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Abstract 

 

Risk management at an arsenic-

contaminated site: Incorporation of site-

specific chemical forms and 

bioaccessibility of arsenic 
 

 

Kyung Yang 

Department of Civil and Environmental Engineering 

The Graduate School 

Seoul National University 

 

 

Arsenic (As) is present in the ground at many sites due to 

anthropogenic contamination including the manufacture and use of pesticides, 

as well as mining and smelting. In these As contaminated sites, an assessment 

of the realistic risk posed by As is required in order to achieve a successful 

remediation and risk management strategy. Evaluation on the chemical form 

and bioavailability of As is one of the most important factors in any 

assessment of the risk to human health. The chemical form of As varies 

greatly depending on the contamination sources of As, the properties of the 

soil at the contaminated site, and the site history. The chemical form of As 

also directly affects its bioavailability. 
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In this study, the effects of the chemical form of As were investigated 

at the site of a former Janghang smelter site in Korea, which is contaminated 

with As; specifically, the study examined the effects on bioaccessibility and 

toxicity, which result in different human health risks. The study also evaluated 

As stabilization technology using magnetite as a risk management strategy. 

The major chemical form of As at the chosen site, as determined by 

Wenzel’s sequential extraction procedure, was oxalate buffer extractable As 

(amorphous Fe oxides bound). The bioaccessibility of As determined by the 

ratio of SBRC (Solubility/Bioavailability Research Consortium) method 

extractable concentrations and aqua regia extractable concentrations ranged 

from 8.7% to 66.3%, which supports the idea that its bioavailability or 

bioaccessibility should be determined in a site-specific manner. The As 

chemical forms contributing to bioaccessible As, as determined by the SBRC 

extraction method, were the SO4
2--extractable and PO4

3--extractable As, and 

some portion of As bound to amorphous Fe oxides. The major factor 

determining the bioaccessibility of As was the Fe in the soil. The ratio of As 

bound to crystalline Fe oxides and the bioaccessibility of As were inversely 

related. Moreover, SBRC extractable As decreased with the increase in total 

Fe content in soil. In the SEM-EDS analysis results for residues after each 

extraction step of Wenzel’s sequential extraction, Fe oxides bound to As and 

arsenopyrite were identified with their bioaccessibility. The toxic effect of the 

As chemical form was investigated for the soil at the study site for As spiked 

soil, based on the toxicity test using Vibrio fischeri, Brassica juncea and 

Eisenia fetida. Decreased toxic effects were observed after extraction of 
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bioaccessible As.  

An assessment of human health risk was performed at six operable 

units (OU) of the study site with the determined site-specific IVBA (in vitro 

bioaccessibility) values of As. IVBA values at each OU differed greatly, 

ranging from 28.2 to 65.8%, which is due to the diverse chemical forms of As 

at each OU. The health risk to humans from As by direct exposure pathways, 

including soil ingestion, dermal contact with soil, and inhalation of fugitive 

dusts from soil, was assessed using a residential scenario. When the IVBA of 

As was not considered, carcinogenic risk ranged from 5.6 × 10-5 to 1.4 × 10-4. 

When IVBA was incorporated into the risk calculation, the estimated risk was 

reduced by 29.5-62.0%. Estimated risk based remediation goals with IVBA 

ranged from 10.8 mg/kg to 20.0 mg/kg. These results demonstrate that the 

chemical forms of As may be different even though the source of 

contamination is similar (As2O3 in the study site); and the site-specific 

bioavailability affected by the chemical forms is an important factor for 

determining realistic risks to human health. Phytoremediation, soil washing, 

electrokinetic and thermal treatments were suggested as the remedial 

alternatives. For the forest area, OU6, where excavation is not possible, a 

more focused study on risk management was conducted.  

The applicability of the stabilization of As by using Fe oxide, 

especially for magnetite, was evaluated for the forest area of the study site. 

Transfer of As from forest area soil and spiked soil to magnetite was observed 

in a batch test, and successfully predicted by modeling based on a pseudo-

second order rate model, Langmuir isotherm model and distribution equation 
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for spiked soil. However, a prediction was not available for the forest area soil, 

probably due to a smaller amount of labile As in chemical form than there was 

in the spiked soil and a different transfer pathway from the soil to the 

magnetite. For spiked soil with highly labile As (SO4
2-- and PO4

3--extractable, 

80.1% of total As), the release of As from soil to water and sorption to 

magnetite was a major transfer pathway. However, for forest area soil with a 

small amount of labile As (14.9% of total As), a major transfer pathway was 

direct contact between soil particles and magnetite, as supported by the results 

of dialysis bag and desorption test for soil. This result suggests the importance 

of the mixing of soil and Fe oxide or other stabilizing agents to achieve a 

successful stabilization of As. In an experiment of the application of 5% 

magnetite to 24 soil samples from the study site, a 71.8% reduction of As 

bioaccessibility was observed after one week of reaction time. Decreases in 

toxic effect and availability of As for Eisenia fetida were also observed by the 

application of magnetite to forest area soil. 

 

Keywords: risk assessment, risk management, bioaccessibility, chemical form, 

arsenic  

 

Student Number: 2009-20949  
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Chapter 1 

INTRODUCTION 

 

 

 

1.1 Background 

 

Contamination of arsenic (As) in soil and its remediation is a 

worldwide environmental problem. As is a naturally occurring element in the 

earth’s crust, and there are many anthropogenic contamination sources of As. 

These include the manufacture and use of pesticides, as well as mining and 

smelting. Sites contaminated with As must be evaluated for their 

contamination levels and remediated to protect receptors, such as humans 

and the ecosystem, because As is a very harmful element. Ingestion and 

inhalation of As can cause hyperpigmentation, keratosis, vascular 

complications, skin cancer, and lung cancer (USEPA, 2014). As is ranked 1st 

on the Substance Priority List published by the Agency for Toxic Substances 

& Disease Registry (ATSDR, 2014). The contaminants in that list are based 

on the detection frequency, toxicity, and exposure to humans of contaminants 

in National Priority List (NPL) sites. 

To provide an environmentally sound management strategy for a 

contaminated site, it is necessary to consider “risk”. Risk means “a random 

variable related to change”, and in this case, “a predictable probability that 

an adverse effect would result from a given level of exposure to potentially 
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toxic chemical substances” (Adriano, 2001). Risk assessment means the 

quantification of risk. Risk assessment involves four stages: hazard 

identification; dose-response assessment; exposure assessment; and risk 

characterization (NRC, 1983). Among the risk assessment steps, exposure 

assessment is mostly affected by contaminated site-specific characteristics, 

which can affect the release and transport of contaminants. One of the major 

significant site-specific characteristics of an As contaminated site is the 

chemical form of As because that can affect the bioavailability of As. In soil, 

As is non-specifically/specifically adsorbed by organic matter, clay and iron 

(Fe)/aluminum (Al)/manganese (Mn) oxide or present in a mineral phase 

such as scorodite (FeAsO4·2H2O), arsenopyrite (FeAsS), and Realgar (AsS). 

The leachability of As in soil depends on its chemical form, and affects the 

bioavailability of As. Bioavailability means the fraction of a chemical 

available for absorption by an organism, so bioavailability of As depends on 

the chemical form of As. Most guidance for human health risk assessments 

(USEPA, 1989, 1994, 1996) has recommended the use of a site-specific 

bioavailability value because the chemical form and bioavailability of the 

contaminant may vary from site to site. According to a broad literature 

review by The U.S. Environmental Protection Agency (USEPA, 2012), the 

bioavailability of As in soils varied greatly depending on As sources and soil 

properties, ranging from 4.1 to 78%. For this reason, chemical forms and the 

bioavailability of As should be considered to determine a realistic risk of As 

contaminated soil (NRC, 2003). 
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To reduce the risk induced from an As contaminated site, soil 

remediation technologies, such as soil washing, solidification/stabilization, 

electrokinetics, and phytoremediation, can be adopted (USEPA, 2002). Soil 

washing is the remediation technology that extracts contaminants, such as 

metals and organic contaminants, using appropriate chemical agents. Soil 

washing technology has been widely used because soil washing of As 

contaminated soil can reduce the As concentration in the soil to a cleaned-up 

goal, and enable the soil to meet an acceptable risk level for As. However, 

soil washing technology using chemical agents has disadvantages. Treated 

soil may be inappropriate to reuse on a site for vegetation due to changes in 

the soil properties (Dermont et al., 2008). Moreover, soil washing is ex-situ 

technology, so, contaminated soil has to be excavated to apply soil washing. 

This is a critical limitation if it is not possible to excavate the soil, for 

example, when soil washing to preserve an area ecological. For areas that 

soil washing is not suited, other risk management practices can be used. One 

of the promising As remediation technologies is solidification/stabilization 

which is frequently used in America (USEPA, 2002) to reduce the 

leachability and bioavailability of As, and to, finally, meet the acceptable risk 

level. As a stabilizing agent of As, Fe oxides have frequently been used 

(Kumpiene et al., 2008; Miretzky and Cirelli, 2010; Komárek et al., 2013). 

As in soil can be stabilized by adsorption on the surface of Fe oxides (Pierce 

and Moore, 1980, 1982; Fuller et al., 1993; Raven et al., 1998) or 

precipitation with Fe present in the surface of Fe oxides (Manning et al., 

1998; Ford, 2002). However, detailed mechanisms of As stabilization in soil 
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by Fe oxide have not been identified.  

This study deals with the effects of the chemical form of As on 

bioaccessibility and toxicity in contaminated sites with As and a risk 

management strategy focused on stabilizing As with Fe oxide. In order to 

study these effects, As contaminated soil samples were analyzed for their 

chemical form, bioaccessibility and toxicity. In addition, the kinetics of As 

stabilization using magnetite were studied for As contaminated soil.  

 

1.2 Objectives and Scope 

 

This study investigated the effects of the chemical form of As in As 

contaminated soil; specifically, the study examined the effects on 

bioaccessibility and toxicity, which result in different human health risk. The 

study also evaluated As stabilization technology using Fe oxides as a risk 

management strategy. The primary objectives of this study are as follows: 

 

i. Identification of the effect of the chemical form of As on As 

bioaccessibility based on a site survey for As contaminated and 

chemical extraction 

ii. Identification of the effect of the chemical form of As on As 

bioaccessibility toxicity based on a spectroscopic study, chemical 

extraction and bioassay 

iii. Evaluation of the feasibility of the As stabilization technology using 

Fe oxide based on a kinetic study and environmental stability 
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including chemical extraction and toxicity 

iv. Evaluation of the applicability of risk and bioaccessibility based 

site-specific As contaminated site management strategy 

 

1.3 Organization of Dissertation 

 

This dissertation consists of six chapters: Chapter 1 is the 

introduction and Chapter 2 is the literature review. Chapter 3 deals with the 

effects of the chemical form of As on As bioaccessibility and toxicity based 

on an As contaminated site survey, chemical extraction, spectroscopic study, 

and bioassay. Chapter 4 presents the study of the application of risks and 

bioaccessibility based site-specific risk management strategy for an As 

contaminated site. Chapter 5 is about the evaluation of an in-situ As 

stabilization technique using Fe oxide based on a kinetic study. Chapter 5 

evaluates the effectiveness of the stabilization based on chemical extraction 

and bioassay. Figure 1.1 is the scheme of this study. 
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 Chap. 1 Introduction  

    

 Chap. 2 Literature Review  

    

 Chap 3. Effect of arsenic chemical form on 

bioaccessibility and toxicity 

 

    

 Chap. 4 Application of risk and bioaccessibility 

based site-specific risk management practice 

 

    

 Chap. 5 Development of arsenic stabilization 

technique using iron oxide 

 

    

 Chap. 6 Conclusion & Recommendations  

 

Figure 1.1 Structure of this study 
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Chapter 2 

LITERATURE REVIEW 

 

 

 

2.1 Bioavailability and risk assessment 

 

2.1.1 Concept of bioavailability and bioaccessibility 

 

The term of “bioavailability” has been used by toxicologists and 

pharmacologists. Toxicologists define bioavailability as a “fraction of a dose 

absorbed systemically” (Casarett et al., 2001). Pharmacologists define 

bioavailability as “the fraction of a dose of a drug reaching the systemic 

circulation or site of action” (Goodman et al., 2001). However, the concept of 

bioavailability in the context of environmental science and risk assessment is 

a little bit different, and there are many definitions. Bioavailability may stand 

for the fraction of a chemical accessible to an organism for absorption, the 

rate at which a substance is absorbed into a living system, or a measure of the 

potential to cause a toxic effect (NRC, 2003).  
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Figure 2.1 Bioavailability process suggested by NRC (2003) 

 

The “bioavailability process” suggested by NRC (2003) effectively 

depicts the concept of bioavailability of a contaminant in soil or sediment 

(Figure 2.1). The bioavailability process includes exposure through the release 

of the solid-bound contaminant and its subsequent transport, direct contact of 

a bound contaminant, its uptake through a membrane, and incorporation into 

an organism. “A” involves the solubilization of a contaminant from a solid, 

such as soil or sediment, and rebinding. “B” represents the movement of a 

released contaminant to the biological membrane by diffusion and advection. 

“C” entails the movement of the contaminant bound to soil or sediment to the 

membrane. “D” represents the contaminant movement from the external 

environment through a physiological barrier and into a living system. “E” 

involves the circulation of the contaminant absorbed within an organism, its 

accumulation, and the development of toxic effects. 
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“Oral bioavailability” means the bioavailability of a contaminant 

ingested through oral exposure. In the bioavailability process depicted in 

Figure 2.1, A, B, C, and D are constituents for oral bioavailability, if A, B, C, 

and D occurs in the human gut. 

Another related term is bioaccessibility, and this means the fraction of 

the chemical that desorbs from its matrix into the gastrointestinal tract (in case 

of oral ingestion) and which becomes available for absorption (Paustenbach et 

al., 1997). In the bioavailability process in Figure 2.1, only the dissociation of 

the contaminant from solid (a half of “A” part) coincides with bioaccessibility. 

Early studies on the bioavailability of contaminants in soil for human 

health risk assessments focused on dioxins and furans in the mid-1980s. 

Similar studies on polychlorinated biphenyls (PCBs) and polyaromatic 

hydrocarbons (PAHs) followed the oral bioavailability studies about 

contaminants. Lead (Pb) was the first inorganic substance studied in regards 

to bioavailability because of the many Pb contaminated. The oral 

bioavailability study on Pb in 20 Pb contaminated Superfund sites employed 

rats (Freeman et al., 1992) and swine (Casteel et al., 1997), and these were 

followed by the study of As (As) in soil and house dust using swines and 

monkeys (Freeman et al., 1995).  
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2.1.2 Incorporation of bioavailability and bioaccessibility into risk 

assessment 

 

There are two important operational definitions of bioavailability 

usage in risk assessment. Absolute bioavailability (ABA) is the fraction of a 

compound, which is ingested, inhaled or applied to the skin, subsequently  

absorbed, and reaches systemic circulation (NEPI, 2000). ABA can never be 

greater than 100%, and can be represented by the next equation.  

 

ABA =
        	    

            	    
	× 100%  (eq. 2.1) 

 

Relative bioavailability (RBA) refers to comparative bioavailabilities 

of different forms of a chemical or for different exposure media containing 

the chemical (NEPI, 2000). RBA can be represented by the next equation, 

and can be greater than 100%. 

 

RBA =
        	        	    	    	      	( . .,    ,        ..)

        	        	    	         	      
( . .,      	      	    	  	        	     )

 (eq. 2.2) 
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The concept of RBA is needed to incorporate bioavailability of 

contaminants into the risk assessment process. In human health risk 

assessment, a toxicity value is used to determine a risk. A toxicity value is 

obtained from the applied dose of the reference chemical and its subsequent 

response. However, ABA of the reference chemical and contaminant bound 

to the soil particle may be different, and this leads to misunderstandings of 

the risks of the contaminated site.  

Human health risks for oral ingestion of carcinogens can be 

calculated by multiplying intake and toxicity (i.e., slope factor (SForal)): 

 

Risk            = ADD × SF     (eq. 2.3) 

 

ADD =
  ×  ×   ×  ×  ×  

  ×  
 (eq. 2.4) 

 

ADD = average daily dose (mg/kg-day) 

Cs = exposure point concentration of As in soil (mg/kg) 

IR = soil ingestion rate (mg/day) 

RBA = relative bioavailability 

EF = exposure frequency (days/year) 

ED = exposure duration (years) 

BW = body weight (kg) 

AT = averaging time (days) 

CF = conversion factor (10-6 kg/mg) 
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The RBA of contaminated soil needs to be determined by in vivo 

testing using surrogate animals, such as swines, monkeys, or rats. There are 

four primary methods used to study the oral bioavailability of metals. First, 

blood concentration of the contaminant over time for oral and intravenous 

doses can be compared. Oral absorption can be determined by comparing the 

area under the curve (AUC) for the oral dose and AUC for the intravenous 

dose. This approach is best for rapidly absorbed metals such as arsenic. 

Second, the fecal concentration of the contaminant can be measured. The 

contaminant that has not been absorbed through oral exposure is excreted in 

feces. So, the oral absorption can be determined by subtracting the excreted 

contaminant in the feces from the oral dose. Third, the urine concentration of 

the contaminant can be measured. The absorbed contaminant may present in 

urine, and the urine concentration can indicate the absorbed dose. This 

method applies to metals such as arsenic that are rapidly excreted into the 

urine. Fourth, tissue concentration after the administration of different forms 

of the contaminant can be compared.  

In vivo tests to determine the oral RBA for human health risk 

assessments need animals, such as swines and monkeys, because their 

metabolism and body size are similar to humans. Therefore, in vivo testing is 

costly and time-consuming. It requires three to six month and U.S.$25,000-

85,500 to determine the RBA of As and Pb using animals, such as swines, 

monkeys, or rats  (Kelley et al., 2002). So, many in vitro test simulating 

human gastrointestinal conditions have been developed to determine in vitro 

bioaccessibility (IVBA). Among them are the Solubility/Bioavailability 
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Research Consortium (SBRC) method (Kelley et al., 2002), the 

Physiologically Based Extraction Test (PBET) method (Ruby et al., 1996), 

and the In Vitro Gastrointestinal (IVG) method (Rodriguez et al., 1999). 

Basically, such methods can be applied to various heavy metals, such as As, 

Pb, cadmium (Cd), chromium (Cr), and nickel (Ni) (Kelley et al., 2002), and 

moreover, many studies have demonstrated good linear relationships 

between RBA and IVBA especially for As and Pb (Rodriguez et al., 1999; 

Basta et al., 2007; Juhasz et al., 2007; Juhasz et al., 2009) as shown in Figure 

2.2.  
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Figure 2.2 Comparison of As bioaccessibility (in vitro) and relative As 

bioavailability (in vivo): (a) SBRC gastric phase, (b) SBRC intestinal phase, 

(c) IVG gastric phase, (d) IVG intestinal phase, (e) PBET gastric phase, (f) 

PBET intestinal phase (Juhasz et al., 2009). 
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There are many cases that have incorporated the RBA or IVBA of 

inorganic materials to determine the target cleanup level based on human 

health risk assessments. Among them, the National Zinc Company National 

Priorities List (NPL) Site is the representative case site. The zinc (Zn) 

smelter was operated from 1907 to the early 1990s, and emissions from its 

stack and roof, and windblown concentrated resulted in contamination of Zn, 

Pb, Cd and As in the surrounding areas. A site remedial plan was provided by 

the Oklahoma Department of Environmental Quality incorporating oral 

bioavailability of Pb, Cd and As. The RBA of Pb and Cd were determined by 

an in vivo rat study. A mineralogical and chemical extraction (in vitro) study 

was conducted to determine the IVBA of As. As a result of the bioavailability 

study, cleanup goals were adjusted. Initial cleanup goals suggested by 

USEPA not considering bioavailability were 500, 30, and 20 mg/kg for Pb, 

Cd, and As, respectively. However, after incorporating the bioavailability of 

metals (40, 33, and 25% for Pb, Cd, and As, respectively), cleanup levels 

were increased to 925, 100, and 60 mg/kg, for Pb, Cd, and As, respectively. 

As a result, the cleanup area was halved as compared with the area based on 

the initially suggested cleanup goal by USEPA. Although the estimated 

remediation cost was initially U.S.$80 to $100 million, it was reduced by 

$40 million.  
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2.2 Chemical form and bioavailability of As 

 

2.2.1 Chemical form of As in soil 

 

Arsenic (As) is present in both organic and inorganic forms in soil. 

Negatively charged oxyanions forms of As (HAsO4
2-, H2AsO4

-, H2AsO3
-, and 

HAsO3
2-) are major chemical forms of As in soil pore water. Some of this As 

can be methylated by anaerobic bacteria, and form methylated As, such as 

methanearsonate (CH3AsO2
-), dimethylarsonate ((CH3)2AsO2), 

trimethylarsineoxide ((CH3)3AsO), dimethylarsine ((CH3)2AsH), and 

trimethylarsine ((CH3)3As) (Wood, 1974). However, there is no measurable 

level or organic form of As, in general (Sadiq, 1997). Oxyanions forms of As 

can be sorbed on the surface of soil constituents, such as clay, organic matter, 

and iron (Fe)/aluminum (Al)/manganese (Mn) oxides. On a negatively 

charged clay surface, As oxyanions adsorb by chemisorption or ligand 

exchange with phosphate anion (Goldberg and Glaubig, 1988), but this is 

regarded as insignificant due to competition with phosphate (Pierce and 

Moore, 1980; Polemio et al., 1982). Soil organic matter is also negatively 

charged, so, there is just a minor fraction of organic matter bound As in soil 

(Sadiq, 1997). 

The most important adsorbent for As in soil are oxide surfaces of Fe, 

Al, and Mn. General mechanisms of As adsorption are non-specific and 

specific adsorption. Non-specific adsorption is also called outer-sphere 

surface complexation and ion pair formation. The main mechanism is the 
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electrostatic attraction between a negatively charged As oxyanion and 

positively charged oxide surface. The hydration shell of As oxyanion is 

retained, so a water molecule is present between an As oxyanion and oxide 

surface (Figure 2.3). Non-specifically sorbed As oxyanions can be easily 

desorbed by other anions such as phosphate anion. The outer-sphere 

complexation of As on the Fe oxide surface was observed by Extended X-ray 

absorption fine structure (EXAFS) and X-ray absorption near edge structure 

(XANES) studies (Goldberg and Johnston, 2001; Voegelin and Hug, 2003).  

Specific adsorption is also called inner-sphere surface complexation 

and chemisorption. The main mechanism is the replacement of the hydroxyl 

group on the surface of oxide by As oxyanion, forming a coordinative 

complex, covalent bonding (Figure 2.3). There is no water molecule between 

the As oxyanion and oxide surface. Specific adsorption is stronger than non-

specific adsorption, and not easily replaceable. The formation of 

monodentate mononuclear, bidentate binuclear, and bidentate mononuclear 

complexation was observed by measuring the distance between the As and 

Fe atoms during the sorption of As onto goethite (Fendorf et al., 1997). 

Manning et al. (2002) also confirmed the formation of inner-sphere 

complexation between arsenate, arsenite and synthetic Fe oxides. Sherman 

and Randall (2003) showed the adsorption of arsenate onto goethite, 

ferrihydrite, lepidocrocite, and hematite by inner-sphere complexation via a 

ligand exchange of the As oxyanion and hydroxyl group of oxide surfaces by 

EXAFS study.  
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Figure 2.3 Schematic diagram of arsenate sorption onto metal oxides surface: 

(a) outer-sphere surface complexation; (b) mononuclear monodentate inner-

sphere complexation; (c) mononuclear bidentate inner-sphere complexation; 

and (d) binuclear bidendate inner-sphere complexation (Cheng et al., 2009) 

 

Under acidic conditions, scorodite (FeAsO4·2H2O) is the most 

commonly found well crystallized As mineral. It forms through the oxidation 

of arsenopyrite (FeAsS) or As containing sulfide minerals. Scorodite can be 

found in many contaminated sites with As, such as naturally contaminated 

sites (Morin et al., 2002; Filippi et al., 2004), mine tailings, and industrial 

contaminated sites (Davis et al., 1996). Scorodite can be dissolved in 
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reductive conditions because of reductive dissolution catalyzed by Fe 

reducing bacteria such as Shewanella alga and Desulfuromonas palmitatis 

(Rochette et al., 1998; Cummings et al., 1999; Papassiopi et al., 2003), but 

relatively stable in oxidizing condition (Drahota and Filippi, 2009) or in 

neutral pH conditions that range from five to nine (Bluteau and Demopoulos, 

2007). In acidic conditions, amorphous ferric arsenate (FeAsO4·H2O) is also 

a frequently occurring arsenic mineral (Carlson et al., 2002). 

Pharmacosiderite (K[Fe4(OH)4(AsO4)3]·6.5H2O) is commonly found in 

contaminated sites with high concentration of As having neutral pH 

conditions (Morin et al., 2002).  

One of the common mineral forms of As is As sulfide, such as 

arsenopyrite (FeAsS), orpiment (As2S3), and realgar (AsS). These As sulfide 

minerals can be formed in a reducing environment (Moore et al., 1988) by 

following equations. 

 

H2AsO4
- + 3H+ + 2e- → H3AsO3 + H2O (eq. 2.5) 

2H3AsO3 + 6H+ + 3S- → As2S3 + 6H2O (eq. 2.6) 

2As2S3 + 4e- → 4AsS + 2S2- (eq. 2.7) 

 

However, these As minerals are only stable in reducing environments, 

and readily oxidized in oxidizing environments (Hallacher et al., 1985): 

 

As2S3 + 7O2 + 6H2O → 3H2SO4 + 2H3AsO4 (eq. 2.8) 

4AsS + 11O2 + 10H2O → 4H2SO4 + 4H3AsO4 (eq. 2.9) 
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4FeAsS + 13O2 + 6H2O → 4FeSO4 + 4H3AsO4 (eq. 2.10) 

 

2.2.2 Effect of the chemical form of As on As bioavailability and 

bioaccessibility 

 

The chemical form of As is the most important factor determining As 

bioavailability. In general, easily sorbed As phases, including non-

specifically and specifically sorbed As, are known as relatively highly 

bioavailable As. Fe, Al, and Mn oxides associated As have moderate 

bioavailability. Mineral phase As, such as As sulfide minerals, have 

extremely low bioavailability. Smith et al (2008) investigated which As 

fractions contribute to As bioaccessibility in As contaminated soil. They 

revealed that bioaccessible As is constituted by non-specifically (SO4-

extractable, <1-11%), specifically sorbed (PO4-extractable, <1-29%) and the 

amorphous Fe/Al oxide bound (oxalate extractable, 30-93%) chemical forms 

of As.  

There are many studies that reveal the effect of the chemical form of 

As on As bioavailability through spectroscopic study. USEPA (2010) 

conducted an RBA study of As in 20 different As contaminated soils using a 

juvenile swine and mineralogical study that employed Electron Microprobe 

Analysis (EMPA). The RBA of As ranged from 8% to 60%, and each mineral 

form of As was classified based on its RBA (Table 2.1). The RBA 

classification result is highly uncertainty, but it is sufficient to support a 

qualitative classification of phase-specific RBA values. Davis et al. (1996) 
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studied the effect of As mineralogy in smelter soil and house dust on 

bioavailability. After passing through the gastrointestinal tract of a monkey, 

the weathering of the As phase in phosphate precipitate was observed using a 

Backscatter Electron Image (BEI) detection and Wavelength Dispersive 

Spectroscopy (WDS) study. However, other amorphous oxide and 

amorphous ferric hydroxide showed no weathering. They concluded that the 

bioavailability of As is mainly affected by desorption or solubilization of 

sorbed As on the particle surface rather than the dissolution of the As mineral.  

 

Table 2.1 Classification of As its mineralogical form based on its relative 

bioavailability in soil (USEPA, 2010) 

Low bioavailability 

(RBA <30%) 

Medium bioavailability 

(30% < RBA < 70%) 

High bioavailability 

(RBA > 70%) 

As2O3 

Sulfosalts 

As Phosphate 

FeAs Oxide 

PbAs Oxide 

MnAs Oxide 

Fe and Zn Sulfates 

FeAsO 

 

There are many studies to demonstrate that the chemical form of As 

and its bioavailability/bioaccessibility in soil are closely related to soil 

properties, such as Fe and/or Al content, clay content, and pH (Yang et al., 

2002; Sarkar et al., 2007; Tang et al., 2007; Wragg et al., 2007; Bradham et 

al., 2011). They found the relationship between soil properties and the 
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bioavailability or bioaccessibility of As and conducted regression analysis. 

Fe content has been regarded as the major factor that affects the 

bioavailability of As. However, it is still difficult to generalize the 

relationship between Fe content and the bioavailability of As due to the 

heterogeneity of soil properties. 

 

2.3 Risk management at an As contaminated site 

 

2.3.1 Strategy for risk management at an As contaminated site 

 

Developing a risk management strategy for contaminated sites with 

As requires the identification of As contamination characteristics. The 

chemical form and contamination source of As are important factors because 

they determine the bioavailability of As. Table 2.2 is the result of a review of 

USEPA Record of Decision (ROD) for contaminated sites with As. The ROD 

is a public document explaining the cleanup plan for Superfund sites. In 

Table 2.2, for a smelter sites, the RBA of As ranged from 18 to 42%, and 

cleanup levels ranged from 60-600 mg/kg. As contamination sources were 

ore, airborne particulate, and smelting wastes. However, in the sites where 

As chemicals were used for manufacturing or wood treatment, the RBA of 

As were not evaluated and cleanup levels are similar to the background 

levels. As contamination sources were waste disposal and discharge. 
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Table 2.2 Cases of determination of cleanup goals in As contaminated sites 

Site Land Use Contamination 
Source 

Future Land 
Use 

Cleanup goal 
(mg/kg) 

National Zinc 
Site, OK 

Smelter Ore, airborne 
particulate, 
smelting wastes 
(RBA=25%, from 
Anaconda site) 

Residential 60 

Commercial 600 

Agricultural 200 

Anaconda 
Co. Smelter, 
MT 

Smelter Airborne 
particulate, 
smelting waste 
disposal (Sulfide 
mineral) 
(RBA=18%, 
monkey) 

Residential 250 (8x10-5)  

Commercial 500 (6x10-5) 

Vasquez 
Blvd. & I-70, 
CO 

Smelter Airborne 
particulate, 
smelting waste 
(As2O3,PbAsO) 
(RBA=42%, 
swine) 

Residential 450 (HQ=1) 

Aircraft 
Components 
(D & L 
SALES), MI 

Manufacturing 
aircraft 
components 

Waste disposal Commercial
/Industrial/ 
Recreational 

15.3  
(ecological 
risk) 

Apache 
Powder Co., 
AZ 

Manufacturing 
nitrogen 
chemicals 

Waste discharge Residential 19.23 
(background) 

Brook 
Industrial 
Park, NJ 

Manufacturing 
insecticides 

Wastewater 
discharge, drum 
spill and leakage 

Industrial 20 
(background) 

Sacramento 
Army Depot, 
CA 

Military 
facility 
(including 
Metal plating 
and painting, 
battery) 

Waste disposal, 
discharge 

Industrial 7.3 
(background) 

J.H. Baxter & 
Co., CA 

Wood 
treatment 

Waste disposal, 
discharge 

Residential 8 
(background 
and 10-5) 
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Based on the risk assessment for the contaminated site with As, 

including the chemical form and bioavailability of As, adequate risk 

management strategy is to be presented. This process is called as Remedial 

Investigation (RI) and Feasibility Study (FS) in the Superfund cleanup 

process (USEPA, 1988). There are five phases in RI/FS: scoping; site 

characterization; development and screening of an alternative; treatability 

investigations; and detailed analysis. The scoping phase includes evaluating 

existing data, developing a conceptual site model, and preparing project 

plans. The site characterization phase includes field investigation, and risk 

assessment. In the development and screening of alternatives phase, potential 

treatment technologies are identified, screened, and assembled into 

alternatives such as Figure 2.4. The performance of treatment alternatives are 

tested in the treatability investigations phase. In the detailed analysis phase, 

each alternative is evaluated with respect to the following nine evaluation 

criteria: overall protection of human health and the environment; compliance 

with applicable or relevant and appropriate requirements (ARARs); long-

term effectiveness and permanence; reduction of toxicity, mobility, or 

volume; short-term effectiveness; implementability; cost; State acceptance; 

and community acceptance. The Remedial Design and Remedial Action 

phases following the RI/FS phase involve the design and actual 

implementation of cleanup solutions.  
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Figure 2.4 Example of remedy alternatives evaluation process (USEPA, 1988). 
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In general, remedy alternatives can be categorized into three 

categories based on the nature of the alternative: institutional control; active 

remediation; passive remediation; and engineering control. Institutional 

control is a non-engineered remedial action, including limiting land use, 

restriction of access of site, and administrative and legal action. Exposure of 

receptors to contaminants can be reduced by institutional control. Active 

remediation aims to reduce the mass, toxicity, or availability of the 

contaminant by employing remediation technologies, such as particle 

separation, soil washing, and stabilization. Passive remediation includes 

natural methods, such phytoremediation, to reduce the mass, toxicity, or 

availability of the contaminant over distance and time. Engineered control 

involves blocking the exposure pathway between the contaminant and the 

receptor by capping the exposed surface of the contaminated site’s soil using 

asphalt, concrete, a vegetative layer, membrane, or clean soil.  

Many treatment technologies can be applied to contaminated sites 

with As. According to USEPA (2002), in Superfund sites, stabilization and 

solidification was the most adopted technology to remedy As contamination 

in 45 sites out of 62 site (Figure 2.5).  
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Figure 2.5 Number of applications of As treatment technologies at 

Superfund sites (USEPA, 2002). 
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2.3.2 Remediation technologies for As 

 

(1) Soil washing 

Soil washing is an ex-situ remediation technology that involves 

physical particle separation and chemical extraction. In general, physical 

particle separation is applied to reduce the As concentration by particle size, 

density, and magnetic separation. Fine particles containing high 

concentrations of As can be separated by screening and hydrocyclone. 

Density and magnetic separation can also be applied depending on the As 

contamination characteristics. Chemical extraction for metals uses chemical 

reagents, such as surfactants, salts, chelating agents, acids, and bases. These 

reagents extract As from the soil into an aqueous solution. Acids are the most 

common extractant for metal extraction, and they can also be successfully 

applied for As (Tokunaga and Hakuta, 2002). However, phosphoric or 

sulfuric acids showed higher extraction efficiency than hydrochloric acid 

because the acid having phosphate or sulfate anion inhibit the re-adsorption 

As oxyanion to soil surface through the competitive adsorption of phosphate 

and sulfate oxyanion (Ko et al., 2005).  

Reductants have also been used for As extraction in soil (Qiu et al., 

2010; Kim and Baek, 2015). Strong reductants, such as oxalate and dithionite, 

dissolve Fe oxide in soil through reductive dissolution, and this leads to the 

decrease of As in soil. In the reductive dissolution, the electron of reductant 

is moved to Fe(III) oxide. Fe3+ ion of Fe(III) oxide is reduced to Fe2+ ion, and 

this leads to the dissolution of iron oxide because the Fe(II)-oxygen bond is 
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more labile than the Fe(III)-oxygen bond. 

However, the application of strong acids and reductants for soil 

washing damages soil properties (Alam et al., 2001; Tokunaga and Hakuta, 

2002). As an alternative to acid washing, phosphate solutions have been used 

(Jackson and Miller, 2000; Alam et al., 2001; Jho et al., 2015). As oxyanion 

and phosphate anion have a similar structure, phosphate anion can effectively 

extract As from soil. Phosphate anion can also prevent the re-adsorption of 

extracted As oxyanion into the soil’s surface by competing for the adsorption 

site.  

 

(2) Phytoremediation 

Phytoremediation is contaminated soil remediation technology based 

on the biological process of plants, such as extraction, stabilization, and 

degradation. Phytoremediation can be classified based on its remediation 

mechanisms: phytoextraction, phytostabilization, phytovolatilization, and 

phytodegradation, rhizofiltration, rhizodegradation (USEPA, 2000). 

Application of phytoremediation to a contaminated As site is based on 

phytoextraction. As is taken up by the plant through the root and translocated 

within the shoots and leaves of the plant. As in the plant can be removed 

from the site by harvesting the plant containing As. For As, ferns such as 

Pteris cretica (Huang et al., 2004) and Pteris vittata (Ma et al., 2001) are 

regarded as hyperaccumulators which can absorb high concentrations of 

contaminants.  

  



34 

Phytoremediation is a promising remediation technology for heavy 

metals including As because it is cost effective, environmental-friendly, and 

safe to humans (Bert et al., 2009; Zhang et al., 2010). However, the small 

biomass and slow growth rates of plants with low absorption rates result in 

the lower efficiency of phytoremediation (Jiang et al., 2008; Sheng et al., 

2008). To overcome the low efficiency, plant growth promoting 

rhizobacterias (PGPR) have been applied. For As, siderophore producing 

bacterias (SPB), such as Pseudomonas fluorescens and Pseudomonas 

aeruginosa, have been used to stimulate the growth rate and uptake because 

siderophore increases the iron oxide solubility and makes siderophore-metal 

complex, which increases the bioavailability (Jeong et al., 2015). 

 

(3) Stabilization 

Stabilization is used to reduce the mobility of the contaminant in soil. 

Stabilization, including solidification, is the most frequently used 

remediation technology for heavy metal, including contaminated sites with 

As, in the U.S. From 1982 to 2005, stabilization and solidification were used 

in 180 sites out of 229 of contaminated sites with heavy metal listed on the 

National Priority List (NPL) (USEPA, 2007). In the contaminated site with, 

stabilization and solidification were used in 45 sites out of 72 Superfund sites 

(USEPA, 2002). For the stabilization of As, Fe containing materials are the 

most frequently used agent. As discussed above, Fe is the most important 

adsorbent controlling As mobility. The main mechanisms of As stabilization 

by Fe containing materials are the adsorption on an Fe oxide surface and co-
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precipitation with Fe. As can be sorbed onto an Fe oxide surface by forming 

an outer-sphere and inner-sphere complex. As and Fe can form a new 

precipitate, such as FeAsO4·2H2O and Fe3(AsO4)2. However, there is no 

direct evidence of forming new precipitates by XRD or SEM-EDS analysis 

(Miretzky and Cirelli, 2010).  

Many kinds of Fe containing materials, such as Fe oxide, Fe sulfate, 

Fe(0), and Fe-rich industrial byproducts, can be applied to As stabilization. 

Fe(II) or Fe(III) sulfate solutions can form Fe oxides. However, the release 

of sulfuric acid during the formation of Fe oxides causes the acidification of 

the soil, so, lime must then be applied to control the soil pH. Industrial 

byproducts containing high concentrations of Fe, such as waste water 

treatment sludge (Lidelöw et al., 2007), acid mine drainage sludge (Ko et al., 

2013), and mine tailing (Kim et al., 2003), have been used as an As 

stabilizing agent. Fe(0) is oxidized in soil, and forms poorly crystalline Fe 

oxides according to the following reactions (Leupin and Hug, 2005): 

 

Fe(0) + 2H2O + 0.5O2 → Fe(II) + H2O + 2OH- (eq. 2.11) 

Fe(II) + H2O +0.25O2 → Fe(III) + 0.5H2O + OH- (eq. 2.12) 

Fe(III) + 3H2O → Fe(OH)3 + 3H+ (eq. 2.13) 
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Chapter 3 

EFFECT OF ARSENIC CHEMICAL FORM ON 

BIOACCESSIBILITY AND TOXICITY 

 

 

 

3.1 Introduction 

 

The remediation of sites contaminated by arsenic (As) as a result of 

industrial activities such as smelting and mining is a world-wide 

environmental problem, because As is a very harmful element. To establish a 

successful management strategy for a site contaminated with As, identifying 

the contamination characteristics of As, such as chemical form and 

bioavailability, is important. 

The relative bioavailability (RBA) of As in such contaminated sites 

varies greatly, ranging from 4.1 to 78%, according to a literature review by 

USEPA (2012a). Much of the guidance on the risk management at 

contaminated sites suggests consideration of site-specific bioavailability 

factors (USEPA, 1989, 2007, 2012b). 

Many lines of evidence (Yang et al., 2002; Sarkar et al., 2007; Tang et 

al., 2007; Wragg et al., 2007; Bradham et al., 2011) clearly demonstrate that  

  
Significant portions of this chapter were published in Yang et al 
(“Determination of human health risk incorporating experimentally derived 
site-specific bioaccessibility of arsenic at an old abandoned smelter site”, 
Environmental Research, 137, 78-84, Copyright (2015)) 
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the chemical forms of As and its bioavailability in soil are closely related. In 

addition, the chemical form of As affects its toxic effect (Marin et al., 1993; 

Zhang et al., 2002).  

The chemical form of As in soil can be determined by selective 

chemical extraction methods and spectroscopic methods. There are many 

sequential extraction methods for As suggested by Wenzel et al. (2001), 

Keon et al. (2001), Cai et al. (2002), etc. In general, the sequential extraction 

methods for As classify the chemical form of As into the easily sorbed phase, 

the Fe/Al oxyhydroxide phase, and the residual phase (Hudson-Edwards et 

al., 2004). The sequential extraction method is easy and cost-effective for 

chemical form analysis of As. However, reproducibility is very poor due to 

operational inconsistency (Wang and Mulligan, 2008). Selectivity is also 

lacking because the chemical form determined by sequential extraction is 

just an operational defined fraction (Hudson-Edwards et al., 2004).  

These weaknesses can be complemented by a supplementary 

mineralogical study using spectroscopic analysis. X-ray diffraction (XRD), 

X-ray fluorescence (XRF), X-ray photoelectron spectroscopy (XPS), X-ray 

absorption spectroscopy (XAS) including X-ray absorption fine structure 

(EXAFS) and X-ray absorption near edge structure (XANES) have been 

applied to identify the mineralogical state of As (Davis et al., 1992; 

Waychunas et al., 1993; Davis et al., 1996; Matera et al., 2003; Yang and 

Donahoe, 2007; Haffert and Craw, 2008; Meunier et al., 2010; Kim et al., 

2014).  
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In this study, an extensive site survey was conducted at an As 

contaminated site; this was the former Janghang smelter site in Korea. The 

chemical form of As determined by chemical extraction and the properties of 

site soils were analyzed, and their effect on the in vitro bioaccessibility of As 

was investigated. Also, the study evaluates the effect of the chemical form of 

As (as determined by chemical extraction and spectroscopic analysis) on the 

toxicity of As to microbes, plants, and earthworms.   

 

3.2 Materials and Methods 

 

3.2.1 Field survey for As contaminated site 

 

The study site is in the vicinity of a former Janghang smelter, located 

in Janghang-eup, Seocheon-gun, Chungcheongnam-do, about 180 km 

southwest of Seoul, Korea (Figures 3.1 and 3.2). The smelter was in 

operation from 1936 to 1989, refining copper and lead ores. 

With permission from the KMOE, a total of six operable units (OUs) 

exceeding the former worrisome level for As (6 mg/kg, determined by 0.1 N 

HCl extraction) within a radius of 1.5 km from the smelter stack were chosen 

and soil sampling was conducted for the study (Figure. 3.2). OUs 1-4 were 

located in rice paddy fields (Figure 3.3) and OU 5 was on farmland (Figure 

3.4), but no cultivation activity is currently permitted at the site. OU 6 is a 

part of a forest area (Figure 3.5) which is still being used as a pine forest 

therapy park, with trails and a playground.  
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The number of sampling points at each OU was 15-17 and the total 

number of sampling points was 96. For every 1,500 m2 area, five soil 

samples were collected at a depth of 15 cm from the surface and combined to 

make a composite sample for As analysis. The sampling areas were: 24,000 

m2 for OU 1; 22,500 m2 for OU 2; 24,000 m2 for OU 3; 24,000 m2 for OU 4; 

26,000 m2 for OU 5 and 24,000 m2 for OU 6, and the numbers of soil 

samples were 16, 15, 16, 16, 17 and 16, respectively. The total area 

investigated for this study was 144,500 m2, which is about 12.5% of the 

whole area of 1,158,000 m2 purchased by the KMOE. 

 

 

Figure 3.1 View of the entire former Janghang smelter 
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Figure 3.2 Soil sampling points (▲) and OUs in the vicinity of the former 

Janghang smelter 

 

 

Figure 3.3 OU 2 (currently uncultivated rice paddy, similar to OUs 1, 3 and 4) 
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Figure 3.4 OU 5 (farmland and residential area) 

 

 

Figure 3.5 OU 6 (forest) 
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3.2.2 Analysis for As and other properties of soil 

 

To determine total concentration of As in soil samples, the aqua regia 

extraction method (International Standard Organization, 1995), complying 

with KMOE (2009), was used with slight modifications. Briefly, 3 g of soil 

was added to 21 mL of HCl and 7 mL of HNO3 in a 100 mL Teflon vessel, 

and the vessel was slowly heated to 105°C and maintained for two hours in a 

heating block. The digested mixture was then filtered through a 0.45-μm 

GHP filter for As analysis.  

The in vitro bioaccessibility (IVBA) of As in each OU soil sample 

was determined using the Solubility/Bioavailability Research Consortium 

(SBRC) method (Kelley et al., 2002). Briefly, 100 mL of 0.4 M glycine 

buffer was adjusted to pH 1.5 with concentrated HCl, and 1 g of soil was 

added to the solution, and the soil solution was shaken at 200 rpm for one 

hour at 37°C. The soil solution was filtered through 0.45 μm GHP filter for 

As analysis.  

The five-step sequential extraction method proposed by Wenzel et al. 

(2001) was adopted to determine the chemical forms of As in the soil. As the 

first step, to extract the non-specifically sorbed As fraction, 1 g of soil was 

shaken with 25 mL of 0.05 M (NH4)2SO4 for one hour at room temperature 

(fraction 1). The second step was to shake the residue with 25 mL of 0.05 M 

NH4H2PO4 for 16 hours at room temperature to extract the specifically 

sorbed fraction (fraction 2).  
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To extract As bound to amorphous Fe oxides (fraction 3), the residue 

from the second step was shaken with 25 mL of 0.2 M NH4-oxalate adjusted 

to pH 3.25 with NH4OH for four hours at room temperature, in the dark. In 

the fourth step, which was to extract As bound to crystalline Fe oxides 

(fraction 4), the residue from the previous step was extracted with 25 mL of 

0.2 M NH4-oxalate/ascorbic acid adjusted to pH 3.25 with NH4OH for 30 

min at 96 ± 3°C, in the light. The residual fraction of As (fraction 5) was 

obtained following USEPA method 3052 (USEPA, 1996). The residue from 

the fourth step (0.5 g) was acid digested with 9 mL of HNO3, 3 mL of HF, 1 

mL of H2O2, and 1 mL of H2O with the aid of a microwave (MARS 6, CEM, 

USA). The sample after each extraction step was centrifuged at 10,000 g for 

10 min (IEC MULTI-RF, Thermo Scientific, USA) and filtered through a 

0.45 μm GHP filter for As analysis. The concentrations of As in the extracted 

solutions were determined by using an inductively coupled plasma-optical 

emission spectrometer (ICP-OES, ICP-730ES, Varian, USA). 

To analyze soil pH, 5 g of soil was periodically stirred with 25 mL of 

deionized water in a 100 mL beaker, and pH was measured after one hour. 

Cation exchange capacity (CEC), organic matter (OM), and soil texture were 

determined by ammonium acetate method (Sumner and Miller, 1996), 

Walkley-Black method (Walkley and Black, 1934), and pipette method (Gee 

and Or, 2002), respectively. To analyze Fe, Al and Mn contents, soil samples 

were extracted by aqua regia extraction method, and analyzed by ICP-OES. 
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3.2.3 XRD and SEM-EDS analysis for chemical form of As 

 

(1) XRD analysis for smelter ash 

The chemical form of As in Janghang smelter ash sampled from 

under the smelter stack at Janghang was analyzed by XRD (D8 Advance, 

Bruker Corporation, Germany). Residues after each of the five steps of 

Wenzel’s sequential extraction method were analyzed. SEM-EDS analysis 

(SUPRA 55VP, Carl Zeiss, Germany) was also conducted to identify the 

spatial distribution of As in the smelter ash sample. 

 

(2) SEM-EDS analysis for mine tailings 

The chemical form of As in mine tailings from the Jeonui mine was 

determined by Wenzel’s sequential extraction method, and the residues after 

each extraction step were analyzed by SEM-EDS (SUPRA 55VP, Carl Zeiss, 

Germany). The residues were analyzed for bioaccessibility of As using 

SBRC extraction. The Jeonui mine, located in Jeonui-myeon, Sejong-si, 

Korea, had produced gold and silver. The mine tailing sample was adopted to 

this study for spectroscopic analysis of As which is not available for former 

Janghang smelter site soil samples having not enough high concentration of 

As. 
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3.2.4 As toxicity tests for Vibrio fischeri, Brassica juncea, and Eisenia fetida 

 

Toxicity tests for Vibrio fischeri, Brassica juncea, and Eisenia fetida 

were conducted to identify the effect of the chemical form of As on the toxic 

effect of As.  

 

(1) Luminescent inhibition test for V. fischeri 

To measure the toxicity of As in the solid phase on V. fischeri, which 

has bioluminescent properties, a modified Basic Solid Phase Test (mBSPT) 

method (Campisi et al., 2005) was adopted using the Microtox toxicity test 

system (Model 500, Modern Water, USA). The tested soils are former 

Janghang smelter site soils and the residues of the soils after SBRC 

extraction.  

The toxicity change after the removal of SBRC extractable As was 

investigated. Soils and liquid (2% of sodium chloride solution) were agitated 

at a 1:5 ratio of S:L for 10 min, and the nine diluted slurry samples were 

placed in contact with V. fischeri for a period of 15 min. Three replicates of 

each soil were tested, and the degree of toxicity was presented as a 50% 

effective concentration (EC50), the concentration which causes 50% 

reduction in bioluminescence of V. fischeri. 
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(2) Germination and growth tests for B. juncea 

B. juncea, also known as Indian mustard or mustard greens, is a 

species of mustard plant which has been used to test the toxic effect of As 

(Clemente et al., 2005; Yi et al., 2013).  

The toxicity test was conducted based on the ISO 11269-1 and 

11269-2 methods (ISO, 2012a, b) with slight modification. 30 g of test soil 

was placed in a 90 mm diameter petri dish with 10 seeds of B. juncea 

(Danong, Korea). The water content in the soil was maintained at 70% of its 

water holding capacity. Temperature and relative humidity were maintained 

at 23°C and 80%, respectively, for the 24-hour photoperiod (16:8 h of 

light:dark), in a growth chamber (HK-GC80, Korea General Instrument, 

Korea). The tested soils were: former Janghang smelter site soil, smelter site 

soil spiked to 300 mg/kg of As concentration with sodium arsenate 

(Na2HAsO4•7H2O, Wako Pure Chemical Industries Ltd., Japan), and the 

residues of the soils after the SBRC extraction. Five test replicates of each 

soil were prepared, and germination rates were measured after seven days. 

The above-ground lengths of germinated plants were measured after 14 days. 

 

(3) Lethality and accumulation tests for E. fetida 

Earthworm toxicity tests for lethality and accumulation of As were 

conducted following the ISO 11268-1 method (ISO, 2012c) using E. fetida 

(Carolina Biological Supply Company, USA). Earthworms of 0.3-0.6 g 

weight were taken from earthworm bedding, washed, and then placed for 24 

hours in a petri dish lined with humid paper, to evacuate the intestine content.  
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After evacuation, 10 earthworms were put into 200 g of test soil in a 

470 mL glass jar with a ventilated plastic lid. The water content in the soil 

was maintained at 70% of its water holding capacity. Temperature and 

relative humidity were maintained at 23°C and 80%, respectively, for the 24-

hour photoperiod (16:8 h of light:dark), in a growth chamber (HK-GC80, 

Korea General Instrument, Korea). Three replicates of the test were prepared, 

and after seven and 14 days of exposure to soil, the number of live 

earthworms was counted. The tested soils were: former Janghang smelter site 

soil, smelter site soil spiked to 300 mg/kg of As concentration with sodium 

arsenate (Na2HAsO4•7H2O, Wako Pure Chemical Industries Ltd., Japan), and 

the residues of the soils after the SBRC extraction.  

To analyze As accumulation in the earthworms, after 14 days of 

exposure the live earthworms were washed, and left for 24 hours to evacuate 

the intestine content. After evacuation, the earthworms were frozen at -80°C 

in a freezer (Gudero, Ilshil lab, Korea), and freeze dried at -80°C in a freeze 

dryer (Bondiro, Ilshil lab, Korea) for 24 hours. The freeze dried earthworms 

were ground using a mortar and pestle, and acid digested using USEPA 3052 

method (USEPA, 1996): 0.5 g of ground earthworm was digested with 9 mL 

of HNO3, 3 mL of HF, 1 mL of H2O2, and 1 mL of H2O, with the aid of a 

microwave (MARS 6, CEM, USA). The concentrations of As in the 

extracted solutions were determined by using an ICP-OES (iCAP7000 Series, 

Thermo Scientific, USA).  
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3.3 Results and Discussion 

 

3.3.1 As contamination characteristics at the former Janghang smelter site 

 

Aqua regia extraction is the standard extraction method in Korea for 

determining the concentrations of heavy metals in soils (KMOE, 2009, 2010). 

Concentrations of As at the study site and extractable by aqua regia ranged 

from 9.8 to 169.8 mg/kg (Table 3.1). Average concentration of As at OUs 1-5 

ranged from 26.5 to 39.0 mg/kg (average 34.1 mg/kg), but that of OU 6 was 

2.2-3.2 times higher (average 85.9 mg/kg).  

Concentrations of As in 81 of the 96 soil samples exceeded the 

Korean soil regulatory levels of Korean Soil Environment Conservation Act 

(KMOE, 2013) (Figure 3.6). For OUs 1-5, 69 of the 80 samples exceeded the 

regulatory level for As of 25 mg/kg for rice paddy fields, farmland, 

residential areas, schools and parks. For OU 6, the soil regulatory level for 

As of 50 mg/kg for forests, commercial areas and recreational areas was 

applied, and 12 of the 16 samples exceeded the regulatory level. 

Total concentrations of As in our study were far lower than those 

reported in previous studies investigating smelter sites. Soil As 

concentrations were 410-3,900 mg/kg (Ruby et al., 1996), 233-17,500 mg/kg 

(Rodriguez et al., 1999), and 200-41,051 mg/kg (Brattin et al., 2013) in those 

past studies. Such differences seem to result from the different sources of 

contamination. Our study site was contaminated mainly by dispersion of 

As2O3 emitted from the smelter stack, while the sites reported on in the 
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above literature were contaminated by wastes from the smelting process and 

flue dust concentrate. 

 

Table 3.1 Total concentrations of As at the study site 

 Number of 

samples 

Aqua regia extractable conc (mg/kg-soil) 

 Min Max Avg ± SD 

OU 1 16 11.2 50.6 33.7 ± 13.1 

OU 2 15 25.2 51.6 39.0 ± 9.2 

OU 3 16 20.4 49.2 33.6 ± 8.9 

OU 4 16 9.8 34.3 26.5 ± 6.1 

OU 5 17 25.1 52.8 37.7 ± 8.1 

OU 6 16 14.4 169.8 85.9 ± 52.4 
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Figure 3.6 Total concentration of As of all soil samples determined by aqua 

regia extraction. Solid and dashed lines represent Korean soil regulatory 

levels for residential, rice paddy, and farm soils (i.e., OUs 1-5; 25 mg/kg) 

and for forests (i.e., OU 6; 50 mg/kg), respectively. 

 

Results obtained from Wenzel’s five-step sequential extraction 

method (Figure 3.7) showed that As was present mainly as oxalate-

extractable forms (21.6-61.7%) which bound to amorphous Fe oxides. The 

remaining As was present as the following forms: oxalate/ascorbic acid-

extractable (bound to crystalline Fe oxides, 8.3-50.1%); residual (10.1-

25.4%); PO4
3--extractable (specifically sorbed, 3.5-19.9%); and SO4

2--

extractable (non-specifically sorbed, 0-2.8%) forms. 
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Figure 3.7 Fraction of As chemical form determined by Wenzel’s sequential 

extraction and SBRC extractable As 

 

SBRC extraction was also performed to determine the bioaccessible 

As concentrations, and the extracted concentrations were used to calculate 

IVBA values, which were considered as the bioavailable concentrations of 

As in the soils tested. SBRC extractable As ranged from 2.2 to 44.6 mg/kg 

(Table 3.2). Average SBRC extractable As concentrations at OUs 1-5 ranged 

from 5.9 to 14.4 mg/kg, and that of OU 6 was 20.1 mg/kg, which was 1.4-3.4 

times higher. Bioaccessibility values were derived from the ratios of SBRC 

extractable concentrations to aqua regia extractable concentrations in all the 

samples tested (Figure 3.7). The bioaccessibility values of As derived in this 

study varied greatly, ranging from 8.7% to 66.3% (average 29.3%, from 96 

samples). Other studies also reported a variety of bioaccessibility ranges of 

As at smelter sites: 44% and 50% when determined by the Physiologically 

Based Extraction Test (PBET) method (Ruby et al., 1996), an average of 
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14.8% from 13 samples, determined using the In Vitro Gastrointestinal (IVG) 

method (Rodriguez et al., 1999), and 7.7% to 78% (average 35.6%) from 16 

samples, determined using the SBRC method (Brattin et al., 2013). Taken 

together, these results support the idea that bioavailability (or practical in 

vitro bioaccessibility, IVBA) of As in soil should be incorporated to 

determine the real exposure concentration, and thus needs to be determined 

in a site-specific manner. 

 

Table 3.2 SBRC extractable (bioaccessible) concentrations of As at the study 

site 

 Number of 

samples 

SBRC extractable conc (mg/kg-soil) 

 Min Max Avg ± SD 

OU 1 16 3.5 9.0 5.9 ± 1.8 

OU 2 15 2.2 18.2 11.7 ± 5.1 

OU 3 16 3.6 19.8 9.8 ± 5.2 

OU 4 16 6.5 21.6 14.4 ± 3.6 

OU 5 17 3.5 10.5 7.0 ± 2.2 

OU 6 16 4.3 44.6 20.1 ± 12.8 
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The ratio of bioaccessible As (bioaccessibility) corresponded to the 

SO4
2--extractable and PO4

3--extractable As and some portion (average 20%) 

of As bound to amorphous Fe oxides (Figure 3.7).  

Concentrations of As extracted by each step of Wenzel’s sequential 

extraction procedure and the SBRC method were plotted, R squared values 

were obtained (Figure 3.8). The sum of SO4
2--extractable and PO4

3--

extractable As (F1 + F2 As) concentrations with SBRC extractable As 

showed the highest significant relationship (R2 = 0.869). As more strongly 

bound arsenic to soil matrices were added, the correlation coefficient 

decreased (R2 = 0.754 for F1 + F2 + F3 As; R2 = 0.626 for F1 + F2 + F3 + F4 

As). SO4
2--extractable and SBRC extractable As showed the lowest 

relationship (R2 = 0.569). 
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Figure 3.8 Relationships between SBRC extractable As and each As fraction 

of Wenzel’s sequential extraction result: (a) F1 As; (b) F1+F2 As; (c) 

F1+F2+F3 As; (d) F1+F2+F3+F4 As. 

 

At OUs 1 and 5, As bound to crystalline Fe oxides (oxalate 

buffer/ascorbic acid extractable) and residual As were 47.2% and 59.4%, 

respectively. Consequently, average bioaccessibility values were low (19.7% 

and 19.2%, respectively). In contrast, at OUs 2, 3, 4 and 6, As bound to 

crystalline Fe oxides and residual As were only about 30.0% to 38.1%, 

which corresponded to higher average bioaccessibility values at the OUs 

(30%, 29.2%, 55.1% and 23.5%, respectively). The results are consistent 

with the previous reports (Juhasz et al., 2008; Smith et al., 2008). 
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When OU 1 and OU 4 were compared, the average concentrations of 

As were 33.7 and 26.5 mg/kg, but the SBRC extractable concentrations were 

5.9 and 14.4 mg/kg respectively, due to the higher bioaccessibility value of 

OU 4 (i.e., 55.1% vs. 19.7% at OU 1). A similar trend was found in OU 3. 

Although its bioaccessibility value was only 23.5%, however, the average 

concentration of As of OU 6 was the highest (i.e., 85.9 mg/kg) and thus the 

bioavailable As concentration was the highest (20.1 mg/kg) among the OUs. 

SBRC extractable As concentration and pH, organic matter, cation 

exchange capacity, and clay content are plotted in Figure 3.9, but there were 

no relationships between them.  

In Figure 3.10, SBRC extractable As concentrations and the total Fe, 

Al, and Mn contents are plotted. There seems to be no relationship between 

them when plotted using data from each sampling point (Figures 3.10 (a), (b) 

and (c)), but SBRC extractable As concentrations decreased with the increase 

of total Fe, Al, and Mn contents when plotted using data of the average 

values of each OU except OU 6 (Figures 3.10 (d), (e) and (f)).  

The total Fe contents showed the highest relationship (R2 = 0.929), 

and the total Al and Mn contents showed a lower relationship coefficient (Al: 

R2 = 0.717; Mn: R2 = 0.746). Aqua regia extractable As concentrations of 

OUs 1-5 were similar, but the concentration of As at OU 6 was higher than at 

the other OUs, and this might have affected the higher SBRC extractable As 

concentration of OU 6.  
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Figure 3.9 Relationships between pH, organic matter, cation exchange 

capacity, clay content and SBRC extractable As. 
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Figure 3.10 Relationships between total Fe, Al, Mn and SBRC extractable 

As, based on data of each sampling point ((a), (b), and (c)) and average 

values of each OU ((d), (e), and (f)). 

 

Increase of the total Fe contents resulted in increase of crystalline Fe 

oxides and As bound onto crystalline Fe oxide as shown in Figure 3.11. 

Increase of more strongly bound As fraction result in decrease of 

bioaccessible As fraction as shown in Figure 3.12.  
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Figure 3.11 Relationships between total Fe and crystalline Fe oxide (a) or 

crystalline Fe oxides bound As (b). 

 

 

Figure 3.12 Relationship between crystalline Fe oxides bound As and 

bioaccessibility of As. 
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Effect of crystallinity of Fe on bioaccessibility of As was compared in 

Figure 3.13. Relationship between crystalline Fe (F4 Fe) or total Fe and 

bioaccessibility showed higher relationship coefficient (R2=0.618 or 0.611) 

than amorphous Fe (F3 Fe, R2=0.328). Some portion of amorphous Fe oxide 

bound As (average 20% of amorphous Fe oxides bound As) has 

bioaccessibility as shown in Figure 3.7, and this leads to lower correlation 

coefficient. 

 

 

Figure 3.13 Relationship between bioaccessibility of As and amorphous Fe 

(F3 Fe, (a)) or crystalline Fe (F4 Fe, (b)), or total Fe (c) 

 

3.3.2 Chemical form of As determined by chemical extraction and 

spectroscopic method 
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the Janghang smelter, the major chemical form of As emitted through the 

smelter stack is assumed to had been arsenic trioxide (As2O3) because in 

many lead and copper smelters, As contained in lead and copper ore in trace 

amounts (2-3%) is volatilized and emitted as particulate arsenic trioxide 

(USEPA, 1998; Carapella, 2000). Arsenic trioxide can be dissolved and form 

scorodite as follows: 

 

As2O3 (Arsenic trioxide) + 3H2O → 2H3AsO3 (eq. 3.1) 

H3AsO3 + 0.5O2 → H2AsO4
- + H+ (eq. 3.2) 

Fe(OH)2
+ + H2AsO4

- → FeAsO4∙2H2O (scorodite) (eq. 3.3) 

 

 

Figure 3.14 X-ray diffraction patterns of smelter ash samples after Wenzel’s 

sequential extraction. 
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The presence of scorodite in the smelter ash sample was confirmed 

by SEM-EDS analysis (Figure 3.15). As and Fe coexisted with the atomic 

ratio of 8.3%:8.0% of the total, with the oxygen (81.1% of the atomic ratio of 

the total). 

 

 

Figure 3.15 SEM-EDS images for particle estimated as scorodite in smelter 

ash sample (atomic ratio of Fe : As is 8.3%:8.0% of the total). 
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In Figure 3.14, a few of the XRD peaks of scorodite decreased after 

extraction of steps 2 and 3 of Wenzel’s sequential extraction, phosphate and 

oxalate buffer extraction. After extraction of step 4, oxalate buffer and 

ascorbic acid extraction, most of the scorodite XRD peaks disappeared. This 

result coincides with the result of Wenzel’s sequential extraction results for 

As (Table 3.3). Most of the As was extracted by oxalate buffer and ascorbic 

acid (80,081.8 mg/kg, 66.0%).  

 

Table 3.3 Wenzel’s sequential extraction results for smelter ash sample 

Fraction As (mg/kg) 

SO4 extractable (non-specifically sorbed, F1)    106.3 

PO4 extractable (specifically sorbed, F2)    452.2 

Oxalate buffer extractable (amorphous Fe oxides bound, F3)  18,998.0 

Oxalate buffer/ascorbic acid extractable 

(crystalline Fe oxides bound, F4) 
 80,081.8 

Residual (microwave assisted digestion, F5)  21,787.0 

Total 121,425.3 

 

This finding provides indirect evidence of a transition in the As 

chemical form in the soil around the former Janghang smelter site. Arsenic 

trioxide emitted from the smelter stack may have been deposited on the 

surface of the ground, dissolved, and associated to soil constituents such as 

Fe oxides. 
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(2) SEM-EDS analysis for mine tailing 

Wenzel sequential extraction results for the Jeonui mine tailings are 

shown in Table 3.4. Major chemical form of As is oxalate/ascorbic acid 

extractable form (1,193.6 mg/kg) which bound to Fe oxides. The remaining 

As was present in the following forms: residual (327.7 mg/kg), PO4
3--

extractable (specifically sorbed, 157.3 mg/kg), and SO4
2--extractable (non-

specifically sorbed, 19.2 mg/kg) forms. The SBRC extractable As 

concentration was 472.7 mg/kg, and the bioaccessibility of As was 27.8%. 

 

Table 3.4 Wenzel sequential extraction and SBRC extraction results for 

Jeonui mine tailing 

Extraction method As (mg/kg) 

Wenzel 

extraction 

SO4 extractable (non-specifically sorbed, F1)   19.2 

PO4 extractable (specifically sorbed, F2)  157.3 

Oxalate buffer/ascorbic acid extractable 

(Fe oxide bound, F3+F4) 

1,193.5 

Residual (microwave assisted digestion, F5)  327.7 

Total 1,697.7 

SBRC extractable As  472.7 

Bioaccessibility (%) 27.8 
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SEM-EDS analysis was conducted for the residues after the 

extraction steps of Wenzel’s sequential extraction for the Jeonui mine tailings 

sample. SEM-EDS analysis images for the residue after SO4 and PO4 

extraction (step 2) are in Figure 3.16. The remaining As chemical forms in 

the residue sample are Fe oxides bound (F3 and F4) and mineral forms (F5). 

The particle having the atomic ratio of Fe:As of 15.5%:3.7% was found, and 

was assumed to be As bound to Fe oxide. SBRC extractable As for the 

residue sample was 315.1 mg/kg. Bioaccessibility of As was 20.7%, which 

was lower than the value for the raw mine tailing sample (30%). This result 

shows that a part of the Fe oxides bound to As has bioaccessibility, 

coinciding with the results of the analysis for the Janghang smelter site soil 

samples (where an average 20% of the Fe oxides bound to As were 

bioaccessible). 
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Figure 3.16 SEM-EDS images for the particle estimated as arsenic 

associated to Fe oxide (atomic ratio of Fe:As is 15.5%:3.7% for the particle 

in the image) in mine tailing sample after extraction step 2 (PO4 extraction) 

of Wenzel’s sequential extraction procedure. 

 

For the residue after oxalate buffer and ascorbic acid extraction (steps 

3 and 4), SEM-EDS analysis found the particle having the atomic ratio of 

Fe:As:S is 1.2% : 1.1% : 1.1%, estimated to be arsenopyrite (FeAsS) (Figure 

3.17). Arsenopyrite is the most common arsenic sulfide mineral, and contains 

traces of gold (Meunier et al., 2010). SBRC extractable As for the sample 

was 5.4 mg/kg, and the bioaccessibility of As was just 1.6%. This result 

shows that the bioaccessibility of As in the residual fraction, including the 
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mineral phase of As, is very low. It also coincides with the SBRC extraction 

result and other studies that reported a bioaccessibility of As below 1% in 

arsenopyrite-dominated or arsenopyrite-dominated mine tailings (Makris et 

al., 2008; Meunier et al., 2010). Moreover, the bioaccessibility of As in 

arsenopyrite (Ward’s Science, USA) determined by SBRC extraction was 

just 0.09%. 

  

 

Figure 3.17 SEM-EDS images for the particle estimated as arsenopyrite 

(FeAsS, atomic ratio of Fe : As : S is 1.2% : 1.1% : 1.1%, for the particle in 

the image) in mine tailings sample after extraction step 4 (oxalate buffer and 

ascorbic acid extraction) of Wenzel’s sequential extraction procedure. 
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3.3.3 Toxic effect of As chemical form to V. fischeri, B. juncea, and E. fetida 

 

(1) Change of As toxic effect to V. fischeri 

The tested soils are former Janghang smelter site soils and the 

residues after SBRC extraction. The concentrations of As of tested soils are 

shown in Table 3.5.  

The concentrations of As in Janghang soils 1 and 2 are 40.2 and 42.3 

mg/kg, respectively. By SBRC extraction, 6.1 and 14.4 mg/kg of As were 

extracted from Janghang soils 1 and 2, respectively. Before SBRC extraction, 

EC50 values after 15 min of exposure were 0.33 and 0.55 mg-total As/L 

(Figure 3.18), meaning the slurry concentration which causes 50% reduction 

in bioluminescence of V. fischeri measured by the change of luminescence 

after 15 min of exposure to the slurry. However, after SBRC extraction, 

EC50 values increased to 0.52 and 0.98 mg-total As/L, meaning a decrease 

in toxic effect (p < 0.05).  

 

Table 3.5 Concentrations of As in tested soil for V. fischeri 

Soil As (mg/kg) 

Janghang soil 1 

(from OU1) 

Before SBRC extraction 40.2 

After SBRC extraction 34.1 

Janghang soil 2 

(from OU2) 

Before SBRC extraction 42.3 

After SBRC extraction 27.9 
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Figure 3.18 Change of EC50 value for V. fischeri after 15 min of exposure 

by SBRC extraction for Janghang smelter site soils. 
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14 days of exposure increased from 2.5 cm to 5.2 cm after SBRC extraction 

in Janghang soil 3 (p < 0.001).  

 

Table 3.6 Concentrations of As in tested soil for B. juncea 

Soil As (mg/kg) 

Janghang soil 3 

(from OU6) 

Before SBRC extraction  52.2 

After SBRC extraction  40.3 

Spiked soil Before SBRC extraction 333.1 

After SBRC extraction  62.6 

 

Table 3.7 Change of germination rate and above-ground length of B. juncea 

after SBRC extraction 

Soil Germination 

rate1) (%) 

Aboveground 

length2) (cm) 

Janghang soil 3 

(from OU6) 

Before SBRC extraction 63.3 ± 25.2 2.5 ± 0.8 

After SBRC extraction 90.0 ± 17.3 5.2 ± 1.7 

Spiked soil 

(As 333.1 mg/kg) 

Before SBRC extraction 0 NA3) 

After SBRC extraction 16.0 ± 20.7 3.1 ± 1.5 

1) Measured after 7 days of exposure 

2) Measured after 14 days of exposure 

3) NA, Not applicable; above-ground length could not be measured because of 0% 

germination rate. 
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(3) Change of As toxic effect to E. fetida 

The tested soils are Janghang smelter site soil in the forest area, As-

spiked soil (As 333.1 mg/kg), and the residues after SBRC extraction. 

Concentration of As of tested soils are shown in Table 3.6. 

In Janghang soil 3, all earthworms were alive before and after SBRC 

extraction (Table 3.8). In the spiked soil, all the earthworms died within two 

days of exposure to it. However, after SBRC extraction for the spiked soil, 

all the earthworms were alive after 14 days of exposure, which means a 

decrease in toxic effect by removal of SBRC extractable As. 

There was no difference in accumulated As in the body of 

earthworms before and after SBRC extraction (Table 3.8). This result means 

that E. fetida is not sensitive enough to distinguish the toxic effect of 11.9 

mg/kg of As (which is difference in As concentration before and after SBRC 

extraction). 
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Table 3.8 Mortality and accumulated As of E. fetida before and after SBRC 

extraction 

Soil Mortality1) (%) Accumulated As1) (mg) 

Janghang soil 3 Before SBRC 

extraction 

0 0.00149 ± 0.00053 

After SBRC 

extraction 

0 0.00151 ± 0.00065 

Spiked soil 

(As 333.1 mg/kg) 

Before SBRC 

extraction 

1002) NA3) 

After SBRC 

extraction 

0 0.0059 ± 0.00015 

1) Measured after 14 days of exposure 

2) After 2 days of exposure, all of E. fetida died. 

3) NA, Not applicable; accumulated As could not be measured because of 

100% mortality. 
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3.4 Summary 

 

An extensive site survey of the site of the former Janghang smelter 

was conducted for chemical form and bioaccessibility of As. The major 

chemical form of As in the site was oxalate buffer extractable As (amorphous 

Fe oxides bound). The predicted bioaccessibility of As ranged from 8.7% to 

66.3%, which supports the idea that bioavailability or bioaccessibility of As 

is to be determined in a site-specific manner. The As chemical forms 

contributing to bioaccessible As were the SO4
2--extractable and PO4

3--

extractable As, and some portion of As bound to amorphous Fe oxides. The 

major factor determining bioaccessibility of As was the Fe in soil. The ratio 

of As bound to crystalline Fe oxides and bioaccessibility of As was inversely 

related. Moreover, SBRC extractable As decreased with the increase in total 

Fe content in soil. 

Through spectroscopic analysis, using XRD on a sample of smelter 

ash, scorodite was identified. This may be indirect evidence of an As 

chemical form transition from arsenic trioxide to As associated to Fe. In 

SEM-EDS analysis result for residues after each extraction step of Wenzel’s 

sequential extraction, Fe oxides bound to As and arsenopyrite were identified 

with their bioaccessibility. The toxic effect of the As chemical form was 

investigated, based on the toxicity test using V. fischeri, B. juncea, and E. 

fetida, and decreased toxic effects were observed after SBRC extraction.  
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Chapter 4 

APPLICATION OF BIOACCESSIBILITY 

BASED SITE-SPECIFIC RISK 

MANAGEMENT PRACTICE 

 

 

 

4.1 Introduction 

 

Risk assessment is the process of characterizing the potential adverse 

effects on human health, from the exposures to environmental hazards (NRC, 

1983). This process provides a framework for developing risk information 

that are necessary for assisting decision-making at remedial site (USEPA, 

1989). Risk management includes the identification of relevant pathways of 

exposure, which poses a risk to human health or the environment, and the 

development of appropriate remedial measures, which could include treating 

or removing the sources or cutting off the pathways or both (NRC, 2003). In 

this study, risk assessment was applied at the study site, which is the former 

Janghang smelter site. As described in Chapter 3, the study site has been 

contaminated by arsenic (As). The chemical form, bioaccessibility, and total 

concentrations of As differed by operable units (OU), so these characteristics  

  
Significant portions of this chapter were published in Yang et al 
(“Determination of human health risk incorporating experimentally derived 
site-specific bioaccessibility of arsenic at an old abandoned smelter site”, 
Environmental Research, 137, 78-84, Copyright (2015)) 
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of As contamination need to be incorporated in the risk management strategy 

for the study site. In this study, risk assessment was conducted for each OU 

of the study site, which is the former Janghang smelter site, as a case study; 

and the risk management strategy was suggested based on the result of risk 

assessment.  

 

4.2 Risk assessment 

 

4.2.1 Exposure scenario and conceptual site model 

 

The current land use of the study sites are rice paddy for OU1-4, 

farmland and residential area for OU5, and forest for OU6. Future use of the 

study site after remediation is not determined, but a residential scenario was 

applied. Direct exposure pathways including soil ingestion, dermal contact 

with soil, and inhalation of fugitive dusts from soil were only considered, 

because As was not found in a significant amount in the subsurface soil and 

it also was not detected in groundwater. Inhalation of volatile As was also 

ignored, because inorganic contaminants, except for mercury, are regarded as 

non-volatile compounds (USEPA, 1996). Conceptual Site Model (CSM) for 

the study site is shown in Figure 4.1.  
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Figure 4.1 Conceptual Site Model (CSM) for risk assessment in the study 

site. 

 

4.2.2 Concentrations of As 

 

For risk evaluation, representative concentration of contaminant is to 

be determined. To assume reasonable maximum exposure (RME) scenario of 

the acceptor, representative concentration was determined by 95% of the 

upper confidence limit (UCL) of the arithmetic mean (USEPA, 1989). To 

determine 95% UCL, appropriate calculation methods for the distribution 

type of contaminant (e.g., normal distribution, lognormal distribution, 

gamma distribution, and nonparametric distribution) was used. In this study, 

ProUCL software (ver. 5.0; USEPA, 2013) was used to derive 95% UCL, and 

the results are shown in Table 4.1.  

Representative IVBA (In-vitro bioaccessibility) of each OU was also 

determined. According to USEPA risk assessment guidance (USEPA, 1992), 

exposure parameters such as soil ingestion rate, water ingestion rate, 

exposure frequency, and exposure duration were chosen based on the upper 
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percentile value. For a conservative assessment, the 90th percentile value is 

commonly used under a RME scenario. The 90th percentile IVBA values 

derived in this study differed greatly, ranging from 28.2 to 65.8% (Table 4.1), 

which is probably due to the diverse chemical forms of As at each OU. 

Accordingly, the resulting bioavailable concentrations also varied 

significantly, depending on the OU-specific IVBA values (Table 4.1). 

 

Table 4.1 IVBA and bioavailable concentrations calculated from 

representative soil concentrations 

OU Representative soil 

conc (mg/kg)a) 

90th percentile 

IVBA (%)b) 

Bioavailable 

conc (mg/kg)c) 

OU 1 39.5 28.2 11.1 

OU 2 43.2 47.1 20.3 

OU 3 37.5 51.5 19.3 

OU 4 29.2 65.8 19.2 

OU 5 41.1 28.2 11.6 

OU 6 108.9 29.2 31.8 

a) 95% UCL concentration derived by ProUCL ver. 5.0 (USEPA, 2013) 

b) 90th percentile value of the IVBA values in each OU 

c) Exposure concentration of As used for risk calculation (a × b) 
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4.2.3 Exposure assessment 

 

Exposure to As via ingestion of soil, dermal contact with soil, and 

inhalation of fugitive dust were estimated by using the equations 4.1, 4.2, 

and 4.3, as shown below. The definition and values of the exposure 

parameters are shown in Table 4.2.  

 

Ingestion of soil: 

ADD = [Cs × IR × IVBA × EF × ED × CF] / [BW × AT] (eq. 4.1) 

 

Dermal contact with soil: 

ADD = [Cs × AF × ABSD × SA × EF × ED × CF] / [BW × AT] (eq. 4.2) 

 

Inhalation of fugitive dust: 

ADE = [Cs × TSP × frs × Fr × EF × ED × CF] / [AT] (eq. 4.3) 

 

where ADD is average daily dose (mg/kg-day), ADE is average daily 

exposure (mg/m3), Cs is exposure point concentration of As in soil (mg/kg), 

and CF is conversion factor (10-6 kg/mg). 
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Table 4.2 Exposure parameters used in this study 

Exposure parameters Unit Adult Child 

IR (soil ingestion rate) mg/day 50 118 

AF (soil-to-skin adherence factor) mg/cm2 0.07 0.2 

SA (skin surface area) cm2/day 4,271 1,828 

TSP (total suspended particle) mg/m3 0.07 0.07 

frs (fraction of soil particles in the air) - 0.5 0.5 

Fr (retention factor of soil in lungs) - 0.75 0.75 

EF (exposure frequency) days/year 350 350 

ED (exposure duration) years 25 6 

BW (body weight) kg 62.8 16.8 

ATc (averaging time for carcinogens) days 28,689 28,689 

ATn (averaging time for non-carcinogens) days 9,125 2,190 

 

4.2.4 Toxicity assessment 

 

Toxicity information for As was researched. As is classified as Group 

A chemical, by the USEPA’s weight of evidence classification. Group A 

chemical is “human carcinogen”, meaning that there is enough evidence to 

conclude that it can cause cancer in humans. For the human health risk 

evaluation for soil ingestion, oral Slope Factor (SForal) and oral Reference 

Dose (RfDoral) for As were obtained from the Integrated Risk Information 

System (USEPA, 2014), as shown in Table 4.3.  
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For the risk evaluation for dermal contact with soil, dermal Slope 

Factor (SFderm) and dermal Reference Dose (RfDderm) for As are needed. They 

can be obtained by using the following equations (USEPA, 2004): 

 

SFderm = SForal/ABSGI (eq. 4.4) 

RfDderm = RfDoral/ABSGI (eq. 4.5) 

 

 ABSGI is the fraction of contaminant absorbed in gastrointestinal 

tract, which is used to convert oral toxicity value to dermal absorption 

toxicity value. ABSGI value of As is 0.95 (USEPA, 2004), and this value is 

regarded as 1 (USEPA, 2004).  

Inhalation Unit Risk Factor (IUR) was obtained from the IRIS 

(USEPA, 2014) to evaluate the carcinogenic risk for inhalation of fugitive 

dust of As, as shown in Table 4.3. Reference Concentration (RfC) for 

calculating non-carcinogenic risk of inhalation for As is not provided by 

IRIS (USEPA, 2014), so the risk was not evaluated.  

 

Table 4.3 Toxicity reference values of As used in this study 

Toxicity reference values Unit Value 

SForal (Oral Slope Factor) (mg/kg-day)-1 1.5 

SFderm (Dermal Slope Factor) (mg/kg-day)-1 1.5 

RfDoral (Oral Reference Dose) mg/kg-day 3.0×10-4 

RfDderm (Dermal Reference Dose) mg/kg-day 3.0×10-4 

IUR (Inhalation Unit Risk Factor) (μg/m3)-1 4.3×10-3 
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4.2.5 Risk characterization 

 

Carcinogenic and non-carcinogenic risks were estimated by using 

equations 4.3, 4.4, and 4.5 presented below. Estimated exposure to As (i.e., 

ADD and ADE) was multiplied or divided by toxicity values (i.e., SForal, 

SFderm, IUR, RfDoral, and RfDderm) to calculate carcinogenic and non-

carcinogenic risks. 

 

Carcinogenic risk (CR) = ADD × SForal or ADD × SFderm 

(for ingestion and dermal contact) (eq. 4.6) 

 

Carcinogenic risk (CR) = ADE × IUR 

(for inhalation of fugitive dust)  (eq. 4.7) 

 

Non-carcinogenic risk (HQ) = ADD/RfDoral or ADD/RfDderm 

(for ingestion and dermal contact) (eq. 4.8) 

 

where CR is carcinogenic risk, HQ is hazard quotient, SForal is Oral Slope 

Factor ((mg/kg-day)-1), SFderm is Dermal Slope Factor ((mg/kg-day)-1), IUR is 

Inhalation Unit Risk Factor ((μg/m3)-1), RfDoral is Oral Reference Dose 

(mg/kg-day), and RfDderm is Dermal Reference Dose (mg/kg-day). 
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Estimated human health risk for each pathway is presented in Figure 

4.2. When IVBA was not considered (Figure 4.2 (a)), carcinogenic risk was 

the highest at OU 6 (i.e., 1.4×10-4) and the risks at OUs 1-5 were similar, 

ranging from 3.8×10-5-5.7×10-5. When IVBA was incorporated into risk 

calculation (Figure 4.2 (b)), the estimated risk was reduced by 29.5-62.0%. 

But, the risk at OU 6 was still high (i.e., 5.6×10-5), due to the initial high 

concentration of As at the OU (108.9 mg/kg). Although the IVBA of OU6 

was only 29.2%, the estimated bioavailable concentration of As was 31.8 

mg/kg-soil (Table 4.2). Non-carcinogenic risk was not expected at OU 1, OU 

3, OU 4, and OU 5 (i.e., hazard index < 1), regardless of IVBA (Figure 4.2 

(c), (d)). For OU 6, non-carcinogenic risk was found to be over 1 (i.e., hazard 

index = 2.67) without IVBA consideration, but the risk was reduced to less 

than 1 when the site-specific IVBA was incorporated. Similarly, the non-

carcinogenic risk at OU 2 declined from 1.06 to 0.55, after IVBA 

incorporation. Non-carcinogenic risk for inhalation of fugitive dust was not 

calculated, because Inhalation Reference Concentration (RfC) for estimating 

non-carcinogenic risk through inhalation of fugitive dust containing As was 

not available in the USEPA IRIS database. The California Environmental 

Protection Agency (CalEPA, 2014) provides a RfC value for As (0.015 

μg/m3), and non-carcinogenic risk through inhalation of fugitive dust 

calculated using the value was negligible at the OUs (i.e., 0.05 to 0.18). 

Oral ingestion of soil was the primary exposure pathway of As from 

the study site soil. When IVBA of As was not considered, carcinogenic risk 

due to soil ingestion ranged from 64.1 to 80.6% of total carcinogenic risk. 



100 

Carcinogenic risk due to dermal contact and fugitive dust inhalation 

accounted 64.1-80.6% and 14.8-27.4% of total carcinogenic risk. When 

IVBA of As was incorporated into risk calculation, carcinogenic risks due to 

soil ingestion, dermal contact and fugitive dust inhalation accounted 86.3%, 

10.4%, and 3.2% of total carcinogenic risk, respectively. 

For all OUs, most carcinogenic and non-carcinogenic risks were 

found in the soil ingestion pathway, followed by dermal contact with soil and 

inhalation of fugitive dust. The study site had been contaminated with the 

same As sources, mainly from As2O3 in smelter flue gas, for over 60 years. 

However, the chemical forms of As that were found at the site varied 

depending on OUs investigated. The OUs have been used for different 

purposes, such as rice paddy field for OUs 1-4, residential area and farmland 

for OU 5, and forest for OU 6. Such different land use might have resulted in 

diverse IVBA values of As, ranging from 28.2 to 65.8%, which in turn 

contributed to the different calculated risks at the site. 
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Figure 4.2 Estimated risks before and after considering the IVBA value for 

each OU. (a) carcinogenic risk without IVBA; (b) carcinogenic risk with 

IVBA; (c) non-carcinogenic risk without IVBA; (d) non-carcinogenic risk 

with IVBA. Non-carcinogenic risk resulting from inhalation of fugitive dust 

was not calculated, because inhalation reference concentration (RfC) of As 

for estimating non-carcinogenic risk by inhalation of fugitive dust is not 

available in USEPA IRIS database (USEPA, 2014). 
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4.3 Development of Risk Management Strategy 

 

4.3.1 Remediation area based on remediation goal 

 

Table 4.4 shows the remediation goals based on the estimated risk, 

with and without IVBA for As of each OUs. These are the concentrations 

leading to carcinogenic risk level of 10-5, in a residential area. These 

concentrations are different with bioavailable As concentration determined 

by SBRC extraction. Removal of bioavailable As in soil leads to complete 

elimination of risk for As by ingestion of soil, because the bioavailability of 

As in treated soil is zero, theoretically. However, reduction of bioavailability 

of As in treated soil is uncertain until the analysis for bioavailability, so 

IVBA of As in soil before remediation was applied to determine the 

remediation goals in this study. In addition, risk based remediation goals for 

As are the concentration which leads to total risk of 10-5 by soil ingestion and 

dermal contact, and inhalation of fugitive dust (USEPA, 1996), so, much 

more As in soil than bioavailable As concentrations determined by SBRC 

extraction for oral ingestion has to be removed to meet the determined 

remediation goals. 

When IVBA was not applied (assuming 100% of IVBA), risk based 

remediation goal of As was 7.6 mg/kg. IVBA incorporated risk based 

remediation goals ranged from 10.8 mg/kg to 20.0 mg/kg. 
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Table 4.4 Estimated risk-based remediation goals (target carcinogenic risk: 

10-5) with and without in vitro bioaccessibility of each OU (mg/kg) 

Risk-based 

remediation 

goal (without IVBA) 

Risk-based remediation goals 

(with OU-specific IVBA) 

OU1 OU2 OU3 OU4 OU5 OU6 

7.6 20.0 14.0 13.1 10.8 20.0 19.6 

 

Area to be remediated for each OUs, based on the Korean soil 

regulatory level and IVBA incorporated risk based remediation goal, were 

estimated by using Surfer 10 program (Golden Software, USA), as presented 

in Figure 4.3. Total investigated area in this study was 144,500 m2. Estimated 

remediation areas, based on the Korean soil regulatory level (Worrisome Level 

for Region 1 (25 mg/kg for OU1-5) and Region 2 (50 mg/kg for OU6)) were 

119,865 m2 and 83.0%, respectively, of the total area. For the risk based 

remediation goals with IVBA of each OUs, estimated remediation area was 

139,003 m2, which is 96.2% of the total area; this is slightly increased, 

compared to the regulatory level based remediation area. Remediation goals 

based on the risk and bioaccessibility of As are 1.3-2.6 times lower than the 

regulatory level, but remediation area was increased by just 16.0%. 

Application of the suggested remediation goals of As to the study site led to a 

small increase in remediation area, compared to the application of the 

regulatory level for As. However, it is safer and more reasonable because the 

suggested remediation goals are based on the realistic risk and bioaccessibility 

of As in the study site, and they can also meet the regulatory level. 
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Korean soil 

regulatory level 

Risk assessment 

+ bioaccessibility 

OU1 

  

Remediation 

goal 
25 mg/kg 20.0 mg/kg (IVBA: 28.2%) 

OU2 

  

Remediation 

goal 
25 mg/kg 14.0 mg/kg (IVBA: 47.1%) 

OU3 

  

Remediation 

goal 
25 mg/kg 13.1 mg/kg (IVBA: 51.5%) 

Figure 4.3 Estimated remediation areas by Korean soil regulatory levels and 

remediation goals based on risk (target carcinogenic risk: 10-5) with in vitro 

bioaccessibility of each OU (Gray shaded area is the area to be remediated.). 
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Korean soil 

regulatory level 

Risk assessment 

+ bioaccessibility 

OU4 

  

Remediation 

goal 
25 mg/kg 10.8 mg/kg (IVBA: 65.8%) 

OU5 

  

Remediation 

goal 
25 mg/kg 20.0 mg/kg (IVBA: 28.2%) 

OU6 

  

Remediation 

goal 
50 mg/kg 19.6 mg/kg (IVBA: 29.2%) 

Figure 4.3 (continued) Estimated remediation areas by Korean soil 

regulatory levels and remediation goals based on risk (target carcinogenic 

risk: 10-5) with in vitro bioaccessibility of each OU.  

0 25 50

0 25 50
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4.3.2 Effectiveness of remediation alternatives 

 

The risk based remediation goals and the area to be remediated based 

on remediation goals were suggested in the previous section. To achieve a 

successful management of the contaminated site, determining the appropriate 

remediation alternative is important, because their performance relies on the 

total concentration, chemical form of contaminant, and soil properties. In this 

section, performances of remediation technologies tested on the soil at the 

study site were reviewed.  

 

(1) Soil washing 

Performance data of soil washing in the study site was referred to the 

study of Im et al. (2014), in which the soil washing for As was studied by 

using neutral phosphate in the study site. Soil washing is an effective ex-situ 

As remediation technology, but application of strong acids and reductants for 

extractant has limitation which leads to the damage of soil properties (Alam 

et al., 2001; Tokunaga and Hakuta, 2002). Soil washing by using phosphate 

solution has been applied to As contaminated soil, as an alternative (Jackson 

and Miller, 2000; Alam et al., 2001; Im et al., 2014; Jho et al., 2015). In the 

study of Im et al. (2014), 2 h of washing time with 1:5 of solid/liquid (SL) 

ratio and 0.5 M of NH4H2PO4 solution was suggested as an optimum soil 

washing condition. Before soil washing, immersing the soil in 0.5 M of 

NH4H2PO4 solution with 1:1 of SL ratio showed higher As extraction 

efficiency. As a result, soil washing by using 0.5 M of NH4H2PO4 after 



107 

immersion, showed 36.1, 21.4, and 26.4% of extraction efficiency for As in 

rice paddy soil (OU1-4), farmland soil (OU5), and forest (OU5), respectively.  

To enhance the extraction efficiency, HCl and phosphate mixed 

solution also can be used. HCl dissolves Fe oxide which is major adsorbent 

for As and phosphate prevents re-adsorption of As. In case of 4 h of washing 

time with 1:5 SL ratio and 0.2 M HCl and 0.1 M KH2PO4 mixed solution 

showed 80, 44, and 61% of extraction efficiency for As in rice paddy soil 

(OU1-4), farmland soil (OU5), and forest (OU5), respectively. 

 

(2) Phytoremediation 

Application of phytoremediation on the soil of the study site was 

referred to the study by Jeong et al. (2015), in which the performance of 

siderophore assisted phytoremediation of As in the study site was studied. 

Siderophores are low molecule compounds with high affinity for iron. In 

iron-limited condition, microbes such as Pseudomonas aeruginosa produce 

siderophores to absorb iron from iron oxide, a non-soluble iron. Siderophore 

complexes with iron on the surface of iron oxide, and iron can be easily 

translocated to plant. During the dissolution of iron oxide, the release of As 

associated with iron oxide is also increased. Application of siderophore to 

phytoremediation can be helpful, because the increased growth rate of plant 

by bioavailability increase of iron, and acceleration of As accumulation in 

plant by bioavailability increase of As. In the study by Jeong et al. (2015), As 

accumulation in Pteris cretica was increased from 1.76 mg/g (control) to 

5.62 mg/g, during 10 weeks, by the addition of siderophore-containing 
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culture filtrate. Estimated operation period for the removal of 1 mg/kg of As 

in soil was 20 weeks in the 1 m2 of area and 0.15 m of depth with 25 of P. 

cretica.  

 

(3) Thermal treatment 

Performance data of thermal treatment on the soil of the study site 

was referred to the study by Oh and Yoon (2013), in which the thermal 

treatment was studied under the subcritical condition for As. Subcritical 

water is a liquid when its temperature is between boiling point (100℃) and 

critical temperature (374.1℃). Under the subcritical condition, viscosity and 

surface tension of the water molecules are decreased, so the subcritical water 

was applied to extract As (Oh et al., 2011; Oh and Yoon, 2013). In the study 

by Oh and Yoon (2013), a complete As extraction was observed under the 

condition of 1 h extraction above 250°C with 1:20 of SL ratio using EDTA 

and NaOH. High temperature may enhance the As extraction from soil, due 

to the increased solubility of As-containing forms in the soil and the 

increased amount of H+ and OH- ion leading to dissolution of As-bearing 

form (Oh et al., 2011). Moreover, extracting reagents used in thermal 

treatment, such as EDTA and NaOH, are widely used as extractants for As 

soil washing (Dermont et al., 2008b). However, thermal treatment has a 

critical disadvantage of having a very high cost due to high operation 

temperature (Dermont et al., 2008a).  
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(4) Electrokinetic 

Application of electrokinetic on the soil of the study site was referred 

to the study by Jeon et al. (2015), in which the performance of electrokinetic 

remediation of As was studied at a field scale in the study site. Electrokinetic 

remediation is based on the following three mechanisms: electrical migration, 

electroosmosis, and electrolysis (Acar et al., 1995). Electrical migration is 

the transport of the cation and anion to cathode and anode, respectively. 

Electroosomosis is the movement of liquid from anode to cathode, resulting 

from the movement of the ions in the liquid. Electrolysis is the 

decomposition of water molecule, so H+ and OH- ions are generated at the 

anode and cathode, respectively. The As oxyanion in soil is moved to the 

anode by the electrical migration. Electrokinetic is applicable to high clay 

soil with low hydraulic conductivity and permeability, so electrokinetic has 

been applied to rice paddy fields in the study site (Kim et al., 2013; Kim et 

al., 2014; Jeon et al., 2015). In the study by Jeon et al. (2015), 44% of As 

was removed from the field scale experiment conducted in rice paddy field. 

However, the operation period was 24 weeks in the field of 207.4 m2 in area 

and 1.2 m in depth.  
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4.3.3 Determination of site-specific risk management strategy 

 

Based on the review of remedial alternatives for the study site, site-

specific risk management strategy was suggested. The criteria for 

determination of remedial alternative are as follows: 1) satisfying the risk 

based remediation goal; 2) environment-friendly technology considering the 

quality of reused soil after remediation; 3) minimization of waste from 

remediation process. 

The determined site-specific risk management strategy for the study 

site is shown in Figure 4.4. First, the applicability of phytoremediation was 

evaluated. Phytoremediation is an environment-friendly remediation 

technology, but it requires a long operation period with low efficiency. So, 

the application of phytoremediation is suggested for low contaminated site 

where the maximum concentration of As is 130% of the risk based 

remediation goal, considering the analytical error for As concentration in soil 

(KMOE, 2009). 

In the study site, surface (0-15 cm) soil was only considered for risk 

management because of possibility of exposure to receptor and higher 

concentration of As than subsurface soil (15-100 cm). Phytoremediation is 

applicable only to surface soil, so, remediation of subsurface is not available 

by phytoremediation. If risk management for subsurface soil is necessary, 

subsurface soil of OU 4 does not need remediation because concentration of 

As is just 10.4 mg/kg, lower than the risk based remediation goal (10.8 

mg/kg). However, concentration of As in subsurface soil of OU 1 and 5 are 
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24.5 and 29.8 mg/kg, respectively, higher than the risk based remediation 

goal (20.0 mg/kg). So, phytoremediation is applicable for OU 4 because 

surface soil is the only consideration. However, for OU 1 and 5, surface and 

subsurface soil has to be excavated and remediated to meet the risk based 

remediation goal. 

In the area where excavation is available, phosphate soil washing is 

applied. Phosphate soil washing has advantage for quality of reused soil after 

washing than other washing agents such as acids. But, if soil quality of 

reused soil is not an important issue, other washing agents showing sufficient 

removal efficiency can be applied. If the concentration of As in soil did not 

satisfy the risk based remediation goal after phosphate soil washing, 

electrokinetic and thermal treatment can be applied for fine and coarse 

particles, respectively. Phosphate soil washing was chosen as the main 

remedial technology, due to its wide applicability. Electrokinetic and thermal 

treatment also showed high As removal efficiency, but they have limitation 

of having a long operation period and high cost, respectively. Therefore, they 

were applied as the supporting remediation technology. For OU6, forest area, 

more focused study is needed because the area is a forest and is not available 

for excavation. Detailed study on the risk management strategy for OU6, 

including the stabilization using Fe oxide, was conducted in the following 

Chapter 6. 
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Figure 4.4 Determined site-specific risk management strategy for the study 

site. 
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4.4 Summary 

 

An assessment for human health risk was performed at a former 

Janghang smelter site contaminated with As; and for this purpose, the site-

specific IVBA values of As were derived. The health risk on human from As 

by direct exposure pathways, including soil ingestion, dermal contact with 

soil, and inhalation of fugitive dusts from soil, was assessed using residential 

scenario. When IVBA of As was not considered, carcinogenic risk ranged 

from 5.6×10-5 to 1.4×10-4. When IVBA was incorporated into risk calculation, 

the estimated risk was reduced by 29.5-62.0%. Estimated risk based 

remediation goals with IVBA ranged from 10.8 mg/kg to 20.0 mg/kg. These 

results demonstrate that the chemical forms of As may be different, although 

the source of contamination is similar; and the site-specific bioavailability 

affected by the chemical forms is an important factor for determining 

realistic risk on human health. 

To suggest a site-specific risk management strategy for the study site, 

study data was reviewed on the performance of As remediation technology 

that was tested on the study site. Phytoremediation, soil washing, 

electrokinetic, and thermal treatment were suggested as the remedial 

alternatives. For the forest area, OU6, where excavation is not available, 

more focused study is needed, and this will be discussed in the following 

chapter.  
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Chapter 5 

DEVELOPMENT OF ARSENIC 

STABILIZATION TECHNOLOGY USING 

IRON OXIDE 

 

 

 

5.1 Introduction 

 

For arsenic (As) contaminated sites, risk management can be applied 

through remediation, with remedial technologies such as soil washing, 

phytoremediation, electrokinetic and thermal treatment. But these remediation 

technologies have limitations. Soil washing, electrokinetic and thermal 

treatment can be applied only on sites where excavation can be carried out; 

phytoremediation needs long-term application in order to extract noticeable 

amounts of As. The forest area referred to in the previous chapter, OU6, is 

contaminated by high As concentration (14.4-169.8 mg/kg, average 85.9 

mg/kg), but excavation is not permitted there because the ecosystem of the 

forest area is to be preserved. 

For forest areas, stabilization can be an alternative. Stabilization of a 

contaminant is a remediation technology used to reduce the mobility of 

contaminants in the soil by adding immobilizing agents. By the application of 

a stabilization technology, the risk posed by As can be reduced by reducing 

the bioavailability of As, not by removing it from the soil. Stabilization has 
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been applied for many metal contaminants such as Cd, Pb, Zn, Cu, Cr and As 

(Kumpiene et al., 2008; Komárek et al., 2013), by using immobilizing agents 

such as Fe compounds, Al and Mn oxides, organic matter, clay minerals, 

alkaline compounds, etc.  

For As, Fe compounds are the most extensively applied stabilizing 

agent because the bioavailability of As in soil is mainly controlled by sorption 

and co-precipitation with Fe oxides (Yang et al., 2002; Yang et al., 2005; 

Juhasz et al., 2007b, a; Smith et al., 2008; Bradham et al., 2011). However, 

the exact mechanisms of As transfer from soil to soil pore water, and from soil 

pore water to Fe oxide in contaminated soil in the field, have not been 

investigated. 

In this chapter, to identify the mechanisms of As stabilization by Fe 

oxide in field soil contaminated with As, investigations were made into the 

transfer of As from the forest soil contaminated with As at the study site and 

from As spiked forest soil to Fe oxide (i.e., magnetite). To obtain the 

parameters for prediction of As transfer, sorption and desorption tests for As 

were conducted and modeled. Magnetite was chosen as a test material 

representing Fe oxide because of the ease of isolation of soil and Fe oxide 

after test, due to its magnetic property. In addition, the stability of As 

stabilized by magnetite was evaluated by the SBRC extraction method for 

human oral bioavailability and bioassay, using earthworms to gauge toxic 

effect. The applicability of the stabilization of As using magnetite was also 

evaluated for various soil samples from the forest area. 
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5.2 Materials and Methods 

 

5.2.1 Soil preparation 

 

Surface soil (0-15 cm depth) was collected from the Songrim forest 

area, referred to as OU6 in previous chapters, and located in the vicinity of a 

former Janghang smelter. Air-dried soil samples were passed through a 2 mm 

sieve. The soil texture as determined by pipette method (Gee and Or, 2002) 

was sand (sand 100%). For the experiment, magnetic materials in the soil 

were removed by a high density magnetic separator (L4 WHIMS, Eriez, UK) 

at 10,000 gauss of magnetic flux density. The concentrations of As in the raw 

soil (before removal of magnetic materials) and non-magnetic soils (magnetic 

materials removed), analyzed by USEPA method 3052 (USEPA, 1996), were 

52.2 and 44.9 mg/kg, respectively. 

 

5.2.2 Sorption and desorption tests for As 

 

To predict the extent of the transfer of As from soil to magnetite via 

soil pore water, the parameters of each transfer reaction (i.e., from soil to 

water, and from water to magnetite) have to be identified in advance. To 

obtain the parameters for each transfer reaction model, four experiments were 

conducted: (1) an As desorption kinetic test from both As spiked soil and non-

magnetic soil, to water; (2) an As isotherm test between soil and water; (3) an 

As sorption kinetic test from water to magnetite, and (4) an As isotherm test 
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between water and magnetite. To evaluate the effects of different chemical 

forms of As in soil during a transfer of As from soil to magnetite, As spiked 

soil and non-spiked soil (non-magnetic soil) were used for the experiments. 

An As desorption kinetic test was performed for the As spiked soil and 

the non-magnetic soil. The non-magnetic soil was artificially contaminated 

with an aqueous solution of sodium arsenate (Na2HAsO4·7H2O, Wako Pure 

Chemical Industries Ltd., Japan), and the final As concentration was 333.1 

mg/kg. Desorption experiments were conducted with 5 g of spiked or non-

magnetic soil and 25 mL of ultrapure deionized water (Milli-Q, Millipore, 

USA) in a 50 mL conical tube. Prepared samples were shaken for 30 min and 

at 200rpm in a reciprocating shaker and then centrifuged at 10,000 g for 10 

min (IEC MULTI-RF, Thermo Scientific, USA). The solution was removed 

from the tube as much as possible and filtered through a 0.45 μm GHP filter 

for As analysis. The residue in the tube was shaken with the same volume of 

water for one hour, and centrifuged; the solution was removed and filtered, 

and replaced by the same volume of water. The same procedure was repeated 

a further six times: after 3, 6, 12 and 24 hours, and after three days and seven 

days of reaction time.  

For the As isotherm test within soil and water, 5 g of non-magnetic 

soil and 25 mL of an aqueous solution of sodium arsenate (in seven 

concentrations, of 1.6, 3.2, 6.3, 12.5, 25, 50, and 200 mg-As/L) was shaken in 

a 50 mL conical tube. After seven days of shaking time, a period determined 

by prior experiment to provide complete sorption, the samples were 

centrifuged and filtered for As analysis. 
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An As sorption kinetic test for magnetite was performed with 1 g of 

magnetite (Daejung Chemical and Metals Co., Korea) and 25 mL of aqueous 

solution of sodium arsenate (200 mg-As/L) in a 50 mL conical tube and for 

nine shaking periods: 10 minutes, 30 minutes, 1, 3, 6, 12 and 24 hours, and 

three and seven days of shaking. After shaking, the samples were centrifuged 

and filtered for As analysis. 

For the As isotherm test with water and magnetite, 0.05 g of magnetite 

and 25 mL of aqueous solution of sodium arsenate (in four concentrations, of 

15.6, 31.3, 62.5, and 125 mg-As/L) was shaken in a 50 mL of conical tube. 

After seven days of shaking time, a period determined by prior experiment to 

provide complete sorption, the samples were centrifuged and filtered for As 

analysis. 

For the sorption isotherm, the Freundlich equation and the Langmuir 

equation are the most frequently used models. The Freundlich isotherm 

assumes a heterogeneous adsorption system and is therefore not suitable for 

this study, because adsorption of As in this study occurs mainly on Fe oxides 

such as magnetite. The Langmuir model assumes homogeneous adsorption, a 

uniform adsorption energy on the surface of the adsorbent and a fixed number 

of sites which can hold only one molecule (Harter and Smith, 1981). These 

assumptions fit with the conditions of this study, so the Langmuir model was 

adopted.  

For sorption and desorption kinetics of As, many kinds of kinetic 

models can be applied, such as the pseudo-first order reaction model 

(Lagrergren, 1898), pseudo-second order reaction model (Ho and McKay, 
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1998), and Elovich model (Low, 1960). The pseudo-first order model is based 

on the physisorption, so it does not fit with this study because the sorption of 

As onto the surface of magnetite is mainly chemisorption (i.e., inner-sphere 

complexation) (Jönsson and Sherman, 2008; Wang et al., 2011). The Elovich 

model assumes chemisorption but also assumes heterogeneous distribution of 

adsorption energy, which disagrees with the assumptions of the Langmuir 

model. The pseudo-second order reaction model assumes chemisorption and 

coincides with the Langmuir model: monolayer adsorption and homogeneous 

sorption energy, so the pseudo-second order reaction model was adopted for 

this study. 

The surface area and particle size distribution of the magnetite used in 

this study were analyzed by Brunauer–Emmett–Teller (BET) analyzer (Trista 

3000, Micromeritics, USA) and particle size analyzer (ELSZ-2, Otsuka 

Electronics, Japan), respectively. The analyzed surface area and particle size 

were 22.6 m2/g and 5.6 μm (median), respectively.  
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5.2.3 Batch test for investigation of transfer of As from spiked soil and non-

magnetic soil to magnetite 

 

A slurry comprising 40 g of either spiked or non-magnetic soil and 2 g 

of magnetite (5% of soil by weight) was stirred with 200 mL of water in a 500 

mL beaker for 3 h, 6 h, 12 h, 24 h, 3d, and 7d in a jar tester and at 200 rpm. 

After stirring, the magnetite was separated using a 3,000 gauss rod magnet. 

Water was decanted from the soil and filtered for As analysis. The separated 

soil and magnetite were dried and acid digested using microwave, based on 

the USEPA 3052 method (USEPA, 1996). 

To investigate the effect of the chemical form of As in soil upon the 

transfer of As from soil to magnetite, and the change of chemical form of As 

in soil after transfer of As to magnetite, the chemical form of As in soils was 

analyzed using Wenzel’s sequential extraction method (Wenzel et al., 2001). 

In addition, to evaluate the effect of contact between soil and 

magnetite on the transfer rate of As from soil to magnetite, a batch test was 

conducted. 40 g of non-magnetic soil and 2 g of magnetite (5% of soil by 

weight) in a dialysis bag made from cellulose membrane tubing (MW 12.4 kD) 

(Sigma, USA) to keep the magnetite separated from the soil, were stirred with 

200 mL of water in a 500 mL of beaker for seven days in a jar tester at 200 

rpm. After stirring, the magnetite was separated using a 3,000 gauss rod 

magnet. Water was decanted from the soil and filtered for As analysis. The 

separated soil and magnetite were dried and acid digested using microwave 

based on the USEPA 3052 method (USEPA, 1996). 



126 

5.2.4 SBRC extraction test for As after stabilization by magnetite 

 

The bioaccessibility of As stabilized by magnetite in soil or sorbed on 

magnetite was evaluated. 10 g of Songrim forest soil (52.2 mg-As/kg) was 

mixed well with 0.5 g of magnetite and 1.35 mL of water (the water-holding 

capacity of the soil) in a 20 mL vial. After periods of one, four and eight 

weeks, the soils were dried and bioaccessible As was extracted by SBRC 

extraction method (Kelley et al., 2002).  

The bioaccessible As concentrations of separated magnetite from the 

experiment using As spiked soil described in Section 5.2.3 was also 

determined by SBRC extraction method. 

In addition, as an applicability test of As stabilization using magnetite 

to site soils contaminated with As, 24 surface soil samples (0-15 cm depth) 

were collected from the Songrim forest area. The samples were air-dried and 

analyzed for concentrations of As by aqua regia extraction (ISO, 1995). 10 g 

of each soil was mixed well with 0.5 g of magnetite and 1.35 mL of water (the 

water-holding capacity of the soil) in a 20 mL vial. After periods of one and 

four weeks, the soils were dried and bioaccessible As was extracted by the 

SBRC extraction method (Kelley et al., 2002). 
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5.2.5 Earthworm toxicity test for As after stabilization by magnetite 

 

The decrease of As availability in soil after stabilization using 

magnetite was evaluated by using earthworms, Eisenia fetida. For E. fetida, 

tests for avoidance, lethality, and accumulation of As were conducted. The 

avoidance test is based on the organism’s response to the chemical condition 

presented, whether avoiding or leaving a contaminated material (Yeardley et 

al., 1996). Avoidance test protocol was based on Yeardley et al. (1996) and 

Hund-Rinke and Wiechering (2001).  

100 g of Songrim forest soil (52.2 mg-As/kg) and 100 g of 5% (w/w) 

magnetite treated soil hydrated to 70% of its water-holding capacity (13.5%) 

were placed on separate halves of a glass petri dish (200 × 50 mm). Ten 

earthworms, E. fetida, of 0.3-0.6 g weight were placed along the center line on 

the surface of the soils. Three such petri dishes were prepared. They were 

covered with glass covers and incubated for 48 hours at 23°C and 80% 

humidity with a 16:8 hours split of light:dark photoperiod, in a growth 

chamber (HK-GC80, Korea General Instrument, Korea). After 48 hours, the 

number of worms in each section of the petri dish was counted. 

Tests for lethality and accumulation of As were also conducted, based 

on the ISO 11269-1 and 11269-2 methods (ISO, 2012a, b), with slight 

modifications as presented in Chapter 3. 
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5.3 Results and Discussion 

 

5.3.1 Sorption and desorption rate and isotherm constants 

 

Governing equations for predicting transfer of As from soil to 

magnetite follow. Eq. 5.1 is a pseudo-second order desorption rate equation 

for As from soil to water. 

 

      

  
=   (   ,    −      )

  (eq. 5.1) 

 

k1 = pseudo-second order desorption rate constant of As from soil to 

water (kg/mg/h) 

qsoil = concentration of As in soil (mg/kg) 

qeq, soil = equilibrium concentration of As in soil (mg/kg) 

 

For the isotherm of As between soil and water, the Langmuir 

isotherm equation (eq. 5.2) or distribution equation (eq. 5.3) were used to 

simulate the state between the spiked soil or the non-magnetic soil and water, 

respectively. For the spiked soil, which had a relatively high concentration of 

As, the result for the entire of tested concentrations of As in water was fitted 

to the Langmuir isotherm model. For the non-magnetic soil, which had a 

relatively low concentration of As, the result for the low concentration range 

of As in water showing a linear relationship between the concentration of As 

soil and water was used to calculate a distribution coefficient. The Langmuir 
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constants (a and b) are the maximum amounts of adsorptive and binding 

strength, respectively.  

 

   ,    =
  ∙  ∙  

      
 (eq. 5.2) 

 

a1, b1 = Langmuir constants of As for soil and water (mg/kg, L/mg) 

Cw = aqueous concentration of As (mg/L) 

 

   ,    =   , ∙    (eq. 5.3) 

 

Kd, 1 = distribution coefficient of As for soil and water (L/kg) 

 

Eq. 5.4 is a pseudo-second order sorption rate equation for As from 

water to magnetite. 

 

     

  
=   (   ,   −     )

  (eq. 5.4) 

 

k2 = pseudo-second order sorption rate constant of As from water to 

magnetite (kg/mg/h) 

qmag = concentration of As in magnetite (mg/kg) 

qeq, mag = equilibrium concentration of As in magnetite (mg/kg) 
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For the isotherm of As between water and magnetite, the Langmuir 

isotherm equation (eq. 5.5) or the distribution equation (eq. 5.6) was used to 

simulate the state between water reacted with spiked soil or non-magnetic soil 

and magnetite, respectively. For the condition between the magnetite and 

water reacted with the spiked soil, which had a relatively high concentration 

of As, the result for the entire range of tested concentrations of As in water 

was fitted to the Langmuir isotherm model. For the condition between the 

magnetite and water reacted with the non-magnetic soil, which had a 

relatively low concentration of As, the result for low concentration range of 

As in water showing a linear relationship between the concentration of As 

water and magnetite was used to calculate a distribution coefficient. 

 

   ,   =
  ∙  ∙  

      
 (eq. 5.5) 

 

a2, b2 = Langmuir constants of As for water and magnetite (mg/kg,  

L/mg) 

Cw = Concentration of As in water (mg/L) 

 

   ,   =   , ∙    (eq. 5.6) 

 

Kd, 2 = distribution coefficient of As for water and magnetite (L/kg) 
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The results of the experiment and modeling based on the pseudo-

second order model for the desorption kinetic of As from spiked soil and non-

magnetic soil to water are shown in Figure 5.1.  

For the spiked soil, the concentration of As rapidly decreased from 

333.1 to 88.9 mg/kg in 24 hours. The pseudo-second order desorption rate 

constant and the R squared value were -0.0139 kg/mg/h and 0.999, 

respectively (Table 5.1). For the non-magnetic soil, the concentration of As 

decreased from 44.9 to 44.2 mg/kg after seven days of reaction. The pseudo-

second order desorption rate constant and the R squared value were -0.137 

kg/mg/h and 0.999, respectively (Table 5.2).  

 

 

Figure 5.1 Results of experiment and modeling based on pseudo-second order 

model for desorption kinetic of As from (a) spiked soil and (b) non-magnetic 

soil, to water. 

 

  

Time (h)

0 20 40 60 80 100 120 140 160 180

C
o
n

c
e
n

tr
a
ti
o

n
 o

f 
A

s 
in

 s
o

il 
(m

g
/k

g
)

0

50

100

150

200

Result of experiment
Result of model

Time (h)

0 20 40 60 80 100 120 140 160 180

C
o
n

c
e
n

tr
a
ti
o

n
 o

f 
A

s 
in

 s
o

il 
(m

g
/k

g
)

0

50

100

150

200

250

300

Result of experiment
Result of model

(a) (b)



132 

The results of the experiment and modeling based on the Langmuir 

model and distribution model to simulate the state between spiked soil or non-

magnetic soil and water are shown in Figure 5.2.  

In the experiment simulating the state between the spiked soil and 

water, the maximum adsorptive concentration of As and the R squared value 

were 188.7 mg/kg with 933.1 mg/kg of oxalate extractable Fe, and 0.989, 

respectively (Table 5.1). According to the study of Jiang et al. (2005), the 

maximum adsorption capacity of As on soil varies greatly, ranging from 22.0 

to 524.9 mg/kg depending on oxalate extractable Fe (ranging from 339 to 

4,742 mg/kg) in 16 cultivated land soils. 

In the experiment simulating the state between the non-magnetic soil 

and water, the distribution coefficient and R squared value were 15.9 L/kg 

(101.2 L/kg) and 0.964, respectively (Table 5.2). The distribution coefficient of 

15.9 L/kg (101.2 L/kg) is in the range of distribution coefficients for As 

between soil and water (100.3 to 104.3 L/kg) reported by USEPA (2005) and 

based on broad literature research.  
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Figure 5.2 Results of experiment and modeling result based on Langmuir 

model and distribution model to simulate the state between (a) spiked soil and 

(b) non-magnetic soil, and water. 

 

The result of the experiment and modeling based on the pseudo-

second order model for the sorption kinetic of As from water to magnetite is 

shown in Figure 5.3.  

The concentration of As which was sorbed to magnetite rapidly 

increased to 1,356.6 mg/kg in 24 hours, and steadily increased to 1,717.5 

mg/kg after seven days of reaction. In most of the studies on the sorption of 

As to magnetite, more than 80% of the As was sorbed within the first 48 hours 

(Dixit and Hering, 2003; Giménez et al., 2007; Su and Puls, 2008; Zhang et 

al., 2010). 
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The pseudo-second order sorption rate constant and the R squared 

value were 0.000167 kg/mg/h and 0.993 (Table 5.1). A similar pseudo-second 

order sorption rate constant (0.000486 kg/mg/h) was observed in the study of 

Zhang et al. (2010), using magnetite-doped activated carbon fiber for the 

sorption of As. 

 

 

Figure 5.3 Results of experiment and modeling result based on pseudo-

second order model for sorption kinetic of As from water to magnetite. 

 

The results of experiment and modeling based on the Langmuir model 
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The maximum sorption capacities of magnetite for As reported by 

other studies were 0.28 mg/g with 0.89 m2/g of surface area (Giménez et al., 

2007), 332.5 mg/kg with 1.6 m2/g of surface area (Mamindy-Pajany et al., 

2011), 3,708.5 mg/g with 6.6 m2/g of surface area (Aredes et al., 2012), and 

41,655 mg/kg with 245 m2/g of surface area (Ohe et al., 2010).  

Those reported maximum sorption capacity values ranged broadly, but 

for this study, when considering the surface areas of magnetite, the maximum 

sorption capacity of magnetite for As (5,268.7 mg/kg with 22.6 m2/g of 

surface area) is a value in middle of the range. 

The reported maximum concentration of As at the study site was 244 

mg/kg. The application of 5% (by the ratio of weight) of magnetite used in 

this study to the site soil contaminated with As can adsorb 263.4 mg/kg of As 

(based on the maximum sorption capacity of the magnetite), which is enough 

to stabilize the As in the soil at the study site. 

In the experiment simulating the state between water reacted with the 

non-magnetic soil, the distribution coefficient and the R squared value were 

77.6 L/kg and 0.878, respectively (Table 5.2). 
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Figure 5.4 Results of experiment and modeling results based on Langmuir 

model and distribution model for between water and magnetite in the cases of 

(a) spiked soil and (b) non-magnetic soil (b). 
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Table 5.1 Pseudo-second order rate and Langmuir isotherm constants for 

spiked soil 

Phase Pseudo-second order 

rate constant 

Langmuir 

isotherm constants 

 k (kg/mg/h) R2 a (mg/kg) b (L/mg) R2 

Spiked soil 

and water 

-0.0139 0.999 188.7 0.741 0.989 

Water and 

magnetite 

0.000167 0.993 5,268.7 0.0426 0.990 

 

Table 5.2 Pseudo-second order rate constant and distribution coefficients for 

non-magnetic soil 

Phase Pseudo-second order 

rate constant 

Distribution 

coefficient  

 k (kg/mg/h) R2 Kd (L/kg) R2 

Non-magnetic 

soil and water 

-0.137 0.999 15.9 0.964 

Water and  

magnetite 

0.000167 0.993 77.6 0.878 
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5.3.2 Transfer of As from spiked soil and non-magnetic soil to magnetite 

 

To predict the extent of the transfer of As from soil to magnetite via 

water, based on the sorption and desorption rate and isotherm constants 

determined in Section 5.3.1, a numerical method based on an explicit 

approach was adopted.  

First, initial concentrations of As in soil were set as experimentally 

determined concentrations of As (333.1 and 44.9 mg/kg for spiked soil and 

non-magnetic soil, respectively). Initial concentrations of As in magnetite 

and water were set to zero. 

Next, the equilibrium concentration of As in soil at time step “i” was 

calculated from the concentration of As in water by Langmuir isotherm or 

distribution equations for the experiments for spiked soil and non-magnetic 

soil, respectively (eq. 5.7 and 5.8). The concentration of As in soil at time 

step “i + 1” was calculated from the concentrations of As at time step “i” and 

the pseudo-second order desorption rate constant (eq. 5.9).  

 

   ,    
 =

  ∙  ∙  
 

    ∙  
  (eq. 5.7) 

 

or     ,    
 =   , ∙   

  (eq. 5.8) 

 

     
         

 

∆ 
=   (   ,    

 −      
 )   

⇒      
   =   ∆     ,    

 −      
  

 
+      

  (eq. 5.9) 
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The equilibrium concentration of As in magnetite at time step “i” was 

also calculated from the concentration of As in water by Langmuir isotherm 

or distribution equations for the experiments for spiked soil and non-

magnetic soil, respectively (eq. 5.10 and 5.11). The concentration of As in 

magnetite at time step “i + 1” was calculated from the concentrations of As at 

time step “i” and the pseudo-second order sorption rate constant (eq. 5.12).  

 

   ,   
 =

  ∙  ∙  
 

    ∙  
  (eq. 5.10) 

 

or     ,   
 =   , ∙   

  (eq. 5.11) 

 

    
        

 

∆ 
=       ,   

 −     
  

 
  

⇒     
   =   ∆     ,   

 −     
  

 
+     

  (eq. 5.12) 

 

Next, the concentration of As in water at time step “i + 1” was 

calculated based on the mass balance equation of the system (eq. 5.13) 

 

    
 +           

 +        
   

	=     
   +          

   +         
    ⇒ 

  
   =   
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 −      
    +

    

  
(    

 −     
   )  (eq. 5.13) 

  

Vw = volume of water in the slurry (L) 

Msoil, Mmag = mass of soil and magnetite in the slurry (kg) 
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The results of the slurry batch test to evaluate the transfer of As from 

the spiked soil to magnetite, and the results of modeling to predict the transfer 

of As, are shown in Figures 5.5 to 5.7.  

The concentration of As in the spiked soil rapidly decreased from 

333.1 to 90.0 mg/kg after three hours of reaction, and steadily decreased to 

57.3 mg/kg after seven days of reaction (Figure 5.5).  

The result of modeling for the concentration of As in the spiked soil 

predicted the trend of rapid release and following steady decrease of As in the 

soil. The fast release of 73.0% of total As from the spiked soil to water in 

three hours might be due to the chemical form of As in the spiked soil. Easily 

extractable As (i.e., SO4 and PO4 extractable, 266.9 mg/kg) accounts for 80.1% 

of the total As (333.1 mg/kg) in the spiked soil, and 90.6% of the released As 

(249.8 mg/kg) came from SO4 and PO4 extractable As of total released As 

(275.8 mg/kg) (Table 5.3). This result coincides with the result of the 

desorption test for the spiked soil, showing fast desorption of As (a decrease 

from 333.1 to 101.7 mg/kg in three hours) (Figure 5.1). 

 The concentration of As in water in the slurry batch test rapidly 

increased to 26.0 mg/L in three hours, and decreased to 10.9 mg/L after seven 

days of reaction, due to the sorption to magnetite (Figure 5.6). The result of 

modeling for the concentration of As in water predicted the trend of rapid 

increase and gradual decrease of As in water. In the experiment with the 

absence of magnetite, the concentration of As in water was maintained at 

32.9-37.2 mg/kg (average 35.6 mg/L). These results imply that the transfer of 

As from the spiked soil to magnetite occurs by preceding the release of As 
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from soil following sorption to magnetite.  

The concentration of As in magnetite in the slurry batch test increased 

to 2,235.2 mg/kg after three days, and steadily increased to 2,368.9 mg/kg 

after seven days of reaction (Figure 5.7). The result of modeling for the 

concentration of As in magnetite predicted the trend of the sorption of As to 

magnetite.  
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Figure 5.5 Remaining concentration of As in spiked soil after reaction with 

water and magnetite based on result of experiment and modeling. 

 

Figure 5.6 Concentration of As in water after reaction with spiked soil and 

magnetite based on result of experiment and modeling. 
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Figure 5.7 Concentration of As in magnetite after reaction with spiked soil 

and water based on result of experiment and modeling. 
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The results of the slurry batch tests undertaken to evaluate the transfer 

of As from non-magnetic soil to magnetite, and the results of modeling to 

predict the transfer of As, are shown in Figures 5.8 to 5.10.  

The concentration of As in the spiked soil decreased from 44.9 to 30.2 

mg/kg in 12 hours, and was maintained at 28.7-33.5 mg/kg after seven days of 

reaction (average 30.8 mg/kg) (Figure 5.8). The result of modeling for the 

concentration of As in the non-magnetic soil predicted the trend of release and 

the following plateau of concentration of As in soil. The fast released As in 12 

hours was 29.4% of the total As in the non-magnetic soil, which was less than 

the result of the experiment for the spiked soil, which showed a release of 

73.5% of total As in six hours of reaction.  

This difference comes from the different chemical forms of As in the 

soils (Table 5.4). Easily extractable As (i.e., SO4 and PO4 extractable, 266.9 

mg/kg) accounts for 80.1% of the total As (333.1 mg/kg) in the spiked soil, 

but easily extractable As in the non-magnetic soil is just 14.9% (6.7 mg/kg) of 

the total As (44.9 mg/kg). The major chemical form of As in the non-magnetic 

soil is amorphous/crystalline Fe oxides bound (oxalate and ascorbic acid 

extractable) As. The As released from the non-magnetic soil in seven days of 

reaction was 14.4 mg/kg, which was higher than the concentration of easily 

extractable As in the soil (6.7 mg/kg). This implies that the released As from 

the non-magnetic soil was not all from the easily extractable As, but included 

more stable As such as oxalate/ascorbic extractable As. When comparing the 

difference of chemical forms of As in soil before and after seven days of 

reaction, easily extractable (i.e., SO4 and PO4 extractable) and 
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amorphous/crystalline Fe oxides bound (oxalate and ascorbic acid extractable) 

As accounted for 1.4% and 74.6% of total released As from the soil (Table 

5.4). 

The concentration of As in water in the slurry batch test was 

maintained at 0.02-0.06 mg/L (average 0.04 mg/L) (Figure 5.9). However, the 

concentration of As in water was maintained at 1.9-2.1 mg/L by the results of 

modeling, which was 48 times higher than the result of the experiment. The 

result of modeling for the concentration of As in water reacted with the non-

magnetic soil and magnetite did not predict the result of the experiment. 

The concentration of As in magnetite in the slurry batch test rapidly 

increased to 196.8 mg/kg in three hours, and steadily increased to 294.8 

mg/kg after seven days of reaction (Figure 5.10). However, the expected 

concentration of As in magnetite after seven days of reaction by modeling was 

118.2 mg/kg, which was just 40.1% of the result of the experiment. The result 

of modeling for the concentration of As in magnetite reacted with the non-

magnetic soil and water did not predict the result of the experiment. 
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Figure 5.8 Remaining concentration of As in non-magnetic soil after reaction 

with water and magnetite, based on results of experiment and modeling. 

 

 

Figure 5.9 Concentration of As in water after reaction with non-magnetic soil 

and magnetite, based on results of experiment and modeling. 
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Figure 5.10 Concentration of As in magnetite after reaction with non-

magnetic soil and water, based on results of experiment and modeling. 
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As discussed above for the result of the non-magnetic soil, the As 

released from the non-magnetic soil is not only the easily extractable As (i.e., 

SO4 and PO4 extractable) determined by sequential extraction. In addition, the 

concentration of As transferred to magnetite from the non-magnetic soil was 

two times higher than the expected concentration suggested by the As transfer 

model. In short, the extent of the transfer of As from non-magnetic soil to 

magnetite was higher than expected. There are two possible reasons: (1) the 

continuous sorption of As from water to magnetite maintained the low 

concentration of As in water, and this enhanced the release of As from the 

non-magnetic soil due to a gradient of the concentration of As between the 

non-magnetic soil and water; (2) as a consequence of direct contact between 

the non-magnetic soil and magnetite, the transfer of As from the non-magnetic 

soil to magnetite was enhanced. 

To investigate the effects of these possible reasons for the enhanced 

transfer of As from the non-magnetic soil to magnetite, experiments were 

conducted. The results are shown in Table 5.5.  

After desorption of As from the non-magnetic soil with water but in 

the absence of magnetite for seven days, the As released from the non-

magnetic soil was 3.7% of total As. This is much lower than the result of the 

slurry batch test with the non-magnetic soil, water, and magnetite, which 

resulted in the release of 32.5% of As from non-magnetic soil. 

This result means that the As concentration gradient between soil and 

water is not a major factor in the enhanced transfer of As from the non-

magnetic soil to magnetite. In the slurry batch test conducted with magnetite 
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in a dialysis bag, which prevented direct contact between the non-magnetic 

soil and magnetite, the As transferred from the non-magnetic soil to magnetite 

was 4.4% of total As. This is much lower than the result of the test which 

permitted contact between soil and magnetite (which resulted in the transfer 

of 25.8% of As from the non-magnetic soil). This result supports the idea that 

direct contact between the non-magnetic soil and magnetite contributed to the 

As transfer.  

 

Table 5.5 Comparison of mass ratio of As in non-magnetic soil, water, and 

magnetite after 7 days of batch test in case of magnetite in slurry or dialysis 

bag and absence of magnetite (desorption test) 

Media With magnetite1) Without magnetite2) With magnetite in dialysis bag3) 

Non-magnetic soil 67.1% 96.3% 93.6%  

Water 0.4% 3.7% 2.0%  

Magnetite 32.5% - 4.4%  

1) Experimental result for transfer of As from non-magnetic soil to magnetite in slurry. Soil and 

magnetite are in contact. 

2) Experimental result for desorption test of As from non-magnetic soil to water absence of 

magnetite 

3) Experimental result for transfer of As from non-magnetic soil to magnetite in dialysis bag. 

Soil and magnetite are not in contact. 
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Consequently, the chemical form of As in the soil affects the transfer 

pathway of As in the system of non-magnetic soil, water, and magnetite. If 

easily extractable As is a major chemical form in a soil, its release from soil to 

water and its sorption to magnetite is a major transfer pathway of As from soil 

to magnetite, even if the transfer of As by direct contact between soil and 

magnetite may contribute a portion of the transfer of As.  

However, if there is only a little easily extractable As in a soil, such as 

the non-magnetic soil used in this study from the contaminated site around the 

smelter, then direct contact between the soil and magnetite may be a major 

transfer pathway of As from soil to magnetite. This suggests the importance of 

mixing of soil and magnetite or other Fe oxides to enhance the efficiency of 

stabilization in the site contaminated with As, by providing a sufficient chance 

of contact between soil and magnetite.  

 

5.3.3 Reduction of bioaccessibility of As in soil determined by SBRC 

extraction test after stabilization using magnetite 

 

The change of SBRC extractable As in the Songrim forest soil (52.2 

mg-As/kg) was assessed. In the cases of application of 0.1%, 0.5% and 1% 

of magnetite, SBRC extractable As decreased to 9.2, 7.7, and 7.7 mg/kg after 

one week of reaction and did not show significant change after four weeks of 

reaction.  
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After one week of application of 5% magnetite, SBRC-extractable As 

decreased from 11.8 mg/kg to 4.3 mg/kg (Figure 5.11). After four weeks and 

eight weeks, SBRC extractable As was 5.2 and 4.9 mg/kg, and so did not 

change significantly compared to the result after one week of reaction. This 

result coincides with the results of the slurry batch tests in Section 5.3.2, 

which showed maximum adsorption of As from soil to magnetite after three 

days of reaction. In addition, in the study of Codling and Dao (2007), the 

efficiency of stabilizing As using Fe containing material did not increase 

between two weeks and 16 weeks of the incubation period. 

The application of 5% of magnetite showed the best efficiency of 

stabilization for As, and one week of reaction time was enough to stabilize 

As in the soil.  

The application rate of Fe containing material for stabilizing As in 

soil ranges from 1% to 5%, in general (Hartley et al., 2004; Friesl et al., 2006; 

Yang et al., 2007; Nielsen et al., 2011; González et al., 2012). A case of 

application of more than 5% of Fe containing material as a stabilizing agent 

cannot be found even if the efficiency of As stabilization increases with an 

increase of application rate of the stabilizing agent (Kumpiene et al., 2008). 

This is because of problems such as aggregation and cementation, which can 

change the properties of soil, and harmful effects on vegetation (Mench et al., 

1999; Kumpiene et al., 2008). 
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Figure 5.11 Changes of concentration of SBRC extractable As in Songrim 

forest soil after stabilization with magnetite in different reaction times and 

concentrations of magnetite. 

 

An applicability test of As stabilization using magnetite was 

conducted for 24 samples of Songrim forest soil. The concentration of aqua 

regia extractable As in the tested soils ranged from 8.9 to 254.1 mg/kg 

(average 115.0 mg/kg). The initial SBRC-extractable As ranged from 2.8 to 

45.1 mg/kg (average 18.1 mg/kg).  

After one week of reaction with 5% magnetite, SBRC extractable As 

decreased to 1.35 to 9.60 mg/kg (average 4.26 mg/kg), which is a 71.8% 

reduction of bioaccessibility compared to the initial concentration (Figure 

5.12). After four weeks of reaction, SBRC extractable As ranged from 1.30 

to 9.55 mg/kg (average 4.35 mg/kg), which was not a significant change 

compared to the results at one week of reaction. 
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If 71.8% of As bioaccessibility reduction is assumed at the forest area 

(referred as OU6 in chapter 4) by the application of magnetite for 

stabilization, bioaccessibility of As is reduced from 29.2 to 8.2%, which 

result in decrease of carcinogenic risk of As from 5.6×10-5 to 3.0×10-5.  

 

 

Figure 5.12 Change of concentration of SBRC-extractable As in 24 samples 

of Songrim forest soils after one week of reaction with 5% of magnetite. 

 

The bioaccessibility of As sorbed to magnetite was assessed. Total 

concentration of As and SBRC extractable As in magnetite was 1,284.5 and 

84.6 mg/kg, respectively. The bioaccessibility of As was 6.6%. 
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5.3.4 Reduction of toxic effect and availability of As for earthworms in soil 

after stabilization using magnetite 

 

The decrease of toxic effect and availability of As in soil after 

stabilization using magnetite was evaluated by avoidance, lethality, and As 

accumulation of earthworms, Eisenia fetida.  

Earthworms showed avoidance of untreated soil. After two days of 

contact time with soils, 10, 7, and 10 of total 10 earthworms in each of three 

samples were observed in the 5% magnetite treated soil (Table 5.6). This 

result means that E. fetida prefers magnetite treated soil to untreated soil, 

because the treated soil has lower potential for stress affecting to E. fetida. 

The condition for low stress of the treated soil may be due to lower 

bioavailability of As in soil for E. fetida by stabilization of As by magnetite. 

 

Table 5.6 The number of E. fetida observed in Songrim forest soil (untreated) 

and 5% magnetite treated soil at avoidance test  

Sample number Songrim 

forest soil 

Songrim forest soil 

+ 5% magnetite 

Sum 

1 0 10 10 

2 3 7 10 

3 0 10 10 
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For the lethality test of E. fetida for As, after seven days and 14 days 

of contact time with untreated Songrim forest soil and 5% magnetite treated 

soil, the number of living earthworms was counted. At seven days and 14 

days, all earthworms were alive in both the untreated and treated soils. This 

result indicates that the Songrim forest soil does not pose an acute toxic 

effect to E. fetida, and the lethality test is not suitable for discovery of the 

change of toxic effect by As stabilization using magnetite in the study site 

soil. 

Accumulated As in E. fetida after 14 days of contact with Songrim 

forest soil (untreated) and 5% magnetite treated soil was evaluated. The 

concentration of As in earthworms from the untreated soil was 23.1 mg/kg 

(Table 5.7). The concentration of As in earthworms from the 5% magnetite 

treated soil was 2.8 mg/kg. This result shows the reduced bioavailability of 

As for E. fetida by stabilization of As using magnetite.  

The reported bioconcentration factors of As in earthworms, defined 

as the ratio of the concentration of As in earthworms to the concentration of 

As in the soil, ranged from 0.069 to 0.67 (average 0.37) (Yeates et al., 1994; 

Geiszinger et al., 1998; Meharg et al., 1998; Langdon et al., 1999; Langdon 

et al., 2001).  

The bioconcentration factors of this study were 0.44 and 0.054 for 

Songrim forest soil and treated soil, respectively, which is similar to the 

average and minimum values of the reported bioconcentration factor. 
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Table 5.7 Concentration and mass of As in E. fetida and bioconcentration 

factor after 14 days of contact with Songrim forest soil (untreated) and 5% 

magnetite treated soil 

Soil 

Concentration of As in 

earthworm (mg/kg) (STD) 

Mass of As in 

earthworm (mg) (STD) 

Bioconcentration 

factor1) 

Songrim forest soil 23.1 (5.3) 0.00015 (0.00003) 0.44 

Songrim forest soil 

+ 5% magnetite 

2.8 (2.1) 0.0002 (0.00003) 0.054 

1) Ratio of concentration of As in earthworm and concentration of As in tested soil 

 

5.4 Summary 

 

The study showed that the chemical form of As in soil affects the 

transfer pathway to magnetite during the stabilization process for As.  

The transfer of As from forest area soil and spiked soil to magnetite 

was observed in the batch test. For spiked soil with highly labile As (SO4
2-- 

and PO4
3--extractable, 80.1% of total As), the release of As from soil to water, 

and then its sorption to magnetite, was a major transfer pathway. However, 

for forest area soil with a small amount of labile As (SO4
2-- and PO4

3--

extractable, 14.9% of total As), a major transfer pathway was direct contact 

between soil particles and magnetite.  

The transfer of As from spiked soil to magnetite was successfully 

predicted by modeling based on pseudo-second order rate model, Langmuir 

isotherm model and distribution equation. However, the predictions were 
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unsuccessful for the forest area soil, probably due to transfer of As from soil 

to magnetite by direct contact with soil particles and magnetite, which is 

supported by the results of a dialysis bag and desorption test for soil. This 

result suggests the importance of mixing the soil and Fe oxide or other 

stabilizing agents in order to achieve a successful stabilization of As.  

When applying magnetite to stabilize As in soil, a one-week reaction 

period was enough. After one week, a 71.8% reduction of As bioaccessibility 

was observed by application of 5% magnetite to 24 soil samples from the 

forest area.  

A decrease of bioaccessibility for oral ingestion of humans and toxic 

effect and availability for Eisenia fetida were observed by the application of 

magnetite to soil contaminated with As. 
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Chapter 6 

CONCLUSIONS 

 

 

 

This study showed that chemical form As in soil with Fe 

content in soil is the major factor which determines the bioavailability 

of As in soil. The major chemical form of As determined by Wenzel’s 

sequential extraction procedure in the former Janghang smelter site was 

oxalate buffer extractable As (amorphous Fe oxides bound). The 

bioaccessibility of As ranged from 8.7% to 66.3%, which supports the idea 

that its bioavailability or bioaccessibility should be determined in a site-

specific manner. The As chemical forms contributing to bioaccessible As, as 

determined by the SBRC extraction method were the SO4
2--extractable and 

PO4
3--extractable As, and some portion of As bound to amorphous Fe oxides. 

The major factor determining the bioaccessibility of As was the Fe in the soil. 

The ratio of As bound to crystalline Fe oxides and the bioaccessibility of As 

were inversely related. Moreover, SBRC extractable As decreased with the 

increase in total Fe content in soil. In the SEM-EDS analysis, Fe oxides 

bound to As and arsenopyrite were identified with their bioaccessibility. 

Effect of chemical form of As to availability was also evaluated based on the 

toxicity test using Vibrio fischeri, Brassica juncea, and Eisenia fetida, and 

decreased toxic effects were observed after extraction of bioaccessible As in 

soil.  
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Determined site-specific IVBA (In vitro bioaccessibility) values of 

the six operable units (OU) of the study site differed greatly, ranging from 

28.2 to 65.8%, which is due to the diverse chemical forms of As at each OU. 

When IVBA of As was not considered, human carcinogenic risk from As by 

direct exposure pathways, including soil ingestion, dermal contact with soil, 

and inhalation of fugitive dusts from soil, under the residential scenario, 

ranged from 5.6×10-5 to 1.4×10-4. When the IVBA was incorporated into the 

risk calculation, the estimated risk was reduced by 29.5-62.0%. Estimated 

risk based remediation goals with IVBA ranged from 10.8 mg/kg to 20.0 

mg/kg. These results demonstrate that the chemical forms of As may be 

different even though the source of contamination is similar (As2O3 in the 

study site); and the site-specific bioavailability affected by the chemical 

forms is an important factor for determining realistic risks to human health. 

Phytoremediation, soil washing, electrokinetic, and thermal treatment were 

suggested as the remedial alternatives. 

For the forest area, OU6, where excavation is not possible, a more 

focused study on risk management was conducted. The applicability of the 

stabilization of As by using Fe oxide, especially for magnetite was evaluated 

for the forest area of the study site. Transfer of As from forest area soil and 

spiked soil to magnetite was observed in a batch test, and successfully 

predicted by modeling based on a pseudo-second order rate model, Langmuir 

isotherm model and distribution equation for spiked soil. However, a 

prediction was not available for the forest area soil, probably due to a smaller 

amount of labile As in chemical form than there was in the spiked soil and a 
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different transfer pathway from the soil to the magnetite. For spiked soil with 

highly labile As (SO4
2-- and PO4

3--extractable, 80.1% of total As), the release 

of As from soil to water, and sorption to magnetite was a major transfer 

pathway. However, for forest area soil with a small amount of labile As (14.9% 

of total As), a major transfer pathway was direct contact between soil 

particles and magnetite as supported by the results of dialysis bag and 

desorption test for soil. This result suggests the importance of the mixing of 

soil and Fe oxide or other stabilizing agents to achieve a successful 

stabilization of As. In an experiment of the application of 5% magnetite to 24 

soil samples from the study site, a 71.8% reduction of As bioaccessibility 

was observed after one week of reaction time. Decreases in toxic effect and 

availability of As for Eisenia fetida were also observed by the application of 

magnetite to forest area soil. 
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Appendix A 

FLORA SURVEY FOR THE SONGRIM 

FOREST AREA 

 

 

 

A.1 Introduction 

 

Preservation and maintenance of vegetation of the Songrim forest 

area in the study site (referred as OU 6 in the previous chapters) is important 

because the study site is a recreational area. The study site is contaminated 

with As, so, the remediation for As is necessary. But, damage to vegetation 

may be accompanied by the implementation of remedial action such 

excavation for soil washing. To minimize the effect of application of 

remediation technology on vegetation, risk management strategy which 

considers the preservation of vegetation of the study site is necessary. To 

understand the present condition of vegetation of the study site, the survey 

on the flora was conducted on April 22th, 2015.  

 

A.2 Results of the flora survey 

 

The flora of Songrim forest area has 54 families, 94 genus, and 111 

species (Table A.1 and Figure A.1). Pinus thunbergii (곰솔) planted as a 

windbreak over the height of 10 m were dominant species, and lower tree 
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layer was poor. Tree layer was constituted by Populus tomentiglandulosa (은

수 사시나무), Sorbus alnifolia (팥 나무), and Alnus hirsuta (물 리나

무). Shrub layer was constituted by planted Rosa rugoss (해당화), 

Lagerstroemia indica ( 나무), Prunus serrulata ( 나무), Lonicera 

japonica (인동덩 ), Sasa borealis (조릿대), Ligustrum obtusifolium ( 똥

나무), Akebia quinata (으름덩 ), Rosa multiflora (찔 꽃), Smilax china 

(청미래덩 ), Quercus serrata (졸참나무), Parthenocissus tricuspidata (담

쟁이덩 ), Platycarya strobilacea ( 피나무), Castanea crenata ( 나무), 

Euonymus japonicus (사철나무), Rhododendron mucronulatum ( 달래), 

Stephanandra incisa ( 수나무), Cudrania tricuspidata (꾸 뽕나무), 

Celastrus orbiculatus (노 덩 ), and Rubus crataegifolius (산딸기).  

Herbaceous layer was constituted by planted Narcissus tazetta (수선

화), planted Liriope platyphylla (맥문동), Stellaria media ( 꽃), Capsella 

burapastoris (냉이), Veronica persica (큰개불알풀), Poa annua (새포아풀), 

Taraxacum officinale (서양민들 ), Galium spurium (갈퀴덩 ), Humulus 

japonicas (환삼덩 ), Duchesnea chrysantha ( 딸기), Semiaquilegia 

adoxoides (개 리 톱), Vicia angustifolia (살갈퀴), Sonchus asper (큰

가 똥), Sedum oryzifolium (땅채송화), Arabidopsis thaliana (애기장대), 

Oxalis corniculata ( 이 ), Bidens bipinnata (도깨비 늘), Setaria viridis 

(강아 풀), Achyranthes japonica (쇠무릎), Calystegia soldanella (갯메꽃), 

Imperata cylindrica (띠), Equisetum arvense (쇠뜨기), Carex pumila (좀

리사초가), Sasa japonica (이대), Bromus tectorum (털빕새 리), Clematis 

apiifolia (사위 빵), Artemisia princeps (쑥), Lamium amplexicaule ( 대

나물), Rubia cordifolia (갈퀴꼭두선이), Luzula capitata (꿩의 ), Allium 
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monanthum (달래), Dryopteris varia (족제비고사리), Pteridium aquilinum 

(고사리), Viola rossii (고깔제비꽃), Phytolacca americana (미 자리공), 

and Hemerocallis fulva ( 추리). 

Endangered species designated by Korean ministry of environment 

(KMOE) were not observed. Among the floral region-based specific plants, 

one species of class IV, one species of class of III, one species of class of II, 

and 8 species of class I were observed. The floral region-based specific 

plants class is the classification of the plants in Korea based on the 

distribution of the plants (Table A.2 and Figure A.2). If the distribution of the 

plant is limited to small area, that rare plant can be classified to class V. 

One Invasive alien species (Rumex acetosella, 애기수 ) designated 

by KMOE was observed. In addition, 14 species of introduced species were 

observed (Table. A.3 and Figure A.3).  

 

A.3 Conclusion 

 

The Songrim forest area is well preserved windbreak forest with 

Pinus thunbergii (곰솔). In addition, there are some floral region-based 

specific plants classified as class IV, III, II, and I. These plants have to be 

preserved to provide well vegetated recreational area to visitors and to keep 

the biodiversity of the study site. In appendix B, risk management strategy 

for the Songrim forest area has been suggested. 
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Table A.1 List of the plants observed in the Songrim forest area 
Family name Species name Note 

꿀풀과 
(Labiatae) 

자주 대나물(Lamium purpureum L.) 
Introduced 
plant 

대나물(Lamium amplexicaule L.)  

초향(Agastache rugose 
(Fisch.& Mey.) Kuntze) 

 

암차 기(Salvia plebeia R.Br.)  

노린재나무과 
(Symplocaceae) 

노린재나무 
(Symplocos chinensis for. pilosa (Nakai) Ohwi) 

 

노 덩 과 
(Celastraceae) 

노 덩 (Celastrus orbiculatus Thunb.)  

회잎나무(Euonymus alatus for. 
ciliatodentatus (Franch. & Sav.) Hiyama) 

 

사철나무 
(Euonymus fortunei var. radicans (Miq.) Rehder) 

Class I 

사철나무(Euonymus japonicus Thunb.) Class I 

느릅나무과(Ulmaceae) 
팽나무(Celtis sinensis Pers.)    

참느릅나무(Ulmus parvifolia Jacq.) Class I 

돌나물과(Crassulaceae) 땅채송화(Sedum oryzifolium Makino)  

두릅나무과 
(Araliaceae) 

땅두릅(Aralia cordata Thunb.)  

갈피나무(Eleutherococcus sessiliflorus 
(Rupr. & Maxim.) S.Y.Hu) 

Class I 

마과(Dioscoreaceae) 마(Dioscorea oppostifolia L.) 
 

마디풀과 
(Polygonaceae) 

소리쟁이(Rumex crispus L.) 
Introduced 
plant 

돌소리쟁이(Rumex obtusifolius L.) 
Introduced 
plant 

애기수 (Rumex acetosella L.) 

Invasive 
alien 
species, 
Introduced 
plant 

메꽃과(Convolvulaceae) 
갯메꽃 
(Calystegia soldanella (L.) Roem. & Schultb.) 

Class I 

면마과(Dryopteridaceae) 족제비고사리 
(Dryopteris varia (L.) Kuntze) 

 

명아주과(Chenopodiaceae) 좀명아주 
(Chenopodium ficifolium Smith) 

Introduced 
plant 

물푸 나무과(Oleaceae) 똥나무 
(Ligustrum obtusifolium Siebold & Zucc.) 

 

미나리아재비과  
(Ranunculaceae) 

개 리 톱 
(Semiaquilegia adoxoides (DC.) Makino) 

Class I 

사위 빵 
(Clematis apiifolia DC.) 
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Table A.1 (continued) List of the plants observed in the Songrim forest area 
Family name Species name Note 

늘꽃과(Onagraceae) 달맞이꽃 
(Oenothera biennis L.) 

Introduced 
plant 

기과(Menispermaceae) 댕댕이덩  
(Cocculus trilobus (Thunb.) DC.) 

 

합과 (Liliaceae) 맥문동 
(Liriope platyphylla F.T.Wang & T.Tang) 

 

청미래덩 (Smilax china L.)  

추리(Hemerocallis fulva (L.) L.)  

달래(Allium monanthum Maxim.)  

드나무과 (Salicaceae) 은수 사시나무 
(Populus tomentiglandulosa T.B.Lee) 

 

드나무(Salix koreensis Andersson)  

과 
(Gramineae) 

향모(Hierochloe odorata (L.) P.Beauv.)  

털빕새 리 
(Bromus tectorum var. tectorum L.) 

Introduced 
plant 

이대 (Sasa japonica (Siebold & Zucc. ex 
Steud.) Makino) 

 

갈대(Phragmites communis Trin.)  

띠(Imperata cylindrica var. koenigii (Retz.) 
Pilg.) 

 

주름조개풀(Oplismenus undulatifolius var. 
undulatifolius (Ard.) P.Beauv.) 

 

새포아풀(Poa annua L.)  

강아 풀 
(Setaria viridis var. viridis (L.) P.Beauv.) 

 

조릿대(Sasa borealis (Hack.) Makino)  

참억새 
(Miscanthus sinensis var. sinensis Andersson) 

 

리수나무과(Elaeagnaceae) 리수나무(Elaeagnus umbellata Thunb.)  

부처꽃과(Lythraceae) 나무(Lagerstroemia indica L.)  

비름과(Amaranthaceae) 쇠무릎(Achyranthes japonica (Miq.) Nakai)  

뽕나무과(Moraceae) 꾸 뽕나무(Cudrania tricuspidata (Carr.) 
Bureau ex Lavallee) 

 

사초과 
(Cyperacea) 

청사초(Carex breviculmis R.Br.)  

가 청사초 
(Carex polyschoena H.Lev. & Vaniot) 

 

좀 리사초(Carex pumila Thunb.)  

삼과(Cannabaceae) 환삼덩  
(Humulus japonicus Sieboid & Zucc.) 
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Table A.1 (continued) List of the plants observed in the Songrim forest area 
Family name Species name Note 

석죽과 
(Caryophyllaceae) 

유럽점나도나물 
(Cerastium glomeratum Thuill.) 

Introduced 
plant 

점나도나물(Cerastium holosteoides var. 
hallaisanense (Nakai) Mizush.) 

 

꽃(Stellaria media (L.) Vill.)  

쇠 꽃(Stellaria aquatica (L.) Scop.)  

소나무과(Pinaceae) 곰솔(Pinus thunbergii Parl.)  

속새과(Equisetaceae) 쇠뜨기(Equisetum arvense L.)  

수선화과(Amaryllidaceae) 수선화 
(Narcissus tazetta var. chinensis Roem.) 

 

십자화과 
(Cruciferae) 

애기장대(Arabidopsis thaliana (L.) 
Heynh.) 

Class I 

싸리냉이(Cardamine impatiens L.)  

황새냉이(Cardamine flexuosa With.)  

냉이 
(Capsella burapastoris (L.) L.W.Medicus) 

 

갓(Brassica juncea var. juncea (L.) Czern.) Introduced 
plant 

앵초과(Primulaceae) 큰까치수염(Lysimachia clethroides Duby)  

나무과(Anacardiaceae) 개 나무(Rhus tricocarpa Miq.)  

으름덩 과(Lardizabalaceae) 으름덩 (Akebia quinata (Thunb.) Decne.)  

은행나무과(Ginkgoaceae) 은행나무(Ginkgo biloba L.)  

인동과 
(Caprifoliaceae) 

인동덩 (Lonicera japonica Thunb.)  

딱총나무(Sambucus sieboldiana var. 
miquelii (Nakai) Hara) 

 

자리공과(Phytolaccaceae) 미 자리공(Phytolacca americana L.) Introduced 
plant 

자작나무과 
(Betulaceae) 

물 리나무(Alnus hirsuta Turcz. ex Rupr.) Class I 

난티잎개암나무 (Corylus heterophylla 
var. heterophylla Fisch. ex (Trautv.)) 
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Table A.1 (continued) List of the plants observed in the Songrim forest area 
Family name Species name Note 

장미과 
(Rosaceae) 

나무(Prunus serrulata var. spontanea (Maxim.) 
E.H.Wilson) 

 

사나무(Prunus persica for. persica (L.) Batsch)  

서양 엽딸기(Rubus fruicosus L.)  

해당화(Rosa rugosa var. rugosa Thunb.)  

멍석딸기(Rubus parvifolius for. parvifolius L.)  

찔 꽃(Rosa multiflora var. multiflora Thunb.)  

돌가시나무 
(Rosawichuraiana Crep. ex Franch. & Sav.) 

 

딸기 
(Duchesnea chrysantha (Zoll. & Mor.) Miq.) 

 

사나무(Prunus persica for. persica (L.) Batsch)  

산딸기(Rubus crataegifolius Bunge)  

팥 나무 
(Sorbus alnifolia (Siebold & Zucc.) K.Koch) 

 

수나무 
(Stephanandra incisa var. incisa (Thunb.) Zabel) 

 

신나물(Agrimonia pilosa Ledeb.)  

제비꽃과(Violaceae) 고깔제비꽃(Viola rossii Hemsl.)  

주목과(Taxaceae) 주목(Taxus cuspidata Siebold & Zucc.) Class II 

치과(Boraginaceae) 꽃마리(Trigonotis peduncularis (Trevir.) Benth. 
ex Hemsl.) 

 

달래과(Ericaceae) 달래(Rhododendron mucronulatum var. 
mucronulatum Turcz.) 

 

차나무과(Theaceae) 동 나무(Camellia japonica L.) Class I 

참나무과 
(Fagaceae) 

졸참나무(Quercus serrata Thunb. ex Murray)  

나무(Castanea crenata Siebold & Zucc.)  

콩과 
(Leguminosae)  

살갈퀴 
(Vicia angustifolia var. segetilis (Thuill.) K.Koch.) 

 

낭아초(Indigofera pseudotinctoria Matsum.) Class III 

파리풀과(Phrymaceae) 파리풀(Phryma leptostachya var. asiatica H.Hara)  

포도과(Vitaceae) 담쟁이덩 (Parthenocissus tricuspidata 
(Siebold & Zucc.) Planch.) 

 

현삼과(Scrophulariaceae) 큰개불알풀(Veronica persica Poir.) Introduced 
plant 
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Pinus thunbergii Parl.(곰솔) 
Platycarya strobilacea var. strobilacea for. 

strobilacea Siebold & Zucc.( 피나무) 

 
 

Akebia quinata (Thunb.) Decne.(으름덩 ) 
Prunus serrulata var. spontanea (Maxim.) 

E.H.Wilson ( 나무) 

  

Duchesnea chrysantha (Zoll. & Mor.) 
Miq.( 딸기) 

Elaeagnus umbellata Thunb.( 리수나무) 

  

Hierochloe odorata (L.) P.Beauv.(향모) Smilax china L.(청미래덩 ) 

Figure A.1 Figure of the vascular plants in the Songrim forest area. 
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Table A.2 List of the floral region-based specific plants in the Songrim forest 
area 
Class of flora Family name Species name 

Class IV 십자화과(Cruciferae) 애기장대(Arabidopsis thaliana (L.) Heynh.) 

Class III 콩과(Leguminosae) 낭아초(Indigofera pseudotinctoria Matsum.) 

Class II 주목과(Taxaceae) 주목(Taxus cuspidata Siebold & Zucc.) 

Class I 

노 덩 과 
(Celastraceae) 

사철나무(Euonymus fortunei var. radicans 
(Miq.) Rehder) 

사철나무(Euonymus japonicus Thunb.) 

느릅나무과(Ulmaceae) 참느릅나무(Ulmus parvifolia Jacq.) 

두릅나무과(Araliaceae) 
갈피나무(Eleutherococcus sessiliflorus 

(Rupr. & Maxim.) S.Y.Hu) 

메꽃과(Convolvulaceae) 
갯메꽃 
(Calystegia soldanella (L.) Roem. & Schultb.) 

미나리아재비과 
(Ranunculaceae) 

개 리 톱 
(Semiaquilegia adoxoides (DC.) Makino) 

자작나무과(Betulaceae) 물 리나무(Alnus hirsuta Turcz. ex Rupr.) 

차나무과(Theaceae) 동 나무(Camellia japonica L.) 
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Arabidopsis thaliana (L.) Heynh. (애기장대) 

 

 

Semiaquilegia adoxoides (DC.) Makino (개 리 톱) 

 

 

Calystegia soldanella (L.) Roem. & 
Schultb. (갯메꽃) 

Eleutherococcus sessiliflorus (Rupr. 
& Maxim.) S.Y.Hu ( 갈피나무) 

Figure A.2 Figure of the floral region-based specific plants in the Songrim 
forest area. 
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Table A.3 List of the introduced plants in the Songrim forest area 
Family name Species name 

화과(Compositae) 

개망초(Erigeron annuus (L.) Pers.) 

서양민들 (Taraxacum officinale Weber) 

큰 가 똥(Sonchus asper (L.) Hill) 

큰금계 (Coreopsis lanceolata L.) 

꿀풀과(Labiatae) 자주 대나물(Lamium purpureum L.) 

마디풀과(Polygonaceae) 

소리쟁이(Rumex crispus L.) 

돌소리쟁이(Rumex obtusifolius L.) 

애기수 (Rumex acetosella L.) 

명아주과(Chenopodiaceae) 좀명아주(Chenopodium ficifolium Smith) 

늘꽃과(Onagraceae) 달맞이꽃(Oenothera biennis L.) 

과(Gramineae) 털빕새 리(Bromus tectorum var. tectorum L.) 

석죽과(Caryophyllaceae) 유럽점나도나물(Cerastium glomeratum Thuill.) 

십자화과(Cruciferae) 갓(Brassica juncea var. juncea (L.) Czern.) 

자리공과(Phytolaccaceae) 미 자리공(Phytolacca americana L.) 

현삼과(Scrophulariaceae) 큰개불알풀(Veronica persica Poir.) 

 
  



180 

 

 

Rumex acetosella L.(애기수 ) Rumex obtusifolius L.(돌소리쟁이) 

 

 

Veronica persica Poir.(큰개불알풀) Lamium purpureum L.(자주 대나물) 

 

 

Oenothera biennis L.(달맞이꽃) 
Taraxacum officinale Weber 

(서양민들 ) 

Figure A.3 Figure of the introduced plants in the Songrim forest area. 
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Appendix B 

RISK MANAGEMENT STRATEGY FOR THE 

SONGRIM FOREST AREA 

 

 

 

B.1 Introduction 

 

The Songrim forest area was divided to six sections based on the 

concentration of As, accessibility and location (Figure B.1 and Table B.1). 

Forest 1, 2, and 3 are vegetated area with Pinus thunbergii which is dominant 

tree species in the site and other trees, shrub, and herbaceous plants in the 

Songrim forest park. Forest 4 is the Jangam forest area in the south of the 

Songrim forest area, which is also vegetated and non-accessible area. Open 

lot 1 and 2 consist of a trail, parking lot and other open lot which can be 

excavated. 95% UCL of As of each section ranged from 58.4 to 268.2 mg/kg. 

The number of surface soil (0-15 cm) sampling points for the Songrim forest 

park and Jangam forest area were 115 and 52, respectively.  
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B.2 Risk assessment and management strategy 

 

B.2.1 Section of the study site 

 

The Songrim forest area was divided to six sections based on the 

concentration of As, accessibility and location (Figure B.1 and Table B.1). 

Forest 1, 2, and 3 are vegetated area with Pinus thunbergii which is dominant 

tree species in the site and other trees, shrub, and herbaceous plants in the 

Songrim forest park. Forest 4 is the Jangam forest area in the south of the 

Songrim forest area, which is vegetated and non-accessible area. Open lot 1 

and 2 consist of a trail, parking lot and other open lot which can be excavated. 

95% UCL of As of each section ranged from 58.4 to 268.2 mg/kg. The 

number of surface soil (0-15 cm) sampling points for the Songrim forest park 

and Jangam forest area were 115 and 52, respectively.  
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(a) forest areas (2) open lot areas 

Figure B.1 Separation of each section in the Songrim forest area. 
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Table B.1 Concentration of As and the area of each section of the Songrim 

forest area 

Section Aqua regia As (mg/kg)1) Area (m2) Note 

Forest 1  76.4  54,124 

Songrim forest park Forest 2 147.5  71,898 

Forest 3 143.9  31,568 

Forest 4 268.2 111,784 Jangam forest area 

Open lot 1  58.4  46,155 
Songrim forest park 

Open lot 2 111.0  42,724 

1) 95% UCL 

 

B.2.2 Exposure assessment 

 

The land use of the Songrim forest area is recreational area, so 

recreational exposure scenario was assumed (Figure B.2). Receptor is the 

resident living around the study site, who visits the Songrim forest area as a 

frequency of 100 days/year. Direct exposure pathways including soil 

ingestion, dermal contact and fugitive dust inhalation were considered. For 

exposure by ingestion of soil, IVBA of As of the Songrim forest park and 

Jangam forest area were determined and applied (29 and 8%, respectively).  

To evaluate the exposure by dust inhalation, fugitive dust from the 

study site were. Concentration of PM10 in air was measured for 12 or 24 

hours at four sampling points including one comparing point (Figure B.3) for 

total six times. The location of sampling points were determined considering 



185 

the main direction of the wind (west) in the study site for the sampling period. 

Fugitive dust was determined by the difference of maximum PM10 

concentration from sampling point (1), (2), and (3) and PM10 concentration 

of the comparing point. PM10 was collected by sequential PM10 sampler 

(PMS-104, APM Engineering Co., Ltd., Korea). The results of fugitive dust 

sampling are in Table B.2. Concentration of fugitive dust ranged from 20 to 

71 μg/m3. The average value (40.3 μg/m3) was used to assess the risk by 

fugitive dust inhalation. 

 

 

Figure B.2 Conceptual Site Model (CSM) for the Songrim forest area. 

 

 

Figure B.3 PM10 sampling points for determination of fugitive dust in the 

study site. 
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Table B.2 Concentration of PM10 to determine the fugitive dust in the study 

site 

Unit: μg/m3 

Sampling point Sampling time 

2014.10.27 13:00 

- 2014.10.28 13:00 

2014.10.29 13:00 

- 2014.10.30 13:00 

2015.02.02 13:30 

– 2015.02.03 01:30 

Comparing point 109  38 22 

(1) 136  87 10 

(2)  19  39 66 

(3)  10 109 57 

Max. of (1)-(3) 

- comparing point 
 27  71 44 

 
2015.03.30 14:00 

– 2015.03.31 02:00 

2015.03.31 02:00 

– 2015.03.31 14:00 

2015.04.01 10:00 

– 2015.04.01 22:00 

Comparing point  91  86 10 

(1)  68 131 12 

(2)  36 108 22 

(3) 123 134 30 

Max. of (1)-(3) 

- comparing point 
 32  48 20 
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In residential area, inhalation of wind-blown dust containing As from 

the Songrim forest area is the only exposure pathway. To evaluate the 

exposure to As in residential area, PM10 in the air was collected and 

analyzed for As. Sampling point is about 2 km apart from the Songrim forest 

area, and As was not detected in the collected PM10 sample (detection limit: 

0.01 μg/m3). So, exposure to As in residential area by inhalation of As was 

not assessed. Exposure parameters and toxicity reference values used in this 

study are in Ch. 4.  

 

B.2.3 Risk management alternatives for the study site 

 

Applicable risk management alternatives for the study site were 

categorized and their strengths and weaknesses area are listed in Table B.2. 

Stabilization using Fe oxide can reduce the risk of As by reducing the 

bioavailability of As without excavation. Application of magnetite can 

reduce the bioaccessibility of As of the study site soil from 29.2 to 8.2% 

(71.8% of reduction). However, nano-sized Fe oxide particles may have 

adverse effect to vegetation due to its high reactivity. 

Phytoremediation and separation/soil washing can reduce the 

concentration of As in soil. Phytoremediation is environmentally friendly 

technology, but needs long period due to its low efficiency. Separation and 

soil washing is the most promising technology, but soil is to be excavated.  
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Cutoff of exposure pathway includes capping and institutional control. 

Capping is covering surface of contaminated soil to prevent exposure to 

receptor. Capping can effectively reduce the risk; however, capping layer is 

to be maintained not to be worn out. Institutional control means limiting land 

use or access to the site, so cannot be applied to the Songrim forest park. 

 

Table B.3 Characteristics of risk management alternatives 

Category Alternatives Strengths Weaknesses 

Stabilization Stabilization 

using 

Fe oxide 

Reduce risk by reducing 

bioavailability of As 

without excavation 

Fe oxide may have 

adverse effect to 

vegetation 

Removal Phytoremediation Reduce risk by reducing 

concentration of As 

without excavation 

Low efficiency 

Separation and 

soil washing 

Most effective to reduce 

concentration of As 

Damage to 

vegetation or soil 

quality  

Cutoff 

exposure 

pathway 

Capping Reduce risk without 

excavation by cutoff 

exposure of soil 

Worn out of 

capping layer 

Institutional 

control 

Reduce risk without 

excavation by limiting 

land use or access 

Not available for 

forest park 
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B.2.4 Determined risk management strategy for the study site 

 

Carcinogenic risk of As in each section of the Songrim forest area are 

in Table B.4. Carcinogenic risk ranged from 8.4×10-6 to 2.2×10-5. In addition, 

risk management strategy was suggested based on the risk, land use, and 

accessibility (Figure B.4 and Table B.4). 

Carcinogenic risk of forest 1, 2, and 3 are higher than the acceptable 

risk level (10-5), so, immediate risk reduction action is needed. Forest 1, 2, 

and 3 is cannot be excavated, so, stabilization using Fe oxide was suggested. 

71.8% of reduction of As bioavailability was estimated by stabilization using 

magnetite, and this leads to the reduced risk. After stabilization, carcinogenic 

risk of forest 1 (5.7×10-6) is lower than acceptable risk level. However, 

carcinogenic risk of forest 2 and 3 (1.1×10-5) are still higher than the 

acceptable risk level. So, for forest 2 and 3, additional risk reduction action 

such as capping was suggested. 

Forest 4 has 2.0×10-5 of carcinogenic risk, so, risk management 

strategy is necessary. However, forest 4 is not used and excavation is not 

available. So, institutional control such as limiting land use and access is 

appropriate. In addition, risk management actions to minimize the migration 

of As to other area such as phytoremediation, stabilization, and capping can 

be applied. 
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Open lot 1 has lower carcinogenic risk (8.4×10-6) than the acceptable 

risk level, so immediate remediation is not necessary. But, for the area which 

exceeds the Worrisome level (25 mg/kg), phytoremediation can be applied to 

reduce the concentration of As. 

Open lot 2 has 1.7×10-5 of carcinogenic risk, so, risk management 

strategy is necessary. Excavation is available to open lot, so, separation and 

soil washing to reduce the concentration of As to the Worrisome level (25 

mg/kg) was suggested. 

 

 

Figure B.4 Scheme for the determination of risk management strategy for 

the Songrim forest area. 
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Table B.4 Change of carcinogenic risk of As by risk reduction action at each section in the Songrim forest area 

Section Initial 

carcinogenic 

risk 

Risk reduction action Carcinogenic risk after 

risk reduction action 

Additional risk reduction 

action 

Forest 1 1.1E-05 Reduction of bioavailability of As 

from 25% to 5.2% by stabilization 

using Fe oxide 

5.7E-06 - 

Forest 2 2.2E-05 1.1E-05 Capping 

Forest 3 2.1E-05 1.1E-05 

Forest 4 2.0E-05 Institutional control No risk Additional risk 

management action 

Open lot 1 8.4E-06 - No change Phytoremediation for the 

area exceeding 25 mg/kg 

(Worrisome level) 

Open lot 2 1.7E-05 Reduction of soil As concentration 

to 25 mg/kg (Worrisome level) by 

separation and soil washing 

3.6E-06 - 
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B.3 Conclusion 

 

Risk management strategy for the Songrim forest area was suggested 

to keep the site safe for visitors and preserve the vegetation. The study site 

was divided to six sections based on the concentration of As, accessibility 

and location. For forest 1, 2, and 3, stabilization using Fe oxide and 

additional capping was suggested. For forest 4, institutional control such as 

limiting land use and access, and additional risk management actions to 

minimize the migration of As was suggested. For open lot 1, immediate 

remediation is not necessary, and optional phytoremediation was suggested 

for the area which exceeds the Worrisome level (25 mg/kg). For open lot 2, 

which is available for excavation, separation and soil washing was suggested.  
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국   

 

소 염 부지  해도 리에 한 연구: 

부지특이 인 소  존재 태  

생 학 근   

 

 

 

소 함  농약  생산  사용 지역과 산, 소 부지 

등에  소 염이 가 고 있다. 이러한 소 염 지역  

공 인  해도 감  해 는 소  인한 실질 인 

해  한 평가가 요하다. 소 염 부지  해 평가에  

소  존재 태  생 학 이용  요한 평가 요소  하나이

다. 소  존재 태는 소  염원, 토양 특   염 이  등

에 라 매우 다양하게 나타나고, 소  존재 태는 생 학 이용

에 직 인 향  끼  이다. 본 연구에 는 (구)장항

소 부지를 상  소 존재 태가 생 학 이용 , 그리고 

종  인체 해도에 미 는 향에 해 알아보았다. 그리고 

해도 감 안  철산   하나인 magnetite를 이용한 

소  안  공법  용 에 한 연구를 행하 다. 

연구 상 부지에  소  주  존재 태는 질  철산

과 결합한 태(oxalate buffer extractable)  나타났다. 소  생

학 근  8.7%에  66.3%  매우 다양하게 분 어, 부지특

이 인 소  생 학 이용  평가가 매우 요할 것  생각

다. 이러한 생 학 근  있는 소는 토양과  약하게 
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결합하고 있는 SO4  PO4  추출   있는 소 , 일부 질 

철산 과 결합하고 있는 소를 포함했다. 소 생 학 근

 결 하는 요한 요소는 토양  철 분  나타났다. 토양 

 철 함량이 많아질 , 결 질 철산 에 결합한 소(oxalate 

buffer/ascorbic acid extractable)가 증가했고, 소  생 학 근  

감소했다. 리하면, 토양  철 함량  증가에 라 결 질 철산

이 증가하고, 이는 강한 결합  태를 띄는 결 질 철산  

결합 소  증가를 가 고, 이에 라 약하게 결합한 소가 감

소하여 소  생 학 근 이 감소한다. 소  존재 태에 

른 생 학 근  차이를 연속추출법과 SEM-EDS 분  이용

해, 철산  결합 소   태  소( 철 )를 인하고, 

각 소  생 학 근  분 해 인하 다. 또한, 토양  생

학 근  있는 소를 거한 후, Vibrio fischeri, Brassica juncea, 

Eisenia fetida 등에 한 독  감 효과를 인하 다. 

연구 상 부지를 토지 이용 특 에 라 6개 구역  구분

하고, 각 구역에  결  부지특이  소 IVBA (In vitro 

bioaccessibility) 값  이용해 인체 해 평가를 행하 다. 각 구역

 IVBA값  28.2%에  65.8%  다양하게 나타났는데, 이는 각 구

역별 토양  소  존재 태에 른 차이 이다. 향후 토지 용

도는 주거지역  가 하고, 토양 취,   토양 래 산

지 입  노출경 에 해 평가하 다. 구역별 IVBA가 

지 않았   암 해도는 5.6×10-5에  1.4×10-4 범  나타났

는데, 구역별 IVBA  후에는 29.5%에  62.0% 가량 감소했다. 

목 암 해도(10-5)를 만족시키  한 구역별 소 목 농도는 

10.8 mg/kg에  20.0 mg/kg 범 는데, 이러한 결과들  소  존

재 태에 른 부지특이  생 학 이용  해 평가에  
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이 매우 요함  나타낸다. 연구 상 부지에 한  안

 식 상 , 토양 척, 동 , 열탈착 등  공법  안했는데, 

굴착이 불가능한  지역에 해 는 안  같  해도 감 

안에 한 추가 인 연구가 행 었다. 

철산 (magnetite)  안  이용한 소 안  공법

  지역에 한 용  평가하 다.   지역 토양과 인

공 염 토양에  magnetite  소 이동  회분식 실험  통해 

인하 고, pseudo-second  모델, Langmuir 평  모델과 분 식  

이용하여 인공 염토양에 해 소 이동  할  있었다. 하

지만  토양에 해 는 이 맞지 않았는데, 쉽게 용출가능한 

태  소가 인공 염토양에 해   생각 다. 인공

염토양에는 쉽게 용출가능한 태  소(SO4  PO4  추출  

 있는)가 80.1%  많아, 소가 주  토양에   용출  후 

magnetite  이동하 다. 하지만  토양  쉽게 용출   있는 

소가 14.9%에 불과하 고, 소는 주  토양 입자  magnetite  직

 에 해 이동한다는 것  dialysis bag  이용한 실험과 토양

에 한 탈착 실험  통해 인했다. 이 결과는 소 염 부지에

 토양과 안 를 잘 어주는 것이 높  안  효  해

 요하다는 것  미한다.  지역  24개 지  토양에 해 5% 

magnetite 용 1주일 후, 생 학 근 이 평균 71.8% 가량 감소

하는 것  인했다. 또한 안  후, Eisenia fetida 등에 한 소

 독   이용  감 효과를 인하 다. 

 

주요어: 해 평가, 해도 리, 생 학 근 , 존재 태, 소 

 

학 번: 2009-20949 
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