

spectroscopy (XAS) includes extended X-ray absorption fine structure (EXAFS) 

and X-ray absorption near edge structure (XANES), both techniques that enable us 

to see the local structure and oxidation number of the target element (Scott et al., 

1992; Waychunas et al., 1993). Fourier-transform infrared spectroscopy (FTIR) 

equipped with attenuated total reflection (ATR) or diffuse reflectance (DRIFT) is 

frequently used to reveal the structural configuration of adsorption (Madejová, 2003; 

Mudunkotuwa et al., 2014). 

 

1.6. Aims of dissertation 

Recent development and production of chemical fertilizer led that the 

minor elements are no longer considered as limiting factors in the 

cultivation(López-Arredondo et al., 2014; Riley et al., 2001). Over-fertilization was 

encouraged to maximize the agricultural productivity, so less attention was paid to 

optimize bioavailability through the research and management of the soil (Andrew 

et al., 2000; López-Arredondo et al., 2014; Riley et al., 2001; Timmons and Dylla, 

1981). The industrialization demands unexposed rare elements from the crust, such 

as arsenic, antimony and tellurium (Babula et al., 2008; Gleyzes and Tellier, 2001; 

Rosen and Liu, 2009). As a consequence, excessive nutrients and toxicants leached 

out from the pedosphere to hydrosphere, and it raises severe environmental 

problems such as eutrophication and metal poisoning worldwide (Jain and Ali, 2000; 

Meharg et al., 2002; Smith et al., 2006; Smith and Schindler, 2009). To diminish 
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such problem, maintaining optimum bioavailability of nutrient and reducing 

lechability of toxicant are essential, but the heterogeneity and complexity of soil 

makes it hard to understand the bioavailability. 

 Therefore, It is essential to understand not only the individual 

characteristics of oxyanion, organic acid and iron oxide, but also the mutual 

interactions among oxyanion, organic acid and iron oxide in the rhizosphere for 

better comprehension and insight of the bioavailability. Previous studies already 

dealt with the individual characteristics; thus, here the literatures were summarized 

regarding the transformation of iron oxides, structural configuration of oxyanions 

and organic acids and competitive sorption among the oxyanions and organic acids. 

The experimental procedures for identifying the structural configuration, 

competitive and preferential sorption were explained. Beside, the environmental 

effects on the structural configuration, competitive and preferential sorption were 

discussed. 
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Abstract 

 Understanding mutual interactions among oxyanions, organic acids and 

iron (hydr)oxides is essential for controlling the bioavailability of oxyanions in the 

rhizosphere. In this review, the literature regarding the transformation of iron 

(hydr)oxides, structural configuration and competitive sorption of organic acids and 

oxyanions on the iron (hydr)oxides were analyzed. As a result, the oxyanions, pH 

and time controls the transformation of iron (hydr)oxides during the adsorption 

experiment, and the exudates also affect the transformation indirectly. The inner-

sphere bidentate complex was predominant for arsenate, arsenite, phosphate and 

silicate, the monodentate and bidentate complexes were abundant in carbonate, 

chromate, selenite, and selenate whereas only a monodentate complex was observed 

in sulfate. The competing ions, pH and surface loading (SL) significantly affected 

the structural configuration, and a higher SL with a lower sorption site decreased 

the dentation in arsenate. For competitive sorption, reduced sorption percentage 

(RSP=qdual,A/qsingle,A×100) was used to draw a numerical selectivity sequence, and 

competition effect (CE=0.5-qdual,sum/qsingle,sum) was used for a quantitative 

comparison (CE=0: no competition, CE>0: competition, CE<0: promotive effect). 

A similar pattern between the selectivity sequence using RSP and previous literature 

was found, and the CE between arsenate and arsenite was increased by the SL 

increment. The organic acid competed with the oxyanions at low pH, and it also 

affected the iron (hydr)oxides. The pH and SL were the most significant factors for 

controlling competitive sorption. Based on these observations, I concluded that the 

complex with higher dentation would dominate the sorption sites during 

competitive sorption but the increase of competition or decrease of sorption site 

reduces the dentation of complex. For that reason, environmental fluctuation yields 

an extensive effect on the dynamics of oxyanions by transforming the sorption site 
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and structural configuration, and the inter-connected and complex interaction 

should be comprehensively revealed to understand the dynamics of oxyanions.  

 

Keywords 

iron (hydr)oxide, oxyanion, organic acid, transformation, structural configuration, 

competitive sorption 
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2.1. INTRODUCTION 

 

 An oxyanion is a negatively charged molecule with the generic formula 

AxOy
z-. Carbonate (CO3

2-), nitrate (NO3
-), phosphate (PO4

3-), silicate (SiO4
2-) and 

sulfate (SO4
2-) are the major oxyanions in the soil environment, whereas arsenate 

(AsO4
3-), antimonate (SbO4

3-), borate (BO3
3-), selenate (SeO4

2-), and tellurate 

(TeO4
2-) are generally found at trace levels (Johnson, 1971; Sparks, 2000). 

Oxyanions are ubiquitous on Earth and are fundamental constituents of organisms 

and the environment. Based on their chemical structures, oxyanions can easily 

undergo reactions that change them into other chemical species, a process called 

species transformation (Templeton and Fujishiro, 2017). The species transformation 

of oxyanions in the soil is caused by environmental fluctuations, such as changes in 

the pH, redox potential and concentrations of ligands (Georgiadis et al., 2006; 

Masscheleyn et al., 1991). Species transformation not only changes the oxyanion 

species but also affects its affinity to the adsorbent; thus, it determines the behavior 

of oxyanions in the soil environment (Mir et al., 2007; Pantsar-Kallio and Manninen, 

1997). 

 Within the rhizosphere, the plant influences the soil through various 

mechanisms, most significantly by releasing compounds into the soil (Bais et al., 

2006; Huang et al., 2014). This process is referred to as rhizodeposition (Bais et al., 

2006; Hütsch et al., 2002), and the major types of rhizodeposition include exudate, 

mucilage, border cells, and gas (Haichar et al., 2014). An exudate is a soluble, low-

weight molecule that undergoes passive diffusion (Bertin et al., 2003), and recent 
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studies have revealed that exudates such as root-derived organic acids increase 

bioavailability by competing with sorbed oxyanions, by dissolving oxyanion-sorbed 

minerals or by causing secondary exudation from microbes (Dakora and Phillips, 

2002; Eick et al., 1999; Jones et al., 2009). Citric, glutaric, oxalic and malonic acids 

are the most common exudates found in the rhizosphere (Baetz and Martinoia, 

2014; Shi et al., 2010; Y. Wang et al., 2008) and are known as nutrient sources for 

the microbial community and as stimulators for the uptake of ions, such as those of 

Al, Cu, Fe, N and P (Dakora and Phillips, 2002; Tu et al., 2004). The effects and 

pathway of the competition have not been fully addressed, because of the 

heterogeneity and complexity of the soil environment (Dakora and Phillips, 2002). 

However, the organic acids not only affect the sorption of oxyanions directly but 

also clearly cause changes in the soil indirectly. 

 The solid component of soil is a complex of various materials, such as 

phyllosilicates, metal (hydr)oxides, and organic matter. Iron (hydr)oxide is one of 

the key sorbents in retaining both nutrients and pollutants because of its reactivity, 

surface area and surface charge (Adegoke et al., 2013; Lefevre, 2004; Panias et al., 

1996). Environmental fluctuation causes oxyanions to undergo species 

transformation, and the transformation of iron (hydr)oxide, which changes its 

crystal structure and morphology, ultimately affects the sorption characteristics of 

oxyanions in the soil environment. Not only the sorbent characteristics but also the 

interactions of the oxyanions with iron (hydr)oxide are important. There are two 

main types of interactions: the inner-sphere (IS) complex is formed by adsorption 

through covalent bonds, while the outer-sphere (OS) complex is formed by 
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adsorption through electrostatic attraction and dispersion interactions (Sparks, 2003; 

Stumm and Morgan, 1981). The IS complex can be monodentate, bidendate or 

tridentate, and its structural configuration is essential to understanding the behavior 

of oxyanions in the soil environment because it determines their leachability and 

bioavailability (Fendorf et al., 1997; Liu et al., 2015; Zhu et al., 2013). 

 With the recent development and production of chemical fertilizers, minor 

elements are no longer considered limiting factors in cultivation (López-Arredondo 

et al., 2014; Riley et al., 2001). With the use of overfertilization to maximize 

agricultural productivity, the attention paid to optimizing bioavailability through 

soil research and management decreased (Andrew et al., 2000; López-Arredondo et 

al., 2014; Riley et al., 2001; Timmons and Dylla, 1981). Furthermore, the demands 

of industrialization exposed rare elements in the crust, such as arsenic, antimony 

and tellurium (Babula et al., 2008; Gleyzes and Tellier, 2001; Rosen and Liu, 2009). 

As a consequence, excessive nutrients and toxicants leached from the pedosphere to 

the hydrosphere, causing severe environmental problems worldwide such as 

eutrophication and metal poisoning (Jain and Ali, 2000; Meharg et al., 2002; Smith 

et al., 2006; Smith and Schindler, 2009). Essential methods to diminish such 

problems include maintaining the optimum bioavailability of nutrients by the uptake 

ability of plants themselves, minimizing the bioaccessibility of toxicants by 

controlling environmental conditions, and reducing the leachability of nutrients and 

toxicants by regulating both plants and the environment, but the heterogeneity and 

complexity of soil makes bioavailability difficult to understand. 

 Therefore, it is important to understand not only the individual 
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characteristics of oxyanions, organic acids and iron (hydr)oxides but also their 

complexly interconnected interactions in the rhizosphere to obtain better 

comprehension of and insight into bioavailability; thus, here, we have summarized 

the literature regarding the transformation of iron (hydr)oxides, the structural 

configuration of oxyanions and organic acids and competitive sorption among 

oxyanions and organic acids, and I have examined the effects of the environment on 

transformation, structural configuration and competitive sorption. 

 

2.2. ABUNDANCE AND TRANFORMATION OF IRON (HYDR)OXIDES 

 

2.2.1. Formation and Abundance of Iron (hydr)oxides 

 Iron is the fourth most abundant element in the crust of the Earth, at 5.1 % 

by mass (Cox, 1989). Biotite [K(Fe2+)3Si3(AlO10(OH)2], pyroxene 

[(Fe2+)2(Si,Al)2O6], olivine [Fe2+
2SiO4], magnetite (Fe3O4) and pyrite (FeS2) are the 

main iron-containing minerals (Cornell and Schwertmann, 2003), and weathering 

by hydrolysis and oxidation forms iron (hydr)oxide in the soil (Cornell and 

Schwertmann, 2003; Udo and Rochelle, 2008). During the weathering process, once 

the primary rock containing iron is exposed to oxic conditions, Fe2+ is readily 

oxidized to Fe3+ by providing an electron to oxygen at soil pH, and then soluble Fe3+ 

oxides are easily formed by hydrolysis. Based on the parent materials, climate, 

redox conditions and organisms involved, various iron (hydr)oxides can be formed, 

such as amorphous iron (hydr)oxide (AIO), goethite (α-FeOOH), lepidocrocite (ϒ-

FeOOH), ferrihydrite (Fe2O30.5H2O), hematite (α-Fe2O3) and maghemite (ϒ-Fe2O3) 
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(Cornell and Schwertmann, 2003; Udo and Rochelle, 2008).  

 AIO is the term for an iron and oxygen complex without crystallization, 

and recent studies have reported that AIO has a large surface area, superior catalytic 

activity and superparamagnetic behavior (Machala et al., 2007; Yusuf et al., 2010). 

Its abundance in the soil environment has not yet been fully investigated but is 

likely to be low because of its high reactivity and low stability (Srivastava et al., 

2002). Goethite is a common iron (hydr)oxide because of its thermodynamic 

stability and is yellow-brown in color (Schwertmann, 1993). It is found in all 

regions with oxic and anoxic soils, often in the low part of a toposequence (Fig. 2-1) 

(Schwertmann, 1985). Like goethite, hematite also has high thermodynamic 

stability, but it is mostly found in warm and oxic climates (Schwertmann, 1985). 

The red color in topsoil at low latitudes is mainly caused by the presence of 

hematite (Schwertmann, 1993). Goethite and hematite sometimes occur together, 

and the color indirectly indicates their ratio (Shaw et al., 2005). Lepidocrocite is 

less common in soil than goethite and hematite but is generally found in 

redoxomorphic conditions in cool and temperate climates (Vodyanitskii, 2010). In 

the presence of a high level of carbonate or bacterial activity, the formation of 

goethite is preferred, while no lepidocrocite is formed; however, lepidocrocite is 

frequently associated with goethite in noncalcareous soils (Cornell and 

Schwertmann, 2003). Ferrihydrite is structurally unstable and is found only in less 

weathered soil in cool and temperate zones under anoxic conditions (Schwertmann, 

1993). A high oxidation rate of Fe2+ with organic matter or silicate yields 

ferrihydrite instead of goethite or hematite in the soil environment (Cornell and 
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Schwertmann, 2003; Johnson and McBride, 1989). Magnetite is a common 

lithogenic mineral in the heavy mineral fraction of soils with high magnetic 

properties (Cornell and Schwertmann, 2003; Schwertmann, 1985). Pedogenic 

magnetite was also discovered by recent studies, but the pedogenic process is still 

debatable (Fine et al., 1995; Geiss and Zanner, 2006). Maghemite is widespread in 

the topsoil in tropical regions (Cornell and Schwertmann, 2003), and its known 

formation pathways are the aerial oxidation of lithogenic magnetite and the heating 

of lepidocrocite, goethite and ferrihydrite. 

 

2.2.2. Transformation of iron (hydr)oxides 

 The transformation of iron (hydr)oxides can be categorized by two factors, 

changes in chemical composition and in crystal structure (Cornell and Schwertmann, 

2003). Dehydration, dehydroxylation and oxidation/reduction are examples of 

chemical transformation resulting in changes in composition and structure, while 

topotactic and reconstructive transformation are direct and indirect changes in the 

structure alone (Adegoke et al., 2013; Cornell and Schwertmann, 2003; 

Vodyanitskii, 2010). The weathering of primary minerals in the lithosphere releases 

Fe2+ ions, which are readily oxidized to form Fe3+ ions; the Fe3+ ions then hydrolyze 

to form Fe(III) oxides and (hydr)oxides with the groundwater at typical soil pH. 

This process is referred to as reconstructive transformation employing dissolution 

and reprecipitation (Mackay, 1960) and is the most common pathway for the iron 

cycle, while topotactic transformation is a structural change in the solid state that 

results from the modification of chemical characteristics (Cornell and Schwertmann, 
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2003). Intensive weathering accompanied by large amounts of O2 and H2O 

increases the iron concentration in the pedosphere by drawing it from the 

lithosphere (Schwertmann, 1985). The aqueous iron ions speciate into Fe2+ and Fe3+ 

ions depending on the redox potential, and the concentration of hydroxide ion 

(pOH) determines the formation of iron (hydr)oxides. Cornell and Schwertmann 

(2003) summarized reconstructive transformation as follows: 1) the crystal growth 

of iron (hydr)oxides on the primary mineral, 2) pseudomorphosis, 3) amorphous 

coating on the primary mineral, and 4) diffusion interval between the release and 

oxidation of Fe(II) ions. Fe(III) oxide is prevalent in the soil environment, and 

amorphous Fe(III) (hydr)oxide mainly forms goethite, which is a 

thermodynamically stable hexagonal structure (Machala et al., 2007; Yusuf et al., 

2010).  

 Fig. 2-1 summarizes the transformation of iron (hydr)oxide in the lithosphere, 

hydrosphere and pedosphere. The dehydration and dehydroxylation of goethite 

yields a topotactic transformation to hematite without organic matter and yields 

maghemite in the presence of organic matter (Cudennec and Lecerf, 2005). The 

dissolution of goethite leads to the formation of amorphous iron(III) (hydr)oxide 

again; spatiotemporal variability leads to crystallization into the various iron 

(hydr)oxides; and repeated circulation through the iron cycle distributes iron 

throughout the soil profile (Schwertmann, 1993, 1985). Except for goethite, which 

is distributed worldwide, iron (hydr)oxides can be divided into two groups: pure 

iron oxides (maghemite and hematite), which form under oxic and tropical 

conditions, and iron hydroxides (lepidocrocite and ferrihydrite), which form in cool  
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Fig. 2-1 Abundance of iron (hydr)oxide in the climate zone and the common 

pathway of formation and transformation in the environment. The rectangular 

and hexagonal shape in the pedosphere indicate a cubic and hexagonal phase, 

and the color of the shape resembles the color of each iron (hydr)oxide. The 

size of the polygon shows the distribution following the climate zone. Round-

edged rectangular and round mean the amorphous solid phase and ions in the 

aqueous phase, respectively. Colored and overlapping arrows show the 

chemical or physical reaction for transformation and simultaneous reaction in 

the transformation.  

  



     2-12 

 

 

 

 

 

  



     2-13 

and temperate climates under anoxic conditions (Cornell and Schwertmann, 2003; 

Cudennec and Lecerf, 2005). Interestingly, maghemite and lepidocrocite both show 

cubic structure, while hematite and ferrihydrite are hexagonal (Cornell and 

Schwertmann, 2003). No topotactic transformation among goethite, lepidocrocite 

and ferrihydrite has been reported, but the reconstructive transformation has been 

observed (Cornell and Schwertmann, 2003; Cudennec and Lecerf, 2005; 

Schwertmann and Taylor, 1972). In contrast to the iron hydroxides, direct 

transformation among the iron oxides was observed, such as the topotactic 

transformation from maghemite to hematite caused by thermal oxidation and the 

opposite transformation caused by dehydroxylation with organic matter (MacHala 

et al., 2011; Petrovsk et al., 1996; Swaddle and Oltmann, 1980). The combination of 

dehydration and thermal events led to transformation from ferrihydrite to hematite 

(Cudennec and Lecerf, 2006), while dehydration alone caused transformation from 

lepidocrocite to maghemite (Cornell and Schwertmann, 2003; Cudennec and Lecerf, 

2005).  

 Topotactic transformation is observed only within the iron hydroxides or iron 

oxides, while reconstructive transformation is more widely observed. 

Spatiotemporal variability in thermal events, redox potential, pH, background ions 

and organic matter governs the interconversion of iron (hydr)oxides (Cornell and 

Schwertmann, 2003; MacHala et al., 2011) and leads to perturbation in the behavior 

of oxyanions in soil because the transformation of iron (hydr)oxides determines 

their fundamental characteristics (Cornell and Schwertmann, 2003; MacHala et al., 

2011; Udo and Rochelle, 2008; Weng et al., 2012). I found that most studies on 
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sorption experiments thoroughly characterized the iron (hydr)oxide properties, such 

as the pH, EC, surface area, point of net zero charge, morphology and crystal 

structure, before the adsorption experiment, but few studies observed the stability or 

integrity of the iron (hydr)oxides during the adsorption experiment. According to 

Bolanz et al. (2011, 2013a and 2013b), the presence of oxyanions, concentration 

and pH controlled the transformation of iron (hydr)oxides via various process, and 

much attention was dedicated to determining the stability of the iron (hydr)oxides in 

the adsorption experiments. Based on their studies, a high concentration (6 mM) of 

arsenate and phosphate blocked the transformation from ferrihydrite to others, but a 

high concentration (6 mM) of antimonate led to transformation to feroxyhyte. They 

also examined the effect of pH and observed transformation from ferrihydrite to 

hematite at pH 4 and to goethite at pH 12, while both transformation to both 

hematite and goethite was observed at pH 7. I also observed the transformation of 

goethite to bernalite at pH 10 and arsenate concentrations of 1-10 mM in an 

adsorption experiment (Han and Ro, 2018), and the bernalite showed higher 

arsenate adsorption capacity than the goethite without aggregation, which would 

facilitate massive colloidal transport. However, many previous sorption experiments 

did not include adequate attention to confirming structural stability and integrity, 

which could be one of the reasons for the conflicting results of sorption experiments.  

  

2.2.3. Biological effect on iron (hydr)oxides 

 Over 1.2 million species have been cataloged on Earth, and the number of 

species has been predicted to be approximately 8.7 million (Mora et al., 2011). Only 
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25 % of predicted species are oceanic organisms, while most of the rest interact 

with the soil (Mora et al., 2011). Among the various organisms, microbes and plants 

are the major mediators that influence the chemical and physical characteristics of 

soil (Baetz and Martinoia, 2014; Bais et al., 2006; Bertin et al., 2003). Uncountable 

interactions take place under the ground, but chemoautotrophic bacteria are known 

as a redox controller of metal (hydr)oxides and oxygen-containing molecules (Ilbert 

and Bonnefoy, 2013). Bacteria utilize metal oxides as electron acceptors in order to 

obtain energy. During the redox process, metal oxide transformations occur, and 

oxyanions at the surface immigrate to other sorption sites or precipitate with ions 

(Borer and Hug, 2014; Fakour and Lin, 2014). Not only the redox potential but also 

other environmental factors influence redox reactions; for example, pH and ion 

concentration affected weathering and dissolution (Dowling, 2002; Shi et al., 2011). 

Reactions involving bacteria directly transform the crystal structure of iron 

(hydr)oxide in the soil, while a plant influences the material belowground by 

inputting a massive amount of energy in the form of organic compounds (Baetz and 

Martinoia, 2014; Bais et al., 2006). Rhizodeposition is one of the ways by which 

plants survive and shape their neighboring environment. Various molecules have 

been identified as root exudates, such as organic acids, amino acids, sugars, proteins, 

inorganic ions, gases and phenolic compounds, and their functions are not yet fully 

understood; however, they act as nutrient sources, chemoattractants, chelators, 

acidifiers, detoxifiers, catalysts, growth promotors, growth inhibitors and defenders 

against pathogens (Baetz and Martinoia, 2014; Bais et al., 2006; Hütsch et al., 2002). 

The organic molecules involved in rhizodeposition vary significantly depending on 
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the plant cultivar, growth stage and environmental conditions; thus, determining a 

fundamental mechanism is very difficult (Aulakh et al., 2001; Bais et al., 2006). A 

few studies have been conducted to reveal the effects of root exudates on the 

oxyanion sorption of iron (hydr)oxides: 1) reductive dissolution by oxalate and 

ascorbate, 2) chelation, 3) competition at sorption sites, and 4) surface precipitation 

caused by hindering or facilitating sorption (Dakora and Phillips, 2002; Erbs et al., 

2010; Panias et al., 1996; Reza et al., 2010; Zhu et al., 2011).  

  

2.2.4. Iron (hydr)oxide profile in upland vs. paddy 

 As I discussed above, the redox condition is the key factor that governs 

iron (hydr)oxide transformation (Fan et al., 2014; Zhang et al., 2012). Upland fields 

and paddy fields are the typical land-use regime for crop cultivation with distinctive 

redox potentials (Zhou et al., 2014). There are few studies dealing with iron 

(hydr)oxide transformation in relation to the land-use regime (Fan et al., 2014; 

Kögel-Knabner et al., 2010; Takahashil et al., 1999). In the soil profile, the redox 

potential decreases with increasing depth (Mansfeldt, 2004; Reza et al., 2010), and 

the redox gradient yields complex and varied oxidation/reduction reactions in 

heterogeneous soil (Fakour and Lin, 2014; Fan et al., 2014). I schematically 

illustrated the redox potential change and iron (hydr)oxide transformation with 

interconversion from a paddy to an upland field (Fig. 2-2). Iron(II) oxide was 

mainly found in the upland field subsurface, while iron(III) oxide typically 

crystallized at the soil surface in the upland field (Cornell and Schwertmann, 2003). 

With increasing depth, the reduction potential governs chemical reactions by  
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Fig. 2-2 Schematic diagram to describe iron (hydr)oxide transformation in the soil 

environment based on the land-use regime for crop cultivation. The hexagon 

and circle indicate iron (hydr)oxides in solid phase and iron ions in aqueous 

phase, respectively. The red dotted graph demonstrates redox potential change 

by soil depth.  
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reducing the oxygen-containing compounds or minerals sequentially. Conversion to 

a paddy field is achieved by flooding the upland field over enough time (Zhou et al., 

2014). In the paddy field, the redox potential dramatically decreases with depth and 

time (Kögel-Knabner et al., 2010), and iron(III) oxide is hardly found because of its 

reduction by chemotrophic bacteria. An interesting phenomenon observed in rice 

cultivation in paddy fields is called the iron plaque (Chen et al., 2006). Previous 

studies identified the iron plaque as precipitates oxidized by the exudation of O2 

from the rice root, and it contributes to nutrient uptake (Chen et al., 2006; Huang et 

al., 2015). Iron(III) oxide is transformed into another phase via reconstructive 

transformation with no redox process, as the Fe2+ ion from the dissolution of iron(III) 

oxide precipitates with various anions, such as siderite (with CO3
2-), troilite (with 

S2-), pyrite (with S2
2-) and vivianite (with PO4

3-). The reduction along the soil profile 

is easily observable because of the color change of iron (hydr)oxide from orange-

brown to gray-black. 

 After the vegetative and reproductive stages of development, the ripening 

stage requires the soil to dry; thus, oxidation potential governs the ensuing chemical 

reactions (Aulakh et al., 2001). Thermodynamically unstable reduced compounds 

and minerals are rapidly oxidized upon contacting the atmosphere, and iron(III) 

oxide is formed (Cornell and Schwertmann, 2003; Takahashil et al., 1999). 

However, a very distinctive phenomenon observed between the converted field and 

the upland field is the size of iron(III) oxide in the soil profile (Anschutz and Penn, 

2005; Schwertmann, 1993). The precipitation time during the reconstructive 

transformation determines the size of iron (hydr)oxides, and newly precipitated 
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iron(III) oxide is found to be nanosized. Based on environmental factors, this 

nanosized iron(III) oxide can be grown to macrosized particles or can remain 

nanosized (Hinkle et al., 2015; Iwasaki et al., 2011; Williams and Scherer, 2004). It 

is extremely important to describe the oxyanion dynamics in the soil because the 

nanosized particle causes colloidal transport (Borer and Hug, 2014; Zhang and 

Selim, 2007). As mentioned above, the iron (hydr)oxide has a positively charged 

surface complexed with organic matter and anions to result in a neutral surface 

charge, which causes high mobility by decreasing interaction with the soil 

component. This colloidal transport is one of the reasons for the massive leaching of 

nutrients from the soil to the water system (Borer and Hug, 2014; Riemsdijk et al., 

2005; Zhang and Selim, 2007) and is thus a severe environmental problem 

worldwide (Smith et al., 2006; Smith and Schindler, 2009; Zamparas and Zacharias, 

2014). 

 

2.3. Structural configuration 

 Several studies have attempted to reveal the structural configuration of 

oxyanions and organic acids on an iron (hydr)oxide surface. There are few 

experimental and theoretical methods for identifying this structural configuration. 

The surface complexation model is the most versatile method and is based on 

theoretical approximation combined with sorption data from batch experiments 

(Goldberg, 2013; Sharif et al., 2011). Theoretical calculation based on 

computational chemistry is a promising way to reveal the structural configuration 

(Acelas et al., 2013; Johnston and Chrysochoou, 2012; Kubicki et al., 2007), but it 
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is still unsuitable for simulating a multicomponent system because it requires 

excessive computational resources, and the structure must be confirmed by 

comparison with experimental data (Luengo et al., 2015; Yang et al., 2016). 

Spectroscopy is an applicable technique, and X-ray and infrared are common light 

sources for the experiments (Ferrari et al., 2004; Lefevre, 2004; Liu et al., 2015; 

Mudunkotuwa et al., 2014; Ona-Nguema et al., 2005). X-ray absorption 

spectroscopy (XAS) includes extended X-ray absorption fine structure (EXAFS) 

and X-ray absorption near edge structure (XANES), both techniques that enable us 

to see the local structure and oxidation number of the target element (Scott et al., 

1992; Waychunas et al., 1993). Fourier-transform infrared spectroscopy (FTIR) 

equipped with attenuated total reflection (ATR) or diffuse reflectance (DRIFT) is 

frequently used to reveal the structural configuration of adsorption (Madejová, 2003; 

Mudunkotuwa et al., 2014).  

 

2.3.1. Structural configuration of oxyanions 

 Oxyanion adsorption on an iron (hydr)oxide surface can be classified into 

two complexes, an OS complex formed by electrostatic attraction, hydrogen 

bonding and configurational stabilization by interfacial water (Catalano et al., 2008) 

and an IS complex formed by covalent bonds (Sparks, 2003). The charge difference 

between the positively charged iron (hydr)oxide surface and the negatively charged 

oxyanion keeps the oxyanion near the surface in the interface (Adegoke et al., 2013; 

Sparks, 2003). The OS complex is a weak and exchangeable complex, whereas the 

IS complex is a strong and nonreversible complex (Sparks, 2003). The IS complex 
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can be specified based on the number of covalent bonds and on the number of 

ligands. As the number of covalent bonds increases, it is called monodentate, 

bidentate and tridentate, while as the number of ligands increases, it is called 

mononuclear, binuclear and trinuclear. For example, the oxyanion formed by two 

covalent bonds with two polyhedra is called a bidentate binuclear complex (BB).  

 Table 2-1 summarizes the dominant structural configurations of 9 

oxyanions and 8 organic acids on 6 types of iron (hydr)oxides. Only 59 articles are 

cited in the table. We selected the articles that employed pure iron (hydr)oxides 

with descriptions of the crystal structure and complexation. For the oxyanions and 

iron (hydr)oxide, 7 elements (As, C, Cr, P, S, Se and Si) and 6 iron (hydr)oxides 

(goethite, lepidocrocite, ferrihydrite, hematite, maghemite and magnetite) were 

chosen based on abundance in the soil, deleterious effects on the environment, and 

number of published articles. Taking arsenate on goethite as an example, the 

keywords arsenate, goethite and complex were searched on Scopus within the 

article title, abstract and keywords; 79 articles were found, and the abstracts were 

carefully reviewed to determine the descriptions of the complexes. For the organic 

acids, numerous organic acids are present in the soil, and 19 organic acids and 24 

amino acids were chosen from the previous literature summarizing root exudates 

(Dakora and Phillips, 2002); however, only a few studies have addressed the 

structural configuration of organic acids and amino acids on pure iron (hydr)oxide.  

 The subscripted number in Table 2-1 indicates the pH range in each 

experiment, the first subscripted letter denotes the experimental method, and the last 

subscripted letter denotes the sample preparation method. Further description is  
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Table 2-1 The dominant structural configuration as a function of the pH of 

oxyanions and organic acids on six iron (hydr)oxides. Subscripted number and letter 

indicate the pH range and experimental method, respectively. Abbreviations: (For 

the method) I Infrared spectroscopy; S Surface complexation modeling; T 

Theoretical calculation; X X-ray spectroscopy, (For sample treatment) F Frozen 

sample; D Dried sample; P Paste sample; A Aqueous sample, (For complex) OS 

outer-sphere complex only; IS Inner-sphere complex without detailed configuration; 

MM inner-sphere monodentate mononuclear complex; MB inner-sphere 

monodentate binuclear complex; MT inner-sphere monodentate trinuclear complex; 

BM inner-sphere bidentate mononuclear complex; BB inner-sphere bidentate 

binuclear complex (bidentate bridging); RS ring structure of complex; TH inner-

sphere tridentate hexanuclear complex. 
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 Goethite Lepidocrocite Ferrihydrite Hematite Maghemite Magnetite 
Oxyanions 

Arsenite 

pH6/X/P: BB (Farquhar 
et al., 2002) 
pH6-9/X/P: BB (Manning 
et al., 1998) 
pH5-10/X/D: BB,MM 
(Ona-Nguema et al., 
2005) 

pH6/X/P: BB (Farquhar et 
al., 2002) 
pH5,10/X/D: BB,MM 
(Ona-Nguema et al., 
2005) 

pH7.5/X/D: BM,BB (Ona-
Nguema et al., 2005) 

pH3-7/I,S/A: BB,MM 
(Brechbühl and Christl, 
2012) 
pH9.6/X/D: BM,BB (Ona-
Nguema et al., 2005) 

pH5/X/A:BB (Catalano et 
al., 2008, 2007) 

pH8/X/D: 
BB,MM,BM 
(Morin et al., 2008) 

pH5/X/P,D: TH (Liu et 
al., 2015) 

pH7.2/X/D: BM, TH 
(Yuheng Wang et 
al., 2008) 

Arsenate 

pH6-9/X/P: BB,BM,MM 
(Fendorf et al., 1997) 
pH6/X/P: BB (Farquhar 
et al., 2002) 
pH8/X/P: BB,MM 
(Waychunas et al., 
1993) 
pH3-10/S: BB (Antelo et 
al., 2005) 
pH3-10/X,I,T/A,P: MT 
(Loring et al., 2009) 
pH4/T,X/P: BB (Sherman 
and Randall, 2003) 

pH6/X/P: BB (Farquhar et 
al., 2002) 
pH8/X/P: BB (Waychunas 
et al., 1993) 
pH7/X/F: BB (Randall et 
al., 2001) 
pH7/T,X/P: BB (Sherman 
and Randall, 2003) 

pH4,8/X/P: BM,BB 
(Neupane et al., 2014) 

pH3-7/I,S/A: BB (Brechbühl 
and Christl, 2012) 

pH4/T,X/P: BB (Sherman 
and Randall, 2003) 

pH8/X/D: BB (Morin 
et al., 2008) 

pH5/X/P,D: BB (Liu et 
al., 2015) 

Carbonate 
pH4.5-7/I/A: MM (Wijnja 
and Schulthess, 2001) 
pH4-12/ I,S/P: BB 
(Rahnemaie et al., 
2007) 

-  

pH3-7/I,S/A: BB,MM 
(Brechbühl and Christl, 
2012) 
pH4-8/T,I/A: BB (Bargar et 
al., 2005) 

- 
pH6.5-8.5/I/A: BB 
(Roonasi and 
Holmgren, 2010) 

Chromate pH6-9/X/P: MM,BB,BM 
(Fendorf et al., 1997) - 

pH4-9.5/T,I/P: BB,BM 
(Johnston and 
Chrysochoou, 2012) 

pH3-9/T,X,I/P: BB,BM 
(Johnston and 
Chrysochoou, 2014) 

- - 

Phosphate 

pH3-10/S: BB (Antelo et 
al., 2005) 

pH4.5-9/I/A: BB (Luengo 
et al., 2006) 
pH5-8.5/I/A: BM 
(Tejedor-Tejedor and 
Anderson, 1990) 
pH3-13.5/I/D: BM 
(Nilsson et al., 1996) 

- 
pH4-9/S,I/A: BB (Arai and 
Sparks, 2001) 
pH6/X/P: BB (Khare et 
al., 2007) 

pH3.5-9/I/A: MM,BB 
(Elzinga and Sparks, 
2007) 

- pH3/I,X/A,D: BB 
(Daou et al., 2007) 

Selenate 

pH4-6/I/A: MM (Wijnja 
and Schulthess, 2000) 

pH7/I,X/F: BB (Das et 
al., 2013) 

pH3.5,6/I,X/A,F: MM 
(Peak and Sparks, 
2002) 

pH5,8/I/A: BB (Das et al., 
2013; Su and Suarez, 
2000b) 

pH7/I,X/F: BB (Das et al., 
2013) 

pH7/I,X/A,F: BB (Das et 
al., 2013) 

pH3.5/I,X/A,F: MM (Peak 
and Sparks, 2002) 

 

pH3.5/I,X/A,F: MM (Peak 
and Sparks, 2002) 

pH3.5-6/X,I/A,F: 
BB,BM (Jordan et 
al., 2013) 
 

pH2-12/S: OS 
(Martínez et al., 
2006) 

Selenite pH3-11/T,S: BB 
(Hiemstra et al., 2007) - - pH4/X/P: BB (Catalano et 

al., 2006) 
pH3.5-8/X/F: BB,BM 
(Jordan et al., 
2014) 

pH7-12/S: MM (Kim 
et al., 2012) 
pH2-12/S: MM 
(Martínez et al., 
2006) 

Silicate pH4-10/S: BB (Kersten 
and Vlasova, 2009) - pH4/I/A:BB (Swedlund et 

al., 2009) - 

pH7-11/I/A: BB 
(Yang et al., 2009) 
pH3-11/S: BB 
(Jolsterå et al., 
2010) 

pH7-11/I/A: BB (Yang 
et al., 2009) 

Sulfate 
pH3-9/S,T: MM 
(Rahnemaie et al., 
2006) 
pH4-6/I: MM (Wijnja 
and Schulthess, 2000) 

- 
pH4/X/D:BB (Zhu et al., 
2013) 
pH3-7/I,S:MM (Fukushi et 
al., 2013) 

pH3-6/I:MM (Hug, 1997) 
pH2.2-5.5/I/A,D: MM,BB 
(Eggleston et al., 1998) 
pH4-5/I/A:MM,BB (Lefèvre 
and Fédoroff, 2006) 

- 
pH3-5/S: BB 
(Mansour et al., 
2009) 

Organic acids     
Acetate pH3-10/I/A:OS (Norén 

and Persson, 2007) - - - - - 

Oxalate 
pH2.5-9/T,X,I/A:RS-
BM,OS (Persson and 
Axe, 2005) 

pH3-9/I/A:RS-BM or RS-
BB (Hug and 
Bahnemann, 2006) 

- 
pH5/I/A:RS-BM or RS-BB 
(Duckworth and Martin, 
2001) 

- - 

Citrate pH3-10/I/A:IS,OS 
(Lindegren et al., 2009) - - - - - 

Glutarate - - - 
pH5/I/A: RS-BM or RS-BB  
(Duckworth and Martin, 
2001) 

- - 

Malate - - - pH2.5-7/I/A:IS,OS (Hwang 
and Lenhart, 2008) - - 

Malonate 
pH2.5-9/T,X,I/A:IS,OS 
(Persson and Axe, 
2005) 

pH3-9/I/A:IS (Hug and 
Bahnemann, 2006) - 

pH5/I/A: RS-BM or RS-BB  
(Duckworth and Martin, 
2001) 

- - 

Succinate - - - 
pH5/I/A:MM (Duckworth 
and Martin, 2001) 

pH2.5-7/I/A:IS,OS (Hwang 
and Lenhart, 2008) 

- - 

Aspartate pH3-11/I,T/A:RS-BB,OS 
(Yang et al., 2016) - - - - pH2.77/T:RS-BM 

(Bürger et al., 2013) 
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included in the table caption. Arsenate and goethite are the most popular sorbate 

and sorbent, and arsenate sorption on a goethite surface is the most frequently 

studied experiment. The experimental method is quite different for each oxyanion 

because of the differing utility of XAS and of other methods. As, Cr and Se are 

mainly analyzed via XAS measurement within a hard X-ray regime (> 2 keV), 

whereas lighter elements such as C, P and S are frequently measured with infrared 

spectroscopy (Newville, 2014). XAS can theoretically measure the soft X-ray 

region (< 2 keV), where the Auger processes predominate over fluorescence, but 

Auger processes are less commonly measured (Josefsson et al., 2012; Newville, 

2014). EXAFS and XANES measurement provides us with direct information of the 

local structure, coordination and oxidation state, but species transformation cannot 

be easily distinguished by protonation and deprotonation (Kubicki et al., 2007; 

Waychunas et al., 1993). In contrast, infrared spectroscopy offers only indirect 

evidence through vibration, but it enables us to interpret the species transformation 

from the protonation and deprotonation because it significantly alters the vibration 

mode of the complex, while the local structure shows no significant difference 

(Brechbühl and Christl, 2012; Yang et al., 2016). All atomic distance by XAS and 

wavenumber of band by FTIR were summarized at Table 2-2 and 2-3, respectively. 

2.3.1.1 Arsenite and arsenate 

The sorption of arsenite on 6 iron (hydr)oxides was studied in 7 papers at 

pH values ranging from 3 to 10. XAS was used in 6 papers (Farquhar et al., 2002; 

Liu et al., 2015; Manning et al., 1998; Morin et al., 2008; Ona-Nguema et al., 2005; 

Yuheng Wang et al., 2008), and FTIR and a surface complexation model (SCM) 
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were employed together in one paper. BB, bidentate mononuclear (BM) and 

monodentate mononuclear (MM) complexes similar to those of arsenate were 

identified, but tridentate hexanuclear complexes (TH) were proposed to describe 

arsenite on maghemite and magnetite surfaces (Auffan et al., 2008; Liu et al., 2015; 

Yuheng Wang et al., 2008). The nano effect, which occurs in nanosized maghemite 

smaller than 20 nm, caused TH and resulted in arsenite sorption on a six-membered 

iron octahedral ring in a TH configuration (Auffan et al., 2008). Wang et al. (2008) 

also identified a TH configuration of arsenite on the magnetite surface, and they 

found that a decrease in surface loading (SL) determined the structural 

transformation of arsenite from BM to TH and that the TH on the maghemite 

significantly decreased its solubility. Liu et al. (2015) confirmed the TH 

configuration and proposed that the interconversion between arsenate and arsenite 

occurs by redox fluctuation.  

The sorption of arsenate on 6 iron (hydr)oxides was studied in 11 papers, 

and the pH of the sorption experiments ranged from 3 to 10. FTIR, SCM, 

computational chemistry (CC) and XAS were used in 2, 2, 2 and 9 papers, 

respectively, and multiple methods were applied in 3 papers. Based on the 

experimental results, 9 papers (Antelo et al., 2005; Brechbühl and Christl, 2012; 

Farquhar et al., 2002; Liu et al., 2015; Morin et al., 2008; Neupane et al., 2014; 

Randall et al., 2001; Sherman and Randall, 2003) suggested a BB complex as the 

structural configuration of arsenate sorption on 5 iron (hydr)oxides but not on 

goethite. The atomic distances calculated with EXAFS were 1.68 Å for As-O, and 

2.85-3.65 Å for As-Fe. Most papers obtained an atomic distance for BB between 
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3.24-3.35 Å, whereas 4 papers (Farquhar et al., 2002; Fendorf et al., 1997; Loring et 

al., 2009; Waychunas et al., 1993) obtained an atomic distance ranging from 2.85-

2.93 or 3.6-3.65 Å and a different coordination number. Neupane et al. (2014) and 

Waychunas et al. (1993) identified the As-Fe shell with a distance of 2.85-2.93 Å as 

a BM complex, whereas Fendorf et al. (1997) and Loring et al. (2009) described the 

As-Fe shell with a distance of 3.60-3.65 Å as an MM complex. Loring et al. (2009) 

also determined the As-Fe distance to be 3.29 Å at pH 3 and 10, but they reported 

the structure as a monodentate trinuclear complex (MT) because of their EXAFS 

and FTIR results. In this paper, the As-Co distance of pentaamminecobalt(III) 

arsenate was measured as a monodentate type (3.25 Å), and unprotonated, singly 

protonated and doubly protonated As-O stretching bands were observed in D2O. Liu 

et al. (2015) conducted an experiment to test the difference between a dried and 

paste sample on magnetite, but no difference was observed; however, the 

experiment confirmed that the MM complexes were identified only in the paste 

sample.  

Fig. 1 shows a scatter plot of the adsorbed concentration per unit area (ΓAs(V), 

µmol m2) against SL (mmol m-2) in arsenate sorption on six iron (hydr)oxides. I 

used 19 data points from EXAFS, and the minimum and maximum data were 

employed only when no significant difference was found in the midrange data. The 

scatter plot clearly showed that the MM is observed only in experiments with a 

relatively high SL and low ΓAs(V), whereas no pH effect was observed (Fig. 2-3). 

Fendorf et al. (1997) reported that the addition of SL yielded a change in the 

structural configuration of the complex, and an MM complex gradually became 



     2-28 

dominant at low SL and high pH. One possible explanation for the MM complex is 

the competition with background anions such as NO3
- and Cl- or with atmospheric 

HCO3
- and CO3

2- at high pH, as previous studies confirmed the competitive effect of 

such anions; thus, a similar effect could result from the increase in SL on the 

complexation (Brechbühl and Christl, 2012; Frau et al., 2010). In addition, both 

experiments used 0.1 M NaNO3 to maintain the background solution, and the 

atmospheric conditions were not regulated. Another explanation for the MM 

complex is the ratio among the sorbate, sorbent and solution. Many researchers 

have reported a sorbent concentration effect, which enhanced the sorption per unit 

mass or area by increasing the SL (Guo et al., 2014; Zhao and Hou, 2012). The 

heightened concentration of sorbate per unit area could promote complex formation 

at the surface, and the competition for limited sorption sites would be increased 

(Das et al., 2013; Fendorf et al., 1997). Not only the competition and sorbent 

concentration effect but also the decrease in available sorption sites might yield the 

MM complex. Environmental changes in pH, aggregation, particulation, inducing 

organic matter, drying and freezing could alter the number of available sorption 

sites and the activity coefficient of the surface component (Dixit and Hering, 2003; 

Jordan et al., 2009a; Zhang and Selim, 2007), and the decreased activity coefficient 

of the surface component would increase the amount of complex because of the 

sorbent concentration effect caused by adsorbent particle-particle interaction (Guo 

et al., 2014; Zhao and Hou, 2012). 

2.3.1.2. Carbonate  

 Five studies on carbonate complexes have been conducted. Infrared  
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Fig. 2-3 Scatter plot between ΓAs (µmol m-2) and SL (µmol m-2) for arsenate 

sorption on six iron (hydr)oxides using extended X-ray absorption fine 

structure spectroscopy results from previous papers (N=15) (a), and scatter 

plot between competition effect and SL in the competition of arsenate with 

arsenite (N=45) (b). BB, BM and MM denote the structural configuration of 

the inner-sphere complex as bidentate binuclear, bidentate mononuclear and 

monodentate mononuclear, respectively.  
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Fig. 2-4 Scatter plot of arsenate on iron (hydr)oxides between pH and As-Fe 

distance measured by EXAFS studies. BB, BM and MM indicate bidentate 

binuclear, bidentate mononuclear and monodentate mononuclear complex, 

respetively. We found no pH effect on the structural configuration. 

  



     2-32 

 

 

 

 

 

 

  



     2-33 

Table 2-2 Summary of the atomic distance among oxyanion element, oxygen shell 

and iron shell using EXAFS studies. 

Author Iron (hydr)oxide Oxyanion Oxygen shel
l Iron shell 

(Das et al., 2013) 
Ferrihydrite Se(VI) 1.64 3.3 
Goethite Se(VI) 1.65 3.31 
Lepidocrocite Se(VI) 1.65 3.31 

(Farquhar et al., 2002) 

Goethite As(V) 1.69 2.93/3.3 
Goethite As(III) 1.78 3.31 
Lepidocrocite As(V) 1.69 3.31 
Lepidocrocite. As(III) 1.78 2.97/3.41 

(Fendorf et al., 1997) 

Goethite. As(V) 1.66 2.85/3.24/3.
6 

Goethite Cr(VI) 1.68 2.91/3.29/3.
63 

(Johnston and  
Chrysochoou, 2012) Hematite Cr(VI) 1.64 3.32/3.51 

(Liu et al., 2015) 
Magnetite As(V) 1.69 3.35 
Magnetite As(III) 1.79 3.49 

(Loring et al., 2009) Goethite As(V) 1.68 3.29 

(Morin et al., 2008) 
Maghemite As(V) 1.69 3.35 
Maghemite As(III) 1.77 2.90/3.45 

(Ona-Nguema et al., 2005) 

Ferrihydrite As(III) 1.78 2.92/3.41 
Hematite As(III) 1.76 2.89/3.36 
Goethite As(III) 1.77 3.34/3.54 
Lepidocrocite As(III) 1.78 3.38/3.58 
Ferrihydrite As(III) 1.76 2.92/3.40 
Goethite As(III) 1.78 3.31 
Lepidocrocite As(III) 1.79 3.09/3.41 

(Peak and Sparks, 2002) 

Goethite Se(VI) 1.64 3.31 

Hematite Se(VI) 1.64 3.3 

Ferrihydrite Se(VI) 1.64 3.3 

(Randall et al., 2001) Lepidocrocite As(V) 1.69 3.32 
(Yuheng Wang et al., 200
8) Magnetite As(III) 1.79 3.53 

(Waychunas et al., 1993) 
Goethite As(V) 1.663 3.3/3.65 
Lepidocrocite As(V) 1.673 3.29 
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spectroscopy, theoretical calculations and SCM were used, and the pH range was 3-

12. Wijnja and Schulthess (2001) identified bands at 1510, 1315 and 1068 cm-1 with 

an H2O background, and an additional band at 1462 cm-1 appeared with a D2O 

background; they assigned the carbonate complex on goethite as an MM complex. 

Brechbühl and Christl (2012) identified a band at 1522 cm-1 as that of an MM 

complex and a band at 1463 cm-1 as that of a BB complex, whereas bands at 1357 

and 1063 cm-1 were assigned for both MM and BB complexes. Hiemstra et al. (2004) 

interpreted the structural configuration by considering the relationship between the 

degree of splitting (Δv3) and the field strength of coordination. A large difference 

(300-340 cm-1) in Δv3 indicated the BM complex, whereas a relatively small 

difference (80-120 cm-1) revealed the MM complex. Bargar et al. (2005) reported 

the bands associated with aqueous carbonate species transformation and a carbonate 

complex at pH 3.6-8.2. Aqueous HCO3
- showed bands at 1355, 1300 and 1000 cm-1, 

whereas CO3
2- had only one band at 1393 cm-1. The bands at 1522, 1480, 1355 and 

1320 cm-1 were assigned to the BB complex on hematite. DFT (B3LYP/6-31G(d)) 

calculations obtained bands at 1529 and 1339 cm-1 for the BB complex and at 1605 

and 1271 cm-1 for the MM complex. Roonasi and Holmgren (2010) found BB 

complex bands at 1545, 1485, 1335 and 1070 cm-1. All studies confirmed that the 

BM and BB complexes were dominated by a small contribution from the MM 

complex.  

2.3.1.3. Chromate 

 Three studies at pH values of 3-9.5 reported chromate sorption structures. 

Fendorf et al. (1997) reported MM, BB and BM complexes similar to those of 
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arsenate. The atomic distance was 1.89-1.69 Å for Cr-O and 2.91-3.63 Å for Cr-Fe. 

Johnston and Chrysochoou (2014) reported atomic distances of Cr-O and Cr-Fe as 

1.64 and 3.22-3.51 Å, respectively. Fendorf et al. (1997) determined the atomic 

distances of the BB, BM and MM complexes to be 2.91, 3.29 and 3.63 Å, 

respectively, whereas Johnston and Chrysochoou (2014) determined the atomic 

distances of the BB and BM complexes to be 3.32 and 3.51 Å, respectively. They 

also identified the BB and BM complexes on the basis of theoretical calculations 

and IR spectroscopy. Aqueous chromate showed bands at 880 and 848 cm-1 for 

CrO4
2- (Td), bands at 950 and 898 cm-1 for HCrO4

- (C3v) and bands at 950, 882 and 

772 cm-1 for Cr2O7
2- (C3v). The chromate complex on ferrihydrite had bands at 950, 

930, 885, 830 and 750 cm-1 for pH 3.5 and at 910, 873 and 820 for pH 7.0. Based on 

the theoretical results, a nonprotonated MM complex was identified under the acidic 

condition, whereas protonated BB or BM complexes were dominant under the basic 

condition. We conclude that the BB complex is the dominant form in chromate, and 

an increase in the pH changes the complex from BB to MM with protonation.  

2.3.1.4. Phosphate 

 Nine studies revealed the structural configuration of phosphate on iron 

(hydr)oxides at pH values of 3-13. Two IR studies identified the MM complex at SL 

and high pH (Elzinga and Sparks, 2007; Kubicki et al., 2012). Otherwise, all studies 

reported a BB or BM complex for phosphate sorption. The BB complex was 

reported using SCM (Antelo et al., 2005; Arai and Sparks, 2001), while IR 

spectroscopy identified the BB or BM complex (Arai and Sparks, 2001; Daou et al., 

2007; Luengo et al., 2006; Persson et al., 1996; Tejedor-Tejedor and Anderson, 
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1990). X-ray spectroscopy also revealed the BB complex (Daou et al., 2007; Khare 

et al., 2007). The aqueous band positions of phosphate were reported as 

approximately 1172, 1005 and 889 cm-1 for H3PO4 (C3v), 1159, 1077, 940 and 875 

cm-1 for H2PO4
- (C2v), 1078, 990 and 850 cm-1 for HPO4

2- (C3v) and 1011 cm-1 for 

PO4
3- (Td) (Elzinga and Sparks, 2007; Persson et al., 1996; Tejedor-Tejedor and 

Anderson, 1990). Tejedor-Tejedor and Anderson (1990) reported deprotonated BB 

bands at 1123, 1006 and 986 cm-1 for v(P=O), va(P-OFe) and vs(P-OFe) or v(P-OH), 

protonated BB bands at 1094 and 1044 cm-1 for v(P-O), and deprotonated MM 

bands at 1025 and 1001 for v(P-O). Arai and Sparks (2001) identified bands at 1100, 

1040 and 1004 from pH 4.5 to 8.4, and they concluded that the BB complex is 

formed on the goethite surface. Luengo et al. (2006) assigned bands at 1092, 1047 

and 952 cm-1 to nonprotonated BB and 1122, 1012 and 933 cm-1 to protonated BB. 

Persson et al. (1996) studied a dried sample using DRIFT-FTIR but observed a band 

position significantly different from the results of ATR-FTIR. Daou et al. (2007) 

measured dried magnetite using a transmission mode and identified BB bands at 

1110, 1032, 962 and 816 cm-1 by peak deconvolution at pH 3. Elzinga and Sparks 

(2007) reported the bands of a nonprotonated BB complex at 1117, 1007 and 964 

cm-1, the bands of a monoprotonated BB complex at 1075, 1030 and 936 cm-1 and 

the bands of an MM complex at 1085, 1040 and 960 cm-1. Kubicki et al. (2012) 

employed two types of goethite, micro- and nanosized samples, from pH 4.2 to 8.0. 

Peak deconvolution identified bands at 1117, 1084, 1044, 1005 and 957 cm-1 in 

nanosized goethite at pH 4.2 and bands at 1082, 1036, 1006, 966 and 935 cm-1 at pH 

8.0. In microsized goethite, the band positions were 1157, 1122, 1091, 1044 and 



     2-37 

1009 cm-1 at pH 4.2 and 1095, 1076, 1039 and 1005 cm-1 at pH 8.0. Kubicki et al. 

(2012) also studied the effect of drying on complexation and found band positions 

completely different from those obtained by interfacial measurement. The 

theoretical results indicated that the surface structure led to alteration of the 

complex. Daou et al. (2007) employed X-ray photoemission spectroscopy (XPS) 

and Mossbauer spectroscopy for complex characterization, Khare et al. (2007) used 

a fingerprinting method with molecular orbital calculations, and both studies 

confirmed a BB complex. IR spectra results showed significant variation in the 

bands and their interpretation; thus, these results are still debatable for use in 

interpreting the complex. However, we inferred that phosphate showed dramatic 

changes with pH and SL, and the BB complex was identified as the most abundant 

phosphate complex on an iron (hydr)oxide surface.  

2.3.1.5. Selenate and selenite 

 Nine studies have been performed to examine selenate and selenite 

sorption on iron (hydr)oxide at pH values ranging from 3 to 12. Three studies 

identified an MM complex of selenate and selenite (Kim et al., 2012; Peak and 

Sparks, 2002; Wijnja and Schulthess, 2000), whereas the other five studies 

identified BB and BM complexes of selenate and selenite (Catalano et al., 2006; 

Das et al., 2013; Hiemstra et al., 2007; Jordan et al., 2014; Su and Suarez, 2000a). 

Martínez et al. (2006) revealed an OS complex of selenate, whereas an MM 

complex of selenite was calculated using SCM. Kim et al. (2012) also identified an 

MM complex of selenite using SCM. Hiemstra et al. (2007) employed SCM and 

theoretical calculations to study selenite sorption on goethite, and a BB complex  



     2-38 

Table 2-3 Summary of vibrational band position in each structural configuration 

from the previous literature. 

Author Oxyani
on 

Iron (hydr)
oxide 

Structural confi
guration Band (cm-1) 

(Wijnja and Schulthess, 
2001) 

C(IV) goethite MM 1510/1315/1068 
C(IV) goethite MM 1510/1462/1315/1068 

(Brechbühl and Christl, 
2012) 

C(IV) hematite MM 1522/1357/1063 
C(IV) hematite BB 1463/1357/1063 

(Bargar et al., 2005) C(IV) Hematite BB 1522/1480/1355/1320 
(Roonasi and Holmgren,
 2010) C(IV) Magnetite BB 1545/1485/1335/1070 

(Johnston and Chrysocho
ou, 2012) Cr(VI) ferrihydrite MM 950/930/885/830/750 

(Roonasi and Holmgren,
 2010) Cr(VI) ferrihydrite BB or BM 910/873/820 

(Tejedor-Tejedor and  
Anderson, 1990) 

P(V) goethite deprotonated B
B 1123/1006/986 

P(V) goethite protonated BB 1094/1044 

P(V) goethite deprotonated 
MM 1025/1001 

(Arai and Sparks, 2001) P(V) ferrihydrite BB 1100/1040/1004 

(Luengo et al., 2006) P(V) goethite nonprotonated 
BB 1092/1047/952 

(Arai and Sparks, 2001) P(V) ferrihydrite protonated BB 1122/1012/933 
(Persson et al., 1996) P(V) Magnetite BB 1110/1032/962/816 

(Elzinga and Sparks,  
2007) 

P(V) hematite nonprotonated 
BB 1117/1007/964 

P(V) hematite monoprotonated
 BB 1075/1030/936 

P(V) hematite MM 1085/1040/960 

(Kubicki et al., 2012) 
P(V) nanosized 

goethite - 1117/1084/1044/1005/9
57 

P(V) microsized 
goethite - 1157/1122/1091/1044/1

009 
(Jordan et al., 2014) Se(IV) maghemite BB 904/879/859/829 
(Su and Suarez, 2000b) Se(VI) goethite BB 910/880/820 
(Peak and Sparks, 2002) Se(VI) hematite MM 880/850/820 
(Eggleston et al., 1998) S(VI) hematite BB 1126/1042/980 
(Zhu et al., 2013) S(VI) ferrihydrite BB 1175/1121/1043 
(Hug, 1997) S(VI) hematite MM 1128/1055/975 
(Wijnja and Schulthess, 
2000) S(VI) goethite MM 1130/1060/976 
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was identified. Catalano et al. (2006) used X-ray standing wave measurements on a 

BB complex at pH 4. Manceau and Charlet (1994) showed BB and BM complexes 

of selenite on ferrihydrite, while only a BB complex of selenite and selenate was 

identified on the goethite surface. The atomic distances of selenate and selenite 

were calculated to be 3.25-3.29 and 3.38 Å for the BB complex and 2.80-2.83 and 

2.85 Å for the BM complex, respectively. Peak and Sparks (2002) identified an MM 

complex on goethite, ferrihydrite and hematite, and the atomic distance was 1.64-

1.65 Å for Se-O and 3.3-3.31 Å for Se-Fe. They noted that the distance of 3.3-3.31 

Å was intermediate between the distances associated with an MM and BB complex 

and that hydrogen bonding led to a contraction of the Se-Fe distance. Das et al. 

(2013) identified a BB complex on ferrihydrite, goethite and lepidocrocite even 

though the atomic distance resembled that found by Peak and Sparks (2002). Jordan 

et al. (2013) found a BB complex with an atomic distance at 3.38 Å, but the OS 

complex was abundant, while IS made only 15 % of the contribution to sorption. 

Jordan et al. (2014) reported BB and BM complexes of selenite on a maghemite 

surface, and the atomic distance was 1.71 Å for Se-O, 2.88-2.91 Å for BM and 

3.36-3.38 Å for BB, respectively.  

 In IR spectroscopy, aqueous selenite (pKa1=2.46; pKa2=7.3) bands were 

observed at 849 and 825 cm-1 for HSeO3
- and at 851, 822 and 731 cm-1 for SeO3

2- 

(Duc et al., 2006). The selenate bands (pKa1=-3; pKa2=1.9) were observed at 867-

873 cm-1 (Das et al., 2013). Su and Suarez (2000b) identified a BB complex of 

selenate with bands at 910, 880 and 820 cm-1. Jordan et al. (2013) also reported a 

BB complex on maghemite, but the bands were at 904, 879, 859 and 829 cm-1. Peak 
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and Sparks (2002) revealed an MM complex on hematite, and the bands were at 880, 

850 and 820 cm-1. For selenium, the MM, BB and BM complexes existed together, 

but the structural configuration changed with the environmental conditions.  

2.3.1.6. Silicate 

 Four studies were performed to examine the sorption of silicate on iron 

(hydr)oxide, all of which reported a BB or BM complex. Kersten and Vlasova 

(2009) performed batch adsorption experiments at various temperatures (10-75 °C). 

The percentage of adsorbed silicate decreased with time, and the maximum sorption 

occurred at pH 9. SCM identified two complexes, a nonprotonated BB complex and 

a deprotonated BB complex, and increasing the temperature yielded a decrease in 

the nonprotonated BB complex at acidic and neutral pH. Swedlund et al. (2009) 

observed the polymerization of silicate on a ferrihydrite surface. Aqueous H4SiO4 

(pKa1=9.84; pKa2=13.2) showed bands at 1090 and 939 cm-1, which were assigned 

to Si-O-H deformation and asymmetric Si-O stretching, respectively. Adsorbed 

silicate showed broad bands between 1200 to 750 cm-1, and band shifts were 

observed upon changes in time and silicate concentration. At low silicate 

concentration, the maximum intensity appeared at 943 cm-1, and it shifted to 1001 

cm-1 and finally to 1110 cm-1 with increasing silicate concentration. The band shift 

resulted from the polymerization of monomeric silicate to oligomeric and finally to 

polymeric silicate. Yang et al. (2008) also observed a band shift upon the 

polymerization of silicate at pH 8.5 and 10.8, which are above and below the pKa1 

of silicate. However, the polymerization rate was significantly lower at pH 10.8. 

Jolsterå et al. (2010) studied the SCM of silicate on maghemite at pH 3-11, and they 
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also found a BB complex or polynuclear silicate complex. In contrast to the 

situation for other oxyanions, polymerization is the key mechanism for 

understanding the dynamics of silicate in the environment, especially at high silicate 

concentration and pH. The band shift in the IR spectrum clearly confirmed the 

polymerization. Silicate is primarily sorbed as a BB complex and is strongly 

retained at the iron (hydr)oxide surface, forming an additional surface over the iron 

(hydr)oxides. In the soil environment, silicate is an abundant oxyanion due to the 

weathering of primary and secondary minerals; thus, understanding silicate 

dynamics is important.  

2.3.1.7. Sulfate 

 Eight studies have examined the complexation of sulfate on iron 

(hydr)oxide. Four studies identified an MM complex of sulfate (Fukushi et al., 2013; 

Hug, 1997; Rahnemaie et al., 2006; Wijnja and Schulthess, 2000), whereas two 

studies concluded that a BB complex is formed (Mansour et al., 2009; Zhu et al., 

2013). Lefèvre and Fédoroff (2006) and Eggleston et al. (1998) measured both MM 

and BB complexes on hematite using ATR-FTIR. Rahnemaie et al. (2006) and 

Fukushi et al. (2013) used SCM to predict the complexation of sulfate and 

concluded that an MM complex is formed by comparing theoretical (BP86) and IR 

results. Mansour et al. (2009) identified a BB complex on magnetite at pH 3-5, 

whereas only an OS complex remained above pH 5. Zhu et al. (2013) employed 

EXAFS spectroscopy, the differential atomic pair distribution function (d-PDF) and 

ATR-FTIR measurement. Atomic distances of 1.46-1.47 Å for S-O and 3.18-3.19 Å 

for S-Fe were obtained with EXAFS, whereas atomic distances of 1.46-1.47 Å for 
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S-O and 3.24-3.27 Å for S-Fe were obtained with d-PDF. The IR bands at 1175, 

1121, 1043 cm-1 were assigned to v3 splitting, whereas the bands at 1102 and 977 

cm-1 were assigned to degenerate v3 and v1, respectively. As a result, the BB 

complex was assigned under air-dried conditions. Previous studies observed the 

effect of drying on complexation was observed; thus, the sulfate possibly forms a 

complex of the MM type at the aqueous and solid interface. Eggleston et al. (1998) 

also confirmed a BB complex of sulfate on dried hematite. In the ATR-FTIR results, 

aqueous sulfate (pKa1=-3; pKa2=1.99) bands were observed at 1194, 1051 and 891 

cm-1 for HSO4
- and 1102 cm-1 for SO4

2- (Td), whereas bands of adsorbed sulfate 

were found at 1126, 1042 and 980 cm-1 for wet sample measurement. Hug (1997) 

and Wijnja and Schulthess (2000) also reported bands at 1128-1130, 1055-1060 and 

975-976 cm-1 as belonging to an MM complex. The studies confirmed that the 

dramatic increase in band intensity at 1200 cm-1 was evidence of a BB complex. 

Based on these observations, we concluded that sulfate is primarily present as an 

MM complex under acidic conditions for all iron (hydr)oxides, and the drying effect 

and high pH yield a BB complex and an OS complex, respectively.  

 

2.3.2. Structural configuration of organic acids 

 It is well known that organic molecules mainly interact with the 

hydrophobic surface of soil organic matter and that ionizable organic molecules 

interact with the hydrophilic surface of soil minerals (Hyun and Lee, 2008). The 

sources of these organic molecules in the soil environment range from the 

decomposition of organic matter to the rhizodeposition of plants, both of which 
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introduce abundant and various organic molecules into the soil (Bais et al., 2006; 

Bertin et al., 2003). Previous studies found that 5-21 % of photosynthetic carbon is 

discharged into the rhizosphere through root exudates (Hütsch et al., 2002; Jones et 

al., 2009). For example, citrate, glutarate, oxalate, malonate, malate, succinate, 

acetate, lactate, glycolate, and formate have been reported as nutrient sources, 

chelators, acidifiers, and detoxifiers (Bais et al., 2006; Dakora and Phillips, 2002; 

Haichar et al., 2014), but their interaction with soil minerals is not fully understood 

(Dakora and Phillips, 2002). This section collects previous studies regarding the 

complexation of organic acids on an iron (hydr)oxide surface to reveal the 

competition effect (CE) on oxyanions. 

 A literature review found only 8 papers that describe the structural 

configuration of organic acids on an iron (hydr)oxide surface. A few studies focused 

on the structural configuration of organic acids on pure iron (hydr)oxide with a 

molecular-scale approach. IR spectroscopy was the main tool for describing the 

complexation. Norén and Persson (2007) studied the adsorption of acetate, benzoate 

and cyclohexanecarboxylate by varying the ionic strength and pH. They concluded 

that OS complexes dominated the sorption of three monocarboxylates on goethite 

and that two types of OS complex are involved in the sorption: hydrated OS and 

nonhydrated OS. Persson and Axe (2005) identified the structural configuration of 

oxalate and malonate on goethite using soft X-ray EXAFS, theoretical calculation 

(B3LYP, 6-31+G*) and IR spectroscopy. They found that oxalate and malonate 

interacted with goethite via an OS and an IS complex, and the IS complex was 

favored at low pH. A ring structure-bidentate mononuclear (RS-BM) complex was 

identified for oxalate and malonate. Hug and Bahnemann (2006) studied oxalate 

and malonate sorption on lepidocrocite via IR spectroscopy by varying the pH from 

3 to 9. RSs of the BM and BB complexes were assumed for oxalate, whereas no 



     2-44 

specific complex was identified for malonate, but an IS complex of malonate was 

assumed because of the shifts in the asymmetric and symmetric carboxylate 

vibrations. Duckworth and Martin (2001) examined the sorption of oxalate, 

malonate, glutarate, succinate and adipate on hematite at pH 5. The oxalate, 

malonate and glutarate showed the RS of a BM or BB complex, whereas succinate 

and adipate formed an MM complex. They also found that the dissolution effect of 

organic acids on hematite, oxalate, glutarate, malonate and adipate increased the 

dissolution of the iron (hydr)oxide, whereas the dissolution of adipate and succinate 

resulted in no difference from the control. Lindegren et al. (2009) showed the 

molecular structure of citrate and tricarballylate on goethite and confirmed that only 

an IS complex was formed for both citrate and tricarballylate; however, they 

concluded that the IS complex was prevalent at high pH via a combination of 

hydroxyl and carboxylic groups. This result contradicted the findings of previous 

studies, which implied that the IS complex formed mainly at low pH, whereas the 

OS complex was dominant at high pH. Hwang and Lenhart (2008) examined the 

sorption of phthalate, malate, fumarate and succinate on hematite using ATR-FTIR. 

Phthalate, succinate and malate showed an IS complex at low pH and an OS 

complex at high pH, whereas fumarate showed only an OS complex. Yang et al. 

(2016) used ATR-FTIR and theoretical calculations to interpret aspartate sorption 

on goethite, and the RS-BB structure was the dominant sorption mechanism at pH 3. 

The OS complex prevailed above neutral pH via electrostatic attraction and 

hydrogen bonding. Bürger et al. (2013) also identified aspartate sorption on 

magnetite surface through theoretical calculation (force field simulation), and the 

results confirmed the RS-BM complex of aspartate, the quadentate trinuclear 

complex of glutamine and the RS-BB complex of glycine and leucine. 

 I recognized that the IS complex of an organic acid in various 



     2-45 

configurations occurs primarily under acidic conditions, whereas the OS complex 

dominates under basic conditions. Therefore, organic acids not only compete with 

oxyanions for sorption sites but also change the sorption sites by the dissolution of 

iron from the surface. However, the specific mechanism has not been fully verified; 

thus, their interactions must be examined in order to elucidate the effect of organic 

acids on the bioavailability of oxyanions in the soil environment. 

  

2.4. COMPETITIVE SORPTION 

 In the real soil environment, various sorbates are always exposed to 

competition for a more stable condition, but present technology and knowledge can 

barely consider dual or ternal competition in a controlled environment. Twenty-one 

papers were selected that considered competitive sorption in a dual-solute system on 

pure iron (hydr)oxide (Table 2-4). All experiments with equal concentrations of 

simultaneously introduced oxyanions were included, but a few unequal and 

sequential experiments were also included because of the limited number of 

published articles. The articles were searched using the keywords oxyanion, iron 

(hydr)oxide and competitive sorption in the article title, abstract and keywords on 

Scopus, and the articles were reviewed to identify the experimental conditions. 

GraphClick software (Arizona, USA) was used for extracting data from the graphs. 

However, the available data varied substantially from case to case; thus, the 

competitive sorption ratio (CSR) from the previous study (Violante and Pigna, 

2002) was applied, and two equations were used to compare the various 

experimental conditions from the articles. The CSR was expressed as follows: 

!"#$%&'&'(% !"#$%&"' !"#$%!/!  (!"#!/!)  =  !!,! !!,!      (Eq. 2-1) 

where qA,d and qB,d are the sorbed concentrations of chemicals A and B in the dual 

system at equal initial concentrations. Eq. 2-1 shows only the sorption ratio of 
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chemical A to chemical B. A value of CSR above 1 indicates that the sorption of 

chemical A predominated over that of chemical B, and vice versa. If CSRA/B is close 

to 1, then equal amounts of oxyanions A and B were sorbed, and no preferential 

sorption occurred. However, most studies did not provide both qA,d and qB,d; thus, I 

modified the inhibition efficiency to obtain a reduced sorption percentage (RSP) 

(Violante and Pigna, 2002; Zhu et al., 2011) and developed CE to compare the 

various sorption data using the limited data from the published articles.  

!"#$%"# !"#$%&"' !"#$"%&'("!/!  (!"#!/!)  =  !!,! !!,!  × 100    (Eq. 2-2) 

!"#$%&'&'"( !""!#$!,!  (!"!,!)  =

 (!!,! + !!,!)/(!!,! + !!,!) −  (!!,!  +  !!,!) (!!,!  +  !!,!)    (Eq. 2-3) 

In Eq. 2-2, qA,s and qA,d are the sorbed concentrations of chemical A in the single 

system and in the dual system with chemical B as the competitor at an equal initial 

concentration. A value of RSPA/B close to 100 % means that the presence of 

chemical B did not affect the sorption of chemical A. RSPA/B less than 100 % 

implied a CE, whereas a cosorption effect occurred above 100 %. However, RSPA/B 

describes only the change in the sorption of chemical A, and no information is 

provided for chemical B. Moreover, the environmental conditions, such as SL, 

significantly affected the value of RSP (for example, close to 100 % at low SL). For 

that reason, the inverse value of RSPA/B does not correlate with RSPB/A and is not a 

mathematically correct equation, but it was the only data that could be extracted 

from the various experimental conditions. I understood the limitations and 

restrictions of employing RSP because the sorption data differed significantly 

among experiments, but I wanted to try to compare the results from the various  
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Table 2-4 The dominant oxyanion species of competitive sorption among the 

various oxyanions and organic acids on each iron (hydr)oxide surface. The letter 

indicates the iron oxides. Abbreviations: Fh ferrihydrite; Gt goethite; Hm hematite; 

Lp lepidocrocite; Mm maghemite; Mn magnetite. The subscripted numbers and 

letters indicate the pH range and experimental method. Abbreviations: (For method) 

B batch experiment; C column experiment, M molecular modeling with infrared or 

XAFS measurement and S surface complexation modeling, (For chemical) As(III) 

arsenite; As(V) arsenate; C(IV) carbonate; Cr(VI) chromate; N(V) nitrate; P(V) 

phosphate; Se(VI) selenate, S(IV) sulfate; Si(IV) silicate; Ac. acetate; Fm. Formate; 

Ox. oxalate; Ct. citrate; Ast. Aspartate. P.E. and N.D. are abbreviations for 

promotive effect and no dominance, respectively. 
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 Arsenite Arsenate Carbonate Chromate Nitrate Phosphate Selenate Silicate Sulfate 

Arsenite  Fh.4-10/B: N.D.(Jain and 
Loeppert, 2000) 

Hm3-7/B,M,S: As(III) (Brechbühl 
and Christl, 2012) - - 

Fh.4-10/B: N.D. (Jain and 
Loeppert, 2000) 
Fh.5-6/B: N.D. (Zhu et al., 
2011) 

Fh.5-6/B: As(III) (Zhu et al., 
2011) 

Gt3-11/B: As(III) (Luxton 
et al., 2006) 
Gt4-8/B: As(III) (Luxton et 
al., 2008) 

Fh.4-10/B: As(III) (Jain and 
Loeppert, 2000) 
Fh.5-6/B: As(III) (Zhu et al., 
2011) 

Arsenate   

Gt3-11: As(V) (Stachowicz et 
al., 2008) 
Hm3-7/B,M,S: As(V) (Brechbühl 
and Christl, 2012) 
Fh3-7/B,M,S: As(V) (Brechbühl 
and Christl, 2012) 
Fh8.3/B: As(V) (Frau et al., 
2010) 

Gt.3-8: As(V) (Khaodhiar et 
al., 2000) 

Hm6/B: As(V) (Youngran 
et al., 2007) 

Gt3,5/B: N.D. (Hongshao and 
Stanforth, 2001) 
Gt.3-10: P(V) (Gao and Mucci, 
2001) 
Fh.4-10/B: N.D. (Jain and 
Loeppert, 2000) 
Hm6/B: N.D. (Youngran et al., 
2007) 
Gt,4,5,7/B: N.D. (Violante and 
Pigna, 2002) 
Gt,2-11/B: N.D. (Manning and 
Goldberg, 1996) 
Fh4-10/B: P(V) (Frau et al., 
2010) 
Fh.5-6/B: N.D. (Zhu et al., 
2011) 

Hm6/B: As(V) (Youngran et 
al., 2007) 
Fh.5-6/B: As(V) (Zhu et al., 
2011) 

Hm6/B: As(V) (Youngran 
et al., 2007) 
Fh4-10/B: As(V) (Frau et 
al., 2010) 

Fh.4-10/B: As(V) (Jain and 
Loeppert, 2000) 
Hm6/B: As(V) (Youngran et 
al., 2007) 
Fh4-10/B: As(V) (Frau et al., 
2010) 
Fh.5-6/B: As(V) (Zhu et al., 
2011) 

Carbonate    - - Gt,7-11: P(V) (Rahnemaie et 
al., 2007) 

Gt6-7/B: Se(VI) (Wijnja and 
Schulthess, 2002)  

Gt6-8/B: P.E. (Wijnja and 
Schulthess, 2002) 

Chromate     
Mn,4-8/B: Cr(VI) (Meena 
and Arai, 2016) 

Gt,2-7: P(V) (Boukemara et 
al., 2016) - Gt.4-8/B: Cr(VI) (Garman 

et al., 2004) 
Mn,4-8/B: Cr(VI) (Meena and 
Arai, 2016) 

Nitrate      - - - - 

Phosphate       - - 
Gt2-9/B: P(V) (Geelhoed et 
al., 1997) 
Gt3-8/B: P(V) (Boukhalfa, 
2010) 

Selenate        

Mn,4-10/B: Se(VI) (Jordan 
et al., 2009a) 
Hm,4-11/B,S: Se(VI) 
(Jordan et al., 2009b) 

Gt5-8/B: Se(VI) (Wijnja and 
Schulthess, 2002) 

Silicate         - 

Acetate  - - - - - Gt6-7/B: P.E. (Wijnja and 
Schulthess, 2002) - 

Gt5-7/B: P.E. (Wijnja and 
Schulthess, 2002) 
Gt3-8/B: S(VI) (Boukhalfa, 
2010) 

Formate  - - - - - - - Gt6-7/B: P.E. (Wijnja and 
Schulthess, 2002) 

Oxalate Fh.5-6/B: As(III) (Zhu et 
al., 2011) 

Fh.5-6/B: As(V) (Zhu et 
al., 2011) - Gt4-11/B: Cr(VI) (Mesuere 

and Fish, 1992) - - - - Gt3-8/B: Ox. (Boukhalfa, 
2010) 

Citrate Fh.5-6/B: As(III) (Zhu et 
al., 2011) 

Fh.5-6/B: As(V) (Zhu et 
al., 2011) - - - Gt,2-10/B: P(V) (Geelhoed et 

al., 1998) - - - 

Aspartate - - - - - Gt3&6/M: P(V) (Yang et al., 
2016) - - - 

Malate Fh.5-6/B: As(III) (Zhu et 
al., 2011) 

Fh.5-6/B: As(V) (Zhu et 
al., 2011) - - - - - - - 

Tartarate Fh.5-6/B: As(III) (Zhu et 
al., 2011) 

Fh.5-6/B: As(V) (Zhu et 
al., 2011) - - - - - - - 
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conditions, and to the best of our knowledge, RSP was the only available method. 

 The CE requires all the sorption data of chemicals A and B in single and  

dual systems. CA,s and CA,d are the initial concentrations of chemical A in the single 

and dual systems, respectively. I introduced the term (!!,! + !!,!)/(!!,! + !!,!) 

to compare the different conditions in the single and dual systems. The equal 

concentration experiment, where CA,s=C B,s=1, was selected, but different 

experimental conditions were found by introducing competition, such as 

CA,d=CB,d=0.5 or CA,d=C B,d=1; thus, this term was used for the comparison between 

two experimental conditions. A value of CEA,B equal to 0 implies that no 

competition occurs; positive or negative values indicate competition between the 

two chemicals for limited sorption sites or increased sorption capacity via 

precipitation or cosorption. In most cases, RSP was employed to describe 

competitive sorption, whereas CSR and CE were used in only a few studies. 

   

2.4.1. Competitive sorption among oxyanions 

2.4.1.1. Competition of arsenite 

 Arsenite (As(III)) and arsenate (As(V)) are known as the most problematic 

oxyanions because of their toxicity and worldwide distribution (Jain and Ali, 2000; 

Rosen and Liu, 2009; Tripathi et al., 2007). Their mobilization results in severe 

risks to human health where groundwater is used as drinking water (Vamerali et al., 

2010; Zhang and Selim, 2007). Jain and Loeppert (2000) extensively studied the 

competitive sorption between arsenate and arsenite on ferrihydrite by varying the 

concentration (1.0-6.9 mM) and pH (4-10). The results were interesting because the 
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changes in concentration and pH led to dramatic changes in competitive sorption. 

CSRAs(III)/As(V) ranged from 0.57 to 52, and we found that an increase in either pH or 

concentration elevated CSRAs(III)/As(V), which indicated that arsenite sorption was 

becoming more favorable. CE As(III),As(V) ranged from 0.0 to 0.29 and increased with 

concentration. However, CE As(III),As(V) decreased with increasing pH at high 

concentration (6.94 mM), and the surface polymerization of arsenite was assumed 

for this reason, but to the best of our knowledge, no verification was conducted. I 

considered the possibilities that the reason was polymerization, as the author 

claimed; the oxidation of arsenite to arsenate (Liu et al., 2015); or the formation of a 

nanosized As-Fe complex in aqueous solution via reductive dissolution (Farrell, 

2017). Previous studies revealed that the activation energy for the transformation 

from ferrihydrite to goethite decreased with increasing pH (Yee et al., 2006). 

Arsenite and arsenate showed significant potential as competitors (Jain and 

Loeppert, 2000; Jönsson and Sherman, 2008) and exhibited species transformation 

through oxidation and reduction as previously reported (Fakour and Lin, 2014; Liu 

et al., 2015); thus, while the dynamics of arsenic are difficult to understand, a 

combination of causes can clearly lead to dramatic fluctuation (Appelo et al., 2002; 

Morin et al., 2008; Zhang and Selim, 2007). 

  Carbonate, phosphate, silicate and sulfate are the predominant oxyanions 

in the soil system due to the decomposition of organic matter and the dissolution of 

primary rock (Sparks, 2003). They are generally present in relatively high 

concentrations in the vadose zone rather than as trace elements (less than 100 µg g-

1), and they ubiquitously compete with oxyanions (Lefèvre and Fédoroff, 2006; 
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Luxton et al., 2008; Wijnja and Schulthess, 2001). Brechbühl and Christl (2012) 

studied the competitive sorption between arsenite and carbonate on hematite at 

unequal concentrations, and RSPAs(III)/C(IV) at a 30 µM initial As concentration with 

100 kPa CO2 decreased from 89 to 85 % as the pH increased from 3 to 5.4. Luxton 

et al. (2006) determined CSRAs(III)/Si(V) and CEAs(III),Si(V) to be 1.3-2.6 and -0.07-0.03, 

respectively, at pH 3-11. Luxton et al. (2008) determined RSPAs(III)/Si(V) to be 91-

96 % at pH 4-8. Both studies confirmed that no competitive displacement was 

observed at equal concentrations. Jain and Loeppert (2000) examined the 

competitive sorption of phosphate or sulfate with arsenite, and CSRAs(III)/P(V) and 

RSPAs(III)/S(VI) were calculated to be 0.83-2.91 and 94-100 % at pH 4-10, respectively. 

Zhu et al. (2011) also revealed RSPAs(III)/S(VI), RSPAs(III)/Se(VI) and RSPAs(III)/P(V) at pH 5 to 

be 94.3, 95.3 and 56.8 %, respectively, and no significant difference was found at 

pH 6. 

 We summarize the average values of RSP between each chemical and its 

competitor in Table 2-5. A total of 352 data points were used at pH 2-12, and the 

pH range was separated into 2-6, 6-8 and 8-12. For arsenite, the RSP sequence for 

the entire pH range was as follows: Si(V)=S(VI)>P(V)=As(V), and carbonate was 

excluded because it was not tested at equal concentrations (Table 2-5). Increases in 

RSPAs(III)/As(V) and RSPAs(III)/P(V) were observed with increasing pH, whereas 

RSPAs(III)/S(VI) and RSPAs(III)/Si(IV) remained relatively constant. This result implied that 

arsenite is the dominant oxyanion for sorption on iron (hydr)oxide. Carbonate, 

silicate and sulfate showed no significant effect on arsenite at equal concentrations, 

whereas phosphate and arsenate acted as competitors. However, carbonate, silicate 
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and sulfate are more abundant than arsenite, and thus the competition would be 

significantly different in the real environment. 

2.4.1.2. Competition of arsenate 

 Three papers discussed the competitive sorption between arsenate and 

carbonate, but the authors did not provide enough data on the experimental 

conditions at equal concentration to calculate CSR and CE (Brechbühl and Christl, 

2012; Frau et al., 2010; Stachowicz et al., 2008). Frau et al. (2010) studied only the 

competition at pH 8.3, and the values of RSPAs(V)/C(IV) at 10 and 100 mM were 60 and 

38 %, respectively. For sulfate and selenate, Jain and Loeppert (2000) found 

RSPAs(V)/S(VI) to range from 94 to 100 % at pH 4-10, whereas Frau et al. (2010) found 

RSPAs(V)/S(VI) to range from 77 to 104 % at pH 4-10. For silicate, Youngran et al. 

(2007) found RSPAs(V)/Si(V) to be 16.2 % at unequal concentrations. Zhu et al. (2011) 

showed that both RSPAs(V)/S(VI) and RSPAs(III)/Se(VI) at pH 6 were 100 % at equal 

concentrations, and increasing the concentration of the competitor showed no 

significant effect on the arsenate sorption. As a result, sulfate and selenate did not 

show a significant competitive effect; however, at high concentration, carbonate and 

silicate did compete with arsenate. 

 Chromate is a toxic oxyanion, whereas selenate is essential or toxic 

depending on the concentration (Babula et al., 2008; Goh and Lim, 2010). 

Chromate and selenate enter the environment mainly via anthropogenic activity 

such as mining and use in pigment (Babula et al., 2008). Khaodhiar et al. (2000) 

determined CSRAs(V)/Cr(VI) and CEAs(V),Cr(VI) to be 7.4-320 and -1.3-0.31 on goethite at 

pH 4.1-7.8. CSR and CE reached a maximum value at pH 6. At pH 4.0-6.7, a less  
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Table 2-5 The average values of reduced sorption percent (RSP, %) among the 

oxyanions and organic acids by pH ranges. RSP denotes the ratio between the 

sorption amount of target oxyanion with competitor and the sorption amount of 

target oxyanion without competitor. The asterisk indicates a nonequal concentration 

between the chemical and competitor, otherwise equal concentrations were applied. 
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 pH 2-6  pH 6-8  pH 8-12  Total 

Oxyanion Competitor  N RSP (%)  N RSP (%)  N RSP (%)  N RSP (%) 
As(III) As(V)  18 87.4  14 94.4  13 98.7  45 92.9 

C(IV)*  6 80.7  1 60.4  - -  7 77.8 
P(V)  5 82.0  4 82.8  4 97.7  13 87.1 
S(VI)  5 96.4  4 99.4  3 100.3  12 98.5 
Se(VI)  1 95.3  1 97.8     2 96.5 

 Si(IV)  6 100.7  3 101.2  3 102.4  12 101.2 

As(V) As(III)  18 85.5  14 74.2  13 61.5  45 75.1 

Cr(VI)  4 96.5  2 198.3  - -  6 130.4 
P(V)  15 74.1  14 64.7  12 59.4  41 66.6 
S(VI)  5 95.6  6 98.6  8 94.1  19 95.7 

 Se(VI)  - -  1 100  - -  1 100 

C(IV)* Se(VI)  - -  4 70.8  - -  4 70.8 
Cr(VI) As(V)  4 12.5  2 51.4  - -  6 25.4 

N(V)  - -  4 86.5  4 70.6  8 78.5 
S(VI)  1 61.3  3 66.2  4 56.9  8 60.9 
Si(IV)  1 96.9  2 58.2     3 71.1 

P(V) As(V)  8 63.8  6 68.9  5 65.2  19 65.8 
C(IV)  - -  - -  3 96.8  3 96.8 
Cr(VI)  4 95.9  - -  - -  4 95.9 
S(VI)  10 97.6  1 98.7  - -  11 97.7 

S(VI) C(IV)*  1 107.7  6 130.7  - -  7 127.4 

P(V)  9 12.3  3 4.3  - -  12 10.3 
Se(VI) C(IV)  - -  4 145.1  - -  4 145.1 

S(VI)  - -  3 85.8  - -  3 85.8 
Si(IV)  4 104.4  4 101.3  5 85.4  13 96.1 

Si(IV) As(III)  4 91.7  2 93.4  3 105.5  9 96.7 
Cr(VI)  1 41.5  2 85.0  - -  3 70.5 

As(III) Oxalate  1 88.4  1 92.2  - -  2 90.3 

 Malate  1 75.3  1 86.6  - -  2 80.9 

 Tartarate  1 73.6  1 86.4  - -  2 80.0 

 Citrate  1 72.3  1 80.3  - -  2 76.3 

As(V) Oxalate  - -  1 94.7  - -  1 94.7 
 Malate  - -  1 88.1  - -  1 88.1 

 Tartarate  - -  1 87.0  - -  1 87.0 

Cr(VI) Oxalate  3 94.4  2 91.5  1 134.5  6 100.1 

S(VI) Acetate  6 93.3  3 61.2  - -  9 82.6 
Formate  - -  2 148.3  - -  2 148.3 
Oxalate  4 44.6  - -  - -  4 44.6 

Se(VI) Acetate  1 96.5  3 162.6  - -  4 146.1 
P(V) Citrate  5 82.7  - -  - -  5 82.7 
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significant CE was observed, whereas a negative CEAs(V),Cr(VI) suggested cosorption 

or precipitation at pH 7.8 . Youngran et al. (2007) determined RSPAs(V)/Se(VI) to be 

91.4 % for As(V)=200 µg L-1 and Se(VI)=100 µg L-1. According to this result, 

chromate and selenate showed no significant effect on the sorption of As(V). 

 Nitrate and phosphate are the most common limiting nutrients for crop 

production, and thus, excessive amounts of these ions are introduced 

anthropogenically into the soil environment (Andrew et al., 2000; Riley et al., 2001; 

Zamparas and Zacharias, 2014). Competition among nutrients that are easily 

desorbed from the soil and their resulting discharge causes eutrophication in the 

water system (Arai and Sparks, 2007; Yin et al., 2013). Youngran et al. (2007) 

studied the competition of nitrate on hematite at pH 6 and found that RSPAs(V)/N(V) 

and RSPAs(V)/P(V) were 97 and 42 %, respectively, at unequal concentrations. Frau et 

al. (2010) determined RSPAs(V)/P(V) to be 13-28 and 19-23 %, respectively, at initial 

concentrations of 10 and 100 mM and pH 4-10. Zhu et al. (2011) also found 

RSPAs(V)/P(V) to be 58.9 % for pH 6. An interesting trend was observed: increasing pH 

led to an increase in RSPAs(V)/P(V) at a 10 mM initial concentration and vice versa at a 

100 mM initial concentration. Hongshao and Stanforth (2001) determined 

CSRAs(V)/P(V) to be 0.95 and 1.02 at pH 3 and 5, respectively, whereas Jain and 

Loeppert (2000) determined CSRAs(V)/P(V) to be 0.7-1.0. Both studies confirmed that 

CSRAs(V)/P(V) increased with increasing pH. However, we also found a contrary result, 

in which CSRAs(V)/P(V) decreased with increasing pH. Gao and Mucci (2001) 

determined CSRAs(V)/P(V) and CEAs(V),P(V) to be 0.9-1.8 and 0.32-0.45, respectively, at 

pH 3-8.7. Violante and Pigna (2002) determined CSRAs(V)/P(V) and CEAs(V),P(V) to be 
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1.0-1.2 and 0-0.02 at pH 4-7, respectively. Manning and Goldberg (1996) found 

CSRAs(V)/P(V) and CEAs(V),P(V) to be 0.88-1.18 and 0.15-0.36, respectively, at pH 2.5-

11.2. CSRAs(V)/P(V) and CEAs(V),P(V) increased with pH, and the latter result contradicts 

the results of the study by Jain and Loeppert (2000). No dominant sorption was 

found between arsenate and phosphate based on CSRAs(V)/P(V), which ranged from 

0.85 to 1.80 with an average value of 1.08, whereas the average value of CEAs(V),P(V) 

of 0.33 confirmed that arsenate and phosphate competed for the sorption sites of 

iron (hydr)oxide. 

 For arsenate, the RSP sequence for the entire pH range was as follows: 

Cr(VI)>S(VI)>As(III)>P(V). I also observed a promotive effect between arsenate 

and chromate at the circumneutral pH (Table 2-5). In contrast to the RSP sequence 

of arsenite, phosphate led to more desorption of arsenate than of arsenite, and 

RSPAs(V)/As(III) and RSPAs(V)/As(III) gradually decreased with increasing pH. I observed a 

decrease in RSPAs(III)/As(V) above and an inverse relationship between the RSP values 

of arsenate and arsenite was a reasonable conclusion. I also showed the effect of SL 

on CE (Fig. 2-3b). An increase in SL caused desorption of both oxyanions.  

2.4.1.3. Competition of carbonate 

 Rahnemaie et al. (2007) determined RSPP(V)/C(IV) to be 96-97 % at pH 9.1-

12.2 with initial concentrations of PO4
3-=0.4 mM and CO3

2-=200 mM. This result 

showed that carbonate did not affect phosphate sorption even at large differences in 

concentration. Wijnja and Schulthess (2001) determined RSPC(IV)/Se(VI) to be 57-91 % 

at SeO4
3-=CO3

2-=1 mM with pH 5-8, whereas RSPSe(VI)/C(IV) was 99-187 % at SeO4
3-

=CO3
2-=0.2 mM and pH 6-8. The promotive effect was observed in RSPSe(VI)/C(IV) 
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and was caused by the generation of extra sorption sites by adsorbed CO3
2-. A 

similar promotive effect was also observed in sulfate, and RSPS(VI)/C(IV) was 77- 

195 % at pH 5.7-7.5.  

2.4.1.4. Competition of chromate 

 Meena and Arai (2016) determined RSPCr(VI)/S(VI) and RSPCr(VI)/N(V) to be 28-

77 % and 18-106 %, respectively, at pH 4-12. The minimum value of RSPCr(VI)/S(VI) 

was at pH 11.3, and the maximum value of RSPCr(VI)/N(V) was at pH 9.2. Boukemara 

et al. (2016) found RSPP(V)/Cr(VI) and RSPP(V)/S(VI) to be 93-98 % and 97-101 %, 

respectively, at pH 2.6-5.9. These results indirectly implied that neither chromate 

nor sulfate showed a significant effect on phosphate. Garman et al. (2004) 

determined CSRCr(VI)/Si(V) and CECr(VI),Si(V) to be 0.2-3.7 and 0.23-0.24, respectively, at 

pH 4-8. CSRCr(VI)/Si(V) was highest at pH 4 and lowest at pH 8. These results 

indicated that the pH dramatically influenced the competitive sorption between 

chromate and silicate, whereas the sorbed concentration under competition 

remained relatively constant. Chromate was less dominant against nitrate and 

sulfate than arsenite, arsenate and phosphate. Chromate did not compete with 

phosphate, but competition with silicate was clearly observed. For chromate, the 

RSP sequence for circumneutral pH was as follows: N(V)>Si(IV)>S(VI)>As(V) 

(Table 2-5). The effect of pH is difficult to address, but the RSP sequence showed a 

decreasing trend with increasing pH for nitrate, sulfate and silicate and vice versa 

for arsenate.  

2.4.1.5 Competition of phosphate or selenate 

 Two studies confirmed the competitive sorption between phosphate and 
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sulfate on goethite. Geelhoed et al. (1997) computed CSRP(V)/S(VI) and CEP(V)/S(VI) as 

4.8-8.8 and 0.19-0.39 at pH 2.4-6.5, respectively. Boukhalfa (2010) determined 

RSPS(VI)/P(V) to be 2.7-22 % at pH 3.2-7.1, and the maximum and minimum were 

observed at pH 3.6 and 7.1, respectively. Both studies implied that sulfate exerted 

no competitive effect on phosphate. The sequence of RSP was as follows: 

C(IV)=Cr(VI)=S(VI)>As(V). The missing data hindered the interpretation of the 

results, but the data clearly showed that carbonate, chromate and sulfate caused no 

desorption of phosphate, whereas competition from arsenate led to the desorption of 

phosphate.  

 Three studies showed the competitive sorption of selenate with sulfate or 

silicate. Wijnja and Schulthess (2000) found RSPSe(VI)/S(VI) on goethite to be 67-98 % 

at pH 6-6.7. Jordan et al. (2009a) determined RSPSe(VI)/Si(V) on magnetite to be 53-

113 % at pH 4-9, and there was slightly enhanced sorption at low pH and a dramatic 

decrease at high pH. Jordan et al. (2009b) determined RSPSe(VI)/Si(V) on hematite to be 

84-100 % at pH 4-9; there was no enhanced sorption, and selenate competed only 

weakly with silicate at high pH. A dramatic change was observed in a narrow range 

around pH 6. Based on this observation, I concluded that selenate is dominant in 

competition with sulfate and silicate.  

 

2.4.2. Competitive sorption between oxyanions and organic acids 

 As described above, organic acids are exuded by plant roots, and the 

resulting competition leads to changes in the bioavailability of ions (Dakora and 

Phillips, 2002). Six papers discussed competitive sorption between oxyanions and 
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organic acids. Yang et al. (2016) studied the competitive sorption between aspartate 

and phosphate, and the ATR-FTIR spectra at pH 3 and 6 showed that phosphate 

dominates the sorption; however, no quantitative result was described. Wijnja and 

Schulthess (2002) examined the competitive sorption among selenate, sulfate, 

acetate (Ac) and formate (Fm). They found that RSPSe(VI)/Ac., RSPS(VI)/Fm. and 

RSPS(VI)/Ac. on goethite were 97-171, 137-160 and 98-141 %, respectively, at pH 5.6-

7. The increase in RSP was explained by a promotive effect between the oxyanion 

and organic acids. Boukhalfa (2010) studied the competitive sorption of sulfate with 

acetate or oxalate (Ox) and found that RSPS(VI)/Ac and RSPS(VI)/ox were 19-103 and 

0.5-62 %, respectively, at pH 3.4-7.3. The RSP dramatically decreased with 

increasing pH, and acetate showed no effect on sulfate sorption below pH 4 but 

acetate dominated the sorption sites, outcompeting sulfate, above pH 6.8. Oxalate 

showed an effect on sulfate at pH 3.2-4.3 and completely occupied the sorption sites 

above pH 4.8. The pH at which a sudden decrease in RSPS(VI)/Ox occurred was near 

the pKa2 (4.2) of oxalate. Mesuere and Fish (1992) studied the competitive sorption 

of chromate with oxalate and found that CSRCr(VI)/Ox and CECr(VI),Ox were 1.9-7.7 and 

-0.24-0.26, respectively, at pH 4 - 9. CSRCr(VI),Ox reached a maximum at pH 7.3. 

CECr(VI),Ox was 0.25 at pH 4 but gradually decreased to -0.24 with increasing pH. 

Geelhoed et al. (1998) determined CSRP(V)/Ct and CEP(V)/Ct on goethite to be 3.4-6.0 

and 0.35-0.43, respectively, at pH 2.5-5.6. CSRP(V)/Ct reached a minimum at pH 3.7, 

whereas CEP(V)/Ct gradually increased with increasing pH. Zhu et al. (2011) 

extensively studied the competitive sorption of arsenite and arsenate with oxalate, 

malate (Ml), tartrate (Tt) and citrate at circumneutral pH on ferrihydrite. RSPAs(III)/Ox, 
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RSPAs(III)/Ml, RSPAs(III)/Tt and RSPAs(III)/Ct were 90.3, 80.9, 80.0 and 76.3 at pH 5 and 6, 

while RSPAs(V)/Ox, RSPAs(V)/Ml and RSPAs(V)/Tt were 94.7, 88.1 and 87.0, respectively. 

Their results revealed that the increased concentration of organic acids and 

sequential addition of the solute cause changes in RSP, which implied that the 

relative concentration of solute and the sequence of addition affect competitive 

sorption. The CSR values of arsenite and arsenate with organic acids ranged from 72 

to 94.7 %, indicating that the sorption of arsenite and arsenate was predominant 

over that of the organic acids. Not enough data was collected to interpret the 

competitive sorption between oxyanions and organic acids; thus, the results cannot 

be appropriately explained. However, we confirmed the occurrence of the 

promotive effect, the sudden desorption of oxyanions at certain pH values and a CE 

with increasing pH.  

 

2.4.3. Selectivity sequence using reduced sorption percentage 

 A boxplot of RSP categorized by oxyanion is shown in Fig. 2-5. The 

average value was calculated using the RSP between a specific oxyanion and all 

competitors to describe the selectivity sequence at any pH. I could obtain a more 

meaningful result using CSR or CE, but the amount of data was not sufficient; thus, 

the RSP was employed. The sequence of the average RSP was as follows: 

As(III)>Si(IV)>Se(VI)>As(V)>P(V)>Cr(VI)>S(VI). The collected data were not 

sufficient to calculate the sequence, because there were significant differences in the 

number of data points per oxyanion, in the conditions of the sorption experiments 

and in the concentrations of oxyanions introduced, but the results were meaningful  
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Fig. 2-5 Box plot of the reduced sorption percentage (RSP, %) of each oxyanion 

with all other oxyanions. The lower (Q1) and upper (Q3) quartiles represent 

observations outside the 9 –91 percentile range. The line in the box shows the 

mean.  
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as a first trial of extracting a comparison of competitive sorption from experimental 

data under various conditions. Arsenate, arsenite, phosphate and chromate had 4-5 

oxyanion competitors with 25-109 data points, whereas sulfate, selenate and silicate 

had only 2-3 oxyanion competitors with 12-16 data points. The significantly greater 

amount of data for certain competitors would suggest a more accurate affinity 

sequence. Previous studies identified the selectivity sequence on activated alumina 

as OH->H2AsO4
->Si(OH)3

->F->HSeO3
->SO4

->CrO4
->>HCO3

->Cl->NO3
->Br->I- 

(Clifford et al., 1986). Except for sulfate, the sequence of this review and the 

previous studies are significantly correlated; thus, I concluded that the present 

approach could possibly illuminate the selectivity sequence using the published 

literature, but the data were nonetheless greatly lacking.  

  

2.4.4. Surface site density from crystal structures of iron (hydr)oxides 

 Fig. 2-6 shows the scatter plot of the SL and surface site density from the 

single sorption experiment on the oxyanions to describe the sorption differences 

caused by the crystal structure of the iron (hydr)oxides. To diminish the SL effect, I 

extracted SL data with 0.5-2.0 sites nm-2, which was the surface site density when 

most of the sorbate was sorbed (>95 %). As discussed above, the pH, background 

ion, initial concentration and type of oxyanion and iron (hydr)oxide all affected the 

sorption; thus, the surface site density cannot be described accurately by the type of 

iron (hydr)oxide alone, but I could assume that the crystal structure affected the 

surface site density. Goethite was employed for 7 oxyanions, whereas ferrihydrite, 

hematite and magnetite were used for only 2 oxyanions. The dashed gray line 
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indicates the 1:1 line between SL and the surface site density, and positions close to 

the line indicate that the sorption percentage was near 100 %. Most of the data are 

near the line, which indicates that the differences in surface site density were caused 

by insufficient oxyanion input for saturation, but we found distinguishable patterns 

in carbonate, sulfate and selenate on goethite, arsenite on hematite and chromate on 

magnetite. For oxyanions with low selectivity, a sequence such as carbonate and 

sulfate would be explained by competition with background chloride and nitrate 

ions, but chromate, selenate and arsenite showed relatively high selectivity in both 

previous and present studies. This phenomenon could be caused by the 

physiochemical characteristics of the iron (hydr)oxides; thus, I need further studies 

to examine this effect. 

 

2.5. CONCLUSIONS 

 

 Iron (hydr)oxide is one of the key sorbents for oxyanions in the soil 

environment. The seasonal and spatial transformation of iron (hydr)oxide 

determines the bioavailability and leachability of oxyanions and ultimately 

influences the geocycling of the Earth. The structural configurations of oxyanion 

were clearly confirmed to be dependent on environmental factors, such as the 

crystal structure of iron (hydr)oxide, surface area, type of oxyanions, concentration, 

competing ions, pH and redox potential, and the sorption percentage is also linked 

to environmental factors. The reciprocal interactions among the environmental 

factors hamper estimation of the dynamics of oxyanions, which cause severe  
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Fig. 2-6 Scatter plot between surface loading (molecule nm-2) and surface site 

density (site nm-2) from the single batch experiment. The color and shape of 

the symbols indicate the oxyanion and iron oxide, respectively. The gray 

dashed line shows the 1:1 line between the SL and the surface site density, 

where sorption percent was 100 %.  
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environmental problems such as eutrophication and metal poisoning worldwide.  

 For a better understanding of oxyanion behavior in the rhizosphere, the 

relationship between the structural configuration and sequence of RSP as result of 

competitive sorption was observed. Structures with higher denticity were higher in 

the selectivity sequence obtained using RSP. SL was observed to affect the 

structural configuration and CE; a higher SL led to a lower-denticity structure with 

a higher aqueous concentration caused by desorption. The organic acids not only 

compete with oxyanions but also can cause a promotive effect, dissolution and 

precipitation by forming IS complexes on the iron (hydr)oxide. The selectivity 

sequence using RSP was as follows:  

As(III)>Si(IV)>Se(VI)>As(V)>P(V)>Cr(VI)>S(VI), and I observed the possibility 

of differences between the iron (hydr)oxides; however, the RSP sequence was 

clearly not theoretically valid and it was developed only to compare the competitive 

sorption results from various experimental condition. 

 Based on previous studies and our observations, I concluded that a change 

in environmental conditions leads to transformation of iron (hydr)oxides and of the 

structural configuration of the oxyanions on the iron (hydr)oxides, and both results 

contribute to the dynamics of oxyanions in the soil system. As a result, the 

availability and leachability of oxyanions could be altered. Plants use root exudation 

to address this alteration; organic molecules exude into the rhizosphere and 

subsequently affect the environmental condition, and this extremely complex and 

connected web of reactions determines the behavior of oxyanions in the soil system. 

Developments in analytical and theoretical chemistry have enabled us to see the 
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structural configuration of the complex at the atomic level, but many questions still 

remain. The following questions need to be answered to address environmental 

problems and to understand oxyanion behavior. 

 1. Based on our observations, the SL is the critical factor for the structural 

configuration of the complex. However, studies using EXAFS employ a paste or 

freeze-dried sample for examination. The sample pretreatment effect should be 

carefully identified to determine the actual structural configuration of the complex. 

 2. Several studies identified the MM complex of arsenate and phosphate 

using various methodologies, but the environmental conditions of the experiments 

were not sufficiently consistent to obtain a better understanding. Any undiscovered 

factors controlling the structural configuration of the MM complex should be 

determined. If the structural configuration could be changed on demand, this ability 

would be applicable to controlling the environmental problems caused by oxyanions. 

 3. Recent developments in computational chemistry lead us to interpret 

experimental data through comparison with theoretical calculations. This approach 

is applicable only to small molecular clusters for now, but advances in computation 

technology will enable us to address complex clusters, and we should accumulate 

data for better computation and interpretation. 

 4. The characteristics of laboratory-synthesized iron (hydr)oxides differed 

greatly case by case, which made interpretation of the results difficult. In addition, 

the available data were not sufficient to reach statistical conclusions. More data, a 

standard method and standard materials are essential for achieving compatibility 

and credibility of the experiments. 
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 In ancient agriculture, limited oxyanions were a weighty matter, but we are 

now concerned with excessive abundance of oxyanions. The industrialization of 

cultivation brought us prosperity, but this prosperity is accompanied by severe 

problems. We should be prepared to solve these problems by understanding the 

dynamics of oxyanions and the interactions among plants, oxyanions and soil 

components. 
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Abstract 

 

 This chapter summarizes advantage and limitation in computational 

chemistry, infrared and X-ray spectroscopy to understand a rhizospheric interaction 

among organic acids, oxyanions, and metal oxides. Since organic acids and metal 

oxides determine dynamics of oxyanions in the soil environment, knowledge of 

fundamental mechanisms is a prerequisite for understanding the interactions at soil-

water interface. Attenuated total reflectance-Fourier transform infrared 

spectroscopy (ATR-FTIR) is a powerful tool to measure the interfacial reactions. 

However, the ATR-FTIR measurements are abstruse, because the optical 

characteristics for measurements are variable depending on the experimental setup. 

Besides, spectral overlapping is a primary obstacle to the analysis of the interfacial 

reaction; thus, it is essential to detect and to deconvolute bands for signal 

interpretation. In this review, I explained the fundamental principle for spectrum 

processing, and four band identification methods, such as derivative spectroscopy, 

two-dimension correlation spectroscopy, multivariate curve resolution, and 

computational chemistry with an example of aqueous phosphate speciation. As a 

result, spectrum processing and computational chemistry improved interpretation 

and spectral deconvolution of overlapped spectra in a relatively simple system, but 

it was still unsatisfactory for the problems in a more complex system like nature. 

Nevertheless, I believed that our challenge would contribute practically to 

developing adequate analytical procedures, signal processing and protocols that 

could help to improve interpretation and to understand the interfacial interactions of 

oxyanions in natural systems. 

Keywords 

ATR-FTIR, Computational spectroscopy, EXAFS, Organic acid, Oxyanion, Metal 

oxide  
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3.1. INTRODUCTION 

 

 Recent studies have reported that the various organic acids from the plant-

derived root exudate lead the desorption of oxyanions from the sorption site in the 

soil by the competition or the dissolution of metal (hydr)oxides, where the 

oxyanions mainly adsorbed. The desorption and dissolution increase the 

bioavailability of oxyanions in the rhizosphere, but no direct evidence has not 

provided yet (Baetz and Martinoia, 2014; Bais et al., 2006; Kim et al., 2010). The 

reason could be categorized as 1) previous approaches on soil characterization are 

mainly performed with dried samples. The bioavailable phosphate in soil existed as 

low fraction, it easily precipitates with multi-valent cations or the metal (hydr)oxide 

could be formed during the drying process. The process leads the difference of 

phosphate in soil between the dried and wet samples (Fan et al., 2014; McGeehan et 

al., 1998). 2) The bioavailable phosphate mainly adsorbed on the surface of clay 

mineral and metal (hydr)oxide at low abundance with high heterogeneity, and it 

makes hard to analyze the structural configuration of phosphate in the soil. 3) X-ray 

absorption spectroscopy (XAS) is the most promising analytical tool to reveal the 

structural configuration of phosphate even at low concentration, but the X-ray easily 

break down the organic acids; thus, it is hard to observe the competitive adsorption 

of organic acids and oxyanions on the metal (hydr)oxides, but it is still a versatile 

tool to identify the structural configuration of oxyanions on the metal (hydr)oxides. 

These reasons make the direct measurement of the chemical reaction between 

organic acids and oxyanions on the metal (hydr)oxides difficult. 

 Raman, infrared, electron paramagnetic resonance and nuclear magnetic 

resonance are suggested to analyze the interactions instead of XAS, and attenuated 

total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) enables us to 
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measure the change in the vibration energy at the real time and solid-solution 

interface. (Hind et al., 2001; Mudunkotuwa et al., 2014). A molecular structure and 

mass of individual component determine the absorption of infrared beam, and the 

problem is the overlapped bands caused by the vibrational mode, complexity of 

system and similarity of component (Shi and Yan, 2014). In the past, it was not able 

to interpret the overlapped spectra in the complex system, but interpreting the 

simple system was mainly studied, and recent approach on isotope study enables us 

to identify the band shift caused by the difference in the atomic mass of stable 

isotope (Max and Chapados, 2009). These approaches were still not enough to 

deconvolute the complexly overlapped spectra.  

 However, recent development in the computation and quantum mechanics 

leads us to calculate the theoretical molecular orbitals by Schrödinger equation with 

approximations. Lately, many commercial or academic software for computational 

chemistry have been developed, and anyone who has ability on the calculation using 

the computer and has knowledge on the computational chemistry can easily obtain 

the electronic structure of molecule or complex. For example, the adsorbed structure 

of oxyanion on the metal (hydr)oxide (Kubicki et al., 2012; Watts et al., 2014). The 

development in computational chemistry led a significant advance in the 

interpretation of overlapped spectra using in situ ATR-FTIR studies and the 

interpretation of structural configuration using XAS because the theoretical 

calculation yields the spectroscopic charactericstics and structure of the complex. 

As the result, the theoretical vibration mode and position could be calculated, and it 

is possible to use this information for characterizing individual structural 

configuration by the band deconvolution (Carabante and Grahn, 2010; Kubicki et al., 

2012). 

 There is dramatic increase in the studies combining the infrared 
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spectroscopy and computational chemistry to identify the structural configuration at 

the solid-solution interface. The development in the computation and theory of 

electronic structure enable us to understand the structural configuration of the 

complex in the simple system. Approaches to deal with more complex system has 

been achieved in the various fields of studies, and the oxyanion dynamics in the 

heterogeneous soil system is the one of the utmost targets for soil scientists. In this 

study, I extensively reviewed the fundamental theory, history, application, 

advantage and disadvantage of computational chemistry and in situ ATR-FTIR and 

XAS to conduct a study for rhizospheric interactions, the reason and methods for 

metal (hydr)oxide characterization by the transformation in the experiement. I also 

summarized how to deal with the overlapped spectra in the infrared spectroscopy 

and how to interpret the structural configuration from the infrared and X-ray 

spectroscopy. 

 

3.2. Theoretical calculation using computational chemistry 

 

3.2.1. Definition and history of computational chemistry 

 Computational chemistry is one of the theoretical chemistry, and it uses 

computing simulation to solve chemical problems. Since Heitler and London 

conducted the first theoretical calculation in 1927, and the computational chemistry 

was settled as one of the fields of study with the development in the computer 

technology in the 1940s. The first calculation using ab initio Hartree-Fock method 

was performed at MIT in 1956, an empirical calculation using Hückel method was 

conducted in 1964, from the 1970s to present, numerous studies and methods have 

been developed with a significant advance in the computer. Walter Kohn and John 

Pople received the Novel prize in 1998 by developing a density functional theory 



 

 3-6 

and computational method in quantum mechanics, and it announced the real 

beginning of computational chemistry. Martin Karplus, Michael Levitt, and Arieh 

Warshel received the Nobel prize in 2013 again, for the development of multiscale 

models for complex chemical systems, and it gained much attention in the 

computational chemistry. 

 

3.2.2. Principle and methods 

 It is possible to understand a wave nature of electron by solving 

Schrödinger equation mathematically, and many computations and approximation 

methods should be employed to solve the equation (Schrödinger, 1926). Based on 

the approximation method, we can categorize as ab initio and empirical method. 

The main difference in two type of approximation is the utilization of empirical or 

semi-empirical parameter for the computation of orbital function, and ab initio 

method employs no such parameter, but empirical method employs the parameters 

(Kim et al., 2012). Hartree Fock molecular orbital theory (HF) and density 

functional theory (DFT) are the typical methods in ab initio, and it employs self-

consistent field for the computation. For example, one orbital function of electrons 

is proposed, a potential field of a electron is computed first, and base on the 

computation, the other potential field of electron is substantially computed. And the 

computation would be repeated until the newly computed potential field of electron 

matches with the previous version (Blinder, 1965).  

 The HF is the simplest equation in ab initio method, and firstly proposed 

by Douglas Rayner Hartree in 1927, and Vladimir Fock applied Pauli exclusion 

principle. HF is not describing the repulsive force of electrovalence, and it only 

considers the average effect (Froese Fischer, 1987). On the other hand, DFT was 

developed from Thomas-Fermi model by Liewellyn Thomas and Enrico Fermi, and 
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modified by Walter Kohn and Pierre Hohenberg, it utilizes Born-Oppenheimer 

approximation, which is fixing the nuclear and computing the motion of a electron. 

From the Born-Oppenheimer approximation, it dramatically decreases the load on 

the computation. To put it briefly, the DFT saves the load on computation by 

replacing wave function of a electron with density function. The empirical method 

can be categorized as a semi-empirical and empirical method with the utility of 

parameters, and it is effective to reduce the load on computation especially with the 

high number of atoms in the molecule (Kim et al., 2012; VandeVondele et al., 

2012). In case of an excessive number of atom in the molecule, classical mechanics 

is frequently employed instead of quantum dynamics.  

 

3.2.3. Density functional theory 

 Even a simple system, numerous computation should be performed to 

solve the Schrödinger equation; various approximations for effective computation 

and high level of computing resource are essential. Among the numerous 

approximations, an exchange-correlation functional method proposed by Axel 

Becke and modified Chengteh Lee, Weitao Yang and Robert G. Parr is the one of 

common methods (B3LYP). The B3LYP is improved from HF method, and it 

showed a similar result with less time-consuming in the previous studies (Stephens 

et al., 1994; VandeVondele et al., 2012). The solution from the computation with 

approximations can be used to predict the various characteristics of a molecule, 

such as molecular geometry, vibrational frequency, atomization and ionization 

energy, electronic and magnetic characteristics and reaction pathway (Becke, 1993; 

Kim et al., 2012; Stephens et al., 1994). There is several softwares implementing 

the computational chemistry with academic, commercial and non-commercial 

licenses. ADF, GAMESS, Gaussian, NWchem and Spartan are the most known 
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software. Each software has difference in license, approximation, basis set and 

theory, computing way; thus, it is essential to choose appropriate software for the 

objective in the study. 

 

3.3. Experimental measurement using ATR-FTIR 

 

3.3.1. Importance of solid-solution interfacial measurement 

 The chemical reaction at the solid-solution interface is critical to 

interpreting the adsorption and dynamics of pollutant and nutrient in the soil 

environment (Gunnarsson, 2002; Violante, 2013). The oxyanions go through 

various reactions, such as adsorption, desorption, chemical transformation and 

precipitation in the soil environment, and it finally leached out from the soil to 

water system (Hwang and Lenhart, 2008; Selim and Zhang, 2013). Irreversible 

change in the oxyanion dynamics caused by environmental perturbation could affect 

the whole pathway in the ecosystem, and the perturbed cycle would lead significant 

effect on the human. For that reason, it is essential to understand the reaction at the 

solid-solution interface (Gunnarsson, 2002; Hind et al., 2001), and various 

methodologies have being developed to measure the interfacial reaction.  

 Atomic force microscopy, electron energy loss spectroscopy, electron 

paramagnetic resonance, low energy electron diffraction, X-ray absorption 

spectroscopy and X-ray photoemission spectroscopy are the most advanced 

technique to identify the structural configuration of complex (Hind et al., 2001; 

Lefevre, 2004; Mudunkotuwa et al., 2014); however, there are advantage and 

disadvantage in each technique. The techniques utilizing electron require a high 

level of vacuum condition, and the reaction at solid-solution interface could not be 

determined such techniques, and the sample should be pretreated by the drying or 
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freezing, which causes the phase transition. There are three problems utilizing X-ray: 

1) the low intensity for the measurement by the water absorption; 2) even if we 

utilize the synchrotron, which provides high intensity with water, it could affordable 

signal to noise ratio for the interpretation, but the organic molecules can be easily 

degraded during the measurement (Cerkez et al., 2015; Mudunkotuwa et al., 2014). 

For that reason, it is essential to measure the solid-solution interfacial measurement 

without degrading the organic molecules and transition the phase of sample. 

 

3.3.2. History and technique 

 William Herschel discovered the infrared radiation in 19th century, and 

first type of infrared spectrophotometer utilized a prism or monochrometer. In the 

late 19th century, Albert Abraham Michelson invented an interferometer using a 

beam splitter, and it caused a great advance in the spectroscopy. It sill had a 

problem that an interferogram measured at time-domain could not convert to 

frequency-domain. But the problem was solved by Peter Fellgett in 1949 by 

applying Fourier transform for the conversion and it is was the first development of 

Fourier transform infrared spectroscopy (FTIR). A commercial FTIR was 

introduced to the scientists in 1960s, and the FTIR have led the great advance in the 

scientific research since. Numerous analytical methods using FTIR have been 

developed, and transmission, diffuse reflectance, photoacoustic, attenuated total 

reflectance and specular reflectance are the most typical methods (Fig. 3-1).  

 Each analytical method has advantage and disadvantage; the transmission 

method could be categorized into a solid measurement using KBr and solid-solution 

mixture measurement by transmitting IR in a thin mixture. The KBr method could 

not measure the interfacial reaction, and solid-solution mixture measurment requires 

few µm-sized thickness to transmit the IR and homogeneous dispersion of sample, it 
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is not applicable for interfacial measurement. Diffuse reflectance method irradiates 

IR beam on the sample and the detector measured the adsorbed and diffused IR 

beam by condensing, and it has an advantage that it does not require any 

pretreatment, but the water contained sample led low intensity at the detector; thus, 

the interfacial measurement is difficult. The photoacoustic method detects the 

vibration from the IR absorption by a microphone, and it typically utilized in the 

high absorbing materials such as an organic matter and biochar, and it needs 

additional resonator to detect interfacial measurement (Bekiaris et al., 2015). The 

specular reflection method measures the difference between the intensity of initial 

IR beam and absorbed and reflected beam on the sample and reflecting materials. It 

easily measures the coating or film on the metal surface with high smoothness, but 

it is not applicable to interfacial measurement with aggregated particle sample 

(Amma et al., 2015). The attenuated total reflection (ATR) method requires the 

formation of a film of target sorbent on the crystal surface, the IR beam goes 

through the internal of crystal, and the total reflection occurs at the interface 

between the crystal and solid film. During the total reflection, the evanescent wave 

was generated at a certain depth of penetration (dp) to the sample film and solution 

with the IR absorption, and the difference in absorption between the intensity of 

initial and final IR beam yields the spectra. The ATR method only employs few 

µm-sized dp; thus, the sample should be less than dp, but it enables us to measure the 

interfacial reaction at a real-time.  

 

3.3.3. Principle and consideration 

 The fundamental principle of solid-solution interfacial measurement using 

ATR-FTIR is causing total reflection at the crystal and solid interface by incident of 

IR beam on the crystal, the few µm-sized evanescent waves from the crystal passes  
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Fig. 3-1 Fundamental schematic diagram of analysis technique using Fourier 

transform infrared spectroscopy. Ii, Ir, Ia, and It indicate initial, reflected, 

absorbed and transmitted infrared, respectively. 
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through the solid sample and solution with absorption, and it goes back to the 

crystal (Gunnarsson, 2002; Hebert et al., 2004). For that reason, the formation of 

total reflection is the key in ATR-FTIR studies, and the schematic diagram was 

illustrated in Fig. 3-2 with the associated parameters. In the solid-solution interface 

measurement, the angle of incident IR beam (θi) and reflective indexes of crystal, 

metal (hydr)oxide and water (nc, ns and nw) determines the IR beam pathways, 

which are the specular reflection, total reflection and transmission. The temperature, 

pressure and θi are constant during the experiment, the ratio between the metal 

(hydr)oxide and crystal (ns/nc) determines the critical angle (θcs). If ns < nc and θi > 

θcs, the total reflection occurs, the evanescent wave comes from the interface 

between the crystal and metal (hydr)oxide, and the depth of penetration by the total 

reflection (dp,cs) can be calculated using Eq. 3-1 (Hamers et al., 2011; Hase et al., 

2010). 

!!,!"  = ! 2 ∙ ! ∙ !! !"#!!! − (!!!!)
!

!
!        (Eq. 3-1) 

Based on the Eq. 3-1, the dp,cs increase with the increase of wavelength (λ) and ns/nc 

or decrease of θi. The molecules in the path of evanescent wave absorb the IR beam, 

and the decreased intensity after total reflection (IATR-r) goes to the detector, and the 

difference between the initial intensity of IR beam (Ii) and IATR-r yields the 

absorbance. 

 The number of total reflection categorizes as single ATR and multiple 

ATR. The single ATR illustrated in Fig. 3-2 uses small a crystal to generate total 

reflection one time, and it usually employs for qualitative measurement or extreme 

condition measurement using a diamond, which is expensive material. The multiple 

ATR uses a rod-shaped crystal to generate multiple total reflection to increase the 

path of dp, the quantitative measurement could be achieved than the single ATR. 

The crystals made with zinc selenide (ZnSe) and amorphous material transmitting 
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infrared radiation (AMTIR) typically employs in multiple ATR, but the hardness of 

these materials is lower than the quartz, which is abundant in the soil sample. The 

quartz sometimes damages the crystal for adhesion process, and it cause diffuse 

reflection in ATR, which decrease the signal to noise ratio (S/N).       

 Table 1 summarizes the calculated dp as function of crystal and metal 

(hydr)oxides, the reflective index of crystal is ranged from 2.2 to 4.0 at λ = 10 µm 

condition (Mudunkotuwa et al., 2014), and the reflective index of metal (hydr)oxide 

in the review is ranged from 1.65 to 3.1 (Su and Suarez, 2000; Szekeres and 

Tombácz, 2012; Wei et al., 2014). If the reflective indexes of crystal and metal 

(hydr)oxide are similar (nc ≈ ns and θi < θcs,), the total reflection could not be 

occurred at the crystal-metal (hydr)oxide interface and the IR beam tranmits to 

metal (hydr)oxides. The transmitted IR beam reaches the interface between the 

metal (hydr)oxide and water, total reflection occurs under nw < ns and θr > θsw 

conditions. This phenomenon is similar to the specular reflection illustrated in Fig. 

3-1, and the water act as reflecting materials, and total reflection is happened at the 

metal (hydr)oxide and water interface. Besides, the penetration depth at metal 

(hydr)oxides and water interface (dp,sw) can be differed by θi and n; the evanescent 

wave passes through the water molecules, which has a great absorbability of IR 

beam. For that reason, the intensity after specular reflection (ISR-r) significantly 

decreases compared with IATR-r. Decrease in λ dramatically increase the dp, and it 

would lead no measurable intensity of IR beam at the detector (Fang et al., 2013; 

Hebert et al., 2004; Parikh et al., 2008).  

 As we can see in Fig. 3-2, there is a difference in the position between the 

IATR-r and ISR-r, and the increase of a number of total reflection and sample thickness 

would accelerate the difference between the path position, and the IR beam could 

not reach the detector properly under certain conditions (Hamers et al., 2011) 
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Fig. 3-2 Schematic diagram showing optical pathway during internal reflection at 

solid-liquid interface measurement using in situ ATR-FTIR. nc, ns, and nw 

indicate refractive index of crystal, solid, and water, and θi  and θt mean 

angle of incident from crystal to solid, and from solid to water. Ii, IATR-r, IATR-r, 

ISR-r, and Ir indicate infrared intensity of initial, ATR refracted, SR refracted 

and transmitted. 
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Table 3-1 Penetration depth between crystal material and metal oxide (T=25 oC, pressure=1 atm, nw=1.33, λ=10 µm, θi=45o) 
metal oxide \ crystal ZnS KRS-5 ZnSe AMTIR Si Ge 

 LWL (cm-1) 850 250 525 625 1500 780 
 working pH 5-9 5-8 5-9 1-9 1-12 1-14 
 n

*
 2.2 2.37 2.4 2.5 3.4 4.0 

Air 1.00 1.34 1.18 1.16 1.09 0.73 0.60 
Water 1.33 1.86 1.51 1.46 1.33 0.79 0.63 
Boehmite (Al(OH)2) 1.65 1.97 

**
 5.43 4.01 2.51 0.91 0.69 

Periclase (MgO) 1.735 1.97 
**

 1.56 
**

 1.51 
**

 4.70 0.96 0.71 
Corundum (Al2O3) 1.765 1.97 

**
 1.56 

**
 1.51 

**
 16.1 0.98 0.72 

Manganosite (MnO) 2.16 1.97 
**

 1.56 
**

 1.51 
**

 1.37 
**

 1.51 0.87 
Goethite (FeOOH) 2.2 1.97 

**
 1.56 

**
 1.51 

**
 1.37 

**
 1.64 0.90 

Wüestite (FeO) 2.32 1.97 
**

 1.56 
**

 1.51 
**

 1.37 
**

 2.53 0.98 
Magnetite (Fe3O4) 2.42 1.97 

**
 1.56 

**
 1.51 

**
 1.37 

**
 0.79 

**
 1.09 

Maghemite (γ-Fe2O3) 2.7 1.97 
**

 1.56 
**

 1.51 
**

 1.37 
**

 0.79 
**

 1.89 
Hematite (Fe2O3) 2.9 1.97 

**
 1.56 

**
 1.51 

**
 1.37 

**
 0.79 

**
 0.64 

**
 

Ferrihydrite (Fe2O3) 3.1 1.97 
**

 1.56 
**

 1.51 
**

 1.37 
**

 0.79 
**

 0.64 
**

 
* Refractive index of crystal and metal oxide 
** Penetration depth by total reflection at metal oxide and pure water interface under ns ≈ nc, nw < ns, θi < θcs, and θr > θsw conditions 

LWL long wavelength cutoff of of the ATR crysral, working pH safe pH range for any damage on crystal, ZnS zinc sulphide, KRS-5 thallium 

bromo-iodide (TlBr-TlI), ZnSe zinc selenide, AMTIR amorphous material transmitting infrared radiation (Ge33As12Se55), Si Silicon, Ge 

Germanium
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 However, we can adjust the optic condition to reach the IR beam to the detector in 

most circumstance, we can obtain the optimum experimental condition by 

correcting the experimental parameters. As I illustrated in Fig. 3-2, the angle of 

incident from metal (hydro)xide to water could be decreased under certain 

conditions (n3 ≈ n2 and θt < θc2), the IR beam would transmit to water without the 

formation of evanescent wave. No transmission occurs at θi = 45o condition, but the 

decrease of θi generates the transmission, and no ATR study was available under 

such condition. 

 Not only the experimental condition but also the optical characteristics of 

FTIR affects the measurement, the dependence of dp on the wavenumber and ns is 

illustrated in Fig. 3-3. Fig. 3-3a shows the exponential increase of dp as a function of 

θi and wavenumber in the mid-IR beam range (4000 - 500 cm-1), which are located 

above the long wavelength cutoff point. When θi is low, the dramatic increase of dp 

was observed; thus, the IR beam intensity to the detector significantly decreases. On 

the other hand, When θi is high, the dp is decreased. If the sample thickness is lower 

than dp, the evanescent wave could not reach the interface between the metal 

(hydr)oxide and water, the absorbance from the adsorbed complex could not be 

obtained (Hind et al., 2001; Lefevre, 2004; Wijnja and Schulthess, 2000).  

 Fig. 3-3b illustrates the difference of dp varying ns at 1000 cm-1 and ZnSe 

crystal. The dramatic increase of dp,cs was observed when ns is ranged from 1 to 2. 

This phenomenon is named as an evanescent wave coupling, which is observable 

when the medium with low n has existed with the medium with high n on both side, 

the evanescent wave is delivered through the medium with low n even the total 

reflection occurs. The evanescent wave coupling blocks the evanescent wave return, 

and absorbance from the evanescent wave could not be detected (Taga et al., 1994). 

If θi is low, the formation of evanescent wave is only occurred at low ns; the 
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evanescent wave would not be formed at ns > 1 condition. If the condition is θi > 35o, 

the evanescent wave coupling would happen with increase of ns; thus, the 

evanescent wave at the metal (hydr)oxide and water interface would be formed. In 

this case, the θt would be differed by the ns, but the ratio of refractive index between 

the water and metal (hydr)oxide (nw/ns); thus, the dp,sw is constant under varying ns 

condition. 

 As I discussed above, the dp is a function of n, θi and λ, and no evanescent 

wave could not be formed at a certain condition, setting an appropriate experimental 

condition by understanding the crystal and metal (hydr)oxide is critical in the ATR-

FTIR experiment (Hamers et al., 2011). In addition, the metal (hydr)oxides have 

various values of ns as a function of λ, the researcher should be aware of the whole 

inter-correlated knowledge to set up the experimental parameters before designing 

the experiment (Lefevre, 2004; Madejová, 2003; Mudunkotuwa et al., 2014) 

 

3.3.4 Experimental procedure  

 If the fundamental theory was understood and the experimental parameter 

was set, the physical characteristics of metal (hydr)oxides should be considered for 

further experiment. The iron (hydr)oxide is the one of abundant metal (hydr)oxide 

in the soil environment, and six types of synthesis in laboratory have being reported: 

1) Hydrolysis of acidic solutions of Fe(III) salts, 2) Oxidative hydrolysis of Fe(II) 

salts, 3) phase transformation, 4) Gel-sol method, 5) Hydrothermal precipitation and 

6) Decomposition of metal chelate (Udo and Rochelle, 2008). In the ATR-FTIR 

experiment, the film formation method using the monodispersed particles is 

typically employed, and the monodispersed particles are formed by nucleation and 

crystal growth in the solution. The size of particle is critical factor controlling the  
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surface area, the shape of particle also determines the adsorption because each facet 

has different thermodynamic stability of surface complex (Kubicki et al., 2012); 

thus, the synthesis and utilization of monodispersed particle is the important 

parameter in ATR-FTIR experiment (Lefevre, 2004; Mudunkotuwa et al., 2014; 

Müller and Lefèvre, 2011). 

 The iron (hydr)oxides in the soil environment have shown various types of 

crystal structure and morphology, but the rod and sphere with the size of few 

micron and submicron are commonly found. The dp of experiment usually less than 

few µm as I discussed above, and if the particle size is larger than the dp, no 

information on the surface complex could not be acquired. In addition, the adhesion 

of metal (hydr)oxide on the crystal is a critical factor for interfacial measurement, 

and the increase of particle size would lead difficulty in the film formation, because 

of less coagulation occurs in the particle (Glotch and Rossman, 2009; Udo and 

Rochelle, 2008). The increase of particle size also yield the decrease of number of 

pore in the film, but the size of each pore would be increased. The water and air 

saturate the pore space, it would cause the decrease of stability in the film on the 

crystal, and the film would be detached from the crystal eventually. However, the 

water and air saturation in the pore space without decreasing the film stability 

would form the evanescent wave at the crystal and metal (hydr)oxide interface at 

nc≈ns condition (Hamers et al., 2011; Mudunkotuwa et al., 2014). For that reason, I 

recommend to synthesis or purchase the monodispersed particle, it should be 

dispersed in the solvent at the appropriate concentration, and it should be spread on 

the crystal at uniform thickness (Carabante and Grahn, 2010; Kubicki et al., 2012). 

The drying of nanoparticle on the crystal easily makes the film, but the solution 

condition such as pH and ionic strength determines the film stability, and we should 

maximize the film stability by controlling the environmental condition such as 
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Fig. 3-3 Theoretically calculated depth of penetration (dp) as function of 

wavenumber (a) and refractive index (b). The color difference means 5o 

interval at angle of incident (θi). 
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adjusting pH and adding coagulant, but the environmental condition should not 

have any influence on the adsorption study. 

If the film is adequately formed, the reactor should be placed on the top of 

the ATR crystal plate to hold solution on the film. Many researchers produced own 

reactors, or there is commercial reactor from the several manufacturers. After the 

saturation of solution on the film is saturated, the stability of the film should be 

assessed before the experiment, and the ATR-FTIR experiment is ready. There are 

several methods to observe reaction; the kinetic study is frequently used to measure 

the time-dependent sorption at real time (Kira et al., 2014; Rakshit et al., 2016; 

Tofan-Lazar and Al-Abadleh, 2012). It also possible to monitor the absorbance by 

perturbating the environmental condition, such as pH, ionic strength and competing 

ion (Brechbühl and Christl, 2012; Carabante and Grahn, 2010; Du et al., 2014; 

Lindegren and Persson, 2009; Waiman et al., 2013). The equilibrium study is also 

possible, but it depends on the condition of FTIR instrument (Elzinga and Sparks, 

2007; Kubicki et al., 2012; Sabur and Al-Abadleh, 2015). There are several 

methods have been developed, and I proposed how to measure the preferential 

adsorption on the binary mixture condition, and Elzinga et al. (2012) examined how 

the microbe interact with metal (hydr)oxide.  

 

3.4. Spectral interpretation of ATR-FTIR 

 

 In the ATR-FTIR experiment equipped with ZnSe, the spectrum of mid-IR 

is ranged in 4000-650 cm-1, and various vibrations occur at the range. The binding 

vibration is commonly found in the range of 1200-600 cm-1, and it is called as 

fingerprint region because inorganic molecule with oxygen usually shows the 

absorption at the range. However, the increase of λ dramatically increase the dp, it is 



 

 3-24 

hard to get significant intensity at the range less than 800 cm-1, and the increase of 

system complexity causes more overlapped bands, which it makes hard to interpret 

the spectra. To diminish such problem, a deterium water used to shift the absorption 

bands, or experimental condition such as θi and nc could be controlled to change the 

dp. In addition, there are several methods to identify the bands using mathematical 

or quantum chemical approach such as derivative spectroscopy, two-dimensional 

correlation spectroscopy (2D-COS), multivariate curve resolution (MCR) and 

computational chemistry. 

 

3.4.1. Spectrum correction 

 Before interpreting the measured spectra, it is essential to correct the 

spectra, and there are several correction methods, but I explained two types in this 

review. As a first, smoothing should be performed to eliminate the noise effect. In 

the ATR-FTIR measurement, the intensity of IR beam at the detector is significantly 

lower than other methods; thus, the noise could be observed in the most 

experimental condition, and these effects should be removed, but it should be 

performed without changing the band information from the original spectrum. The 

other correction is the ATR correction. As I discussed above, the dp dramatically 

increases with the decrease of wavenumber, and the path length also increased 

(Madejová, 2003; Mudunkotuwa et al., 2014) (Fig. 3-3a). Even if the constant 

absorption occurs, the intensity at the detector decreased as a result. For that reason, 

the ATR method has more absorbability at lower wavenumber because of the 

increase of dp, and there is band shift to lower wavenumber. Kramer-Kronig 

correction is one of ATR correction to diminish such effect (Huang and Urban, 

1992). Under the conditions with the significant difference between nc and ns, and 

low value of θi, the effect occurs critically, but the common conditions at ZnSe 
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(nc=2.4) and θi =45o could not be observed. 

  

3.4.2. Band identification 

 After the spectrum corection, the band identification should be assessed to 

interpret the absorption by the vibration of a molecule, and it is easily performed for 

a simple system, but it is almost impossible for a complex system, because the 

number of overlapped bands is increased geometrically. In this review, I summarize 

four methods for band identification, which are derivative spectroscopy,  (2D-

COS), multivariate curve resolution (MCR) and computational chemistry.  

 

3.4.2.1. Derivative spectroscopy 

 The derivative spectroscopy is the classical method for band identification 

by a differential calculus of a spectrum. The 1st derivative of the spectrum can be 

calculated using Eq. 3-2 (Griffiths and Hubbard, 1991; Owen, 1995; Rieppo et al., 

2012). 

!" !" = !′(!)            (Eq. 3-2) 

and the result from the 1st derivative of spectrum could be calculated, and the 

number of applied differential calculus (n) determines the nth derivative. In Fig. 3-4a, 

It shows the spectra of phosphate at pH 4.5 and 7.0 using ATR-FTIR with 2nd 

derivate, and the minimum at dA2/dx2 indicates the band position. As a result, I 

confirmed five band positions in the spectra. This method is easily applicable for 

band identification for the simple system, but it is hard to applicable for the 

complex system, where the overlapped bands are severe. Besides, the ATR-FTIR 

experiment by changing environmental conditions or time series, individual 

identification should be assessed, and it would be difficult.  
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3.4.2.2. Two-dimensional correlation spectroscopy 

 The 2D-COS is the method calculating the intensity of spectra using the 

frequency, wavenumber, and wavelength of an electromagnetic wave; it is firstly 

introduced for NMR study in the 1980s. This method enables us to identify 

synchronous and asynchronous of the spectral signal with changing of the system 

(Noda, 2015, 2009; Pazderka and Kopecky Jr, 2008; Planinšek et al., 2006). The 

change in the signal could be triggered by the external perturbation or physical 

change of sample, and the 2D-COS mathematically analyzes the change in the 

signal using crosscorrelation. The two versions of 2D map is the result of the 

method, and it is named as 2D correlation spectrum, which is synchronous and 

asynchronous. The synchronous and asynchronous spectra are calculated with Eq. 

3-3 and 3-4, respectively. 

Φ(!!, !!) = !
(!!!) !!!

!!! (!!) ∙ !!(!!)      (Eq. 3-3) 

Ψ(!!, !!) = !
(!!!) !!!

!!! (!!) ∙ !!" ∙ !!!
!!! (!!)     (Eq. 3-4) 

where Φ and Ψ are the synchronous and asynchronous spectra, respectively. The 

!!(!) is the reference spectrum of the system, and it is commonly averaged 

spectrum for the observation. v1 and v2 are an arbitrary pair of two dynamic spectral 

signals, measured separately at wavenumbers, The m is the last value of spectra, 

and Njk is the element of the j-th raw and k-th column in Hilbert-Noda 

transformation matrix. As a result, the synchronous spectra (Φ(!!, !!)) indicates a 

synchronism at the certain perturbation condition. 

 For better understanding, Fig. 3-4b and 3-4c show synchronous and 

asynchronous correlation spectrum of aqueous phosphate by perturbating the pH 

condition from 4.5 to 7 using ATR-FTIR with time-series measurement. In the Fig. 

3-4b, five band positions were identified, and it is easily observed at the point of 
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Fig. 3-4 Example of peak identification in aqueous phosphate speciation measured 

by in situ ATR-FTIR using derivative spectroscopy under pH 5.5 and 8.0 (a) 

and synchronous (b) and asynchronous correlation spectrum (c) from pH 5.5 

to pH 8.0 using two dimensions correlation spectroscopy. Solid and dotted 

line indicate absorbance and d2/dx2, respectively. Number indicates identified 

peak positions. 
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 v1=v2. The band was identified at 1160, 1090, 1060, 989 and 938 cm-1, which is 

significantly different position compared with the result of derivative spectroscopy. 

It is also possible to identify the sequence of band appearance, and autopeak and 

crosspeak could be determined using synchronous correlation spectrum. The 

autopeak is that the two peaks increase together while the crosspeak is that the two 

peaks are inverse correlation during the perturbation. It is easily identified in the 

synchronous correlation spectrum by drawing correlation square. If Φ(!!, !!) is 

positive (red), it is the autopeak while if Φ(!!, !!)  is negative (blue), it is 

crosspeak. For example with bands at 1160 and 1090 cm-1, it is negative; thus it is 

crosspeak, which has an inverse correlation between two peak, and band at 1160 

and 938 cm-1 is autopeak, which increase simultaneously. 

 The asynchronous correlation spectrum does not indicate the autopeak, but 

it only informs the crosspeak. The difference between synchronous and 

asynchronous correlation spectra is that the presence of symmetry based on the 

diagonal line. The crosspeak in the asynchronous spectrum is only observed by the 

difference in the signal at v1 and v2, and it is useful to identify the sequence of the 

change of overlapped spectra. The Ψ(!!, !!) can be positive or negative; it shows 

the sequence of bands. If Ψ(!!, !!) is positive (red), the band of v1 changed first, 

and then v2 band is changed sequentially, vice versa in the negative (blue) (Noda, 

2015, 2009). For example in Fig. 3-4c, the Ψ(1160, 1090) is negative; thus, the 

change in the band at 1090 cm-1 comes first, then the change in the band at 1160 cm-

1 comes later. Based on this approach, it is possible to identify the band and 

sequence of appearance together. 

 

3.4.2.3. Multivariate curve resolution 

 The MCR is the mathematical signal processing method to extract 
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individual signal from the complexly overlapped signal without prior background, 

and it is proposed by William H. Lawton and Edward A. Sylvestre in 1971 (de Juan 

and Tauler, 2006; Lawton and Sylvestre, 1971; Ruckebusch et al., 2004). The MCR 

method enables us to separate the individual signals from the mixture of signal by 

the experiment without previous knowledge of the model; thus, it is possible to 

conduct the analysis using the experimental data only, but better interpretation 

would be released with prior knowledge and background for the experiment 

(Kessler and Kessler, 2006; Tauler, 2005). 

 The fundamental theory of MCR method is separating the two-way data 

matrix (D(m×n)) as two matrixes, which is C(m×k) and ST(k×n), and k species of 

the unknown mixture of pure concentration profiles and pure spectra can be 

calculated according to Eq. 3-5 (Ruckebusch and Blanchet, 2013):  

! = !!! + !        (Eq. 3-5) 

where E(m×n) is the error matrix including the residual variation of data. MCR-

ALS is the most commonly employed method among the MCR, and it embedded 

alternating least squares algorithms, which is proposed by Romà Tauler in 1995 

(Jaumot et al., 2015; Ruckebusch and Blanchet, 2013; Tauler, 2005). The most 

important point analyzing MCR is to set constraints (Jaumot et al., 2015; 

Ruckebusch and Blanchet, 2013), and it should be done by the fundamental 

knowledge on the chemistry and physics of the experimental data. There are mainly 

four constraints, which are non-negativity, unimodality, closure and hard-modeling 

(Ruckebusch et al., 2004). For example with non-negativity, if we have data matrix 

by measuring absorbance as a function of time and there is no self-luminescent and 

no external light, the absorbance could not be the negative value in this 

experimental setup. As a result, the value of absorbance should be greater than zero, 

and it could not be calculated as negative.  
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 Fig. 3-5a shows the evolved spectra of phosphate species transformation in 

the aqueous phase by changing pH from 4.5 to 7 using ATR-FTIR, and Fig. 3-5b 

and 5c indicate MCR optimized spectra and MCR optimized concentrations profile, 

respectively. The protocol of MCR-ALS method is pretreatment of spectrum matrix 

by correction, smoothing, and normalization, and then set up the initial estimates 

and number of the component for the analysis (Felten et al., 2015). For the setup the 

initial estimates and component, singular value decomposition (SVD) is applied, 

and analyzer should setup the parameter based on the SVD; then, I got the MCR 

optimized spectra and concentration profile. 

 The two spectra in Fig. 3-5b are similar with the spectra in Fig. 3-4, which 

used for derivative spectroscopy, because the series of spectra has only consisted 

with two molecules (H2PO4
- and HPO4

2-) and the band in each spectrum is autopeak. 

Fig. 3-5c indicates the concentration change from MCR-ALS analysis by changing 

pH condition, and I clearly identified the distribution of each phosphate species 

upon the pH. Based on the MCR analysis, we can extract important individual 

bands from the complexly overlapped spectra.  

 

3.4.2.4. Computational chemistry 

 In the Fig. 3-5b, the red and blue bar indicate the band position of aqueous 

H2PO4
- and HPO4

2- calculated with DFT (B3LYP, 6-31G) (VandeVondele et al., 

2012), and the DFT result clear confirmed the overlapped bands of va(PO2-) and 

vs(PO-) in 1090 and 1080 cm-1 position. Previously discussed methods (derivative 

spectroscopy, 2D-COS and MCR-ALS) identified the overlapped band in other 

position, but it was impossible to separate the closely appeared band at 1090-1080 

cm-1. In this case, I can theoretically calculate the vibrational frequency of each 

species, it is possible to identify the overlapped bands (Klahn et al., 2004; 
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Rudolph  Dieter; Irmer, Gert, 2006). Fig. 3-6a and 3-6b show the deconvoluted 

peak by a peak fitting and predicted vibrational frequencies by the DFT study at pH 

5.5 and 8. Tachyon supercomputer was employed for the computation in Korea 

Institute of Science and Technology Information, and Gaussian 09 (Gaussian, USA) 

and Avogadro (USA) were used for the computation and input generator, 

respectively (Frisch et al., 2009; Hanwell M.D. Lonie D.C., Vandermeersch, T., 

Zurek E., Hutchison, G., 2012). The B3LYP function with 6-31G(d,p) basis set was 

utilized for geometry optimization and frequency analysis with five water molecules 

(VandeVondele et al., 2012), but the water molecules were not visualized for better 

visibility of figures. The green arrows indicate the direction and intensity of the 

vibration in Fig 3-6a and 3-6b, and it is clearly observable the transition of intensity 

in vibration mode by pH changes. Based on the computational chemistry, it is 

possible to verify the experimental result with theoretical calculation, and it also 

identify the closely appeared bands. But, it is very hard to match the experimental 

data and theoretical value by saving the computational resource or simplifying the 

molecular structure; thus, there is always the possibility of error from the theoretical 

calculation (Bhandari et al., 2010; Klahn et al., 2004; Watts et al., 2014; Yaguchi et 

al., 2016). 

 

3.4.3. Data interpretation 

 Based on the approaches we described above, it is important to understand 

the structural configuration by the environmental changes. The absorbance of each 

band in Fig. 3-4a, the concentration profile in Fig. 3-5c and the deconvoluted peak 

area in Fig 3-6c show the information how the phosphate species transformed by the 

pH change. The proposed methods enable us to identify the individual band from 

the complexly overlapped spectra, and it is also possible to calculate the distribution  
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Fig. 3-5 Contour map of aqueous phosphate speciation measured by pH change 

using in situ ATR-FTIR (a), two identified spectrum and its experimental 

peak position calculated using DFT (b), pH versus concentration graph fitted 

by MCR-ALS (c). Red and blue bar in (b) indicate theoretically calculated 

peak position using DFT (B3LYP, 6-31G).  
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Fig. 3-6 Peak deconvolution spectrum at pH 5.5 (a) and 8.0 (b), and the assigned 

vibrational mode for each deconvoluted peak, and deconvoluted peak area 

change as function of pH (c). Black solid and red dotted lines indicate 

measured spectra and estimated spectra for (a) and (b), and black solid and 

black dotted lines in (c) indicate spectrum of H2PO4
- and HPO4

2-, respectively. 
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of each band by calculating the concentration profile or peak area. In this review, 

the simple aqueous phosphate solution was demonstrated to improve the 

understanding, but if the metal (hydr)oxide is added in this protocol, we can also 

identify the geometry and calculate the distribution and fraction of phosphate 

complex. I expected that the further development in the signal processing and 

infrared spectroscopy would analyze the complex reaction in the soil environment 

eventually, and the process to reach there will enable us to understand the interfacial 

reactions of numerous contributors.   

 

3.5. Experimental measurement using XAS 

 

 The XAS is one of the most powerful tools to characterize the chemical 

and physical properties of atoms, and it’s surrounding environment using X-ray 

beam generated by synchrotron radiation, which provides an incomparable flux of 

light than X-ray instrument in a laboratory (Newville, 2014). The invention of XAS 

studies has accelerated the characterization on the nano-scale reactions, and it has 

provided us better insight to understand the reactions in nature (Kuzmin and 

Chaboy, 2014). Besides, the XAS is applied for both amorphous and crystallized 

structure, and it is element specific and sensitive to high dilutions. The complex on 

the solid-solution interface is also measurable using XAS; thus numerous studies 

already conducted in the multidisciplinary fields of studies, such as chemistry, 

physics, biology, earth, material and environmental science (Kuzmin and Chaboy, 

2014; Newville, 2014; Yano and Yachandra, 2009).   

 

3.5.1. History and technique in XAS 

 Since Röntgen's discovery of X-ray, X-ray based analytical chemistry had 

developed, and X-ray diffraction (XRD) was the first widespread scientific tool for the 
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environmental study to identify the crystal structure of solid-state sample (Mottana and 

Marcelli, 2013). The XRD improves the understanding of the soil and geological process, 

but it could not get any information on the amorphous materials and liquid solution. The 

characteristics of XAS could not receive the attention, but the development in the particle 

accelerator; it enables us to characterize any materials in any phases (Mottana and Marcelli, 

2013; Newville, 2014). The XAS (also referred as X-ray absorption fine structure can 

be categorized as X-ray absorption near-edge structure (XANES) and extended X-

ray absorption fine structure (EXAFS) by measuring and analyzing the different 

incident energy on the sample, and the XANES provides us the local electronic 

structure, and the EXAFS enables us to identify the structural configuration fo 

target element and it's surrounding. 

 The first XAS spectrum using synchrotron radiation was recorded in 1974, 

and the XANES was introduced by Antonio Bianoconi and Jo Stohr in 1980s 

(Mottana and Marcelli, 2013), and it is also called as near edge X-ray absorption 

fine structure (NEXAFS) in surface and molecular science generally. Farrel W. 

Lytle introduced the EXAFS in 1999, and he developed his theory by cooperation 

with Dale E. Sayers and Edward A. Stern (Mottana and Marcelli, 2013). Recent 

development in the computation, it is possible to analyze the XAS spectrum without 

perfect understanding the fundamental theory and difficult calculation.  

 

3.5.2. Principle and consideration in XAS 

 The fundamental principle of XAS is that the X-ray interacts with the 

magnetic field, and the materials emitted by X-ray absorbs the X-ray by scattering 

or transmits, and the absorption is caused by the excitation of an electron with a 

transition to higher energy state. The absorption coefficient is calculated with 

Lambert's law of absorption (Eq. 3-6): 

! =  !! ∙ !!!          (Eq. 3-6) 
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where I0 and I are the x-ray intensity incident on a sample and the x-ray intensity 

after the absorption by the sample, respectively. t is the thickness of a sample, and µ 

is the absorption coefficient. It is for the measurement using transmission mode, and 

there is an additional fluorescent mode for the detection. There are two mechanisms 

for the decay of excited atomic state by the x-ray absorption, which is x-ray 

fluorescence and Auger effect. In the soft x-ray region (< 2KeV), the auger 

emission is dominant while the fluorescence is mainly occurred in hard x-ray region 

(> 2KeV). Based on the instrument setup on XAFS, the x-ray region would be 

differed, and 7D beamline in Pohang accelerator laboratory is used for the XAFS 

measurement in this study, only hard x-ray region was investigated (5-30 KeV). The 

K edge of phosphorus, iron, and arsenic is 2.145, 7.112 and 11.867 KeV, 

respectively; thus, the K edge of iron and arsenic was investigated in this study by 

fluorescence mode more frequently than transmission.  

 The XANES analyzes the region near the absorption edge, and the white 

line in the absorption edge indicates the bonding of target atom and oxygen, and it 

indicates the oxidation states by comparing the sample with reference materials or 

theoretical calculations. However, the EXAFS analysis is more abstruse than the 

XANES analysis. The EXAFS interprets the oscillation above the absorption edge 

and EXAFS function χ(E) with following Eq. 3-7: 

!(!) = (!(!) − !!(!)) !!!(!)       (Eq. 3-7) 

where µ(E) is the measured absorption coefficient while µ0(E) is background 

function representing the absorption of an isolated atom. Δµ0(E) is the difference 

between before and after the absorption in absorption edge. The χ(E) is frequently 

converted to the wave number of the photo-electron (k) by following Eq. 3-8: 

! = 2!(! − !!) ħ!        (Eq. 3-8) 

where E0 is the absorption edge energy, and m is the electron mass. The EXAFS is 
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oscillatory, it decays with the increase of k, and it is multiplied by a power of k2 or 

k3 to emphasize the oscillation. The χ(k) can be calculated with following Eq. 3-9: 

!(!) = − !!!!(!)!
!!!!!!

!

!!!!! ∙ !"#[2!!!! + !!(!)]      (Eq. 3-9) 

where f(k) and δ(k) are the atom scattering properties, N is the number of 

neighboring atoms, R is the distance to the neighboring atom, σ2 is the disorder in 

the neighbor distance. It is hard to understand the equation, but it is possible to 

determine the parameters (N, R, and σ2) by solving the equation. 

 

3.6. Spectral interpretation of XAFS 

 

3.6.1. Spectrum reduction 

 A data reduction should be performed for analyzing the XAFS spectra for 

XANES or EXAFS with transmission or fluorescence mode. First, the measured 

intensity should be converted to µ(E) by the Eq. 3-6 (Fig. 3-7a), and the subtraction 

of pre-edge function should be performed from µ(E) to remove the effect such as 

absorption from other edge and noise from instrument (Fig. 3-7b) (Newville, 2014). 

The E0 should be determined by calculating the derivative of µ(E) or with other 

functions (Fig. 3-7d), and the µ(E) should be normalized for XANES analysis (Fig. 

3-7c). And the background function should be applied to remove the post-edge, and 

the EXAFS analysis should be conducted for further analysis (Kuzmin and Chaboy, 

2014; Ravel et al., 2014). A Fourier transform from k-space to R-space is frequently 

employed to show the number of neighboring atoms and its distance from the target 

element (Fig. 3-7e and 3-7f). The XAFS software easily conducts all the data 

reduction process. 

 

3.6.2. Structure identification 
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Fig. 3-7 Data reduction process of XAFS spectra using Na2HAsO4 powder as an 

example. Raw data of XAFS spectra (a), background, pre-edge and post-edge 

identification using Athena software (b), normalized spectra with background (c), 

2nd derivative of spectra for E0 identification, conversion to k3-space (e), and Fourier 

transform to R-space (d). 
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For the XAFS study in the environmental science, it is still hard to estimate the 

structural configuration (Paktunc, 2004). There are two types of approach, and if we 

know or predict the structure, FeFF calculation shows the theoretical EXAFS 

spectrum from the known or predicted structure (Newville, 2014; Paktunc, 2004). 

The comparison between the theoretical and experimental EXAFS spectra enables 

us to confirm the structure as the easy way. In case of material science and 

engineering, this approach is frequently employed, but it is not able to the most the 

researchers who analyze the environmental samples. On the contrary, if we have 

only experimental EXAFS spectra, and it is impossible to identify the structure, the 

most of environmental samples are heterogeneous, and various complexes could co-

exist in a sample (Paktunc, 2004). The adsorption study with trace element on the 

surface is more abstruse because of a low concentration of target element in the 

sample (Ravel et al., 2014; Yano and Yachandra, 2009). 

 To solve such problems, there are commonly four types of techniques, 

which are fingerprinting, linear combination fitting (LCF), principal component 

analysis (PCA) and modeling (Calvin, 2014). If we found the distance of intense 

bands, we just compare the distance with previous studies, and it is called as the 

fingerprinting method, and it is similar with the XRD analysis. The LCF is 

frequently used for calculating the individual fraction of mixture sample, and it 

should be awarded that the individual structure of the sample, but in most case, it is 

not applicable for adsorption study. The PCA is applicable when the data is series 

set, and the mathematical calculation identifies the individual component from the 

series-change. The modeling is the most frequently used for characterizing the 

structural configuration of the adsorbed complex (Calvin, 2014; Newville, 2014).   

 The modeling could be categorized into two types by employing the 

experimental or theoretical structure. If we use the experimental structure obtained 
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from other studies such as XRD and TEM, we could conduct the shell fitting by 

estimating parameters such as N, ΔR, and σ2. For example, the scorodite is 

commonly used for shell fitting on arsenate sorption on the iron (hydr)oxides, and 

two single scatterings of As-Fe are calculated in 3.35 and 3.39 Å, and the shell 

fitting fits the spectra by varying the parameters. And, we also calculate the 

optimized geometry of complex based on the computational chemistry, which is 

described above. Based on the theoretical structure, we also conduct the shell fitting, 

and if there is several complex together, we can combine the modeling and LCF 

together to estimate the fraction of each complex; however, it is hard to estimate the 

theoretical structures, and the limitation on the computing resource and time only 

allows us to predict the more simple version of structure than the real structure. The 

combination of appropriate techniques would yield better interpretation, and further 

development in computational chemistry would enable us to understand the real 

reaction in the environment. 

  

3.7. Sorbent characterization 

 

  In this study, the nano-sized iron (hydr)oxides were used for the 

experiment, and it's transformation have reported from the numerous studies; thus it 

should be carefully assessed to interpret a solid explanation (Bolanz et al., 2011; 

Han and Ro, 2018). For example, the nanosized bernalite formation from the 

goethite was observed in the TEM analysis at pH 10 with the presence of arsenate, 

and it showed higher adsorption capacity of arsenate than the goethite by EDS 

analysis (Han and Ro, 2018). Numerous studies have analyzed the sorption 

characteristics on the sorbents, but the development in the nano-technology has 

identified the importance of stability recently. For that reason, we should carefully 
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observe the change in the sorbent characteristics during the experiment to extract a 

meaningful conclusion. 

 

3.6.1. Elemental composition 

  In this study, the closed system was employed for the experiment; thus, the 

elemental composition should be constant over the time. There are several methods 

to quantify the elemental concentration and composition, but spectroscopic analysis 

by the atomic absorption spectroscopy (AA) or inductively coupled plasma 

spectroscopy (ICP) equipped with optical (ICP-OES) or mass detector (ICP-MS) is 

mainly employed, but the sample should be digested as aqueous or gas phase, which 

means the pretreatment is essential for the characterization. X-ray fluorescence 

(XRF) also frequently used, and it has an advantage that no pretreatment for 

characterization is necessary. Recent development in laser-induced breakdown 

spectroscopy (LIBS) equipped with optical or mass detector also enables us to 

measure the elemental composition without the pretreatment, but the method should 

be verified for further analysis. X-ray photoelectron spectroscopy (XPS) is a 

surface-sensitive quantification method with the information on the chemical and 

electronic states of the element. The EDS or XRF detector equipped with TEM or 

SEM provides us the elemental composition of local area, but it needs lots of 

extrapolation or measurement to characterize the elemental composition statistically.    

 

3.6.2. Morphological characterization  

  The morphology is the critical factor governing the adsorption 

characteristics and stability of nanosized metal (hydr)oxides. The surface area is 

determined by the size of particle, and it also determines the colloidal properties of 

nanoparticles. The BET isotherm by adsorbing N2 or CO2 provides us the 
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information on the surface area. The electron microscopy is mainly employed for 

the morphological characterization because the light limited the resolution of 

traditional microscopy (approximately 0.2 µm). The electron microscopy provides 

us much higher resolution (approximately < 0.5 Å in TEM), which is enough to 

identify the individual atom in the structure. Based on the detection way of an 

electron, electron microscopy can be categorized into transmission, scanning or 

scanning transmission electron microscopy (TEM, SEM, and STEM).  

  The TEM provides us an image with high resolution for morphological 

characterization and diffractogram by the diffraction, which contains the 

information on crystal structure while the SEM enables us to observe the 

morphology of aggregates, for example, the film formation in the ATR-FTIR study. 

The STEM equipped with additional scanning coils from the TEM, and it combines 

the advantages. The electron microscopy equipped with an additional detector for 

the spectroscopic mapping, such as energy dispersive X-ray spectroscopy (EDS or 

EDXS) and electron energy loss spectroscopy (EELS) and the XRF also equipped 

in the SEM for elemental quantification. The combination of image and mapping 

provides us the detailed information on the adsorption, and it is useful to 

characterize the preferential sorption in the mixture sorbents. Besides, there is a 

particle size analyzer by low-angle laser light scattering, dynamic light scattering, 

and photosedimentation methods, but the methods are only applicable for the 

nanoparticles with high stability. Single-particle ICP-MS (SP-ICP-MS) is also used 

for size characterization and quantification of nanoparticles (Mitrano et al., 2012). 

 

3.6.3. Crystal structure identification  

  The crystal structure of metal (hydr)oxides determines the morphological 

and adsorption characteristics simultaneously; thus the identification of crystal 
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structure is essential to evaluate the stability of metal (hydr)oxides. As I described 

above, the electron diffraction using TEM or electron backscatter diffraction (EBSD) 

using SEM is the way to measure the crystal structure with the morphological 

characterization simultaneously. In addition, the XRD is the most common method 

for the determination, and the crystal structure is easily measurable, but it needs 

more samples than the diffraction using electron microscopy, which would be the 

obstacles in the nanoparticle study. As I discussed, the UV-Vis, IR, Raman, and 

NMR spectroscopy also identify the change of crystal structure in certain conditions, 

and there are several synchrotron-based methods for crystal structure, such as 

photoemission, magnetic and scattering spectroscopy. The difference in the crystal 

structure also could be detected by thermal methods, such as differential thermal 

and thermogravimetric analysis. 

 

3.6.4. Electrochemical characterization  

 The electrochemical properties of metal (hydr)oxides plays important role 

in the stability. Point of net zero charge (PNZC) is the most important factor 

controlling the colloidal properties in the solution. The solution pH after mixing 

with metal (hydr)oxides also the critical factor for adsorption study, because the 

most oxyanions have shown the pH-dependent sorption on the metal (hydr)oxides. 

Electrical conductivity (EC) could be the indirect index in the change of solute 

concentration and composition, because the EC is the function of concentration and 

valency of ions, and the fluctuation on the pH and EC could be monitored real-time 

by installing the probe in the reactor. For example, the dissolution of goethite 

(FeOOH) as ferric ion requires 3 protons; thus, the pH would be decreased, and the 

EC would be increased by the dissolved ions. 
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Abstract 

 The structural configuration of arsenate on the iron (hydr)oxide determines 

its leachability and bioavailability in the soil environment. It is important to 

understand how the stability of iron hydroxide and structural configuration of 

arsenate complexes varies in response to changes in environmental conditions. 

Therefore, we investigated the effects of drying, pH and surface loadings on the 

stability of goethite and structural configuration of arsenate through batch 

experiments and TEM and XAS measurements with DFT calculation. As the result, 

we observed no significant transformation of goethite under the most conditions, 

but TEM analysis confirmed a partial formation of bernalite in the presence of 

arsenate at pH 10, and the bernalite showed 2.18 times higher arsenate sorption than 

the goethite. Linear combination fitting of EXAFS spectrum with DFT calculations 

revealed that tridentate and bidentate complexes were dominant under low surface 

loading and pH in the sedimented samples, while monodentate complexes were 

abundant under high surface loading and pH. Based on our result, we concluded that 

the formation of arsenic rich colloidal could attribute the mobilization in the soil 

environment, and the density of available sorption site and the concentration of 

solute interactively cause the transition of the structural configuration.  

 

Keywords 

Tridentate complex, EXAFS, DFT, Arsenate, Linear combination fitting, Surface 

loading 
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4.1. Introduction 

 

 Arsenic is one of the most notorious elements in the earth because of its 

abundance, toxicity and usage worldwide (Jain and Ali, 2000; Leermakers et al., 

2006). Over 20 countries have suffered from groundwater contamination by arsenic 

originating from the natural and anthropogenic sources, such as mining, agricultural 

chemicals and wood preservatives (Smedley and Kinniburgh, 2002; Zhang and 

Selim, 2006), which have accelerated arsenic contamination in the soil environment 

(Hyun et al., 2012; Singh et al., 2015; Zhang and Selim, 2006). Arsenic 

accumulation poses a serious threat to human and ecosystems health (Han et al., 

2014; Hughes, 2002; Jain and Ali, 2000; Leermakers et al., 2006), since arsenate 

(major oxyanion form of arsenic) resembles phosphate and can block phosphate 

metabolism, causing various problems to humans (Hughes, 2002; Li et al., 2007; 

Ratnaike, 2003). However, it is extremely difficult to diminish such problems due to 

its distinctive dynamics in the soil environment such as species transformation, 

methylation, transport, precipitation and adsorption (Diaz-Bone et al., 2011; 

Leermakers et al., 2006; Rosen and Liu, 2009). 

 The soil is a heterogeneous aggregate of various materials, such as 

phyllosilicate, metal (hydr)oxide and organic matter. Among them, nanosized iron 

(hydr)oxides are reported as the key component to retain oxyanions, due to their 

relative abundance (4th abundant element), high surface area and charged surface 

(Claudio et al., 2017; Cornell and Schwertmann, 2003). In addition, the crystal 

structure and morphology also determine characteristics and govern the arsenate 

dynamic in the soil environment (Fan et al., 2014; Gotoh and Patrick, 1974; 

Michael Bolanz et al., 2013). Not only the sorbent characteristics but also the 

interaction between the arsenate and sorbent are important. There are two main 
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types of interaction, inner-sphere complex is adsorption through covalent bonds, 

while outer-sphere complex is adsorption by electrostatic attraction, dispersion 

interaction and hydrophobic effect. In addition, the inner-sphere complex can be a 

monodentate, bidendate or tridentate, and the structural configuration of inner-

sphere complex is essential, because it determines the lechability and bioavailability 

of the arsenate in the soil environment (Loring et al., 2009; Rahnemaie et al., 2006; 

Sherman and Randall, 2003; Xu et al., 2006).  

 Numerous studies have attempted to reveal the structural configuration of 

arsenate on the iron oxides, but it is still controversial. A bidentate binuclear (BB) 

complex has been confirmed as the major structural configuration of arsenate on the 

iron oxides(Antelo et al., 2005; Farquhar et al., 2002; Fendorf et al., 1997; Gao et 

al., 2013; Morin et al., 2008; Neupane et al., 2014; Randall et al., 2001; Waychunas 

et al., 1993), but few studies also identified bidentate mononuclear (BM)(Fendorf et 

al., 1997; Neupane et al., 2014) and monodentate mononuclear (MM) 

complexes(Fendorf et al., 1997; Loring et al., 2009; Waychunas et al., 1993). 

Previous studies confirmed the transition of structural configuration by the 

environmental condition, Elzinga and Sparks(Elzinga and Sparks, 2007), 

Waychunas et al.(Waychunas et al., 1993), He et al.(He et al., 2009)and Abdala et 

al.(Abdala et al., 2015) reported the pH and surface loading effect on the transition, 

while Gu et al.(Gu et al., 2016) reported the drying effect. From the literature, it is 

clear that the transition of structural configuration is highly dependent on the 

environmental condition, but the inter-connection among the environmental 

conditions was not fully addressed yet. 

 In addition, the interpretation of adsorbed arsenate using extended X-ray 

absorption fine structure (EXAFS ) technique is quite challenging because it has 

relatively low signal to noise ratio and it is extremely difficult to construct a model 
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structure. For that reason, most of studies employed a scorodite as model structure 

for the shell fitting analysis. However, when we carefully reviewed the previous 

studies, we found a slight peak shifting around 2.4-2.7 Å by changing pH, surface 

loading and competition from the shell fitting results with the scorodite, and the 

studies reported that the multiple scattering was the reason. However, we observed 

the residual of fit decrease with pH and surface loading increase, and we thought 

that there is a possibility of unknown complex overlapped with the multiple 

scattering. In addition, recent studies also reported the possibility of a tridentate 

complex. Auffan et al.(Auffan et al., 2008) and Liu et al.(Liu et al., 2015) identified 

a tridentate hexanuclear complex of arsenite on maghemite and magnetite 

nanoparticles by X-ray absorption spectroscopy (XAS). And, Farrell(Farrell, 2017) 

showed the thermodynamic stability of the tridentate arsenate complex using 

density functional theory (DFT) calculation and the As-Fe distance was 2.41 Å in 

tridentate complex with one hydroxide cluster.  

 For that reason, the objectives of this study were to evaluate the stability of 

goethite, to examine the possibility of arsenate tridentate complex, and to identify 

the effect of drying, pH and surface loading on the stability and structural 

configuration of arsenate on nano-goethite. To do so, we confirmed the structural 

transformation of nano-goethite with environmental changes, determined the 

structural configuration of arsenate on the nano-goethite surface including a 

tridentate complex, and simulated the effect of pH and surface loading on arsenate 

complexation using a macroscale batch experiment and nanoscale high resolution 

transmission electron spectroscopy (HRTEM) and XAS measurements with the 

DFT calculation. 

 

4.2. Materials and Methods 
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4.2.1. Physiochemical characterization 

 A rod-shaped nano-goethite (US3162) was purchased from US Research 

Nanomaterials (USA). To understand the crystal structure, we employed XRD using 

D8 Advance (Bruker, Germany) with Cu Kα radiation from 5 to 90°. The XRD 

spectrum was compared to previous data from the American mineralogist crystal 

structure database(Downs and Hall-Wallace, 2003). Point of net zero charge was 

measured using the drift method(Yang et al., 2004), and pH was potentiometrically 

measured using Orion 5 Star (Thermo, USA) in 1:200 (W/V). A Brunauer-Emmett-

Teller (BET) isotherm with N2 gas was applied to measure surface area using ASAP 

2010 (Micromeritics, USA) at 77 K. All characteristics of nano-goethite were 

summarized in Table 4-1, and the XRD diffractogram is illustrated in Fig. 4-1. 

 

4.2.2. Batch experiment 

 To evaluate the adsorption capacity of arsenate on the goethite surface, we 

employed batch experiments at various pH and arsenate concentrations. Briefly, 50 

mL of arsenate solution at different concentrations (0, 0.1, 1, 5 and 10 mM) were 

mixed with 0.25 g of dried goethite in a 50 mL C-tube. All solutions contained 0.1 

M of NaCl to maintain ionic strength. We employed a Langmuir isotherm to 

characterize the sorption behavior of arsenate on the nano-goethite with varying pH 

(4, 7 and 10), and we also conducted an iron dissolution experiment with or without 

arsenate concentration. After 48 h of incubation using a vertical shaker (Daehan, 

Korea) at 200 rpm at room temperature, we transferred the 10 mL samples to the 15 

mL C-tube for further XAS analysis. We centrifuged the samples at 4,200 RCF for 

1 h, and the 35 mL of supernatant was filtered with a 0.2-µm PTFE syringe filter 

(Advantec, Japan). The supernatant readily acidified, and we used inductively 

coupled plasma optical emission spectroscopy (ICP-OES, Icap-7200, Thermo,  
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Fig. 4-1 X-ray diffraction spectrum of goethite sample (black dot) and reference of 

goethite (blue bar, AMCSD-0003165) and bernalite (red bar, AMCSD-

0001607) from the American mineralogist crystal structure database. 
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Table 4-1 Physiochemical characteristics of nano-goethite.  
Characteristics Value 

pH 6.13 (0.17) 
EC (uS cm-1) 0.137 (0.01) 

PNZC 5.66 
SA (m2 g-1) 83.9 

Shape rod 
Size (nm) 50.3 x 10.8 

EC electrical conductivity (µS cm-1); PNZC point of net zero charge; SA surface area (m2 g-1) 
pH and EC were measured at 1:200 (g:mL). 
PNZC and SA were measured by drift method and N2-BET method at 77 K, respectively.  
The value in the parenthesis indicate standard deviation of triplicates 
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USA) to measure the arsenic and iron concentration in the solution. The centrifuged 

solid samples were oven-dried at 105 °C (24 h) for XAS measurement. The 

adsorbed arsenate was calculated by subtracting the initial amount from the aqueous 

amount. We schematically illustrated the procedure in Fig. 4-2. All reagents were 

purchased from Sigma-Aldrich (USA) with at least 98% purity.  

 

4.2.3. High-resolution transmission electron microscopy 

 The shape, size, crystal structure and elemental composition of the nano-

goethite at each treatment were analyzed by high resolution transmission electron 

spectroscopy (HRTEM) using a JEM-3010 (Jeol, Japan), and the digital image and 

elemental composition were obtained using a Gatan digital camera and energy 

dispersive spectroscopy (EDS), respectively. We put one drop of sample from the 

XAS sample (without acidification) into a carbon film on a copper grid, and it dried 

overnight in a dust-free chamber. The sample grid was placed in a 60-mm Petri dish 

(SPL, Korea) and sealed with Parafilm for subsequent analysis. We employed 

Digital Micrograph software (Gatan, USA) to analyze the shape and size 

calculations, and we used CrysTBox software (Institute of Physics Academy of 

Science, Czech Republic) to interpret the SAED pattern(Klinger et al., 2016).  

 

4.2.4. X-ray absorption spectroscopy measurement 

 Synchrotron-based XANES and EXAFS measurements were performed on 

the 7D beamline of the Pohang Accelerator Laboratory (PLS-II, 3.0 GeV, 360 mA). 

The XAS spectra were collected in transmission and fluorescence mode for the 

dried samples but only fluorescence mode for the sedimented samples. We 

employed a Si(111) double crystal monochromator at room temperature with 

helium purging, and we measured the K edge of As at 11.867 keV. We employed  
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Fig. 4-2 Schematic illustration for the batch experiment, DFT calculation, ICP-OES, 

TEM and EXAFS measurement and the output from the interpretation. 
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the dried sample and sedimented sample to evaluate the drying effect on the 

structural configuration. The dried samples were ground for sample loading with 

kapton tape, and we used the handmade holder for the sedimented sample, which 

has an inside volume of 5 (width) x 20 (height) x 10 (depth) mm; we injected 

aqueous samples. The surface was sealed with kapton tape, and the samples were 

sedimented for 1 h before the XAS measurement. We used a sedimented goethite 

volume greater than the beam size, which was approximately 1 x 4 mm. We used 

NaH2AsO4·7H2O as the reference materials and measured 10 mM of aqueous 

arsenate at pH 4 and 10 for background. We employed the Demeter software 

package (version, 0.9.25)(Ravel and Newville, 2005) for normalization and 

background correction, and the spectra were converted to frequency (k) space 

weighted by k3. The k3-weighted spectra were Fourier transformed to the R space 

using a Hanning window with k ranging from 3-11 Å-1. Structural configuration 

from DFT calculations was employed for FEFF calculations using FEFF8.5 

lite(Newville et al., 2009) to obtain the theoretical EXAFS spectrum.  

 

4.2.5. Density functional theory calculation 

 All calculations were conducted using the DFT in Gaussian 09 software 

through a Tachyon 2 supercomputer at the supercomputing center of the Korean 

Institute of Science and Technology Information (KISTI). The input file was 

generated with Avogadro software(Hanwell M.D. Lonie D.C., Vandermeersch, T., 

Zurek E., Hutchison, G., 2012). To calculate the geometry of arsenate on nano-

goethite, we employed the density functional theory method B3LYP with the 6-

311+G* basis set. The nano-goethite was simulated with a dual octahedral 

configuration of ferric hydroxide, which has been used in several DFT studies of 

arsenate binding for iron hydroxides(Adamescu et al., 2014; Farrell, 2017; Sherman 
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and Randall, 2003). We proposed five clusters for the calculation without 

considering the protonation of oxyanion and ferric hydroxide; thus, all clusters have 

a net charge of zero. We simulated the BB, BM, MB, MM and TB complexes with 

dual ferric hydroxides (Fig. 4-3).  

 

4.2.6. Statistical analysis 

 We used LCF instead of shell fitting, and the reasons for that is: 1) We 

have no information on the scattering path of aqueous or precipitated arsenate, and 

it is difficult to predict the structure, but we have experimental EXAFS spectra of 

aqueous or precipitated arsenate; 2) there is the limitation on the variables to fit the 

spectra. We employed 5 DFT calculated structures with one aqueous or precipitated 

arsenate. We conducted shell fitting by assuming ΔE0=0 and σ2=0.0003 (to reduce 

number of variables), and it showed similar result with LCF, but the fitting result 

was not suitable because of relatively high uncertainty with high number of 

variables; 3) Working in R-space allows us to selectively ignore higher coordination 

shells(Newville, 2014). The measured spectrum from EXAFS and calculated DFT 

spectrum were Fourier-transformed to R-space using the Athena software (Ravel 

and Newville, 2005)(Ravel and Newville, 2005), and the spectra were normalized 

and exported as CSV files within the R+ΔR range from 1 to 4 Å. We conducted 

LCF analyses to semi-quantify the distribution of the complex with the pH and 

concentration changes. The protocol for LCF was derived from the study of Paktunc 

(2004)(Paktunc, 2004). We employed Marquardt-Levenberg algorithm for the least-

squares fit(Marquardt, 1963). There are plenty of XAS data-analysis programs such 

as SIXPACK(Webb, 2005), Artemis(Ravel and Newville, 2005) and 

WinXAS(Ressler, 1997), and they enable us to do comprehensive data analysis, but 

the programs could not deal with the complex mixed spectra such as environmental  
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Fig. 4-3 Optimized geometry by DFT calculation of B3LYP with 6-311+G* basis 

set. The M, B and T as the first letter indicate dentation number—monodentate, 

bidentate and tridentate while the second letter show the number of nuclei—

mononuclear and binuclear, respectively. The number indicates the atomic 

distance between As and Fe. 
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and geological samples, which are complex mixtures and essential to quantify the 

contribution of each component(Paktunc, 2004). The fraction of the complex 

making up the experimental EXAFS spectrum is calculated by solving a mass 

balance equation(Paktunc, 2004). We used Sigmaplot 10 (Systat, USA) to calculate 

the fraction with the LCF with least-squares fit, and we constrained the fraction to > 

0 and employed 500 fits with 2,000 iterations.  

 

4.3. Results and Discussion 

4.3.1. Sorption isotherm and aqueous iron concentration 

 The arsenate adsorption on the goethite was measured by varying initial 

arsenate concentration (0, 0.1, 1, 5 and 10 mM) and pH (4, 7 and 10) for 48 h. We 

fitted the experimental data with Langmuir isotherm, and the result is illustrated in 

Fig. 4-4a. As a result, we found that the maximum adsorption capacities (Γmax) at pH 

4, 7 and 10 were 2.24, 2.13 and 1.79 site nm-2, while the Langmuir constant (KL) 

was 10.2, 4.70 and 2.09 L site-1, respectively. The adjusted coefficient of 

determination was 0.994, 0.978 and 0.992 for pH 4, 7 and 10, respectively. The 

increase in pH yielded the desorption of arsenate, and the difference in Γmax 

dramatically increased at the change from pH 7 to 10 compared to the change from 

pH 4 to 7. Consistent with previous studies, the values were 1.49, 2.31 and 1.43 site 

nm-2, respectively. We also found that KL dramatically decreased with pH increase 

and was 10.2, 4.70 and 20.9 L site-1 for pH 4, 7 and 10, respectively. The difference 

in KL was higher at the change from pH 4 to 7 than from pH 7 to 10. Based on our 

result, we concluded that the pH significantly decreased the Γmax and KL, which 

implied that fewer surfaces was available, and less energy was favorable for 

arsenate sorption.  

 The dissolution rate of iron (DRFe) with or without arsenate showed an 



 4-18 

interesting result (Fig. 4-4b). We found a decrease of DRFe with arsenate increase at 

pH 4, caused by inner-sphere (IS) complexation. Once the IS complex forms at the 

surface, the complex needs more energy to dissolve iron from goethite; therefore, 

DRFe decreased with a surface density increase in arsenate(Erbs et al., 2010; Fan et 

al., 2014). The result showed a decrease in DRFe with a pH increase without 

arsenate and corresponded to previous studies(Gotoh and Patrick, 1974; Violante 

and Gaudio, 2006), but the DRFe pattern completely differed with arsenate 

concentration at pH 7 and 10. There was a maximum DRFe at 1 mM treatment of 

arsenate; it gradually decreased at pH 7 with arsenate increase, with no significant 

decrease at pH 10. We hypothesized two possible mechanisms for the explanation: 

formation of an aqueous arsenate-ferric ion complex and formation of a few 

nanosized iron precipitates with high surface charge. To test these, we used a UV-

Vis spectrophotometer to determine the arsenate-ferric ion complex based on a 

previous study(Yang et al., 2015), and we confirmed the arsenate-ferric ion 

complex by measuring absorbance peak at 280 nm under pH 4 and 7 (data not 

shown). However, we could not find the arsenate-ferric ion complex in the aqueous 

phase at pH 10, but we observed background increase at Vis range, which indicated 

the formation of crystallized structure; thus, we utilized HRTEM to confirm the 

formation of nanosized iron precipitates. 

 

4.3.2. Transformation at pH 10 with arsenate 

 We measured HRTEM for all treatments with arsenate concentration (0 - 

10 mM) and pH (4 - 10), and we observed three distinctive features in the 

treatments: square-shaped, rod-shaped and spherical particles. To identify each 

structure, we measured the selected area electron diffraction (SAED) pattern and 

element composition using HRTEM-EDS. As a result, we identified square-shaped  
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Fig. 4-4 Langmuir sorption isotherm of arsenate (0, 0.1, 1, 5 and 10 mM initial 

concentration) on nano-goethite plotted with surface density at pH 4 (red), 7 

(black) and 10 (blue) (a). Γmax and KL are the maximum surface density and 

Langmuir coefficient, respectively. Scatter plot between surface density and 

Fe dissolution rate (molecule nm-2 sec-1) to explain co-presence of arsenate 

and pH effect on Fe dissolution rate (b). Error bars indicate standard deviation 

of three replicates.  
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particles as a NaCl precipitate, because the EDS showed an approximately equal 

atomic ratio of Na and Cl elements with high abundance, and the size of square-

shaped particle was varied from 30 - 200 nm, approximately. We classified rod-

shaped particles as goethite (Fig. 4-5a) because the HRTEM image was identical to 

the specification sheet from the manufacturer, and the element composition of iron 

and oxygen was Fe1O2.05, which matches goethite’s composition. The size of 

goethite was 10.8 (±2.1) x 50.3 (±11.9) nm (n = 151), and we could not detect a 

significant decrease in size for all treatments; however, we found an increase in 

DRFe, which implied that goethite was dissolved into ferric ions, but the level of 

DRFe did not lead to a significant difference in size, because the dissoluted ferric ion 

from the goethite was ranged from to 0.38 x 10-4 % to 1.1 x 10-2 %. We also found 

that the degree of aggregation among the nano-size goethite increased with 

increased pH and arsenate concentration, but we were not able to quantify the 

aggregation in this experiment.  

 We assumed that the 48 hr incubation time would not yield any 

precipitation or transformation in the most conditions, but we observed spherical 

nanoparticles with 27.3 (±5.2) nm diameter (n = 158) in the treatments with pH 10 

and arsenate concentration (1-10 mM). We found that the abundance of spherical 

nanoparticles increased with arsenate concentration, and we could not find any in 

treatments at pH 10 with low arsenate concentration (0 - 0.1 mM). Based on the 

result, we presume that the spherical nanoparticle is dependent on arsenate and pH. 

Based on the literature review, we found several studies describing the 

transformation of goethite to other iron (hydr)oxide minerals in alkaline 

solution(Bolanz et al., 2011; Cudennec and Lecerf, 2006; Iwasaki et al., 2011; 

Michael Bolanz et al., 2013). The inter-transformation among the various iron 

(hydr)oxides is a well-known phenomenon in the environment, and the 
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transformation plays a key role in maintaining the ecosystem by retaining nutrients 

and pollutants and involving oxidation and reduction (Fakour and Lin, 2014; Fan et 

al., 2014; Michael Bolanz et al., 2013). For that reason, we suspected contamination 

during the experiment or drying process. We purchased new reagents, repeated the 

experiment, and used a tightly sealed box for drying with purified ambient air; 

however, the spherical nanoparticle was still found at pH 10 with high arsenate 

concentration. We measured the elemental composition using HRTEM-EDS, and 

O/Fe ratio of nano-goethite from 10 mM arsenate treatment was 2.19 (±0.31), 2.15 

(±0.15) and 2.10 (±0.42) for pH 4, 7 and 10, while the spherical nanoparticle was 

3.20 (±0.27). Without arsenate, the O/Fe ratio was 2.05 (±0.09), and we concluded 

that the arsenate complex on the surface was the reason for the oxygen 

concentration decrease on the goethite surface with increased pH. However, a 

distinctive elemental composition was found in spherical nanoparticles at pH 10, 

which was approximately 1.5-fold higher than goethite. We also found trace levels 

(less than 1% in atomic percent) of chromium, silica, and sulfur in all treatments, 

but the element was also detected in nanoparticle-free spots with EDS; thus, we 

excluded their contribution in the spherical nanoparticles. In the HRTEM analysis, 

we found rod-shaped goethite as large aggregates, but the spherical nanoparticle 

was only observed outside of the goethite aggregates, and the inter-particle distance 

was relatively constant without aggregation (Fig. 4-5b). This was hard to explain, 

but we presume that the formation from aqueous ions occurred during drying or 

inter-particle repulsion of previously formed nanoparticles by the high surface 

charge. During the drying process, the water volume decreases and it decreases the 

relative concentration of aqueous ions; thus, precipitation occurred, and numerous 

studies reported a drying effect on precipitation(Abdelwahed et al., 2006; Lin et al., 

2005). However, in this case, the goethite aggregate holds the water longer by  
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Fig. 4-5 HRTEM image of rod-shaped goethite (a) and spherical bernalite by 

transformation from goethite (c), their distribution at pH 10 with 10 mM 

arsenate concentration (b), and selected area electron diffraction pattern of 

spherical bernalite at Z = [001] (d). We only found bernalite at pH 10 with 

arsenate concentration, and the abundance of bernalite increased with arsenate 

concentration.  

  



 4-24 

 

 

 

 

 

 

 

  



 4-25 

surface charge, so the precipitated nano-particle should form near the goethite 

aggregate. Ahn and Lee (2015) reported the formation of close-packed 

nanoparticles by partial drying, which can cause constant distance without 

aggregation. Both reactions could contribute to the phenomenon, but it was 

impossible to identify the specific mechanism for the formation of spherical 

nanoparticles. To identify the crystal structure, we tried to measure it using the fast 

Fourier transform function of digital micrograph software. We obtained d-spacings 

of 1.89, 2.69 and 2.71 Å from the spherical nanoparticle, and it was impossible to 

find the matched crystal structure from the reported transformation. We considered 

hematite the primary candidate because the thermal dehydration easily transformed 

the goethite to hematite via maghemite, and several studies have already discussed 

the formation of hematite(Bolanz et al., 2011; Vu et al., 2010). Ralph et al.(Michael 

Bolanz et al., 2013) examined the effect of antimonate, arsenate and phosphate on 

the transformation of iron (hydr)oxides, and the result showed that arsenate and 

phosphate favored hematite formation over goethite from the ferrihydrite, but no 

transformation occurred at high concentration (above 2.25 mM). In our laboratory, 

we also had 30-nm hematite purchased from US nano (US3160, USA), and it had 

similar d-spacing values, 1.84, 2.51 and 2.70 Å, by X-ray diffraction (XRD) 

analysis. However, the elemental composition and discordance in the [110] plane 

verified that the spherical nanoparticle was not hematite. Based on literature studies 

on the minor abundant iron (hydr)oxides, we found that bernalite (Fe(OH)3) was in 

accordance with the elemental composition(Birch et al., 1993). To characterize the 

crystal structure, we employed SAED pattern analysis. Fig. 4-5d shows the SAED 

pattern of spherical nanoparticles at the [001] axis. Based on the elemental 

composition and SAED pattern analysis, we confirmed the bernalite as the spherical 

nanoparticle. In addition, the EDS result showed that more arsenate was adsorbed 
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onto the bernalite surface because the As:Fe ratio on the goethite was 0.099, 0.093 

and 0.083 for the treatments at pH 4, 7 and 10 in 10 mM arsenate, respectively, but 

0.181 for bernalite. This implied that bernalite had higher sorption capacity per unit 

area; however, only 0.0025% of iron from the total iron weight (calculated from 

DRFe) was assumed to involve bernalite nanoparticle formation as maximum; thus, 

we ignored the bernalite effect on the arsenate adsorption in further EXAFS 

measurements. However, the formation of bernalite in real environment would be 

significant because of the colloidal transportation in the presence of arsenate and 

high pH condition.  

 

4.3.3. EXAFS, DFT result and linear combination fitting 

 We tried to measure the XAS spectrum for 0.1, 1 and 10 mM arsenate 

concentrations at pH 4, 7 and 10 with dried and sedimented samples, but we could 

not measure the spectrum in the 0.1 mM treatment because we could not obtain a 

significant signal-to-noise ratio. We illustrated the experimental and theoretical As 

K-edge k3-weighted EXAFS spectra of sedimented and dried samples in Fig. 4-6 

and Fig. 4-7, respectively. We also showed As K-edge k3-weighted spectrum of 

experimental and theoretical EXAFS in Fig. 4-8 and Fig. 4-9. We observed no 

difference in X-ray absorption near edge structure (XANES) for all treatments (Fig. 

4-10), which indicated that no change was observed in the oxidation/reduction 

status of arsenate. We also measured the spectra of 10 mM arsenate solutions at pH 

4 and 10 and the spectrum of Na2HAsO4·7H2O reagent to identify the background 

of aqueous and precipitated arsenate. We used the aqueous and precipitated spectra 

as references for further linear combination fitting (LCF). We found slight 

difference in the aqueous arsenate spectrum at pH 4 and 10, and there was 

difference by the multiple scattering path changed by the symmetry of arsenate  
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Fig. 4-6 Fourier transform magnitude of As K-edge k3-weighted EXAFS spectra in 

sedimented samples at various pH values (4, 7, 10) and concentrations (1, 10 

mM) (a), experimental spectra of arsenate solution and Na2HAsO4·7H2O 

powder as the references, and theoretical spectra of five configurations by 

DFT calculation (b). The black line, red dotted line and grey line indicate the 

spectrum of experiment data, fit result and DFT calculation, respectively.  
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Fig. 4-7 Fourier transform magnitude from As K-edge k3-weighted EXAFS spectra 

of dried samples under various pH (4, 7 and 10) and surface loading (1 and 10 

mM). The black solid line and red dashed line indicate the spectra of 

experimental data and fit result from linear combination fitting analysis, 

respectively.  
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Fig. 4-8 As K-edge k3-weighted EXAFS spectra (a) and the corresponding Fourier 

transform magnitude (b) of 10 mM aqueous arsenate at pH 4 (red), 7 (black) 

and 10 (blue). 10 mM aqueous arsenate at pH 4 and 10 were measured by 

EXAFS, and 10 mM aqueous arsenate at pH 7 was merged with experimental 

spectrum of pH 4 and 10. 
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Fig. 4-9 Experimental As K-edge k3-weighted EXAFS spectra of 1 mM (dotted line) 

and 10 mM arsenate (solid line) on the goethite at pH 4 (red), 7 (black) and 10 

(blue) under different sample phase (sedimented (top) and dried (middle)), and 

theoretical As K-edge k3-weighted EXAFS spectra of five clusters of the 

complex from DFT calculation (bottom). 
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Fig. 4-10 As K-edge XANES spectra of 1 mM (dashed line) and 10 mM arsenate 

(solid line) on the goethite at pH 4 (red), 7 (black) and 10 (blue) under different 

sample phase (sedimented (a) and dried (b)), and the aqueous arsenate (dotted 

line) and precipitate (dotted line).  
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protonation (Fig. 4-8); thus, we merged aqueous spectrum at pH 4 and 10 to 

generate aqueous spectrum at pH 7, where H2AsO4
- and HAsO4

2- existed as similar 

concentration (pka2=6.94). Based on the optimized geometry from the DFT, we 

calculated the theoretical spectrum of BB, BM, MB, MM and TB complexes (Fig. 

4-3). The M, B and T as the first letter indicate dentation number—monodentate, 

bidentate and tridentate, respectively. The M and B as in the second letter show the 

number of nuclei—mononuclear and binuclear, respectively. The first shell distance 

between arsenic and oxygen was 1.65-1.72 Å, consistent with previous experiments 

and calculations. Based on the calculation, the atomic distances among the arsenic 

and two iron atoms was 3.59 and 6.00 Å for the MM complex, 3.33 and 3.35 Å for 

the MB complex, 2.72 and 4.70 Å for the BM complex, 3.21 and 3.34 Å for the BB 

complex, and 2.59 and 3.14 Å for the TB complex. 

 Our experimental result showed that more distinctive differences were 

found in 1 mM treatment than 10 mM treatment, and we found significant shifts and 

transitions in the spectrum (Fig. 4-11); however, it was difficult to identify the 

specific sorption mechanism among the overlapped spectra. For that reason, we 

utilized the LCF with the theoretical spectra of five clusters and the experimental 

spectrum of aqueous and precipitated samples as the independent variables, and we 

set the spectrum of each treatment as the dependent variable. We also used Fourier-

transformed R space from 1 to 4 Å for the analysis, because the EXAFS spectrum 

had slightly different features before the first shell, caused by the strong whiteline 

of arsenate. The Rbkg function of Athena software(Ravel and Newville, 2005) was 

not able to completely remove this effect. In addition, we only employed one 

arsenic and two iron atoms with several oxygen atoms for the DFT calculation, and 

thus, the calculation did not have sufficient geometry for distances more than 4 Å 

from the center atom of arsenic. The results for LCF and analysis of variance 

(ANOVA) are summarized in Table 4-2. The probability of ANOVA was <0.0001 
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Table 4-2 Results from batch experiment and linear combination fitting of EXAFS spectra acquired in sedimented and dried 
samples.  

Experimental condition 

 

Batch experiment  Linear combination fitting of EXAFS spectra 

Phase Conc. (mM) pH Aqueous 
As (µmol) 

adsorbed 
As (µmol) Γ  (N nm-2) Γ/ Γmaxx100  Fraction R-factor 

 MM MB BB BM TB Solution Powder 

Sedimented 1 4 
6.61 

(0.098) 
44.8 

(0.786) 
1.29 

(0.022) 
57.4%  

0.091 
(0.052) 

0.000 
(0.029) 

0.357 
0.054) 

0.000 
(0.035) 

0.411 
(0.027) 

0.141 
(0.043) 

- 0.00585 

Sedimented 1 7 
12.5 

(0.142) 
40.4 

(0.549) 
1.16 

(0.016) 
54.5%  

0.090 
(0.072) 

0.004 
(0.042) 

0.000 
(0.077) 

0.000 
(0.049) 

0.295 
(0.037) 

0.612 
(0.060) 

- 0.00041 

Sedimented 1 10 
21.6 

(0.179) 
29.6 

(0.429) 
0.849 

(0.012) 
47.4%  

0.156 
(0.056) 

0.137 
(0.033) 

0.087 
(0.062) 

0.000 
(0.039) 

0.058 
(0.029) 

0.562 
(0.047) 

- 0.00402 

Sedimented 10 4 
435 

(3.75) 
77.9 

(4.92) 
2.24 

(0.141) 
99.9%  

0.418 
(0.045) 

0.000 
(0.026) 

0.000 
(0.049) 

0.032 
(0.032) 

0.038 
(0.024) 

0.513 
(0.038) 

- 0.00028 

Sedimented 10 7 
440 

(3.28) 
75.6 

(2.01) 
2.17 

(0.058) 
102%  

0.408 
(0.055) 

0.010 
(0.032) 

0.000 
(0.060) 

0.259 
(0.038) 

0.046 
(0.028) 

0.276 
(0.047) 

- 0.00014 

Sedimented 10 10 
456 

(5.57) 
59.1 

(5.63) 
1.70 

(0.162) 
94.8%  

0.345 
(0.048) 

0.040 
(0.028) 

0.000 
(0.053) 

0.108 
(0.035) 

0.040 
(0.025) 

0.468 
(0.040) 

- 0.00007 

Dried 1 4 
0.661 

(0.010) 
44.8 

(0.786) 
1.29 

(0.022) 
57.4%  

0.000 
(0.031) 

0.005 
(0.016) 

0.070 
(0.028) 

0.014 
(0.022) 

0.019 
(0.015) 

- 
0.891 

(0.053) 
0.01725 

Dried 1 7 
1.25 

(0.014) 
40.4 

(0.549) 
1.16 

(0.016) 
54.5%  

0.003 
(0.018) 

0.005 
(0.009) 

0.069 
(0.016) 

0.000 
(0.012) 

0.057 
(0.009) 

- 
0.866 

(0.031) 
0.00535 

Dried 1 10 
2.16 

(0.018) 
29.6 

(0.429) 
0.849 

(0.012) 
47.4%  

0.174 
(0.096) 

0.000 
(0.048) 

0.098 
(0.084) 

0.020 
(0.066) 

0.109 
(0.046) 

- 
0.600 

(0.162) 
0.00181 

Dried 10 4 
43.5 

(0.375) 
77.9 

(4.92) 
2.24 

(0.141) 
99.9%  

0.000 
(0.030) 

0.075 
(0.017) 

0.027 
(0.030) 

0.000 
(0.022) 

0.000 
(0.015) 

- 
0.899 

(0.049) 
0.00062 

Dried 10 7 
44.0 

(0.328) 
75.6 

(2.01) 
2.17 

(0.058) 
102%  

0.000 
(0.029) 

0.000 
(0.015) 

0.060 
(0.027) 

0.034 
(0.022) 

0.000 
(0.015) 

- 
0.906 

(0.048) 
0.00053 

Dried 10 10 
45.6 

(0.557) 
59.1 

(5.63) 
1.70 

(0.162) 
94.8%  

0.000 
(0.027) 

0.000 
(0.013) 

0.037 
(0.024) 

0.000 
(0.018) 

0.044 
(0.013) 

- 
0.919 

(0.046) 
0.00027 

Aqueous As arsenate mol in aqueous phase after batch experiment measured by ICP-OES, and the difference in sedimented (50 mL solution) and dried (5 mL 
supernatant) sample is caused by the volume difference of sample; Adsorbed As adsorbed arsenate on the goethite by subtracting from total to aqueous 
concentration; Γ  (N nm-2) surface density; Γ/ Γmaxx100 surface coverage percent calculated with Langmuir isotherm parameter; MM monodentate 
mononuclear complex; MB monodentate binuclear complex; BB bidentate binuclear complex; BM bidentate mononclear complex; TB tridentate binuclear 
complex; The value in parenthesis indicates standard error of estimate; R-factor = Σ(data-fit)2/Σ(data)2.
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for all treatments while F was ranged from 224 to 6439. The adjusted r2 and 

standard error of estimate for LCF were within 0.919-0.997 and 0.016-0.083, 

respectively.  

 The LCF result of sedimented and dried sample was illustrated in Fig. 4-12 

and Fig. 4-13, and listed in Table 4-2. It shows that the distribution of the complex 

changed with pH and arsenate concentration. The fraction indicated the relative 

abundance of each complex. It did not imply the concentration, because we already 

normalized the EXAFS spectrum, and we also used different sample thicknesses 

and densities for the measurement. Thus, it only implied the relative distribution of 

complexes from the result. We used six independent variables: five from the DFT 

calculation and one from the experiment of arsenate solution. We denoted the 

spectrum of arsenate solution as OS+Aq., because we could not separate the outer-

sphere complex and aqueous arsenate using EXAFS. In the dried sample, we used 

the precipitate instead of OS+Aq.. 

 

4.3.4. pH and surface loading effect on structural configuration 

 First, we tried to find out the pH and surface loading effect. In the 1 mM 

treatment, we found significant increases in the OS+Aq., MM and MB complex 

with pH increase, but the TB and BB were decreased with pH increase while no BM 

complex was observed. In the 10 mM treatment, the TB and BM complex showed 

no significant change with pH at low fraction, while the MM complex was 

dominant for all pH range, and the MM complex was slightly decreased at pH 10. 

Interestingly, the OS+Aq. and BB showed the opposite distribution with pH 

increase, the BB complex showed maximum fraction at pH 7. We found dramatic 

transition in the structural configuration with both pH and arsenate surface loading.  

 Obviously, we identified, for the first time, the formation of the TB 
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complex. As we mentioned above, we observed the peak shifting at 2.5-2.7 Å, and 

we initially identified the peaks from the multiple scattering of As-O-O-As based on 

the previous studies(Catalano et al., 2011; Sherman and Randall, 2003; Zhang et al., 

2011). However, we looked up the normalized spectrum and found significant peak 

shifts in 1 mM treatments and less fluctuation in 10 mM treatments (Fig. 4-11). We 

carefully reviewed numerous papers and we found that a few theoretical studies 

reported the possibility of a tridentate complex between arsenate and iron 

(hydr)oxide. Farrell(Farrell, 2017) discussed the higher thermodynamic stability of 

a tridentate complex compared to a mono- or bidentate complex, and 

Waychunas(Stollenwerk and Welch, 2003; Waychunas et al., 1993) suggested a 

face-sharing tridentate complex with a similar As-Fe distance to a bidentate 

complex. In addition, we also found several studies that identified a tridentate 

complex(Auffan et al., 2008; Kirsch et al., 2008; Liu et al., 2015; Wang et al., 2008), 

but not the arsenate. Thus, we included the tridentate complex for DFT calculation 

and statistical analysis and found significant abundance of TB complex in the 

treatment at pH 4 and 7 with 1 mM arsenate. 

 The fraction of OS+Aq. was relatively low at pH 4 and increased at pH 7 

under 1 mM treatment; then, it decreased at pH 10 (Table 4-2). From the batch 

experiment, only 57, 54 and 47% of surface sites were occupied (Γ/Γmax), and 13, 25 

and 43% of arsenate remained in the solution phase at pH 4, 7 and 10, respectively. 

The difference between the fraction from EXAFS study and aqueous arsenate 

concentration from batch experiment was mainly caused by the outer-sphere 

complex, which was not distinguishable by EXAFS, and numerous studies reported 

that the decrease in the OS complex with pH increase was due to the change in the 

surface charge. Thus, the decrease in the IS complex led to a dramatic increase in 

the OS+Aq. from pH 4 to 7, while a decrease in the OS complex caused a decrease  
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Fig. 4-11 Fourier transform magnitude from As K-edge k3-weighted EXAFS spectra 

of sedimented and dried samples at pH 4 (red), 7 (black) and 10 (blue) at 1 and 

10 mM arsenate surface loading. The dashed gray and dashed black lines are 

the spectrum of the 10 mM arsenate solution at pH 4 and Na2HAsO4
.7H2O 

powder, respectively. 
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Fig. 4-12 Distribution of five configurations of the complex by pH and arsenate 

concentration. The fraction resulted from the LCF and implied relative 

abundance of each configuration, but not the mean concentration. White, blue, 

black and red indicate dentation status, and the circle, triangle, square and 

diamond show the degree of nucleation.  
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Fig. 4-13 Distribution of five configurations of the complex and precipitated 

arsenate (using NaH2AsO4
.7H2O) at pH 4, 7 and 10 and arsenate concentration 

(1 and 10 mM) after drying. The fraction was calculated by linear combination 

fitting and it implied relative abundance of each configuration, but not the 

mean concentration. White, blue, black and red indicate number of dentation, 

and the circle, triangle, square and diamond show the number of nucleation.  
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in OS+Aq. from pH 7 to 10. Interestingly, we found a sudden decrease of OS+Aq. 

with an increase in BB complex at pH 7 under the 10 mM treatment. We assumed 

that both H2AsO4
- and HAsO4

2- are dominant at pH 7 and PNZC of goethite was 

5.66; thus, the combination of arsenate speciation and surface charge might lead to 

this the result. In addition, we observed the similar adsorption at pH 4 and 7 in the 

10 mM arsenate treatment in the batch experiment, and the ferric arsenate complex 

or the surface precipitation might cause the BB complex.  

 The MM complex was observed at all treatments but was mainly found in 

the 10 mM arsenate treatments. The MM complex in 1 mM treatment increased 

with pH increase, but the pH effect was the opposite in the 10 mM treatment. 

Recent studies reported that surface loading determines the complex; Waychunas et 

al.(Waychunas et al., 1993) initially reported the presence of MM complex and 

surface loading effect; Elzinga and Sparks(Elzinga and Sparks, 2007) also reported 

a surface loading effect using ATR-FTIR, and Abdala et al.(Abdala et al., 2015) 

reported that the MM complex of phosphate had high surface loading, while the BM 

and BB complexes were found with low surface loading. For that reason, we 

explained that more competition at the limited sorption site led to the formation of 

MM complex. A high concentration of arsenate caused more competition on the 

sorption site, and pH increase changed the positively charged surface of goethite to 

a neutral or negatively charged surface, which could limit the sorption sites. As a 

result, both surface loading and pH caused the formation of MM complex. 

 

4.3.5. Drying effect on structural configuration 

 Unlike to the sedimented samples, LCF result of dried samples showed the 

relatively higher abundance of arsenate precipitate in all treatments. The fraction of 

precipitate was calculated as 0.60-0.92, and the 1 mM treatment at pH 10 showed  
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minimum value of precipitate fraction while the 10 mM treatment at pH 10 showed 

maximum value. The fraction of precipitate in the 1 mM treatment was 0.891, 0.866 

and 0.600, while the fraction of precipitate in the 10 mM treatment was 0.899, 0.906 

and 0.919 at pH 4, 7 and 10, respectively. We found opposite trend in the fraction of 

precipitate, and we presumed the reason from the batch experiment. In table 4-2, the 

aqueous As in the 1 mM treatment was 0.661, 1.25 and 2.16 at pH 4, 7 and 10, 

while the adsorbed As was 44.8, 40.4 and 29.6 µmol, respectively. We dried out the 

sample (0.25 g) with 5 mL of solution, the fraction of precipitate at pH 4 and 7 

would be increased by the precipitation from aqueous arsenate and outer-sphere 

complex, but the outer-sphere complex of arsenate at pH 10 dramatically decreased 

by the repulsion from the negatively charged surface while small amount of of 

aqueous arsenate was precipitated; thus the fraction of precipitate was significantly 

decreased. As a consequence, the fraction of inner-sphere complex was increased. 

In the 10 mM treatment, the aqueous As was dramatically increased (21.1-65.8 

times) from the 1 mM treatment, the fraction of precipitate showed more than 0.899. 

We assumed that the amount of desorbed outer-sphere complex from pH 4 to 10 

was less than the amount of increased aqueous arsenate; thus, the fraction of 

precipitate was increased with pH increase.  

 However, the fraction of inner-sphere complex was low to discuss the 

distribution of the structural configuration, and we also only employed 

Na2HAsO4·7H2O as the precipitate; thus, it was not enough to explain the possible 

structural configuration and precipitation in the arsenate and iron hydroxide 

containing system. For example, we only employed di-sodium arsenate, but the 

precipitate can contain mono-sodium at low pH or tri-sodium at high pH. In 

addition, the ferric arsenate in various atomic ratio and configuration could be 

precipitated such as the bernalite, which was confirmed the formation at high pH 
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with the arsenate presence in this study. For that reason, our approach using 

Na2HAsO4·7H2O as the only precipitate might be not enough to explain the drying 

effect, however, the LCF employing the reference of precipitate as many as possible 

would yield more explainable data in the future. 

 

4.4. Environmental implication 

 In this study, we evaluated the structural configuration of arsenate with 

changes in concentration, drying and pH using a batch experiment and HRTEM and 

EXAFS measurements with DFT calculation. We confirmed the formation of 

nanosized bernalite only in the presence of arsenate at pH 10 using HRTEM 

measurements, and the bernalite showed 46% of increase in As:Fe ratio compared 

to nano-goethite at pH 10. However, the formation of bernalite might enhance the 

colloidal transport of arsenate in the waste water treatment using iron (hydr)oxide or 

in the pH-increasing amendment treated soil environment. In addition, we found 

that the TB and BB complex was dominant at low pH and low surface loading, 

while MM and MB were observed in the high pH and high surface loading 

conditions (Fig. 4-14). The density of available sorption site gradually decrease with 

pH increase, and the bidentate and tridentate complex are dominant with less 

competition at low surface loading because there is plenty of neighboring sorption 

site. However, the increase of pH or surface loading decrease the available sorption 

site or the available sorption site per arsenate; thus, the MM complex are dominant 

with high competition at high surface loading because there is no enough sorption 

site to occupy.   

 These results may help us to understand the effect of environmental 

conditions on the structural configuration of arsenate at the goethite-water interface. 

However, because this result only employed a single arsenate and two octahedral 
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ferric hydroxides as the model sorbate for the DFT calculation, there is a significant 

discordance from reality. Employing a more detailed structure for nano-goethite 

might lead to more accurate results for the interpretation. In addition, a denser 

experimental setup would yield a more persuasive result for this experiment.   
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Fig. 4-14 Schematic illustration for the transition of structural configuration by the 

change of pH and surface loading conditions. The white tetrahedral indicated 

outer-sphere complex, while blue, grey and red tetrahedral showed the 

monodentate, bidentate and tridentate complexes, respectively. The brown 

octahedral sheet is the goethite. 
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Abstract 

 

 Arsenate and phosphate have similar properties due to their electrochemical 

structures, but their environmental impacts are unique. The abundance and competition of 

arsenate and phosphate determine their bioavailability and leachability; thus, it is essential to 

understand their fate in the soil environment. In this study, the effects of pH and surface 

loading on the competitive adsorption of arsenate and phosphate on four iron (hydr)oxides 

were evaluated by employing the Langmuir isotherm, competitive sorption ratio (CSR) and 

competition effect (CE). The stability and transformation of the iron (hydr)oxides were also 

assessed. Various adsorption patterns were observed in the single and mixed treatments by 

controlling the addition oxyanions, pH, surface loading and type of iron (hydr)oxides. 

Arsenate was preferentially adsorbed at a low pH, whereas phosphate showed the opposite 

trend. The CEAs(V),P(V) was close to zero at low surface density (no competition) and 

sequentially changed to negative or positive values with increasing surface density, 

indirectly indicating the sequential development of promotive and competitive effects. 

Transformation in goethite was identified at a high pH with the presence of oxyanions, 

except that no transformation was observed upon the addition of oxyanions and with pH 

change. However, the stability of the iron (hydr)oxides decreased at a low pH and with the 

presence of phosphate, arsenate or both. The hematite showed a significant promotive effect 

regardless of the pH. Our study revealed that the pH, surface loading and type of iron 

(hydr)oxides are intercorrelated and simultaneously affect the adsorption characteristics of 

oxyanions and the stability of iron (hydr)oxides.  
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5.1. Introduction 

 

 Arsenic and phosphorus are in group VII of the periodic table and have 

similar electrochemical properties; however, their environmental impacts are 

extremely different (Luengo et al., 2007; Woolson et al., 1971). Arsenic has been 

known as a poison throughout history (Vahidnia et al., 2007), and phosphorus had 

acted as a limiting nutrient for agricultural productivity worldwide (Elser et al., 

2007). Recent anthropogenic activities in agriculture and mining have accelerated 

arsenic contamination in over 20 countries, and overfertilization with phosphorus 

has caused severe eutrophication of water systems worldwide (Barberis et al., 1995; 

Elser et al., 2007; Jain and Ali, 2000; Leermakers et al., 2006). Arsenate and 

phosphate are the major species of arsenic and phosphorus in the oxic rhizosphere 

(Lu and Zhu, 2010; Masscheleyn et al., 1991; Truog, 1930). They are the most 

notorious elements controlling the fate of arsenic and phosphorus in the soil 

environment because the fluctuation of environmental conditions not only causes 

the transition of oxyanion species but also leads to the transformation of soil 

components and dramatically changes the sorption characteristics (Han and Ro, 

2018; Kwon et al., 2010; Michael Bolanz et al., 2013). 

 Various elements coexist in the soil environment, and their competition for 

adsorption onto the soil components determines their bioavailability and 

leachability (Liu et al., 2017; Scheckel et al., 2009; Zhang and Selim, 2008). Thus, 

it is essential to understand their competitive adsorption under environmental 

changes (Violante, 2013). Arsenate and phosphate have relatively high affinity for 

metal (hydr)oxides, but controversial results regarding their competition and 

structural configuration were found in previous studies. For example, the 

As(V)/P(V) ratio calculated in the previous literature showed significantly different 



 5-5 

competitive sorption patterns (Fig. 5-1) (Carabante and Grahn, 2010; Frau et al., 

2010; Goh and Lim, 2010; Hongshao and Stanforth, 2001; Jain and Loeppert, 2000; 

Zhang and Selim, 2008). In addition, numerous studies confirmed a bidentate 

complex as a major structural configuration of arsenate and phosphate on iron 

(hydr)oxides (Antelo et al., 2005; Brechbühl and Christl, 2012; Farquhar et al., 2002; 

Liu et al., 2015; Neupane et al., 2014; Sherman and Randall, 2003; Tejedor-Tejedor 

and Anderson, 1990), but a few studies have identified the presence of a 

monodentate complex (Fendorf et al., 1997; Loring et al., 2009; Waychunas et al., 

1993) or the transition of a monodentate to a tridentate complex upon changing the 

environmental conditions (Han and Ro, 2018). 

 Previous studies showed diverse results in the adsorption of arsenate and 

phosphate on iron (hydr)oxides; the results were controversial, and a comparison of 

published data is challenging due to diverse interpretations and experimental setup 

conditions (for example, pH, ionic strength, solution/solid ratio and surface loading) 

(Abdala et al., 2015; Han and Ro, 2018; Kim et al., 2012; Li et al., 2015; Puls et al., 

1991). We found that there is no simple equation to quantify the degree of 

competition to compare and interpret numerous studies. Recent studies by Bolanz et 

al. (2013) showed that the presence of oxyanions, their concentration and the pH 

control the iron (hydr)oxide transformation via various processes, but previous 

adsorption experiments focused on the stability of iron (hydr)oxides. Most studies 

synthesized the iron (hydr)oxides in their laboratories, allowing for a scientific 

result with proper sorbent characterization but possibly generating impurities in the 

sorbent. Dai et al. (2018) studied the effect of impurities on iron (hydr)oxide 

formation and showed that the surface of the nanoparticle was enriched with impure 

ions, altering the adsorption characteristics. Therefore, four commercial and 

nanosized iron (hydr)oxides, goethite, hematite, maghemite and magnetite, were 
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selected to compare the adsorption characteristics and obtain results that allow for 

comparison with other studies.  

  In this study, single and mixed adsorption isotherms of arsenate and 

phosphate were investigated. The commercial and nanosized goethite, hematite, 

maghemite and magnetite were employed to evaluate the competitive adsorption 

characteristics. The adsorption data were compared using two simple equations to 

interpret the sorption mechanism during the competitive sorption. In addition, the 

structural stability of the iron (hydr)oxides was evaluated under environmental 

changes (competing ion, pH and surface loading) by measuring the iron dissolution 

rate and morphological transformation via transmission electron microscopy 

analysis.  

  

5.2. Materials and Methods 

 

5.2.1. Physiochemical characterization 

 The nanosized iron (hydr)oxides were obtained from Sigma-Aldrich (USA) 

and US Research Nanomaterials (USA). We measured the pH, electrical 

conductivity (EC), point of net zero charge (PNZC), surface area (SA), crystal 

structure and elemental composition of each of the iron (hydr)oxides. The pH and 

EC were measured using an Orion 5 Star (Thermo, USA) in a 1:200 (W/V) dilution. 

The PNZC was measured using the pH drift method (Tewari and Campbell, 1976). 

The SA was obtained using an ASAP 2010 (Micromeritics, USA) with the BET 

isotherm (N2 and 77 K). To identify the crystal structure, X-ray diffraction (XRD) 

and high-resolution transmission electron microscopy (HRTEM) were employed. A 

D8 Advance (Bruker, Germany) with CuKα radiation from 5 to 90° was employed 

for XRD, and a JEM-3010 (Jeol, Japan) was used for HRTEM measurement. The  
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Fig. 5-1 Scatter plot of pH and competitive sorption ratio (CSRAs(V)/P(V)) of arsenate 

and phosphate from the previous studies. The number in the legend indicates 

surface loading. All studies were conducted in equal addition of arsenate and 

phosphate. 
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diffractogram was compared with the reference from the American Mineralogist 

Crystal Structure Database. A Gatan digital camera and an energy dispersive 

spectroscopy (Gatan, USA) were employed in the HRTEM to characterize the 

morphology and elemental concentration. For sample preparation for the HRTEM, 

one drop of the sample was placed onto a carbon film on a copper grid (C300-25, 

Ted Pella Inc., USA) and dried overnight in a clean chamber. The sample grid was 

placed in a 60-mm Petri dish (SPL, Korea) and sealed with parafilm for further 

analysis. Digital Micrograph software (Gatan, USA) was used to analyze the 

HRTEM image. The characteristics of the iron (hydr)oxides are summarized in 

Table S1, and the XRD diffractograms of the iron (hydr)oxides, including the 

reference, are illustrated in Fig. 5-2. The pH, EC, PNZC and SA measurements 

were conducted at least in triplicate. 

 

5.2.2. Batch experiment 

 For the sorption isotherm, a single-batch experiment of arsenate or 

phosphate and a dual-batch experiment of arsenate and phosphate were conducted 

by varying the pH (4, 7 and 10) and surface loading (0, 0.1, 1, 5 and 10 mM) in 

triplicate. Briefly, 50 mL of oxyanion solution at different concentrations was 

mixed with 0.25 g of dried iron (hydr)oxide in a 50-mL conical tube. The initial pH 

of solution was adjusted to the target pH by adding 1 M HCl or NaOH, and the pH 

of the mixture was controlled every 12 h. All solutions contained 0.1 M NaCl to 

maintain the ionic strength under the soil environment, and a vertical shaker 

(Daehan, Korea) was used at 200 rpm at room temperature (25 °C ±2 °C) for 48 h 

of incubation. After the incubation, the sample was centrifuged at 4,200 RCF for 1 h, 

and 20 mL of supernatant was filtered with a 0.2-um PTFE syringe filter (Advantec, 

Japan). The supernatant was acidified with a drop of 10 M HCl solution, and 
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Table 5-1 Physiochemical characteristics of iron (hydr)oxides.  

Iron oxide Fomula Manufacturer 
(Catalog #) Shape Crystal  

structure pH EC PNZC 
Measured 
SA  
(m2 g-1) 

Calculated 
SA  
(m2 g-1) 

Cell 
volume  
(nm3) 

Proposed
 size  
(nm) 

Measured 
size (nm) 

Goethite FeOOH US-Nano 
(US3162) Rod isometric 5.72 0.13 5.66 84.0 103.4 0.1386 50x10 50.3x10.8 

(n=151) 

Hematite Fe2O3 
US-Nano 
(US3160) Spherical trigonal 9.02 0.11 9.41 37.8 38.1 0.3027 50 58.1 

(n=103) 

Maghemite Fe2.67O4 
Sigma-Aldrich 
(544884) Spherical isometric 5.11 0.14 4.66 35.6 24.7 0.5825 30 53.7 

(n=116) 

Magnetite Fe3O4 
Sigma-Aldrich 
(637106) Spherical orthomorphic 5.34 0.08 4.63 9.30 15.4 0.5906 50-100 109.4 

(n=135) 
pH proton concentration, EC electric conductivity (µS cm-1), PZC point of net zero charge, SA surface area (m2 g-1) 
pH and EC were measured at 1:200 (g:mL). 
PNZC and SA were measured by the drift method and N2-BET method at 77K, respectively.   
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Fig. 5-2 Measured XRD spectrum (black line) and reference position (red bar) of 

nanosized goethite (0004538), hematite (0017806), maghemite (0020585) 

and magnetite (0020645). The numbers in the figure indicate the Miller 

indexes, and the codes from the American mineralogist crystal structure 

database are shown next to the iron (hydr)oxides.  
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inductively coupled plasma-optical emission spectrometry (Icap-7200, Thermo, 

USA) was employed to measure the oxyanion and iron concentration in the solution. 

The adsorbed concentration was calculated by subtracting the initial concentration 

from the aqueous concentration. The iron dissolution rate was calculated by 

dividing the surface area and reaction time by the total amount of iron in the 

solution determined from the ICP-OES measurement. All reagents were obtained 

from Sigma-Aldrich (USA) and were at least 98% pure.  

 

5.2.3. Data analysis and fitting 

 The Langmuir isotherm was used to evaluate the sorption characteristics of 

the iron (hydr)oxides. The Langmuir model is expressed as follows: 

!!"  = (!!"# ∙ !! ∙ !!") (1 + !! ∙ !!")      (Eq. 5-1) 

where Γeq and Ceq are the equilibrium concentrations of oxyanions in the adsorbed 

surface (molecule nm-2) and solution (mM), respectively, and Γmax and KL are the 

maximum surface density (molecule nm-2) and Langmuir constant (L mmol-1), 

respectively. The isotherm fitting was conducted with the dynamic fit wizard 

function in Sigmaplot 10 (Systat, USA), and we constrained 0 < Γmax < 100 and 0 < 

KL < 1,000 and employed 1,000 fits with 2,000 iterations. 

 Two equations were employed, the competitive sorption ratio (CSR) and 

the competitive effect (CE), to better understand the competition between arsenate 

and phosphate (Violante and Pigna, 2002; Zhu et al., 2011). The CSR was obtained 

from the study of Violante and Pigna (2002), and we developed the CE to compare 

the adsorption difference between single and mixed treatments. The equations are 

expressed as follows: 

!"#!"(!)/!(!) =  !!"(!),! !!(!),!       (Eq. 5-2) 

!"!" ! ,! ! = !!" ! ,!!!! ! ,!
!!" ! ,!!!! ! ,!

  −  !!"(!),!!!!(!),!!!" ! ,!!!! ! ,!
   (Eq. 5-3) 
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where ΓAs(V),d and ΓP(V),d are the adsorbed arsenate and phosphate in the dual-batch 

experiment, respectively, and ΓAs(V),s and ΓP(V),s are the adsorbed arsenate and 

phosphate in the single-batch experiment, respectively. CAs(V),d and CP(V),d are the 

initial concentrations in the dual-batch experiment, and CAs(V),s and CP(V),s are the 

initial concentrations in the single-batch experiment. The CSR indicates the 

preference between the oxyanions on the sorbent during the competitive adsorption; 

a CSRAs(V)/P(V) greater than 1 indicates that the adsorption of arsenate is more 

predominant than that of phosphate, and vice versa. If the CSRAs(V)/P(V) is close to 1, 

no preferential sorption was favored. We developed the CE to quantitatively 

demonstrate the change in adsorption via promotion or competition; a CE close to 

zero implies that no competitive effect occurs; positive or negative values indicate 

competitive or promotive effects, respectively. All calculations were conducted in 

Excel software (Microsoft, USA).  

   

5.3. Results and Discussion 

 

5.3.1. Physiochemical characteristics 

 The physiochemical characteristics of goethite, hematite, maghemite and 

magnetite are summarized in Table S1. The pH values of goethite, hematite, 

maghemite and magnetite were 5.72, 9.02, 5.11 and 5.34, and the PNZC values 

were 5.66, 9.41, 4.66 and 4.63, respectively. The EC was 0.08-0.14 µS cm-1, and the 

SAs from the BET isotherm were 84, 38, 36 and 9.3 m2 g-1 for goethite, hematite, 

maghemite and magnetite, respectively. The cell volume and SA were theoretically 

calculated from the TEM-measured size of each crystal structure, 0.5825, 0.3027, 

0.5906 and 0.1386 nm3 for the cell volume and 103.4, 38.1, 24.7 and 15.4 m2 g-1 for 

the SA of goethite, hematite, maghemite and magnetite, respectively. There was a 
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minor difference in the proposed size of the nanosized iron (hydr)oxide and the 

TEM measurement result, with a rod shape found for the goethite and a spherical 

shape for the hematite, maghemite and magnetite; the sizes were 50.3 x 10.8, 58.1, 

53.7 and 109.4 nm, respectively (Fig. 5-3).  

 XRD measurement was conducted to confirm the crystal structure of the 

iron (hydr)oxides, and the results are illustrated in Fig. 5-2. The measured XRD 

pattern was compared with the previously reported pattern from the American 

mineralogist crystal structure database, showing a significant match with each 

crystal structure from the database. The XRD patterns between the maghemite and 

magnetite were significantly similar, which has been reported in previous studies 

(Dar and Shivashankar, 2014; Ruíz-Baltazar et al., 2015). Small peaks at 21.9 and 

25.4° were found, showing the difference between the two crystal structures. Based 

on our observations, nanosized goethite, hematite, maghemite and magnetite 

without unknown sample contamination were confirmed.  

 

5.3.2. Adsorption results and competitive sorption ratio 

 The batch experiment results at the maximum concentration (10 mM) are 

illustrated for four iron (hydr)oxides and three pH conditions (Fig. 5-4). The 

adsorbed oxyanion concentrations per gram of iron (hydr)oxide (qs) for arsenate, 

phosphate and the mixture on the goethite were 0.34, 0.37 and 0.31 mmol g-1, 

respectively, at pH 4; 0.35, 0.32 and 0.26 mmol g-1, respectively, at pH 7; and 0.29, 

0.23 and 0.27 mmol g-1, respectively, at pH 10. The qs values for arsenate, 

phosphate and the mixture on the hematite were 0.29, 0.23 and 0.17 mmol g-1, 

respectively, at pH 4; 0.20, 0.20  and 0.21 mmol g-1, respectively, at pH 7; and 

0.06, 0.13 and 0.13 mmol g-1, respectively, at pH 10. For the maghemite, the qs 

values for arsenate, phosphate and the mixture were 0.17, 0.28 and 0.28 mmol g-1, 
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respectively, at pH 4; 0.18, 0.19 and 0.15 mmol g-1, respectively, at pH 7; and 0.07, 

0.14 and 0.07, respectively, at pH 10. For the magnetite, they were 0.08, 0.14 and 

0.09 mmol g-1, respectively, at pH 4; 0.11, 0.16 and 0.11 mmol g-1, respectively, at 

pH 7; and 0.01, 0.15 and 0.06 mmol g-1, respectively, at pH 10. The maximum qs 

was observed in the goethite treatments at pH values of 4 and 7, and the minimum 

qs was observed in the maghemite treatment at pH 10. General patterns in qs were 

observed: a gradual decrease with increasing pH and a significant correlation 

between the qs value and the surface area of the adsorbent; the general patterns were 

described in previous studies (Dixit and Hering, 2003; Mahmood et al., 2014; 

Roberts et al., 2004). 

 A distinctive pattern was observed in which the goethite and magnetite 

showed higher average values in the single treatments than in the mixed treatments 

at all pH conditions, but hematite showed lower average values in the single 

treatments than in the mixed treatments at all pH conditions. The maghemite 

showed similar results to those of hematite at pH 4 but showed the opposite results 

at pH 7 and 10. In addition, the qs of phosphate did not gradually decrease with 

increasing pH in the magnetite treatment, and the single arsenate and mixed 

treatments showed maximum qs at pH 7, whereas there was no significant 

difference for phosphate. The qs of phosphate in the hematite, maghemite and 

magnetite was higher than the qs of arsenate, except for the hematite at pH 4, and 

the qs of arsenate was higher than that of phosphate in the goethite at pH 7 and 10, 

whereas the opposite pattern was observed at pH 4. The results show that the 

arsenate, phosphate and their mixture showed different adsorption characteristics on 

the iron hydroxides and that the pH controlled the adsorption characteristics. To 

better explain the adsorption isotherm, the qs was converted to surface density (Γs) 

to address the effects of SA and surface loading. The terms surface loading and  
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Fig. 5-3 HRTEM image of nano-sized goethite (a), hematite (b), maghemite (c) and 

magnetite (d). 
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 Fig. 5-4 Stacked bar graph of the adsorbed oxyanion per unit mass in the arsenate, 

phosphate and mixture treatments under 10 mM of total oxyanion input on the 

goethite, hematite, maghemite and magnetite at pH values of 4, 7 and 10. 

Error bar indicates standard error from the Langmuir fitting result. An asterisk 

(*) indicates that the average value of the adsorbed oxyanions from two single 

treatments is significantly higher than the sum of the adsorbed oxyanions 

from the mixture treatment, and two asterisks (**) indicates the opposite. 
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Table 5-2 Langmuir fitting results with different oxyanion inputs, pH values and iron oxides. Γmax and KL are the maximum surface density 
and Langmuir constant, respectively. Values in parenthesis and Adj. R2 indicate the standard error and the adjusted coefficient of 
determination of the Langmuir fitting. The Γmax value in magnetite at pH 7 was caused by unsaturated curve. 
 

Target Matrix pH 
Goethite Hematite Maghemite Magnetite 

Γmax K
L
 Adj. R

2
 Γmax 

 K
L
 Adj. R

2
 Γmax K

L
 Adj. R

2
 Γmax K

L
 Adj. R

2
 

As(V) As(V) only 

4 
2.45 

(0.07) 
8.39 

(1.43) 0.994 4.83 
(0.20) 

1.66 
(0.34) 0.994 3.01 

(0.18) 
3.23 

(1.16) 0.978 5.66 
(1.09) 

6.69 
(0.52) 0.877 

7 
2.45 

(0.14) 
3.42 

(1.10) 0.978 3.46 
(0.22) 

1.26 
(0.36) 0.983 3.50 

(0.37) 
0.672 
(0.27) 0.970 100 

(633) 
0.078 
(0.05) 0.932 

10 
2.27 

(0.09) 
1.43 

(0.28) 0.992 0.98 
(0.03) 

578 
(142) 0.987 1.41 

(0.20) 
1.12 

(0.71) 0.911 0.748 
(0.08) 

31.9 
(26.9) 0.859 

P(V) P(V) only 

4 
2.56 

(0.10) 
8.10 

(1.85) 0.989 3.41 
(6.20) 

2.48 
(0.80) 0.980 4.86 

(0.21) 
2.27 

(0.51) 0.989 9.66 
(0.68) 

1.75 
(0.66) 0.972 

7 
2.24 

(0.08) 
6.75 

(1.55) 0.990 3.38 
(0.22) 

1.59 
(0.52) 0.977 3.54 

(0.23) 
1.72 

(0.57) 0.977 11.4 
(0.63) 

0.90 
(0.21) 0.988 

10 
1.72 

(0.05) 
3.13 

(0.54) 0.994 2.11 
(0.19) 

3.01 
(1.78) 0.949 2.40 

(0.15) 
2.20 

(0.77) 0.978 11.6 
(0.34) 

0.47 
(0.05) 0.998 

As(V) As(V) + P(V) 

4 
1.31 

(0.04) 
44.8 

(9.01) 0.992 2.54 
(0.09) 

8.70 
(1.74) 0.992 2.60 

(0.10) 
728 

(.154) 0.991 2.85 
(0.10) 

290 
(90.3) 0.985 

7 
0.934 
(0.04) 

59.0 
(23.1) 0.988 1.56 

(0.09) 
5.90 

(2.13) 0.977 1.22 
(0.04) 

1894 
(754) 0.989 4.28 

(0.60) 
1.09 

(0.57) 0.946 

10 
0.591 
(0.02) 

957 
(578) 0.979 0.71 

(0.02) 
1325 
(336) 0.990 0.404 

(0.08) 
-6.34 
(2.30) 0.820 1.75 

(0.21) 
1.96 

(1.05) 0.936 

P(V) As(V) + P(V) 

4 
0.870 
(0.03) 

34.8 
(12.5) 0.989 2.00 

(0.11) 
3.31 

(0.92) 0.984 2.41 
(0.14) 

1.88 
(0.48) 0.987 2.35 

(0.12) 
43.9 

(20.5) 0.967 

7 
0.846 
(0.06) 

23.5 
(13.5) 0.966 2.03 

(0.12) 
2.80 

(0.82) 0.982 1.23 
(0.13) 

6.30 
(4.35) 0.931 3.93 

(0.65) 
0.76 

(0.41) 0.948 

10 
0.600 
(0.00) 

14.6 
(0.79) 0.999 1.35 

(0.13) 
3.89 

(2.04) 0.946 0.754 
(0.03) 

39.2 
(17.4) 0.978 2.88 

(0.20) 
1.20 

(0.33) 0.985 
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surface density indicate the total amount of oxyanion per SA of sorbent and the 

adsorbed amounts of oxyanion per SA of sorbent, respectively.  

 The Langmuir adsorption parameters (Γmax and KL) were fitted at pH 4, 7 

and 10 in the arsenate, phosphate and mixed treatments. The Γmax values of the 

arsenate treatment at pH 7 were 2.45, 3.46, 3.50 and 100 molecule nm-2 for goethite, 

hematite, maghemite and magnetite, respectively, and the Γmax values of the 

phosphate treatment at pH 7 were 2.24, 3.38, 3.54 and 11.4 molecule nm-2, 

respectively. In the mixed treatment at pH 7, the Γmax values of arsenate were 0.846, 

2.03, 1.23 and 3.93 molecule nm-2 for goethite, hematite, maghemite and magnetite, 

respectively, and the Γmax values of phosphate were 0.846, 2.03, 1.23 and 3.93 

molecule nm-2, respectively. The adjusted coefficient of determination was 0.820 to 

0.999. An unexpected error was found in the Γmax of the arsenate treatment at pH 7 

on the magnetite because the maximum constraint for the fitting was reached. An 

unsaturated fitting curve was observed, and precipitation was assumed based on the 

unsaturated curves; thus, HRTEM and XRD analysis were conducted to identify the 

precipitates. However, the size measurement and XRD showed no significant 

difference (data not shown). Based on the results and previous studies, it is 

presumed that the unsaturated curve was caused by surface precipitation or 

reduction of arsenate to arsenite with the oxidation of magnetite. Numerous studies 

reported precipitation of arsenate on the surface of iron (hydr)oxides, but no study 

has confirmed the coprecipitation at circumneutral pH. Precipitation was also not 

detectable in our HRTEM and XRD analysis. Numerous studies reported that reduction 

of arsenate to arsenite could increase the adsorption (Jain and Loeppert, 2000; Liu et al., 

2015), but there was insufficient information to measure the reduction (for example, X-

ray absorption near-edge spectroscopy). In addition, the magnetite easily oxidizes under 

ambient conditions, and the transformation is not easily detected if maghemite is 

formed or if only a thin surface is transformed (Schwaminger et al., 2017).    
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Fig. 5-5 Line and scatter plot of the pH and competitive sorption ratio (CSR) (a) and 

the pH and competitive effect (CE) (b) calculated for interpreting the 

competitive sorption between arsenate and phosphate. CSR and CE were 

calculated with Γmax from the Langmuir isotherm fitting result. A value 

greater than 1 in CSRAs(V)/(P) indicates that Arsenate is more predominant than 

phosphate and vice versa. The value close to zero in CEAs(V),P(V) implies that no 

competitive effect was observed, while positive and negative values show the 

competitive or promotive effect, respectively. 
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 With increasing pH from 4 to 10, the Γmax decreased or was similar in most 

treatments, but the Γmax in all magnetite treatments and arsenate treatments on 

maghemite increased or increased then decreased. In contrast, the KL decreased or 

decreased then increased with increasing pH from 4 to 10 in most treatments, except 

for arsenate and the mixed treatment on goethite and phosphate and the mixed 

treatment on maghemite. However, the trends in competitive adsorption in response 

to a change in pH are complicated; thus, Γmax was applied in eq. (2) to interpret the 

results more easily, as illustrated in Fig. 5-5a. As described above, the CSR and CE 

indicate the preferential adsorption and competitive effects, respectively, and the 

black dotted line indicates that no such effect occurred, i.e., the value for the CSR 

was 1 and for the CE was 0. Interestingly, more preferential sorption of arsenate 

than phosphate at pH 4 was observed, but the CSRAs(V)/P(V) gradually decreased with 

increasing pH. The CSRAs(V)/P(V) values were 1.50, 1.27, 1.08 and 1.21 for goethite, 

hematite, maghemite and magnetite, respectively, at pH 4 and decreased to 0.98, 

0.53, 0.54 and 0.61 at pH 10, respectively. Based on the observation, it was 

confirmed that the arsenate was more preferentially adsorbed onto the iron 

(hydr)oxides at the low pH conditions, but phosphate was preferred at the high pH 

conditions for all the iron (hydr)oxides except goethite.  

 As noted above, previous studies reported controversial results (Fig. 5-1). 

Based on the previous studies, the CSRAs(V)/P(V) was calculated. Several studies 

confirmed the increase in the CSRAs(V)/P(V) with increasing pH, such as 0.95-1.02 at 

pH 3-5 on goethite according to Hongshao and Stanforth (2001) and 1.0-1.45 at pH 

3.7-9.9 on ferrihydrite according to Jain and Loeppert (2000). In contrast, opposite 

patterns have also been found; Gao and Mucci (2001) reported CSRAs(V)/P(V) values 

of 0.9-1.8 at pH 3-8.7 on goethite, Violante and Pigna (2002) reported 1.0-1.2 at pH 

4-7 on ferrihydrite, and Manning and Goldberg (1996) found 0.88-1.18 at pH 2.5-
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11.2 on goethite. No significant correlation among the CSRAs(V)/P(V) pattern, type of 

iron (hydr)oxide and experimental condition was found from the previous studies; 

however, we observed an interesting pattern for interpreting the relationship 

between surface loading and CSRAs(V)/P(V) (Fig. 5-6). The CSR of each pH was close 

to 1 at low surface loading for all iron (hydr)oxides, and the pattern of the CSR with 

increasing pH was distinctive at the high surface loading condition. In addition, the 

maghemite and magnetite showed similar patterns, possibly due to the 

transformation of the magnetite surface to magnetite. The arsenate was more 

preferentially adsorbed on the iron (hydr)oxide surface at low pH, and phosphate 

was dominant at high pH, as shown by our observation and previous studies. The 

surface loading also showed different CSRAs(V)/P(V) patterns for each of the iron 

(hydr)oxides.  

 

5.3.3. Competitive effect 

 We observed a relatively uniform pattern in the CSRAs(V)/P(V) results, but the 

CEAs(V),P(V) results showed a more ambiguous pattern. Γmax was applied in eq. (3) to 

interpret the results (Fig. 5-5b), and the surface loading effect determined using qs is 

illustrated in Fig. 5-6. The CEAs(V),P(V) values at pH 4, 7 and 10 were 0.06, 0.12 and 

0.20, respectively for goethite; -0.05, -0.02 and -0.17, respectively, for hematite; -

0.13, 0.15 and 0.20, respectively, for maghemite; and 0.16, 0.42 and 0.12, 

respectively, for magnetite. We hypothesized that an increase in pH would lead to 

an increase in the CEAs(V),P(V) because more deprotonated sorption sites would be 

available due to the increased amount of hydroxyl ion, which does not apply to the 

adsorption sites of oxyanions. In our results, the pattern of the CEAs(V),P(V) agreed 

with the hypothesis for the goethite and maghemite treatments, but we observed all 

negative CEAs(V),P(V) values in the hematite treatment and a maximum at pH 7 in the  
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Fig. 5-6 Line and scatter plot of surface loading and competitive sorption ratio (CSR) 

on goethite, hematite, maghemite and magnetite. A value greater than 1 in 

CSRAs(V)/(P) indicates that As(V) is predominant versus phosphate and vice versa.   
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Fig. 5-7 Line and scatter plot of surface density (molecule nm-2) and competitive 

effect (CE) of arsenate and phosphate on goethite, hematite, maghemite and 

magnetite at pH values of 4 (a), 7 (b) and 10 (c). CE was calculated with 

experimental sorption data, and the dotted line indicates zero in CEAs(V),P(V), 

which implies that no competitive effect is observed. The cross point of the 

dotted line and solid line was defined as the surface density without the 

competitive and promotive effects (ΓCE=0). 
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magnetite treatment, which caused the unsaturated curve described above. To 

explain the results, we considered the surface loading effect because we also 

hypothesized that increased surface loading would lead to competition for 

adsorption sites. The relationship between the surface density and CEAs(V),P(V) is 

illustrated in Fig. 5-7 to interpret the surface loading effect. 

 We found an interesting phenomenon in the goethite, maghemite and 

magnetite in which the CEAs(V),P(V) was close to zero at low surface density and 

became negative with increasing surface density. In addition, a dramatic increase 

was observed at certain points except for hematite; the crossing point of the dotted 

line and solid line was defined as ΓCE=0, where the competitive and promotive 

effects were offset (Fig. 5-7). This phenomenon was also observed in previous 

studies by calculating the CEAs(V),P(V) and was explained by the competition for 

limited sorption sites. At low surface density, excess adsorption sites were available 

for both oxyanions; thus, no competitive or promotive effects occurred. However, 

an increase in surface density led to more adsorption capacity in the mixed 

treatment than the sum of the single treatments for arsenate and phosphate, which 

could be explained by the difference in the adsorption mechanisms of both 

oxyanions on the iron (hydr)oxide surface.  

 Previous studies confirmed that each oxyanion has a different 

thermodynamic stability on the plane of the crystal structure. For example, Kubicki 

et al. (2012) identified the adsorption energies of phosphate as monodentate and 

bidentate configurations through molecular dynamic simulation, and the results 

suggested that the bidentate configuration was favorable in the (101), (010) and 

(100) planes, whereas the monodentate configuration was more stable in the (210) 

and (001) planes. Kubicki et al. (2007) also showed that the Gibbs free energy of 
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adsorption (ΔGads) for monoprotonated and biprotonated arsenate on bioctahedral 

ferric hydroxide and biprotonated arsenate showed lower ΔGads than the 

monoprotonated arsenate complex. Based on the simulation results, it was inferred 

that the speciation and structural configuration of each oxyanion would lead to a 

thermodynamically preferential adsorption mechanism on each plane of the iron 

(hydr)oxide surface, and the overlaid result was only observable from the various 

adsorption mechanisms. Based on the inference, a sudden decrease in CEAs(V),P(V) 

could be explained as a result of the difference in the thermodynamic stabilities of 

the structural configuration for each oxyanion on each iron (hydr)oxide surface, i.e., 

the promotive effect derived from the difference in the sorption mechanisms of each 

oxyanion. The promotive and competitive effects are illustrated in Fig. 5-8. In the 

figure, chemicals A and B are the oxyanions, which are mono- and divalent ions 

and have two and three sorption mechanisms via inner- and outer-sphere 

complexations. At low surface loading (CT=2), there is unoccupied space in the 

sorbent; thus, no competitive effect (CEA,B=0) or preferential sorption (CSRA/B=1) 

was observed. At CT=4, we observed two types of sorption mechanisms for 

chemical A, three types for chemical B, and three types for the A+B mixture. It was 

assumed that the IS complex of chemical A (ISA) is not thermodynamically 

favorable when competing with the IS complex of chemical B with the bidentate 

configuration (ISB); thus, only the OSA complex was found in the A+B mixture, but 

both the IS and OS complexes were found in chemical B. In addition, chemical B 

has two OS complex types, the electrostatic pair interaction with the sorbent (OSB-

type 1) and the electrostatic pair with the sorbent and Na+ ion (OSB-type 2). In the A+B 

mixture, four chemicals were observed at the surface, and 7 chemicals were 

observed in the A and B treatments; thus, the CEA,B was calculated as -0.07, which 

indicates the promotive effect of changing the adsorption mechanism of chemical B.  
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Fig. 5-8 Schematic illustration for the isotherm adsorption, competitive sorption 

ratio (CSR) and competitive effect (CE) on two chemicals, A and B, with 

increasing surface loading. IS and OS denote the inner- and outer-sphere 

complex, respectively. We assumed that chemical A has only one type of IS 

and OS interaction with the sorbent, while chemical B has two types of OS 

interaction with one IS interaction. 
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There was no preferential sorption because all chemicals were adsorbed. 

 In our experiment, a dramatic increase in the CEAs(V),P(V) was observed with 

the promotive effect, and ΓCE=0 was defined as where the degrees of the promotive 

effect and competitive effect are equal. In Fig. 5-8, CT=6 describes ΓCE=0, but the 

surface loading was used instead of the surface density because the difference in 

surface loading could not be shown in this example. At this point, the promotive 

effect is equal to the CT=4 condition; however, competition was introduced, and the 

competitive effect counterbalanced the promotive effect. The CSRA/B decreased to 

0.33 because more chemical B was adsorbed on the surface than chemical A. After 

ΓCE=0, an increase in the CEA,B was also observed due to the change in the OS 

complex in chemical B. With increasing concentration, OSB-type 2 is more favorable 

for all OS complexes; thus, three OSB-type 2 were formed, and nine chemicals were 

adsorbed in the single treatments of A and B, whereas only four chemicals were 

adsorbed in the A+B mixed treatment. As a result, CEA,B increased to 0.06. 

 With the interpretation of the example, it is possible to explain the 

experimental results. Similar patterns were observed in goethite and magnetite at all 

pH conditions: CEAs(V),P(V) was zero at low surface density and decreased with 

increasing surface density; then, it increased after ΓCE=0. The ΓCE=0 values of 

goethite at pH 4, 7 and 10 were 1.8, 1.7 and 1.2 molecule nm-2, respectively, and the 

ΓCE=0 values of magnetite were 4.9, 1.9 and 1.7 molecule nm-2, respectively. The 

ΓCE=0 values of maghemite at pH 7 and 10 were 2.3 and 1.4, respectively. An 

increase in pH led to a decrease in ΓCE=0, and we observed that the degree of the 

decrease significantly differed depending on the iron (hydr)oxide and pH. The 

results show that there are no promotive or competitive effects when the surface is 

unsaturated with a low concentration of chemicals and that increasing the surface 

loading from the low concentration leads to a greater increase in the total adsorbed 
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concentration than the sum of the individually adsorbed concentrations. This 

phenomenon is called a promotive effect because there is an increase in the 

adsorbed concentration. Then, the ΓCE=0 point appears, where the promotive effect 

and competitive effect are counterbalanced. At high surface loading, the total 

adsorbed concentration is less than the sum of the individually adsorbed 

concentrations, and the competitive effect would be greater than the promotive 

effect; thus, a positive value should be obtained.  

 

5.3.4. Iron oxide stability with the presence of oxyanions 

 The adsorption characteristics and the stability of the sorbent are crucial to 

estimate the bioavailability and leachability of oxyanions in the soil environment. 

There are three main types of iron in the aqueous phase after the centrifugation and 

filtration, colloidal iron oxide less than 200 nm (because a 0.2 µm filter was used), 

aqueous iron-oxyanion complexes and iron ions. However, quantification of their 

abundance was not possible due to difficulty in obtaining measurements. Thus, the 

results were interpreted using three rules from previous studies. Numerous studies 

reported the effect of pH on iron dissolution and revealed that more ferric ions 

would be released at a low pH condition (Cornell and Schwertmann, 2003; Panias et 

al., 1996; Schwertmann, 1991). If the solution pH was close to the PNZC of the 

colloidal particle, then the precipitation would increase; thus, the concentration of 

colloidal iron oxide would decrease. In contrast, if the solution pH was not close to 

the PNZC, then the colloidal particles would increase. Ferric arsenate or the ferric 

phosphate complex have been reported as a pathway of interaction between iron 

oxide and aqueous phosphate in the soil environment (Du et al., 2014; Jia and 

Demopoulos, 2008; Wang et al., 2016). Yang et al. (2015) revealed that increasing 

pH led to the ferric arsenate complex above pH 2.38, and the formation of the 
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FeAsO4 complex from Fe3+ and H2AsO4- ions yielded -448.2 kJ mol-1 of Gibbs free 

energy, indicating the thermodynamic stability of the ferric arsenate complex. For 

this reason, the iron dissolution rate at a high pH condition was mainly caused by 

the ferric arsenate complex. 

 The iron dissolution rate is demonstrated in Fig. 5-9 for the single arsenate 

or phosphate treatments and the mixed treatment in goethite, hematite, maghemite 

and magnetite at a 10-mM concentration. The iron dissolution rates at different 

concentrations were also measured, but illustration of the concentration effect was 

too complex; thus, the pH and oxyanion input types were focused on. To summarize 

the concentration effect, in most conditions, a higher concentration of the arsenate, 

phosphate or mixed treatments led to a decrease in the iron dissolution rate, except 

for goethite (data not shown). Regarding the effect of the pH and oxyanion, the 

maximum iron dissolution rate was observed at pH 4, except for goethite, and was 

0.021, 0.020 and 0.042 µmol m-2 h-1 for hematite, maghemite and magnetite, 

respectively, under phosphate treatment. Interestingly, goethite showed a maximum 

iron dissolution rate at pH 10 with the mixed treatment, and bernalite formation was 

observed with the presence of arsenate or phosphate, which was identified in 

previous studies (Han and Ro, 2018). From the HRTEM measurement, we 

identified the size of the bernalite formation as approximately 30 nm at the high pH 

condition with high concentrations of arsenate, phosphate or the mixture, which was 

the reason for the high iron dissolution rate in goethite at pH 10.  

 In most conditions, except for the goethite treatment with a high pH, the 

iron dissolution rates of the arsenate treatments were lower than or similar to those 

of the phosphate or mixed treatments. The phosphate and mixed treatments showed 

no significant difference for hematite and magnetite, and the minimum iron 

dissolution rate occurred at pH 7. A general pattern was observed, showing a 
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decrease in the iron dissolution rate with increasing pH, mainly caused by the 

reduction in ferric ion dissolution from the iron (hydr)oxide surface. An increase in 

the iron dissolution rate with increasing pH was observed in the hematite and 

magnetite, and it was inferred that the formation of ferric arsenate or ferric 

phosphate resulted in the increase in the iron dissolution rate with increasing pH. 

The iron dissolution rate of the mixture in maghemite and magnetite showed similar 

patterns that were distinctive from that in the presence of arsenate. The arsenate 

treatments showed a lower iron dissolution rate than the phosphate or mixture 

treatments, but the iron dissolution rates of the arsenate and phosphate treatments 

were similar for magnetite. Similar results were found in previous studies. Khoe and 

Robins (1988) measured the formation constant of ferric arsenate and ferric 

phosphate as -1.34 and 0.78, respectively. Kuzin et al. (2013) observed an increase 

in the iron dissolution rate with the addition of phosphate, whereas Paige et al. 

(1997) observed a decrease in the iron dissolution rate with the presence of arsenate, 

caused by surface precipitation. Based on previous studies, the combination of the 

rate of ferric-oxyanion formation and surface precipitation controls the iron 

dissolution rate. In addition, the magnetite and maghemite did not show significant 

differences, and it was presumed that the reduction of arsenate and oxidation of the 

magnetite surface led to such an effect. 

 An extremely distinctive pattern of the iron dissolution rate was observed 

as a function of pH, iron (hydr)oxide and surface loading, and the individual 

patterns were difficult to explain based on the current study. However, bernalite as a 

colloidal iron hydroxide has been found, which would cause the previously reported 

colloidal mobilization of arsenate and phosphate (Zhang and Selim, 2007), and a 

high level of phosphate would facilitate the iron dissolution compared with the 

arsenate-rich conditions in most treatments. The hematite showed relatively  
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Fig. 5-9 The average of iron dissolution rates (nmol m-2 h-1) at 10 mM of the 

arsenate (red), phosphate (blue) and mixture (black) treatments as a function 

of pH on goethite (a), hematite (b), maghemite (c) and magnetite (d). The 

error bar indicates the standard deviation of the iron dissolution rates at a 10-

mM oxyanion concentration.
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superior stability with the change in pH and oxyanion than the other iron 

(hydr)oxides. In addition, our results suggest that the oxyanion could work as a 

protector or a destroyer of nanosized iron (hydr)oxide in the soil environment. 

Environmental problems, such as soil acidification or nutrient depletion, would 

decrease the stability of iron (hydr)oxide in the soil, which would thus accelerate 

soil degradation by releasing the iron (hydr)oxide from the soil. 

 

4 Conclusion 

 

 In this study, adsorption isotherms were determined by changing the pH of 

four synthetic nanosized iron (hydr)oxides, and the results were compared by 

employing the CSR and newly proposed CE to better interpret the competitive 

adsorption in this study and previous studies. Single or mixed treatments of arsenate 

and phosphate yielded different results as a function of the pH and the type of iron 

hydroxide. Arsenate was preferentially adsorbed at a low pH, and phosphate was 

dominant at a high pH. The CEAs(V),P(V) was close to zero at low surface density and 

sequentially changed to a negative then positive value with increasing surface 

density due to promotive and competitive effects. Transformation from goethite to 

bernalite was identified at high pH with the presence of an oxyanion, and the iron 

(hydr)oxides showed resistance upon the addition of an oxyanion and a change in 

pH. In the presence of phosphate, arsenate or both and at low pH, the stability of 

iron (hydr)oxide decreased.  

 In the real environment, oxyanions always compete with each other at 

different concentrations, pH values and adsorbents, but the detailed mechanisms of 

competition are not fully understood. However, our investigation revealed that the 

environmental variables are interconnected, and this significantly affects the 
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adsorption characteristics of oxyanions in the soil environment. The hematite 

showed a significant promotive effect regardless of the pH, and it could more 

effectively reduce problems caused by overfertilization compared to the other iron 

(hydr)oxides. We focused on the competitive adsorption at equal concentrations of 

arsenate and phosphate; in the future, the competitive adsorption at nonequal 

concentrations with a more complex composition must be described to interpret the 

natural phenomenon in the soil environment.  
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Abstract 

 

 Recent developments in analytics using infrared spectroscopy enabled the 

identification of the adsorption mechanism at the interface, but it is applicable only 

for simple systems. In this study, I developed an experimental procedure to measure 

preferential adsorption of phosphate on the binary sorbents of goethite and 

maghemite before and after dehydration using batch experiment, in-situ attenuated 

total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) and field 

emission scanning electron microscopy (FE-SEM) with energy dispersive X-ray 

spectroscopy (EDS) (FE-SEM/EDS). Maximum adsorption capacity for phosphate 

of goethite at pH 4 was about 1.2 times as high as that of maghemite. I observed the 

uniform layer in maghemite and heterogeneous layer with aggregates (up to 6 µm) in 

goethite, and confirmed no significant change in the layers during experiment. I also 

observed the spectral evolution at the interface, and calculated the fraction of 

phosphate complex on goethite and maghemite using multiple linear regressions 

(MLR) as -0.68 and 0.57, respectively, clearly showing the phosphate desorption 

from goethite and subsequent adsorption onto maghemite. I also calculated the 

fraction of the precipitate (1.2) and the complex in goethite (0.25) and maghemite 

(0.91) to describe the dehydration effect using MLR, and FE-SEM/EDS. The 

amount of phosphate adsorbed on goethite and maghemite was 0.59 and 0.83 µmol 

mg-1, respectively. I observed that phosphate adsorbed preferentially on maghemite 

over goethite, and therefore believe that this procedure would be applicable for more 

complex systems in the future to simulate the real natural reactions. 

 
Keywords 
Binary sorbent, in situ ATR-FTIR, Goethite, Maghemite, Preferential adsorption, 
Phosphate 
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6.1. Introduction 

 

 Phosphorus is one of the essential elements in the soil environment and is a 

key element for the growth of terrestrial organisms in most environments. In the past, 

phosphorus acted as a limiting factor for cultivation; however, recent developments 

in fertilization have caused over-fertilization in most agricultural regions to 

maximize agricultural productivity(Elser et al., 2007). As a consequence, the excess 

phosphorus has leached out into the water system, leading to eutrophication, creating 

serious health and environmental problems worldwide(Barberis et al., 1995; Elser et 

al., 2007). Therefore, it is essential to understand how the phosphorus interacts with 

soil components and what critical factor governs the structural configuration of 

phosphorus to retain the phosphorus in the soil environment(Kubicki et al., 2007).  

 Numerous studies have been conducted to identify the sorption mechanisms 

of phosphate (oxyanion of phosphorus) on the individual soil components or soil 

mixtures(Atkinson et al., 1974; Elzinga et al., 2012; Elzinga and Sparks, 2007; 

Kubicki et al., 2012; Parikh et al., 2014; Tofan-Lazar and Al-Abadleh, 2012; Zheng 

et al., 2012). Among the various technical and experimental schemes, in-situ 

attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) 

showed interesting results for interpreting the adsorption mechanism of phosphate 

by utilizing the evanescent wave from the total reflection at the interface between 

the ATR crystal and the singly formed metal (hydr)oxide in the aqueous phase. The 

single major problem for the data interpretation from ATR-FTIR has been the 

complex overlapped peaks from the various vibrations of the molecular structures; 

however, recent developments in computational chemistry have enabled us to 

separate the overlapped peaks and have led us to identify the structural configuration 

of the complex between oxyanions and metal (hydr)oxides(Acelas et al., 2013; 
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Kubicki et al., 2012, 2007). 

 The technologies that have been developed was not satisfactory for 

interpreting the sorption mechanism in the real environment because the in situ 

ATR-FTIR technique with computational chemistry is available only for a simple 

system, for example, one or two solutes on a single sorbent. Many studies have 

identified the structural configuration of phosphate (oxyanion form of phosphorus) 

by changing environmental conditions (pH, ionic strength and surface loading)(Arai 

and Sparks, 2001; Elzinga and Sparks, 2007; Waiman et al., 2013), and a few studies 

have already conducted the competitive adsorption of several oxyanions onto a 

single metal (hydr)oxide(Carabante and Grahn, 2010; Lindegren and Persson, 2009; 

Rahnemaie et al., 2007; Waiman et al., 2013). However, I could not find any articles 

employing dual or multiple sorbents in in-situ ATR-FTIR that could interpret the 

preferential adsorption of oxyanions onto the target sorbents.  

 For that reason, I employed phosphate as a target solute, and I selected the 

goethite and maghemite as binary sorbents, which showed significantly different 

spectra in our preliminary experiment using a single solute with a single sorbent. 

The main idea came from the experiment conducted by Tofan-Lazar and Al-Abadleh 

(2012)(Tofan-Lazar and Al-Abadleh, 2012), which showed significantly different 

spectra of phosphate on the goethite and hematite. Previous studies also identified 

the spectral change by the surface loading(Abdala et al., 2015; Daou et al., 2007; 

Kubicki et al., 2007); I employed only the high surface loading condition (0.67 

mmol g-1) from the preliminary experiment, which showed no significant changes in 

the spectrum to demonstrate the preferential adsorption on the binary sorbents using 

in-situ ATR-FTIR. In this study, I developed a simple procedure to characterize 

preferential adsorption using in-situ ATR-FTIR on the binary sorbents, tried to semi-

quantify preferential adsorption of phosphate between two sorbents, and identified 
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the dehydration effect to characterize preferential adsorption of phosphate on the 

binary sorbents of goethite and maghemite. 

   

6.2. Materials and Methods 

 

6.2.1. Physicochemical characterization 

 A rod-shaped nanogoethite (Cat. No. US3162) was purchased from US 

Research Nanomaterials (USA), and sphere-shaped nanomaghemite (Cat. No. 

544884) was purchased from Sigma-Aldrich (USA). For the characterization of the 

crystal structure, I employed X-ray diffraction (XRD) using D8 Advance (Bruker, 

Germany) with Cu Kα radiation from 5 to 90°. The XRD spectrum was compared to 

previous data from the American mineralogist crystal structure database 

(AMCSD)(Downs and Hall-Wallace, 2003). The point of net zero charge (PNZC) 

was measured using the drift method(Yang et al., 2004), and the pH was 

potentiometrically measured using Orion 5 Star (Thermo, USA) in 1:200 (W/V). A 

Brunauer-Emmett-Teller (BET) isotherm with N2 gas was applied to measure 

surface area (SA) using an ASAP 2010 (Micromeritics, USA) at 77 K. I measured 

high-resolution transmission electron microscopy (HR-TEM) for morphology and 

elemental concentration characterization. All characteristics of nanosorbents are 

summarized in Table 7-1, and the XRD diffractogram and HR-TEM image are 

illustrated in Fig. 6-1 and 6-2, respectively.  

 

6.2.2. Adsorption isotherm  

 THE phosphate adsorption isotherm was measured by varying the pH (4 

and 7) and surface loading (0, 0.11, 1.1, 5.5 and 11 mM). Fifty milliliters of 

phosphate solution at different concentrations were mixed with 0.25 g of dried 
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Table 6-1 Physicochemical characteristics of goethite and maghemite.  

Iron Oxide Formula Manufacturer 
(Catalog #) Shape Crystal  

Structure pH EC PZC 
Measured 

SA  
(m2 g-1) 

Calculated 
SA  

(m2 g-1) 

Cell Volume  
(nm3) 

Proposed 
Size (nm) 

Measured 
Size  
(nm) 

Goethite FeOOH US-Nano 
(US3162) Rod isometric 5.7 0.13 5.7 84.0 113.1 0.1386 50x10 50.3x10.8 

(n=151) 

Maghemite Fe2.67O4 
Sigma-Aldrich 

(544884) Spherical isometric 5.1 0.14 4.7 35.6 23.0 0.5825 30 53.7 
(n=116) 

pH proton concentration, EC electric conductivity (µS cm-1), PZC point of zero charge, SA surface area (m2 g-1) 
pH and EC were measured at 1:200 (g:mL). 
PZC and SA were measured by the drift method and N2-BET method at 77K, respectively. 
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Fig. 6-1 X-ray diffraction pattern of goethite and maghemite. All peaks are indexed 

to the goethite and maghemite phase. The red bars indicate the reference 

position (red bar) from the American mineralogist crystal structure database. 
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Fig. 6-2 HR-TEM image of nanosized goethite (a) and maghemite (b). 
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goethite or maghemite in a 50 mL conical tube. All solutions contained 0.1 M NaCl 

to maintain the ionic strength, and the mixtures were agitated for 48 h using a 

vertical shaker (Daehan, Korea) at 200 rpm. The pH was readjusted with 0.1 M HCl 

or NaOH at 12 h intervals; then, the mixtures were centrifuged at 4,200 RCF for 1 h, 

and the supernatant was filtered with a 200 nm PTFE syringe filter (Advantec, 

Japan). The supernatant was acidified with a drop of 10 M HCl solution, and 

inductively coupled plasma-optical emission spectrometry (ICAP-7200, Thermo, 

USA) was used to measure the aqueous phosphate concentration. The adsorbed 

phosphate was calculated by subtracting the initial concentration from the aqueous 

concentration. The Langmuir isotherm was employed for the evaluation of the 

sorption characteristics of iron (hydr)oxides. The Langmuir model is expressed as 

follows: 

!!"  = (!!"# ∙ !! ∙ !!") (1 + !! ∙ !!")     (Eq. 6-1) 

where Qeq and Ceq are the equilibrium concentrations of phosphate on the adsorbed 

(mmol g-1) and solution (mM), respectively, while Qmax and KL are the maximum 

adsorption capacity (mmol g-1) and Langmuir constant (L mmol-1), respectively. The 

isotherm fitting was conducted with the dynamic fit function in Sigmaplot 10 (Systat, 

USA), and I constrained 0 < Qmax < 100 and 0 < KL < 1,000 and employed 1,000 fits 

with 2,000 iterations. 

 

6.2.3. in situ ATR-FTIR measurement setup 

 The goethite or maghemite was dispersed in the distilled water at 1 g L-1, 

and 0.75 mL of dispersions of goethite and maghemite were placed on the ZnSe 

ATR crystal (77 x 8 x 2 mm and 45° cut edges, Piketech, USA) side by side to form 

binary sorbent layers. The ATR plate was placed under room temperature 

(controlled to 25 ± 2 °C) and dried at least 24 h before the experiment. A P solution 
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containing 1 mM NaH2PO4 and 10 mM NaCl was prepared, and the pH of the P 

solution was adjusted to 4.0 with 0.1 M HCl or NaOH solution. The P adsorption 

kinetics at the interface and the spectra of dried samples were measured. The 

experimental scheme is illustrated in Fig. 6-3 for better description. Two layers on 

the single ZnSe crystal was prepared, and only goethite layer was reacted with 0.5 

mL of P solution. The spectral changes on the single goethite layer were measured to 

identify the adsorption kinetics and the dehydration effect of phosphates. After 

dehydration of the goethite layer, additional 0.5 mL of P solution was added to the 

single maghemite layer to measure the corresponding spectral changes. After 

dehydration of the single maghemite, 1.5 mL of distilled water was added to soak 

goethite and maghemite layers together to measure the adsorption kinetics and the 

dehydration effect on the binary sorbents. There is an approximately 9 mm gap 

between the two sorbents. Thus, 1.5 mL of DW was added instead of 1 mL to make 

the bridge between the sorbents and to extend the reaction time. All spectra were 

collected by IR tracer-100 (Shimadzu, Japan) equipped with Deuterated TriGlycine 

Sulfate detector. Sixty-four scans were co-added at a resolution of 4 cm-1 under 

atmospheric conditions. Happ-Genzel apodization was employed, and the aperture 

was set to 3. The time interval between each of the spectra was approximately 96 sec. 

All spectra were collected by IR solution software (Shimadzu, Japan), and spectral 

processing was conducted using Essential FTIR software (Operant LLC, USA). All 

analytical chemicals were purchased from Sigma-Aldrich (USA) at a high purity 

grade.  

 

6.2.4. Identification of sorbent concentration 

 It is important to know the sorbent concentration for an adsorption 

experiment, and the concentration could be obtained easily in the traditional  
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Fig. 6-3 Schematic diagram of experimental setup, spectral measurement and data 

processing for characterizing the preferential adsorption using in situ ATR-

FTIR in the binary adsorbents. 
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adsorption experiment. However, it is extremely difficult to know the sorbent 

concentration passed through the evanescent wave in the in-situ ATR-FTIR 

measurement. Because only 8 mm of distance was allocated to each evanescent 

wave from total reflection, and the diameter of infrared light is determined by the 

FTIR instrumental conditions such as aperture size and alignment. The aperture size 

can easily be controlled, but the alignment is extremely hard to control and easily 

shifted by little perturbation. Thus, it is very difficult to maintain the constant 

condition of sorbent concentration. For that reason, the sorbent concentration was 

calculated using MLR, and the thickness and atomic composition were confirmed 

using a field emission scanning electron microscope (FE-SEM, SIGMA, Carl Zeiss, 

Germany) equipped with energy dispersive spectroscopy (EDS). For the calibration 

between the layer volume in the evanescent wave and absorbance, spectra of single 

goethite layer or a maghemite layer was measured, which is single-covered over the 

whole ZnSe surface (approximately 530 nm2) with 1.2 mL of dispersion to calculate 

relative sorbent concentration in the evanescent wave with ZnSe crystal background. 

Multiple linear regression (MLR) analysis was applied to calculate the individual 

fraction of goethite and maghemite from the binary sorbents. The MLR is simply 

expressed as: 

!(!"!!"),!,!!!"#$! = !!",!,!!!"#$! ∙ !!" + !!",!,!!!"#$! ∙ !!"  (Eq. 6-2) 

where AGt,λ, AMm,λ and A(Gt+Mm),λ are the absorbances of a single goethite, single 

maghemite and binary goethite and maghemite at the wavelength (λ) while fGt and 

fMm are the fraction of goethite and maghemite layer in the binary system, 

respectively. Based on eq. (6-2), the individual absorbance of the goethite and 

maghemite layers was identified under the path range of the evanescent wave in the 

experiment, and the absorbance easily converted to sorbent concentration using the 

calibration mentioned above.  
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6.2.5. Adsorption kinetics in single and binary sorbents 

 The phosphate adsorption kinetics was measured in single goethite by 

adding 0.5 mL of the P solution to the single goethite with time-series measurement 

of the ATR-FTIR spectra. The adsorbed phosphate on the single goethite at time x 

(A(P~Gt),λ,t=x) was calculated using the following eq. (6-3); 

!(!~!"),!,!!! = !((!!!")!!!),!,!!! − !((!!!")!!!),!,!!!"!#!$%  (Eq. 6-3) 

 The A((P+Gt)+Mh),λ,t=x and A((P+Gt)+Mh),λ,t=initial are the overlapped ATR-FTIR 

spectra of the P solution on the single goethite with the dried absorbance of single 

maghemite at time x and initial time, respectively. The subscript of (P~Gt) and 

((P+Gt)+Mh) indicate the spectrum of phosphate complex on the single goethite and 

overlapped spectrum of P solution and two single sorbents, respectively. The 

subscript of t=initial was used instead of t=0 because the water molecule could not 

immediately saturate the pore space of the sorbent after adding the P solution. It 

needed time for the saturation, and I defined the t=initial as no more increase of 

water peaks in ATR-FTIR spectra while the t=final was the last absorbance before 

starting the decrease of water peaks in ATR-FTIR spectra because of evaporation of 

the water molecules in the path of the evanescent wave. I also defined the t=dried as 

no more decrease of water peaks in the spectra because of the complete drying, and I 

discussed the spectra with t=dried below the section. After completely drying the 

phosphate adsorbed single goethite, the spectrum of the adsorbed phosphate on the 

single maghemite (A(P~Mh),λ,t=x) was calculated using the following eq. (6-4): 

!(!~!!),!,!!! = !((!/!")!(!!!!)),!,!!! − !((!/!")!(!!!!)),!,!!!"!#!$%   (Eq. 6-4) 

  The A((P/Gt)+(P+Mh)),λ,t=x and A((P/Gt)+(P+Mh)),λ,t=initial are the overlapped spectra of 

the P solution on the single maghemite with the dried and phosphate-adsorbed single 

goethite at time x and initially, respectively. The subscript of (P/Gt) indicates the 
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spectrum of the dried and phosphate-adsorbed single goethite. Based on the 

proposed procedure, the spectral evolution of the phosphate complex in the single 

goethite and single maghemite was obtained, sequentially. 

 The phosphate adsorption kinetics was also measured by adding 1.5 mL of 

the distilled water (DW) to the binary goethite and maghemite. In this experiment, 

phosphate-adsorbed goethite and maghemite was used, and I connected the two 

sorbents with the water bridge to cause desorption and dissolution of adsorbed and 

precipitated phosphate. Finally, the preferential adsorption was happened over the 

two sorbents. The spectrum of adsorbed phosphate on the binary sorbents at time x 

(A(P~(Gt+Mh)),λ,t=x) was calculated following eq. (6-5): 

! !~ !"!!! ,! ,!!! = ! !"! !
!" ! !

!! ,! ,!!! − !(!"!(!/!")!(!/!!)),! ,!!!"!#!$%        (Eq. 6-5) 

 The A(DW+(P/Gt)+(P/Mh)),λ,t=x and A(DW+(P/Gt)+(P/Mh)),λ,t=initial are the overlapped 

spectra of the DW on the phosphate-adsorbed goethite and maghemite at time x and 

initially, respectively. For the separation of individual spectra, I applied MLR 

analysis with 2 parameters according to the following eq. (6-6): 

 !(!~(!!!!")),!,!!!"#$% = !(!~!"),!,!!!"#$% ∙ !(!~!"),!!!"#$% + !(!~!"),!,!!!"#$% ∙

!(!~!"),!!!"#$%       (Eq. 6-6) 

 where A(P~(Gt+Mm)),λ,t=final, A(P~Gt),λ,t=final and A(P~Mh),λ,t=final are the absorbance of 

the adsorbed phosphate before starting the decrease of the water bands in the binary 

sorbent, single goethite and single maghemite, respectively. The f(P~Gt),t=final and 

f(P~Mm),t=final are the fraction of the two adsorbed phosphates in the single goethite and 

maghemite, respectively.  

 

6.2.6. Drying effect in single and binary sorbents 

 The spectra of the dried binary sorbents without phosphate (A(Gt+Mm),λ) was 

masured above, and I also measured the dried and phosphate-adsorbed spectra on the 
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single goethite (A((P/Gt)+Mh),λ,t=dried), single maghemite (A((P/Gt)+(P/Mh)),λ,t=dried) and binary 

sorbents (A(P/(Gt+Mh)),λ,t=dried) after measuring the kinetic studies. I dried the sorbent at 

least for 2 h after the disappearance of the water bands in the ATR-FTIR spectra. I 

separated the phosphate complex absorbance from the overlapped spectra with the 

phosphate complex and sorbents by following eq. (6-7), (6-8) and (6-9) for acquiring 

the absorbance of only the phosphate complex on the single goethite (A(P|Gt),λ,t=dried), 

single maghemite (A(P|Mh),λ,t=dried) and binary sorbents (A(P|(Gt+Mh)),λ,t=dried), 

respectively; 

!(!|!"),!,!!!"#$! = !((!/!")!!!),!,!!!"#$! − !(!"!!!),!    (Eq. 6-7) 

!(!|!!),!,!!!"#$! = !((!/!")!(!/!!),!,!!!"#$! − !((!/!")!!!),!,!!!"#$!   (Eq. 6-8) 

!(!|(!"!!!)),!,!!!"#$! = !(!/(!"!!!)),!,!!!"#$! − !(!"!!!),!    (Eq. 6-9) 

 I also dried 0.5 mL of the P solution without the sorbent on the ZnSe 

crystal, and the spectra was measured to identify the absorbance of phosphate 

precipitate (AP,λ,t=dried). I tried to semi-quantify the fraction of the phosphate 

precipitate (f(P),λ,t=dried), phosphate complex on the single goethite (f(P|Gt),λ,t=dried) and 

phosphate complex on single maghemite (f(P|Mh),λ,t=dried) using MLR analysis with 3 

parameters following eq. (6-10). 

! ! !"!!" ,!,!!!"#$! = ! ! !" ,!,!!!"#$! ∙ ! ! !" ,!,!!!"#$! + ! ! !" ,!,!!!"#$! ∙

! ! !" ,!,!!!"#$! + ! ! ,!,!!!"#$! ∙ !(!),!,!!!"#$!       (Eq. 6-10) 

The MLR analysis was conducted with the dynamic fit function in Sigmaplot 10 

(Systat, USA), and I constrained 0 < f for eq. (2) and (10), but I did not constrain the 

f in eq. (6) because of absorbance decrease by the phosphate desorption. 1,000 fits 

with 2,000 iterations were employed. The predicted value and residuals of fitting 

were presented in the figures below. 
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6.3. Results and Discussion 

 

6.3.1. Physicochemical characteristics and adsorption isotherm 

 The physicochemical characteristics of the goethite and maghemite were 

summarized in Table 6-1. The goethite and maghemite were identified as rod- and 

spherical-shaped nanoparticles with 50.3x10.8 and 50.7 nm sizes using HR-TEM, 

respectively. The EC, pH and PZC were measured as 0.13 µS cm-1, 5.7 and 5.7 for 

goethite and 0.14 µS cm-1, 5.1 and 4.7 for goethite, respectively. I measured the SA 

as 84.0 and 35.6 m2 g-1 for goethite and maghemite, and I also calculated the 

theoretical surface area based on the measured size using HR-TEM and cell volume 

from the literature(Multani, 1990; Yang et al., 2006). The results were 113.1 and 

23.0 m2 g-1 for goethite and maghemite, respectively. I assumed the rectangular and 

spherical shape for the calculation, and I used the average size of the nanoparticles, 

but it was difficult to correlate the measured SA and calculated SA. However, I 

compared the trends, and opposite pattern in the measured SA and calculated SA 

was found. The calculated SA was higher than the measured SA in the goethite, but 

vice versa in the maghemite. Based on the FE-SEM/EDS and HR-TEM observations, 

more densely aggregated structure in the goethite than in the maghemite was found, 

and the rod-shaped goethite was placed side by side, which possibly decreased the 

available surface area by blocking adsorption of the N2 sorbate during the BET 

measurement. However, the spherical shape of the maghemite minimized the 

decrease in the surface area by contacting each other. Thus, the measured SA 

showed higher than calculated SA. The XRD (Fig. 6-1) and HR-TEM (Fig. 6-2) 

clearly confirmed the structure of the nanoparticles as the goethite and maghemite 

based on the AMCSD.  

 The Qmax of goethite and maghemite were calculated as 0.352 and 0.296 
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mmol g-1 for pH 4 while 0.333 and 0.227 mmol g-1 for pH 7, respectively. The KL 

values of goethite and maghemite were calculated as 8.93 and 2.13 L site-1 for pH 4 

while 5.39 and 1.56 L site-1 for pH 7, respectively (Fig. 6-4). The goethite showed 

higher Qmax than the maghemite, and the similar pattern was observed in KL. In the 

previous literature, several studies already reported the adsorption capacity of the 

goethite(Boukemara et al., 2016; Gao and Mucci, 2001; Geelhoed et al., 1997; 

Manning and Goldberg, 1996), but no study was found for the maghemite. I also 

failed to find the adsorption characteristics with other oxyanions in the maghemite. 

Our result for the goethite showed results similar to previous studies (Fig. 6-

5)(Boukemara et al., 2016; Gao and Mucci, 2001; Geelhoed et al., 1997; Manning 

and Goldberg, 1996), and I could not identify the difference in Qmax and KL based on 

the previous studies. I presume that the reason for the difference in the Qmax between 

the goethite and maghemite could be attributed not only to the difference in the 

binding affinity on the surface but also to the difference in the aggregation of 

nanoparticles via the phosphate as the bridge(Dickson et al., 2017). For that reason, I 

briefly evaluated the sedimentation by the phosphate concentration (0, 0.5 mM and 5 

mM), and I observed the phosphate concentration effect on the acceleration of the 

sedimentation on the maghemite, but no significant effect was observed on the 

goethite because the aggregates in the goethite were immediately settled in all 

phosphate concentrations (Fig. 6-6), clearly indicating that the aggregates of goethite 

were formed during the synthesis of goethite. The sedimentation result corresponds 

to the observation in the FE-SEM, below. 

 

6.3.2. Identification of sorbent thickness and morphology 

 Based on the FE-SEM observations, I confirmed the maghemite layer as a 

relatively uniform thickness on the ZnSe crystal while I observed the few µm- 
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Fig. 6-4 Langmuir adsorption isotherm of phosphate (0, 0.11, 1.1, 5.5 and 11 mM 

initial concentration) on the goethite (square) and maghemite (circle) plotted 

with adsorbed phosphate (mmol g-1) at pH 4 (red) and 7 (black) after 48 h of 

incubation. Qmax, KL and adj. R2 are maximum adsorption capacity (mmol g-1), 

Langmuir coefficient (L mmol-1) and adjusted coefficient of determination, 

respectively. Error bars indicate the standard deviation of three replicates. 
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Fig. 6-5 Scatter plot between the surface loading (molecule nm-2) and surface 

density (molecule nm-2) on the goethite from the previous literature (triangle, 

diamond, hexagon and circle) and this study (rectangle) at pH 4 (black) and 7 

(white). The axis was log-scaled for better understanding. 
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Fig. 6-6 Sedimentation photographs of nanosized goethite (Gt) and maghemite (Mh) 

at different phosphate concentrations (0, 0.5 and 5 mM) after standing for 1, 

15, 30 and 120 min. DW is the abbreviation of distilled water.  
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sized aggregates in the goethite layer, which appeared less uniform in the thickness. 

The layer thickness of goethite and maghemite were approximately 1.5 and 1.1 µm, 

respectively. The aggregates in the goethite layer were observed up to 6 µm as a 

diameter. The high magnification in FE-SEM and HR-TEM clearly confirmed that 

the µm-sized particle was the aggregate of goethite nanorods (Fig. 6-2 and 6-7). I 

found that the decrease in the pH of the goethite dispersion below pH 2 led to a 

dramatic decrease of the aggregates, but the pH was only decrease to 4 to prevent 

damage to the ZnSe crystal and to control the pH near 4, which was our target pH 

condition for the experiment. 

 The area of goethite and maghemite layers was calculated as 250 and 234 

mm2. The MLR analysis was employed using eq. (3) and the spectra of the goethite 

and the maghemite layers covered approximately 484 mm2 to identify the fraction of 

goethite and maghemite, and the fgt and fMh were 0.39 and 0.50, respectively. The 

fractions should be near the 0.42 (=0.5 mL/1.2 mL) because equal amount of 

dispersion was introduced, but I assumed that the layer formation caused the 

difference in the fraction. In addition, there was a time difference between the 

measurements, and the optic system could be fluctuating because of the alignment 

and beam condition over time. I understood that the fractions were reasonable. 

Furthermore, I also tried to identify the fgt and fMh at the end of the experiment to 

check the stability of the sorbent in the path of the evanescent wave, but there was 

an increase in the background absorbance. The background was increased during the 

experimental period, and I confirmed that the phosphate and NaCl precipitate 

increased the background level (Fig. 6-8). For that reason, I could not quantify the fGt 

and fMh at the end of experiment using MLR analysis because of the phosphate and 

precipitate peaks in the 1300-900 cm-1 region; thus, I tried to measure the integrated 

absorbance at a specific region (840-760 cm-1 for goethite and 750-680 cm-1 for 
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maghemite) with linear background correction. The average, standard deviation and 

coefficient of variation of IA840-760 calculated from three dried samples 

(A((P/Gt)+Mh),λ,t=dried, A((P/Gt)+(P/Mh)),λ,t=dried and A(P/(Gt+Mh)),λ,t=dried) were 9.07, 0.13 and 1.46 % 

while IA750-680 was 3.94, 0.089 and 2.26 %, respectively. Based on the result, I 

concluded that there was no significant change in the iron oxide layers over time in 

this experiment.  

 

6.3.3. Kinetic studies on single sorbent and binary sorbents 

 The time-course patterns of the ATR-FTIR spectra at the interface between 

the iron (hydr)oxides and aqueous phase with 1 mM phosphate solution before and 

after dehydration (evaporation) of all water molecules from the iron (hydr)oxide 

surface were measured. In the interfacial measurement, I could not reach the 

equilibrium state because the concentration of aqueous phosphate continuously 

increased because of the evaporation of the solution. I chose not to prevent the 

evaporation by employing a closed system reactor because the objective of this study 

was to demonstrate the idea of easily measuring the preferential adsorption on binary 

sorbents. For that reason, I should keep in mind that the interfacial measurement was 

under the non-equilibrium conditions by continuously increasing the phosphate 

concentration and evaporation of water from the solution. 

 The spectral evolution was illustrated by the time increase in the single 

sorbent and binary sorbents in Fig. 6-9. For better comparison of the spectra, I chose 

to collect a certain time in the spectra from the successive measurements. In Fig. 6-9, 

I only chose the spectra without the change in the absorbance of water peaks, 

because the evaporation was allowed in the experiment. Thus, there would be the 

different volumes of water at the marginal and center areas. In addition, the 

difference in the absorbance of water led to the significant alteration in the  
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Fig. 6-7 Micro-scale image of the goethite surface (a) and maghemite surface (b) on 

the ZnSe crystal, 20-degree tilted image of goethite layer (c) and maghemite 

surface (d) on ZnSe crystal by SE2 mode under 25 kV using FE-SEM, and 

nanoscale image of the goethite (e) and maghemite film (f) by InLens mode 

under 2 kV.  
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Fig. 6-8 Stitched image of FE-SEM at 100 x magnification using SE2 mode (a), 

mapping image of FE-SEM-EDS at 30,000 x magnification at dark spot (b) 

and crystal structure (c). The right side is the marginal part of the maghemite 

layer, and the left side is the direction to the center part of layer. The red and 

blue boxes in (a) indicate the location of the mapping image (b) and (c), 

respectively. 
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Fig. 6-9 Evolution of time series ATR-FTIR spectra of 1 mM phosphate on the 

single goethite (a), single maghemite (b) and binary mixture (c) at different 

times up to 3 h after phosphate addition. The spectrum was calculated by 

subtracting the spectra at each time from the initial spectra after water 

saturation, and we employed only the spectra, which maintained the 

absorbance of the water molecule. The time for constant absorbance of the 

water molecule was 48, 74 and 96 min for single goethite, single maghemite 

and binary sorbent, respectively. The arrow line indicates the sequential 

increase of absorbance over time while the dotted line means the fluctuation in 

the absorbance over time.   
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background of the ATR-FTIR spectrum, and it was complicated to isolate a 

meaningful signal under the different background conditions. For that reason, I 

defined the time without fluctuation in the water peak as the observed time of the 

kinetic study, and I also defined the initial (t=initial) and final time (t=final) as the 

start and end with no fluctuation of the water peak in the spectrum over time. In the 

result, the observed time of the kinetic study (t=final - t=initial) was 48, 74 and 96 

min for single goethite, single maghemite and binary sorbents. I understood that the 

binary sorbents would take a longer time in decreasing the water because 0.5 mL 

was added for single goethite or maghemite while 1.5 mL for the binary mixture was 

added to make a water bridge between the two sorbents and to give a longer time for 

the preferential adsorption to occur. However, I did not expect 1.54 times higher 

observed time for the kinetic study of maghemite over the goethite. Based on the 

FE-SEM observations, I identified that the porous structure in maghemite would 

prevent the evaporation of the water molecule by decreasing the contact area of the 

water with the atmosphere. 

 Three peaks in the single goethite or maghemite were identified, and I 

observed the increase of peaks at 1130, 1070 and 1012 cm-1 with a time increase in 

the goethite while peaks at 1079, 990 and 935 cm-1 were increased in the maghemite 

(Fig. 6-9a and 6-9b). The peaks at 1012 and 1079 cm-1 were highest in the goethite 

and maghemite, and the absorbance at 1079 cm-1 of maghemite was 2.4 times higher 

than the absorbance at 1012 cm-1 of goethite. The difference was calculated in IA at 

1300 to 900 cm-1 from initial to final time, and the IAGt,1300-900 and IAGt,1300-900 of the 

single goethite and maghemite was 0.777 and 3.809, respectively. It is impossible to 

compare the absorbance or IA directly, because of the difference in molar 

absorptivity of the complex and the area of the sorbent, but if I presumed that there 

would no significant difference in the molar absorptivity, the maghemite had more 
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inner-sphere complex than the goethite. The absorbance from the outer-sphere 

complex or phosphate ion in the solution was not considered because we could not 

detect significant signal using 1 mM P solution (data not shown). Thus, I considered 

that the absorbance was caused mainly by the inner-sphere complex of phosphate. In 

the adsorption isotherm, the goethite showed 1.19 times higher Qmax than the 

maghemite, and two results from the isotherm and ATR-FTIR showed the 

possibility of a opposite adsorption pattern. 

 In the binary sorbents experiment, it showed a more complicated spectrum 

than the single sorbent experiment (Fig. 6-9c). The similar peaks with the single 

sorbent were found, but only gradual increase in the single sorbent was found while 

the fluctuation in the absorbance with time increase in the binary sorbents was 

observed. The gradual increase was illustrated in the single sorbent and the 

fluctuation in the binary sorbents in Fig. 6-10 for the comparison. I observed 

different pattern in the spectral evolution in the single sorbent because the goethite 

showed a saturated curve while the maghemite showed a linear curve. In addition, 

there was no peak shifting in the single sorbent (Fig. 6-9a and 6-9b), which indicated 

that a single adsorption mechanism or several adsorption mechanisms at an 

equivalent ratio were involved in the adsorption. In the binary sorbents, I found the 

decrease of absorbance initially in 1012 and 1079 cm-1, and it gradually increased 

over time. The peaks found in the goethite of binary sorbents decreased slightly, 

then increased over the time, and the peaks found in the maghemite of the binary 

sorbents were quickly decreased and dramatically increased over the time. Based on 

these results, I presumed that the phosphate adsorbed onto the maghemite more 

preferentially adsorbed than the goethite, and I tried to quantify using MLR analysis. 

Two parameters were set, which are the spectra from the single goethite and the 

single maghemite to calculate the fraction of desorption from the goethite and  
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Fig. 6-10 Absorbance over time at 1012 cm-1 in the single goethite (black circle), 

1012 cm-1 in the binary sorbents (white circle), 1079 cm-1 in the single 

maghemite (black rectangle) and 1079 cm-1 in the binary sorbents (white 

rectangle). The absorbance was calculated by subtracting the absorbance at 

each time from the initial absorbance after water saturation from t=initial to 

t=final, which is the observed time without the change in the water peak in the 

spectra.  
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adsorption on the maghemite. As a result, the fP/Gt,1300-880,t=48min and fP/Mm,1300-880,t=96min 

were -0.68 and 0.57, and the values clearly indicated the desorption from the 

goethite and adsorption onto the maghemite. I presumed the reason for the relatively 

poor prediction (adjusted r2=0.64) was because the adsorption spectrum was 

employed for estimating desorption and adsorption. In addition, there was the 

possibility of spectral shifting by changing the type of inner-sphere complex, but I 

found that the peaks in the binary sorbent experiment were highly correlated with 

the single sorbent experiment. Based on the results, it was reasonable to explain that 

the spectral evolution was caused by the preferential sorption of phosphate occurring 

on the maghemite surface with desorption from the goethite in the binary sorbent 

experiment compared with a single sorbent experiment.  

 

6.3.4. Drying effect in single sorbent and binary sorbents  

 Three ATR-FTIR spectra after drying the single goethite or maghemite 

with phosphate adsorption, binary sorbents with phosphate adsorption, and 

phosphate precipitate on the ZnSe crystal without sorbent were measured (Fig. 6-11). 

The single goethite or maghemite without phosphate adsorption was also measured 

(Fig. 6-12). The reason for measuring phosphate precipitate was that the evaporation 

would lead the precipitation from both outer-sphere complex and aqueous phosphate, 

and the binary sorbents would yield more or less precipitate than the single sorbent 

experiment. I calculated A(P|Gt),λ,t=dried, A(P| Mh),λ,t=dried and A(P|(Gt+Mh)),λ,t=dried according to 

eq. (6-7), (6-8) and (6-9), respectively. In Fig. 6-11, I illustrated the A(P|Gt),λ,t=dried, 

A(P|Mh),λ,t=dried and A(P|(Gt+Mh)),λ,t=dried from the measurement, and the predicted value 

and residuals using MLR analysis was listed (eq. (6-10)), and the adjusted r2 was 

0.988. The A(P|Gt),λ,t=dried and A(P| Mh),λ,t=dried were the overlapped absorbance from the 

inner-sphere complex and precipitate (sum of the outer-sphere and aqueous 
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phosphate). Thus, it was impossible to separate the individual fraction of the inner-

sphere complex and precipitate, but it could quantify the increase or decrease of the 

inner-sphere complex. In the MLR analysis, there should be two prerequisites: 1) 

there was no spectral change from the single sorbent to binary sorbents except the 

effect of the precipitate; 2) the outer-sphere complex and aqueous phosphate had the 

same spectrum by the precipitation. The MLR analysis was performed according to 

Eq. (6-10), and the f(P|Gt),λ,t=dried, f(P|Mh),λ,t=dried and f(P),λ,t=dried were 0.25, 0.91 and 1.20, 

respectively. I found a dramatic increase in the f(P),λ,t=dried and dramatic decrease in 

the f(P|Gt),λ,t=dried while the f(P|Mh),λ,t=dried showed no significant change compared with 

the others. If there was no preferential adsorption and additional precipitation, the 

f(P|Gt),λ,t=dried and f(P|Mh),λ,t=dried should be close to 1 while f(P),λ,t=dried should be close to 0. 

However, I did a single goethite and maghemite experiment in the area of 250 and 

234 mm2 while the total area of ZnSe was 616 mm2. Therefore, there was 

approximately 86 mm2 for ZnSe surface where the DW was overlaid for making a 

bridge between the two sorbents, and there was 46 mm2 as a marginal space where 

no DW and sorbent was overlaid. In the ZnSe surface overlaid with DW, there was 

the possibility of the precipitation from the desorbed and dissolved phosphate on the 

ZnSe surface between the two sorbents. I also examined the water movement to the 

two sorbents by the drying, because the small gradient on the crystal led to more P 

solution on the maghemite, and it caused the greater phosphate loading. However, I 

observed that an approximately equal amount of water was moved to the two 

sorbents after splitting the water bridge. 

 Based on these results, I inferred that the phosphate on the goethite 

dramatically decreased while the phosphate on the maghemite was stable, but I 

could not separate the fraction of precipitate for both sorbents and the ZnSe crystal. 

To solve the problem, I employed FE-SEM analysis equipped with EDS. The P/Fe 
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atomic ratio of the binary sorbent experiment by FE-SEM/EDS was 0.0521 on the 

goethite and 0.0656 on the maghemite. It was layered each 0.75 mg of each sorbent, 

and the Fe concentration of the goethite (FeOOH) and maghemite (Fe2.67O4) was 

1.125 and 1.253 mmol g-1. Thus, the adsorbed phosphate was 0.44 and 0.62 µmol for 

the 0.75 mg of goethite and maghemite, respectively. I could not detect the 

precipitate on the ZnSe crystal, and it was presumed that the solubility of sodium 

phosphate (118 g L-1) was higher than the experimental conditions (0.156 g L-1), and 

if we considered the drying effect, the charged phosphate was precipitated at the 

sorbent surface, where the water molecules were last retained. In addition, I found 

no significant difference in the P/Fe atomic ratio between the margin and center of 

the layers in all experiments (data not shown). However, the gradient distribution of 

NaCl precipitate was found, and the concentration and size of the NaCl precipitate 

was higher at the marginal part of the layer, and it gradually decreased at the center 

(Fig. 6-8). As a result, the adsorbed phosphate on the maghemite was 1.4 times 

higher than on the goethite, and a similar result with the ATR-FTIR experiment was 

observed. In addition, a total of 1 µmol of phosphate was introduced, and there was a 

total of 1.06 µmol from the FE-SEM/EDS analysis, and the recovery was 106 %, 

which was a satisfactory result considering the relatively high error of the FE-

SEM/EDS measurement. 

 

6.4. Conclusions 

 In this study, I demonstrated how to measure the preferential adsorption of 

phosphate on the binary goethite and maghemite surface. I developed the 

experimental procedure to measure the preferential adsorption using in situ ATR-

FTIR, and I measured the spectral evolution to identify the phosphate adsorption on 

the single sorbent, and binary sorbents with the drying effect on the preferential 



 

 6-42 

adsorption. Based on the kinetic study at the interface, and MLR analysis with FE-

SEM/EDS in the dried samples, I confirmed that the water bridge between two 

sorbents led to phosphate desorption from the goethite and adsorption on the 

maghemite. As the result, the phosphate preferentially adsorbed on the maghemite 

rather than the goethite, and I clearly observed the spectral difference of the 

phosphate complex between the interface and dried measurement, and it implied that 

the phosphate complex would be different under the dried condition.  

 In the real environment, a soil is the mixture of uncountable components, 

and various chemicals interact with the numerous surfaces of the soil components. It 

is easy to examine the total concentration of target chemical in a soil, but it is 

difficult to analyze the target chemical adsorption at the specific surface among the 

soil components at the interface, and it is also difficult to understand the adsorption 

mechanism when the various surfaces are available for the adsorption. The 

experimental procedure proposed in this study would enable us to observe the 

preferential adsorption on the multi iron (hydr)oxide sorbents, and it showed the 

actual preferential adsorption at the interface and in real time. There were numerous 

limitations and shortages in the experimental procedure. For example, the pH, 

equilibrium state and surface loading are known as the critical factors for governing 

the complexation at the interface, but such factor was not fully addressed. If I 

designed the reaction with an ATR crystal, it would reveal the effect of such factors, 

but I only concentrated on demonstrating the concept of measuring preferential 

adsorption using in situ ATR-FTIR. In the future, we will address such factors for 

better understanding of the adsorption mechanism, and we will increase the 

complexity of the experimental setup for more precise simulation of the natural 

reaction in the environment. 
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Fig. 6-11 The ATR-FTIR spectra of kinetic study (a) and dried samples (b). The 

spectra used in multiple linear regressions (MLR) to calculate the fraction of 

individual components. The red, blue and black solid line indicate phosphate 

spectra on the goethite, phosphate spectra on the maghemite and phosphate 

spectra on the binary sorbents of goethite and maghemite, respectively. The 

grey solid line indicates the precipitate of 1 mM phosphate solution with 10 

mM NaCl without sorbent. The predicted values (red dotted line) and residual 

(gray box) were calculated with MLR (Eq. (3)). The residual in (a) was shifted 

-0.01 for better illustration. 
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Fig. 6-12 Measured spectra of background, phosphate precipitate, dried single 

sorbent and binary sorbents (a), phosphate adsorbed and dried single goethite, single 

maghemite and binary sorbents (b), and kinetic studies from the initial and final 

single goethite, single maghemite and binary sorbents (c). The small graphs in (c) 

are the enlargement of single sorbent (d) and binary sorbent experiment (e) from the 

kinetic studies for better illustration 
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CHAPTER 7. SUMMARY AND CONCLUSION 

 

7.1. Summary 

 

 In the literature review, the importance of mutual interactions was 

explained for controlling the bioavailability of oxyanions in the rhizosphere with the 

examples from the previous studies. The transformation of iron (hydr)oxides during 

the adsorption experiment were identified, and the oxyanions, pH, and time control 

the transformation directly while the exudation from the plant also affects the 

transformation indirectly. For the structural configuration, the inner-sphere 

bidentate complex was predominant for arsenate, arsenite, phosphate, and silicate; 

the monodentate and bidentate complexes were abundant in carbonate, chromate, 

selenite, and selenate whereas only a monodentate complex was observed in sulfate. 

The competing ions, pH and surface loading significantly affected the structural 

configuration of oxyanions, and a higher surface loading with a lower sorption site 

decreased the dentation in arsenate. For competitive sorption, the CSR, RSP, and CE 

were used for a quantitative comparison. A similar pattern between the selectivity 

sequence using the RSP and previous literature was found, and the CE between 

arsenate and arsenite was increased by the surface loading increment. The organic 

acid competed with the oxyanions at low pH, and it also affected the iron 

(hydr)oxides. The pH and surface loading were the most significant factors for 

controlling competitive sorption. Based on these observations, I concluded that the 

complex with higher dentation would dominate the sorption sites during 

competitive sorption but the increase of competition or decrease of sorption site 

reduces the dentation of complex.  
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 In the experimental procedure, advantage and limitation in computational 

chemistry, infrared and X-ray spectroscopy were summarized to identify and 

understand the rhizospheric interactions among organic acids, oxyanions, and metal 

oxides. Since organic acids and metal oxides determine dynamics of oxyanions in 

the soil environment, the knowledge of fundamental mechanisms is a prerequisite 

for understanding the interactions at soil-water interface. The ATR-FTIR is a 

powerful tool to measure the interfacial reactions, but the ATR-FTIR measurements 

are abstruse in certain conditions because the optical characteristics for 

measurements are variable depending on the experimental setup. Besides, spectral 

overlapping is a primary obstacle to the analysis of the interfacial reaction; thus, it is 

essential to detect and deconvolute bands for the significant signal interpretation. 

The fundamental principles for spectrum processing and band identification 

methods were described with an example of aqueous phosphate speciation for ATR-

FTIR and sodium arsenate for XAS. But, the spectrum processing and 

computational chemistry improved interpretation and spectral deconvolution of 

overlapped spectra in a relatively simple system, but it was still unsatisfactory for 

the problems in a more complex system like nature. Based on the literature review 

and experimental procedure, the structural configuration and the interfacial 

measurement were conducted as follows. 

 The structural configuration of oxyanions on the iron (hydr)oxide 

determines its leachability and bioavailability in the soil environment. It is 

important to understand how the stability of iron hydroxide and structural 

configuration of arsenate complexes varies in response to changes in environmental 

conditions. Therefore, the effects of drying, pH and surface loadings were 

investigated on the stability of goethite and structural configuration of arsenate 

through batch experiments and TEM and XAS measurements with DFT calculation. 
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As a result, we observed no significant transformation of goethite under the most 

conditions, but TEM analysis confirmed a partial formation of bernalite in the 

presence of arsenate at pH 10, and the bernalite showed 2.18 times higher arsenate 

sorption than the goethite. Linear combination fitting of EXAFS spectrum with 

DFT calculations revealed that tridentate and bidentate complexes were dominant 

under low surface loading and pH in the sedimented samples, while monodentate 

complexes were abundant under high surface loading and pH. The transition of 

structural configuration was clearly observed with the perturbation in the arsenate 

concentration, surface loading, and pH condition. 

 The arsenate and phosphate have similar properties because of their 

electrochemical structures, but their environmental impacts are unique. Numerous 

chemicals co-exist in the soil environment at various concentrations, and their 

abundance and competition determine the bioavailability and leachability. The 

effects of pH and surface loading on the competitive adsorption between arsenate 

and phosphate were evaluated on four synthetic iron (hydr)oxides by employing the 

Langmuir isotherm and developed equations, and I assessed the stability and 

transformation of the iron (hydr)oxides. As a result, various adsorption patterns 

were observed in the single and mixture treatments by controlling the oxyanion, pH, 

surface loading and type of iron (hydr)oxides, and I employed CSR and CE 

equations, which are the equation used in the literature review. As a result, the 

arsenate was preferentially adsorbed at a low pH, while phosphate was the opposite. 

The CEAs(V),P(V) was close to zero at a low surface density (no competition), and it 

sequentially changed to negative and positive values with the increasing surface 

density, because of the sequential development of the promotive and competitive 

effects. The transformation in goethite was identified at a high pH with the presence 

of both arsenate and phosphate, except that no transformation was observed upon 
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the addition of oxyanion and with the pH change. However, the stability of the iron 

(hydr)oxides decreased with a low pH and with the presence of phosphate or 

arsenate or both. The hematite showed a significant promotive effect regardless of 

the pH condition.  

 Recent developments in analytics using infrared spectroscopy enabled the 

identification of the adsorption mechanism at the interface, but it is applicable only 

for simple systems. An experimental procedure was developed to measure 

preferential adsorption of phosphate on the binary sorbents of goethite and 

maghemite before and after dehydration using batch experiment, in-situ ATR-FTIR, 

and FE-SEM/EDS. The Qmax for phosphate of goethite at pH 4 was about 1.2 times 

as high as that of maghemite. I observed the uniform layer in maghemite and 

heterogeneous layer with aggregates (up to 6 µm) in goethite and confirmed no 

significant change in the layers during the experiment. The spectral evolution at the 

interface was observed, and the fraction of phosphate complex on goethite and 

maghemite was calculated using multiple linear regressions (MLR) as -0.68 and 

0.57, respectively, clearly showing the phosphate desorption from goethite and 

subsequent adsorption onto maghemite. The fraction of the precipitate (1.2) and the 

complex in goethite (0.25) and maghemite (0.91) was also computed to describe the 

dehydration effect using MLR. The amount of phosphate adsorbed on goethite and 

maghemite was 0.59 and 0.83 µmol mg-1, respectively via FE-SEM-EDS. The 

preferential adsorption of the phosphate on maghemite over goethite was clearly 

observed. 
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7.2. Conclusion 

 

 The most of scientific researches have employed top-down, bottom-up, or 

both approaches to expand our scientific knowledge, but I believe that the top-down 

approaches were predominant for the last centuries in the field of soil science, 

because of the heterogeneity of soil and the lack of sufficient analytical technique. 

Recent development in the nano-science has enabled us to observe the chemical 

structure in an atomic level, and it has informed us another level of knowledge to 

understand the chemical reactions in nature. The soil scientists and geologists have 

succeeded to identify the most significant factors dominating the chemical reactions 

from the heterogeneous soil, but it has not clearly explained the detailed 

mechanisms or the explained mechanisms were not applicable in other cases. On the 

other hands, the scientists in catalyst and material have tried to understand the 

individual chemical reactions on monologue materials, and they have shown the 

significant improvement of our understanding, but the extrapolation from the result 

in monologue media to predict the chemical reactions in the heterogeneous media 

was also challenging. The modern analytical technique and theoretical chemistry 

have provided us to challenge such problems, and they have made a great advance 

to reduce the knowledge gaps between the top-down and bottom-up approaches. I 

have tried to reduce the knowledge gaps by the bottom-up approach, and only iron 

(hydr)oxides were employed in this study, but further investigation on a more 

heterogeneous model soil with background knowledge on the monologue media 

would eliminate the gaps in the future.  

 

7.2.1. Study background 

 As an undergraduate student, biology was my major, and ecology 
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specifically the plant-environment interaction was my favorite field of study. For 

that reason, I choose to study further in the field of phytoremediation. As a graduate 

student in the ecological and environmental engineering, I had tried to reveal the 

eco-toxicological effect of heavy-metal polluted soil on the seedling growth, and the 

heavy metal stabilization study was conducted using iron-containing byproduct in 

the abandoned mine areas. Based on the studies, I had gotten the interesting results, 

but my interpretation was ambiguous. I could not isolate the effect of individual 

heavy-metal in both eco-toxicological and stabilization studies, but I found a 

significant reciprocal correlation between the bioavailable fraction of arsenic and 

phosphorus by sequential extraction procedure.  

 Interestingly, the arsenic uptake in the cultivation area and the soil near the 

drainage system was significantly lower than the uncultivated area, which the 

phosphorus fertilizer was not applied. From the studies, I found who, when, what, 

and where cause the phenomenon, but I could not understand why and how the 

phenomenon happens. I did the literature review and found several studies reporting 

the competitive sorption of arsenic and phosphorus, but the result was differed case 

by case especially in the studies employing natural soils. But, I found few 

interesting studies employing ATR-FTIR and EXAFS to identify the structural 

configuration of arsenic and phosphorus on monologue media, and it showed the 

possibility to explain the study result, but it was not applicable for the study, 

because it was impossible to use the ATR-FTIR and EXAFS at that time. When I 

was planning to acquire a doctorate, I designed a study by employing the bottom-up 

approach for the model soil with the ATR-FTIR and EXAFS techniques, but I have 

only focused on the iron (hydr)oxides with two oxyanions in this dissertation, 

because there are plenty of missing information or opposite results in the similar 

experimental conditions. 
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7.2.1. Stability of nanoparticles and its colloidal transport 

 Based on this study and previous literature, the transformation of iron 

(hydr)oxides was confirmed, the minor perturbation in the environmental condition 

would lead to significant different result of the transformation. The pH, redox, 

dehydration, presence, and concentration of ions, temperature, pressure and 

atmospheric condition are complexly inter-connected, and the transformation of 

iron(hydr)oxides was determined upon the conditions. The topotactic transformation 

requires massive energies or excessive perturbation in the conditions, such as forest 

fire and subsidence, while the reconstructive transformation occurs in the most of 

soil environment with water contents. During the reconstructive transformation, the 

oxyanions work as both protector and destroyer of Iron-nanoparticles, and the 

oxyanions would be the part of iron (hydr)oxides itself by coprecipitation. The 

environmental conditions started the transformation of iron (hydr)oxides, but the 

transformation also alters the environmental conditions too. 

 The complexly inter-connected mechanisms determine the stability and 

transport of nanoparticles and oxyanions together, but the most of previous studies 

could not fully address such effect. In this study and previous research found only 

two days were required for the transformation in the moderate conditions, the 

majority of adsorption studies using oxyanion and iron (hydr)oxides has not 

addressed such transformation effect. In addition, the filter size for measuring the 

concentration in the most studies was not able to filter the nanoparticles, which 

indicates that the possibility of underestimation during the isotherm studies. In this 

result, the bernalite was transformed from the goethite at pH 10 with arsenate, and 

the diameter was approximately 27.3 nm as average, which was not filtered by the 

commercial filters. The centrifugation was also applied to separate the aqueous ions 

and bernalite, but the bernalite was still found in the solution after filtration and 



 7-8 

centrifugation. The inner-sphere complex on the bernalite surface changes the 

electrochemical properties of bernalite, and it might increase the colloidal stability 

of bernalite. 

 The paddy field is the typical land use scheme in Asia countries, the 

transformation of iron (hydr)oxides is easily observed by the cultivation and 

seasonal variation. As mentioned above, not only the crystal structure but also the 

morphology can be easily changed, and it could lead dramatic flux of oxyanions 

from soil to water system. Recent eutrophication accompanying the increase of 

phosphorus level causes severe threats to the ecosystem, and the possibility of 

transformation has been identified, but its contribution has not fully estimated yet. 

However, the colloidal mobilization and combination with soil erosion by flooding 

or intensified rainfall would accelerate the eutrophication in the water system, and it 

would yield severe disasters to humans eventually. This study would help to reduce 

such mobilization by controlling the environmental conditions with a better 

understanding of the oxyanion dynamics.  

 

7.2.2. Proton concentration effect 

 The proton concentration has known as the most important factor 

governing the chemical reactions and transformations of oxyanions in the soil 

environment. It controls the electrochemical characteristics of the surface, and it is 

also connected to the colloidal stability of iron (hydr)oxides by changing the net 

surface charge, and the reactivity of oxyanions by the protonation or deprotonation. 

The proton is known as the strongest competitor among the cations, and it easily 

replaces the cations from the iron (hydr)oxide surface or it binds with the oxygen of 

iron (hydr)oxides, and change to a positive charge of the surface. The positively 

charged surface attracts the aqueous oxyanions, and the formation of OS and IS 
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complexes would be increased. For that reason, the adsorption capacity would be 

increased; the repulsive force between the colloidal nanoparticles decreased with 

the pH decrease at the PNZC, and the repulsive force would be increased by the 

increase of positively charged surface.  

 The proton concentration has effects on the dissolution rate of iron 

(hydr)oxides and structural configuration of arsenate on the goethite surface. More 

aqueous iron was detected at the low pH condition than the high pH, and the 

presence of reducing agents such as oxalate, ascorbate, and antimonate also 

decreased the dissolution rate. By increasing pH condition, the adsorption capacity 

and fraction of TB and BB complex were dramatically decreased. It clearly implies 

the pH effect on the structural configuration. Based on recent observations, the 

transition of structural configuration has reported, and the pH and surface loading 

causes similar result together. 

 

7.2.3. Surface loading effect 

 The abundance of individual components such as oxyanions, cations, 

phyllosilicate, metal (hydr)oxides and organic matters have extremely differed in 

nature, and there are additional variations in the time, organism, space, and season. 

As a result, their concentration determines the pathways of chemical reactions, and 

the ratio between the limited sorption sites of sorbent and available sorbates showed 

interesting results. Based on the isotherm studies, the increase of surface loading 

elevates the adsorbed oxyanions on the iron (hydr)oxide surface, and the EXAFS 

study with the DFT calculation revealed that the transition from TB and BB to MM 

complex was the reason for the elevated arsenate concentration in the goethite 

surface. The surface loading showed a similar result with the proton concentration, 

which deduced the fraction of available sorption site, but the increase of surface 
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loading leads the increase available sorbate; thus, the similar result was observed.  

 As I discussed in chapter 5, the surface loading effect showed significant 

change on the competitive sorption of arsenate and phosphate, and there is no 

competition at low surface loading condition, but the competition (expressed as CE) 

was dramatically increased at a certain point. Two reasons for the phenomenon 

could be estimated; first, the arsenate and phosphate might have slightly different 

sorption affinity on the sorption site; second, the increased surface loading 

eventually decreases the thickness of the diffuse double layer; thus, the coagulation 

between nanoparticle would be formed.  

 

7.2.4. Dehydration effect 

 The ATR-FTIR and EXAFS studies clearly confirmed the significant 

difference of the structural configuration between the wet and dried samples. As 

discussed above, the previous studies mainly employed the dried samples for the 

analysis, and it has caused severe problems to interpret the bioavailable fraction, 

which is surface specific complex and a minor portion from the total concentration. 

Based on the EXAFS study, the aqueous arsenate and OS complex was transited to 

the arsenate precipitates, and the IS complex was not identified except the BB 

complex. The ATR-FTIR spectra of arsenate precipitate, dried and wet sample 

clearly demonstrated the transition of the complex by the dehydration process.  

 Not only the structural configuration of surface complex but also the 

crystal structure of iron (hydr)oxides is determined by the level of dehydration. 

During the dehydration process, the concentration of solute is increased, and it 

causes the precipitation as unknown composition, and it also has a similar effect 

with the surface loading before the complete dehydration. In addition, the 

coagulation between nanoparticles would be accelerated during the dehydration, 
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and the complexly connected interactions between environmental conditions control 

the behavior of oxyanions in the soil environment.  

 

7.2.5. Competitive adsorption and preferential adsorption 

 If the sorption site is a monologue and constant, the sorption of oxyanions 

is determined by the competition by individual oxyanion. The surface loading is the 

competition between the single species, but it could not observable in nature. As 

described in chapter 5, the oxyanions have different sorption characteristics, and the 

perturbation in the environmental conditions would influence on the sorption 

characteristics. More arsenate was adsorbed than the phosphate at low pH condition, 

but the more phosphate was abundant at high pH conditions, and the crystal 

structures of iron (hydr)oxides showed slightly different sorption characteristics too.  

 On the other hands, the preferential adsorption is more related to the 

affinities of certain oxyanions on the multi-sorption sites, and this study described 

how to easily measure the preferential adsorption using the ATR-FTIR technique 

with an example of phosphate complexation. Based on the observation, the 

unexpected result was concluded, the isotherm result showed that the goethite 

showed more maximum sorption capacity, but the ATR-FTIR and SEM-EDS 

results indicated that more phosphate was adsorbed on the maghemite, not to the 

goethite. Based on the result, the adsorption behaviors of oxyanions in the complex 

mixtures is not the linearly correlated with the adsorption behaviors of oxyanions in 

the single sorbent system, and various environmental condition determines the 

adsorption characteristics.  

 

7.2.6. Environmental implication and further prospect 

 The colloidal stability and mobilization is the most important factor to 
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estimate the behaviors of oxyanions in the soil environment, and understanding 

such behavior is critical to reducing the environmental problems caused by the 

oxyanions. As repeatedly mentioned above, the environmental conditions are 

complexly connected, and it is almost impossible to understand the behaviors 

completely. However, recent development in the signal processing, theoretical 

chemistry, and analytical technique enable us to reduce the knowledge gaps.  

 In this study, I presented only parts of the whole experiment results, which 

the data was analyzed and submitted to the journals; thus, I still have various data 

sets and plans for further experiments to reveal the mystery of bioavailability and 

leachability. For example, the transition of phosphate was also observed by 

changing pH and surface loading using ATR-FTIR with DFT calculation, which is 

similar with chapter 4, and the effect of the presence of organic acids on the 

structural configuration was studied too. The structural configuration of arsenate 

using ATR-FTIR and EXAFS has also measured in four iron (hydr)oxides with 

changing the pH and surface loading. In addition, the preferential sorption of 

arsenate was conducted, even the bi-solutes of arsenate and phosphate on bi-

sorbents of goethite and maghemite were performed, and these data wait for the 

interpretation in near future. I believe that the bottom-up approach from simplest 

system to the more complex system would eventually explain the adsorption 

characteristics of all types of soils, and the environmental problems would be 

diminished by controlling the bioavailability and leachability in the future, and I 

will do my best to make it happen. 
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ABSTRACT IN KOREAN 

 

 산화음이온은 유기체의 중요한 구성 성분이며, 산화음이온, 

유기산, 그리고 금속 (수)산화물들 간의 상호 상용은 토양 및 수질 

환경에서 산화음이온의 생물유효도와 용출도를 결정한다. 결합 구조와 

경쟁 그리고 선호 흡착은 산화음이온의 거동을 결정하지만, 다양한 환경 

조건의 변화에 따라 이들이 어떻게 산화음이온의 거동에 영향을 미치는 

지에 대한 연구는 아직 부족한 실정이다. 이 연구에서는, 나노 입자 

크기의 철 (수)산화물의 변형과 산화음이온의 결합 구조, 경쟁적 흡착 

그리고 선호 흡착을 리뷰하였다. 또한, 수소이온 농도와 표면 부하를 

변화시키면서 산화음이온의 결합구조를 연구하였고, 이중-흡착물 혹은 

이중-흡착제 계를 설치하여 경쟁적 흡착이나 선호 흡착을 연구하였다. 그 

결과, 범밀도함수이론을 이용한 계산과 X선 흡수 광연 미세구조 분광 

분석은 낮은 수소이온농도와 표면 부하 조건에서 침철석 표면에서 

비산염의 삼중 결합 구조를 형성하는 것을 확인하였고, 높은 pH와 표면 

부하 조건에서는 단일및 이중결합 구조를 형성하는 되는 것과 동시에 

침철석의 bernalite로의 변형도 관찰하였다. 배치실험을 통한 랭뮤어 

흡착등온식은 네개의 철 수산화물 표면에서 비산염이 낮은 수소이온농도 

조건일 때 더 많이 경쟁적으로 흡착하고, 반대로 높은 수소이온농도 

조건일때는 인산염이 더 많이 흡착하는 것을 확인하였다. 이중-흡착물 

계에서 표면 부하를 증가시킬수록 촉진 효과와 경쟁 효과가 순차적으로 

나타타는 것을 확인하였다. 이중-흡착제 실험에서는 감쇄전반사-적외선 

분광법과 주사전자현미경-에너지분산 분광법을 이용하여 인산염이 
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침철석보다 마그헤마이트 표면에 더 선호 흡착을 하는 것을 처음 

실험적으로 확인하였다. 이러한 연구를 통하여 흡착에 유효한 표면의 

형태나, 경쟁 이온의 농도, 시료의 상, 표면 부하 그리고 수소이온농도 

등이 산화음이온의 결합 구조와 경쟁 그리고 선호 흡착에만 영향을 

끼치는 것이 아니라, 철 (수)산화물의 변형에도 영향을 미치며, 이렇게 

상호 연계되어 있는 기작들이 토양 환경에서 산화음이온의 거동을 

결정하는 것을 확인할 수 있었다. 본 연구를 통하여 나는 간단한 계로 

부터 조금 더 복잡한 계로의 연구, 즉 상향식 연구 방법이 모든 토양 

형태에서 산화음이온의 거동을 설명하고, 이러한 이해를 통하여 

생물유효도와 용출도를 조절함으로서 우리가 직면하고 있는 다양한 

환경문제를 해결할 수 있을 것이라 판단한다. 

 

중심어 : X선 흡수 광연 미세구조 분광학, 감쇄전반사-적외선 분광학, 

경쟁적 흡착, 선호 흡착, 산화음이온, 철 (수)산화물  
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누구보다 부러운 친구 동욱, 언제나 멋지고 강한 친구인 근철, 꿈을 

쫓아가는 성민, 항상 관심이 가는 태현, 항상 나에 안부를 묻는 준원 

형님, 여러분 덕분에 제가 이 자리에서 이렇게 서 있을 수 있습니다. 

정말 고맙고 감사합니다. 

 힘든 시간을 함께 이겨온 장한 동생이자 인생의 친구인 재호와 

행복한 웃음을 짓게 만들어주는 은혜, 그런 저희를 부모님처럼 항상 

지켜봐 주시고 챙겨주셨던 선종근 이모부님과 박숙자 이모님, 그리고 

박향점 이모님과 외할머님께 정말 감사합니다. 하늘에서 언제나 저를 

응원해주시고, 바르게 살 수 있도록 곧은 정신을 선물해주신 아버지와 

어머니, 사랑하고 많이 보고 싶습니다. 박사과정 4년 동안 옆에서 항상 

저를 지켜줬던 아내이자 동료인 이서연에게 정말 감사하다고 이해해줘서 

고맙다고 말하고 싶습니다. 항상 당신이 말한 것처럼 당신은 나에게 

복덩이네요. 앞으로도 복덩이를 애지중지하며 살겠습니다. 그리고 

장인어른 장모님, 이런 복덩이를 제게 주셔서 감사합니다. 마지막으로, 

오늘날 저를 있게 만들어 주신 모든 분께 감사의 마음을 전합니다. 
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