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Abstract
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Seoul National University

Redox transition induced by change in hydrological regime has 

profound impact on biogeochemical reactions, which in turn altering As 

mobility. Changing As mobility in redox transition zone is a serious problem 

around the world, particularly in South Asia. However, few studies have 

demonstrated tendency of As mobility in repetitive redox conditions. By batch 

incubation test, this study extends the understanding of underlying 

biochemical reactions affecting As mobility in redox transition zone. Since As 

release is induced by microbial reductive dissolution of Fe and As, As 

speciation, crystallinity of Fe oxides, and soil bacterial communities were 

considered to be major factors affecting As mobility. Effect of organic 
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substrate (glucose) to As speciation was investigated. Results revealed that As 

released by biotic reductive dissolution in anoxic condition adsorbed to soil in 

the subsequent oxic condition, and the extent increased as the anoxic-oxic 

cycles repeated. The percentage of aqueous As in solution decreased from 

25.2 to 11.9% at the end of 1st / 4th oxic cycle. However, As adsorption 

decreased again with As( )/AsⅤ total in solution when glucose was added. Since 

As(Ⅲ) has lower affinity for minerals than As(Ⅴ), this suggests that organic 

substrate can inhibit As adsorption by affecting its valence. Transformation of 

iron (hydr)oxides was corroborated by X-ray absorption near edge structure -

linear combination fitting (XANES-LCF) and selective extraction of soil iron 

oxides. Ratio of ferrihydrite, which is representative short range ordered 

(SRO) Fe oxides, increased to 29.3% after three times of redox shifts. AAO

extractable Fe (Ammonium oxalate extractable Fe: amorphous Fe) increased 

from 1.4 to 3.2 mg/g while DCB extractable Fe (Dithionite carbonate-

bicarbonate extractable Fe: both amorphous and crystalline Fe) remained 

constant. This implies that Fe oxides transformed to amorphous form under 

repetitive redox changes. Since amorphous Fe oxides are much vulnerable to 

microbial reductive dissolution by their higher surface area and solubility, 

transformation of Fe oxides to amorphous form can lead to greater level of As 

release in anoxic condition. Bacterial communities were investigated with 

Illumina sequencing. Bacterial community changed actively to redox changes. 

Proportion of strict (an)aerobes gradually decreased, while microaerophilic 
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genus (Azospirillum) became the predominant genus making up 72.8% of 

total counts at the end of incubation. Some indigenous bacteria capable of Fe 

or As reduction (e.g. Clostridium, Desulfitobacterium) were dominant, which 

may facilitated As/Fe reduction. In conclusion, cumulative effects of redox 

shifts made As more mobile and toxic. Thus, long term monitoring is needed 

to manage As-contaminated redox transition zones.

Keywords: Redox transition zone, As release, Amorphous iron oxides, Fe 

reductive dissolution

Student Number: 2018-22553
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1. Introduction

1.1 Background

Arsenic (As) is a carcinogen that causes severe health problem

(Humans et al., 2004). Mine effluent, pesticide, and poultry waste are major 

sources for As-contaminated soil (Smedley and Kinniburgh, 2002, Winkel et 

al., 2008). In soil, most of As is adsorbed or co-precipitated to iron oxides, 

which has low mobility and toxicity (Mandal and Suzuki, 2002). There are 

various chemical form of As, but most of As exists in inorganic arsenite or 

arsenate in soil. It tends to be released and adsorbed depending on the redox 

status in soil. In reducing condition, Fe( ) is reduced to Fe( ) and Ⅲ Ⅱ

solubilized from the surface of oxides (Harvey et al., 2002). Iron oxides-

bound arsenic is then released together. This is termed reductive dissolution, 

which is the major source of groundwater contamination by As. When 

oxygen is reintroduced, Fe( ) rapidly precipitates on the surface of iron Ⅱ

oxides as Fe( ) oxides and released As adsorb to them again. Amorphous Ⅲ

iron oxides, whose representative mineral is ferrihydrite in soils and 

sediments, are easier to be reduced and exhibit higher adsorption capacity 

compared to crystalline iron oxides, such as hematite and goethite. This is 
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explained by their higher surface area and solubility (Schwertmann and 

Cornell, 2008). Therefore, properties of soil iron oxides play a key role on 

As partitioning.

Redox change also controls the speciation of As (i.e., As(Ⅴ), 

As(Ⅲ)), which in turn determines its toxicity and mobility (Benner, 2010). 

Since As( ) is uncharged at circumneutral pH, its binding affinity to Fe/Al Ⅲ

oxides, calcium, and nonspecific sorption is lower than that of As( ). Ⅴ

Therefore, it is known to be more mobile and toxic. In oxidizing condition, 

As( ) prevails while As( ) is dominant form in reducing condition Ⅴ Ⅲ

thermodynamically. However, reaction rates of As( ) oxidation is Ⅲ

extremely slow in natural environment and thus As typically coexists in 

HAsO4
2-(As( )), HⅤ 2AsO3-(As( )), and HⅤ 3AsO3

0(As( )) in general soil pH Ⅲ

(Ferguson and Gavis, 1972).  Reduction of iron and arsenic can occur 

thermodynamically when the Eh is below about 200 mV in the general soil 

pH range (5-8), but the reaction rate is very slow (Burnol et al., 2007). In the 

natural environment, microorganisms facilitate the transfer of electrons 

between the electron donor, the carbon source, and the electron acceptor, 

iron and arsenic (Newman and Banfield, 2002). Representative dissimilatory 

Fe / As reducing bacteria are Shewanella, Geobacter, and Clostridium, and 

many others (Dobbin et al., 1999, Lovley, 2006, Jiang et al., 2013). The 
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relative abundance and diversity of species that can use iron or arsenic as the 

electron acceptor in soil microbes has a significant impact on the behavior 

and bioavailability of the element (Lara et al., 2012). Soil microbial 

community is therefore a key determinant of arsenic mobility and toxicity.

When soil environmental condition changes, each microorganism 

succeeds or fails to adapt and the entire microbial community is constantly 

changing. Major environmental factors that may affect the microbial 

community include soil particle size, pH, Eh, and nutrients (Torsvik and 

Øvreås, 2002). Eh is one of the major environmental factors that greatly 

affect the microbial community. Changes in Eh affects the final electron 

acceptor available to microorganisms. Microbial community composition 

affects the circulation of major minerals such as carbon (C), sulfur (S), 

nitrogen (N), phosphorus (P), arsenic (As) and iron (Fe) in soils (Loreau, 

2001, D'Hondt et al., 2004, Falkowski et al., 2008), studying of microbial 

community changes in the redox transition zone is useful for predicting and 

reducing hazards in arsenic-contaminated soils. To date, various studies have 

been carried out on the phenomenon of facilitated dissolution of arsenic by 

Fe/As reducing microorganisms (Islam et al., 2004, Wang et al., 2016, Wang 

et al., 2017, Yang et al., 2018). However, research on the trend of soil 

microbial community change at the interface of changing Eh is insufficient.
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Some studies have analyzed microbial communities over time in soils with 

changing environmental conditions due to seasonal or tidal events (Boucher, 

et al., 2006, Waldrop and Firestone, 2006). However, the correlation between 

Eh and microbial community is not yet clear.

Soil redox condition changes when there is a change in hydrological 

regime (Clague et al., 2019). Submerged soil undergoes oxygen depletion, 

because water blocks the inflow of oxygen (Noël et al., 2019). Redox 

oscillating conditions are common in various near-surface environments, 

such as paddy soil, shallow aquifer with fluctuating water table, and site 

under hydrological management like managed aquifer recharge (Muntau et

al., 2017, Lin et al., 2018, Clague et al., 2019). Redox transition zones are 

recently regarded as research area of high interest (Rodriguez-Mora et al., 

2015, Bishop et al., 2019, Möller et al., 2019, Zhao et al., 2019), because 

geochemical reactions are facilitated by active microorganisms using various 

electron acceptors and donors (Lee et al., 2015). Recently, it has been 

reported that dissolved As concentration increases by seasonal variation in 

South Asia and United States (Jung et al., 2015, Meng et al., 2017, Xie et al., 

2018, Duan et al., 2019). Arsenic release from soil to groundwater is a 

serious environmental problem and exposure to arsenic-contaminated 

groundwater can cause DNA damage and skin irritation on the receptors, as 
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well as cancers in the gastrointestinal tract, skin, bladder and liver 

(Calatayud et. al., 2014, Paul et al., 2015).

Whereas much studies have been conducted on As reductive 

dissolution, As mobility under dynamic redox conditions needs to be 

investigated more. Previous studies mostly focused on As release when 

oxygen is absent. Therefore, this study aims to assess the tendency of As 

mobility in redox oscillations. For this, we assumed that single redox cycle 

differs from multiple redox cycles and focused on the cumulative effect of 

them. To simulate conditions of redox transition zone and examine the 

cumulative effect, we conducted soil incubation test and four anoxic-oxic 

cycles were repeated. In dynamic redox conditions, both As release and 

adsorption were considered. Specifically, labile carbon source and 

transformation of Fe oxides in soil were considered to be main factors 

affecting biogeochemical reactions controlling As mobility. Also, this study 

aims to investigate the changes of bacterial community in soil environment 

where redox conditions continuously oscillate and to provide background data 

for predicting characteristics of arsenic leaching in the long term. Our 

approach will extend current understanding of the cumulative impacts of 

redox change on iron( ) (hydr)oxides transformation and As valence, Ⅲ

resulting in increased risk of As in long-term.
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Fig 1.1. Three possible mechanisms of arsenic mobilization in anoxic sub-

surface aquifer materials as mediated by metal respiring bacteria. (a) Release 

of As(Ⅴ) by iron-reducing bacteria. (b) Release of adsorbed arsenic from the 

surfaces of either Fe(Ⅲ) or Al(OH)3 minerals via reduction of As(Ⅴ) to 

As(Ⅲ) as mediated by DARPs. (c) Reductive release of As(Ⅲ) and Fe(Ⅱ) by 

iron-reducing DARPs. (Oremland and Stolz, 2005).  
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1.2 Research objectives

The objective of this research is to extend understanding of 

underlying biogeochemical reactions affecting As mobility in redox transition 

zones with fluctuating hydrological regime. Detailed objectives of the

research are as follows:

(1) To investigate potential effect of organic substrate, an electron donor for 

microbially mediated Fe/As reductive dissolution, to the valence and 

adsorption of As

(2) To elucidate transformation of Fe oxides in soil under repetitive redox 

changes and its effect on As mobility

(3) To investigate cumulative effect of redox transitions to the bacterial

community structure in arsenic contaminated soil
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2. Materials and method

2.1 Materials

2.1.1 Soil characterization

Natural soil was collected from the field site in Seoul, South Korea. 

It was collected at a depth of 0-30 cm and air-dried at the room temperature. 

Then the soil was passed through sieve to achieve particle size below 500 μm. 

pH of soil was measured according to the Methods of Soil Analysis, 

Part 3-Chemical Methods (Sparks, Helmke, and Page, 1996). Soil slurry was 

manufactured at solid : liquid ratio of 1:5. Soil solution was separated using 

vacuum filter with 0.22 μm filter (Whatman, UK). Then pH of the soil 

solution was measured.

Elemental composition of the soil was determined by USEPA 

method 3052 (HNO3 : HF : H2O2 : dH2O, 9:3:1:1, v/v/v/v) (EPA, 1995). 1 g of 

soil was digested by microwave (MSP1000, CEM, USA) for 5.5 minutes to 

180°C and maintained for 9.5 minutes. Supernatant was filtered using 0.45 

μm filter. Metal concentration was measured by inductively coupled plasma 

optical emission spectrometer (ICP-OES, iCAP 7400 Series, Thermo 

Scientific, USA). 



9

Ammonium oxalate (AAO) extractable Fe was determined by 

oxalate extraction method (Borggaard, 1979). The physicochemical properties 

of soil are shown in Table 2.1.

Bulk mineralogy of soil was analyzed by Powder XRD (D8 

ADVANCE with DAVINCI, Bruker AXS, Germany). CuKα1 radiation source 

was used. Intensities were recorded between a range of 3-70 ° 2θ with 

increments of 0.02° 2θ. XRD results showed that the main crystalline phase of 

soil was quartz and albite. Iron oxides in soil were mainly composed of 

hematite and goethite. Bulk element composition was determined by X-ray 

fluorescence spectrometer (XRF; S4 PIONEER, Bruker AXS, Germany).
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Table 2.1. Soil Characterization

pH Texture
Fe 

(mg/g)

AAO 

extractable 

Fe (mg/g)

Ca 

(mg/g)

SiO2

(%)

Al2O3 

(%)
SO3 (%)

Main 

crystalline 

phase

5.8
Sandy 

loam
14.09 1.44 2.17 57.95 29.98 0.14

Quartz, 

Albite
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2.1.2 Manufacture of artificially contaminated soil

2 kg of air-dried soil was mixed with a solution of As(Ⅴ) (sodium 

arsenate dibasic heptahydrate, HAsNa2O4∙7H2O, Fluka, +98.0% purity) to 

achieve final concentration of 250 mg As( )/kg soil. Contaminated soil was Ⅴ

packed in plastic container and aged for 75 days without air contact at room 

temperature. This soil was referred to as ‘original’ soil.

2.1.3 Preparation of artificial soil solution

The properties of artificial soil solution medium followed that of 

Duan, which consists of pH 7.0, 10 mM PIPES, 2.7 mM KCl, 0.3 mM MgSO4, 

7.9 mM NaCl, and 0.4 mM CaCl2·2H2O (Duan et al., 2019). 2 mM of glucose 

was amended at the beginning of 1st and 4th anoxic cycles. This is labile 

carbon source, which can act as an electron donor for microbial reductive 

dissolution.
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2.2 Method

2.2.1 Soil incubation test

Soil incubation test was conducted to control soil redox condition 

over a 56 d duration (Couture et al., 2015). 10 g of dried soil was mixed with 

200 mL of artificial soil solution medium in 250 mL serum vials. Incubations 

were conducted for 7 days in anoxic condition ensued by 7 days of oxic 

condition. Before the anoxic incubation, N2 gas was purged for 15 minutes 

and sealed with Teflon-coated butyl rubber septa and aluminum crimp caps 

to prevent oxygen input. Sampling was carried out in anaerobic chamber. 

After 7 days, O2 gas was purged at the bottom of the vial and kept for 7 days. 

Redox potential of the soil slurry kept higher than 300 mV during the oxic 

period. Samples were kept in the dark at 25°C. Anoxic-oxic cycles were 

repeated 4 times. Soil solution was sampled at 2, 4, 7 days of each cycle. 

Soil was sampled at the end of each incubation period by vacuum filtration. 

Sampled soil was kept at 4°C in the dark. Samples were termed as their last 

incubation periods. For example, soil sampled after 3rd oxic incubation was 

named “Oxic 3”. All experiments were performed in triplicate and samples 

were set separately for each cycle for soil sampling.
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Fig 2.1. Schematic diagram for soil incubation

2.2.2 Aqueous chemistry analysis

2.2.2.1 Analysis of total As concentration

Sampling was conducted after 2, 4, 7 days of each incubation cycle. 

All the sampling was conducted in anaerobic chamber (VS-5600A, Vision 

Scientific, Korea) during the anoxic period. 5 mL of soil suspension was 

collected. Aliquots were filtered with 0.45-μm syringe filter, diluted, and 

acidified using 1% v/v nitric acid (HNO3) for aqueous chemistry analysis. 

The concentration of arsenic was analyzed by ICP-OES or ICP-MS 

(G8421A, Agilent Technologies International, Japan). Detection limit of 

ICP-MS was 1 μg/L. Coefficient of determination of arsenic standards were 



14

higher than 0.998. 

Eh and pH were measured by combination meter (US/720A, 

Thermo Scientific, USA). Relative redox potential was measured by Ag-

AgCl reference electrode. Glucose concentrations were measured 

enzymatically with the glucose (HK) reagent kit (Megazime Co.) after the 

samples had been filtered.

2.2.2.2 As speciation

Colorimetric method was used for As( ) analysis (Hu, Lu et al. Ⅴ

2012). Molybdate blue reagent selectively forms complex with As( ), Ⅴ

which as an α-Keggin structure. This anion is then reduced by ascorbic acid 

to form the blue colored β-Keggin ion. 

3 mL of samples were acidified with 1% HCl. Acidified samples 

were mixed with 0.3 mL of deionized (DI) water. After 5 minutes, 0.3 mL of 

color reagent was added. 125 mL of 5 N sulphuric acid, 37.5 mL of 

ammonium molybdate solution, 75 mL of 0.1 M ascorbic acid solution, and 

12.5 mL of potassium antimonyl tartrate solution were mixed thoroughly to 

make molybdate blue color reagent. The absorbance at 880 nm of mixed 

sample was measured after 5 minutes using spectrophotometer. Total As was 
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measured by ICP-OES or ICP-MS. The concentrations of arsenite and 

arsenate were calculated by following equation. 

As( ) = AsⅢ total – As( )  Ⅴ Eq. 1

2.2.2.3 Fe speciation

Measurement of ferrous iron was performed by ferrozine assay 

(Stookey, 1970). The chelator, 3-(2-pyridyl)-5,6-bis(4-pheylsulfonic acid)-

1,2,4-triazine (Ferrozine), absorbs at 562 nm when bound to ferrous iron, 

allowing for quantification.

0.01 M of ferrozine was prepared in an 0.1 M ammonium-acetate 

(CH3COONH4) solution. 1.4 M of hydroxylamine hydrochloride 

(H2NOH·HCl) was prepared in hydrochloric acid solution of 2 M. Then 

buffer was produced by preparing 5 M ammonium acetate solution adjusted 

at pH 9.5 with a solution of ammonium hydroxide (28-30% NH4OH). All 

samples were directly acidified with 0.5 M HCl to prevent reaction with 

oxygen. Deionized water, ferrozine solution, and buffer solution was mixed 

at ratio of 7.5:1:1.5 to make ‘mix A’ solution. Then, 100 μL of sample was 

amended in 4 mL of mix A solution. After 2-3 minutes, absorbance at 562 
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nm was recorded. Coefficient of determination of standard curve for 

ferrozine assay was higher than 0.99, and only the absorbance lower than 0.1 

was recorded. If not, samples were diluted with 0.5 M HCl solution.

2.2.3 Investigation of Fe oxides transformation

2.2.3.1 Ammonium oxalate (AAO) extraction

Oxalate extraction was performed to estimate ‘active’ or ‘non-

crystalline’ iron. ‘Active’ iron refers to iron that exists in non-crystalline 

forms and thus more reactive and amorphous minerals. These can be 

selectively extracted by ammonium oxalate solution in dark. Soil of < 0.063 

mm was used for oxalate extraction. 100 mL of 0.2 M ammonium oxalate 

(C2H8N2O4) solution was mixed with 75 mL of 0.2 M oxalic acid (C2H2O4) 

solution. pH was adjusted to 3 with the addition of ammonium oxalate. 

Soil samples were collected at the end of aerobic incubation with 

vacuum filtration. All the released ferrous iron was immobilized again and 

thus total iron content remained constant. Soil was dried and 0.4 g was 

weighed. Weighed soil was mixed with 40 mL of oxalate reagent in 50 mL 

centrifuge tube. Tubes were covered in tin foil. Tubes were placed on 

horizontal shaker for 4 hours. After 4 hours, tubes were centrifuge on high 
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for 12 minutes. Supernatants were collected, filtered, and acidified until 

analysis.  

2.2.3.2 Dithionite carbonate-bicarbonate (DCB) extraction

Dithionite citrate-bicarbonate (DCB) extraction dissolves both non-

crystalline and crystalline iron oxides using dithionite, which is a powerful 

reductant. 0.4 g of dry soil was reacted with 0.4 g of dithionite in 40 mL of 

citrate-bicarbonate solution (Loeppart and Inskeep, 1996).

2.2.3.3 X-ray absorption near edge structure-linear combination fitting 

analysis (XANES-LCF)

X-ray absorption near edge structure – linear combination fitting 

was used to investigate the transformation of Fe oxides. Soil of < 0.063 mm 

was used for XANES analysis. The XANES spectra of the Fe K-edge were 

collected from the beamline 10C at the Pohang Accelerator Laboratory 

(PAL) in South Korea. Samples were analyzed in transmittance mode using 

Fe foil as a reference. 

Model compounds were hematite (α-Fe2O3), goethite (α-FeOOH), 

and ferrihydrite [(Fe3+)2O3•0.5H2O]. These were determined by XRD 
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analysis. Magnetite (α-Fe3O4) was not detected in original soil by XRD. 

Ferrihydrite was selected as reference, because it is a representative of 

amorphous iron oxides in soil. Hematite (Red ferric oxide, Fe2O3, Daejung, 

Chemical pure) and goethite (Ferric hydroxy oxide, approx. FeO(OH), 

Junsei, Chemical pure) were used as a reagent. 

Ferrihydrite was synthesized by dissolving 40 g of Fe(NO3)3•9H2O 

in 500 mL dH2O, adding 330 mL of 1 M KOH, and adjusting pH to 7-8 

(Schwertmann and Cornell, 2008). The mixture was stirred with magnetic 

bar at room temperature for 24 h. The precipitate was washed with distilled 

water and dried at room temperature. It was confirmed with XRD that 

precipitate was 2-line ferrihydrite, which shows two broad peak at 2θ=34° 

and 61°. 

Goodness of fitting was evaluated using R-factor and reduced Chi-

square (χ2). R-factor is calculated as the sum of the squares of the difference 

between the fit and the data. Reduced Chi-square is defined as chi-squared 

per degree of freedom. Spectra of samples were quantified with that of 

reference using Athena software (Ravel and Newville, 2005).
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2.2.4 Fractionation of As in soil

Wenzel five-step sequential extraction was conducted with soil after 

incubation to elucidate As distribution (Wenzel et al., 2001). This method 

helps to separate As fraction in soil by its binding strength. The higher the 

number of fractions, the stronger the As bond. 

Five different extractants are used. Firstly, 0.05 M (NH4)2SO4 is 

reacted with soil for 4 h. This step mainly extracts non-specifically bound As

(Fraction 1). Then, 0.05 M (NH4)H2PO4 was used to extract As, whose major 

chemical form is specifically bound As (Fraction 2). 0.2 M of NH4-oxalate 

buffer (pH 3.25) was added to the soils and reacted for 4 h in the dark on 

horizontal shaker. Amorphous Fe/Al oxides bound As is the major chemical 

form of released As in this step (Fraction 3). To extract As in fraction 4, 

whose major chemical form is crystalline Fe/Al oxides bound As, samples 

were treated with 0.2 M NH4-oxalate buffer and 0.1 M ascorbic acid (pH 

3.25) for 30 min at 96°C in oil basin. Residual As (Fraction 5) was measured 

by total acidic dissolution suggested by USEPA 3052 method. Details of 

sequential extraction is shown in Table 2.2.

All sequential extraction was performed in triplicate. At the end of 

each step, samples were centrifuged at 1900 rpm for 15 minutes 
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(IECMULTI-RF, Thermo scientific, USA) and filtered through a 0.45 μm 

GHP-filter for analysis. As concentration of the sample was analyzed using 

an ICP-OES or ICP-MS. To present 100% stacked column graph, sum of 

absolute concentrations of each fraction except released amount was 

adjusted. Relative standard deviation(%RSD) was below 13%.
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Table 2.2. Procedure for Wenzel 5-step sequential extraction (Wenzel et al. 2001)

Major chemical form Extractant Extraction conditions

Nonspecifically bound 0.05 M (NH4)2SO4 4 h shaking at room temperature

Specifically bound 0.05 M (NH4) H2PO4 16 h shaking at room temperature

Amorphous Fe oxides

bound

0.2 M NH4-oxalate buffer 

at pH 3.25
4 h shaking in the dark at room temperature

Crystalline Fe oxides 

bound

0.2 M NH4-oxalate buffer

+ 0.1 M ascorbic acid 

at pH 3.25

30 min in oil basin at 96 °C

Residual

Mixture of 9 mL nitric acid, 3 mL 

hydrofluoric acid, 1 mL hydrogen 

peroxide, and 1 mL deionized 

water

0.5 g of soil

Microwave aided digestion at 180 °C for 15 minutes
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2.2.5 Bacterial community analysis

2.2.5.1 Illumina sequencing

Next generation sequencing was performed by Chunlab, Inc. (Seoul, 

Korea). DNA was extracted from 10 g of incubated soil using a FastDNA 

SPIN Kit for Soil (MP Biomedicals, USA). The extracted DNA was 

amplified using primers targeting the V3 to V5 region of 16S rRNA gene. 

The primer sequences were as follows: bacteria specific primers 341F (5’-

TCGTCGGCAGCGTC-AGATGTGTATAAGAGACAG-CCTACGGGNGG

CWGCAG - 3’) and 805R (5’- GTCTCGTGGGCTCGG-AGATGTGTAT A

AGAGACAG-GACTACHVGGGTATCTAATCC - 3’); archaea specific 

primers A519F-Mi (5’- TCGTCGGCAGCGTC-AGATGTGTATAAGAGA

CAG-CAGCCGCCGCGGTAA) and A958R-Mi (5’ – GTCTCGTG

GGCTCGG-AGATGTGTATAAGAGACAG-YCCGGCGTTGAMTCCAAT

T - 3’); Amplifications were carried with initial denaturation at 95°C for 3 

min, followed by 25 cycles for 30 s. 25 cycles of annealing at 55°C and 

extension at 72°C for 30 s were followed. Final extension was carried out for 

5 min at 72°C. PCR reactions contained 2.5 mM dNTPs (2.5 μL), 10X buffer 

(2.5 μL), 1 uL of each primer, DNA (2 uL), and TaKaRa Ex Taq DNA 

polymerase (0.25 μL) in 25 μL mixtures. Condition of DNA was confirmed 
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by using 1% agarose gel electrophoresis and visualized by spectrometer.

Illumina sequencing (Miseq) and Agilent 2100 Bioanalyzer System was used. 

Operational taxonomic units (OTUs) and rarefaction curves were generated 

with an identity cut off of 97%. For genus level, relative abundance was 

calculated as the number of counts divided by total counts per samples (%). 

2.2.5.2 Statistical analysis

To compare the differences of bacterial communities between soils, 

statistical analysis was used. To determine core bacterial OTUs, Venn 

diagram was calculated using Venn diagram package of R program. Four 

kinds of alpha-diversity indices were calculated: Abundance-based coverage 

estimators (ACE), Jackknife, Chao 1, and phylogenetic diversity. ACE, 

Jackknife, and Chao 1 are related to the species ‘richness’ of the samples. 

These are diversity indices estimated from the ratio of rare OTUs (singleton 

and doubleton). The higher this proportion is, the greater the estimate of the 

diversity index is, as there are many undetected species. Phylogenetic 

diversity implies the species ‘diversity’ of them. This is calculated by 

summing the shortest distance between the nodes in phylogenetic tree. 

Principal component analysis (PCA) with STATA program was conducted to 
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monitor the similarities between different soils. 
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3. Results and discussion

3.1 Effect of organic substrate on As mobility 

3.1.1 Arsenic partitioning under dynamic redox conditions

Over the four cycles, reducing conditions were confirmed by decline 

in Eh and pH, and increase in Fe( ) in solution, while inverse trends were Ⅱ

observed in oxidizing conditions (Figure 3.1). Decrease in pH is may be due 

to the organic acid production by fermentative Fe/As reducing 

microorganisms such as Clostridium (Li et al., 2017). Clostridium was the 

predominant bacterial genus under anoxic status indeed (4.6-34.1% of relative 

abundance). Figure 3.2A shows aqueous As concentration in the control 

(circle) and glucose-spiked sample (square). Arsenic concentration was 

expressed in percentage, and 100% is arsenic mass of initially contaminated 

soil (250.1 mg/kg). In general, As concentrations were higher in anoxic 

condition and got lower in the following oxic condition. Under anoxic 

condition, ferrous iron was measured in the soil solution (1.0-5.9% of total 

iron), which implicates that reductive dissolution of iron (hydr)oxides affected 

As mobility.
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Fig 3.1. pH and Eh of soil solution under redox change

Fig 3.2. Aqueous As and percentage of As(Ⅴ) in soil solution
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After four repetitions of anoxic-oxic cycles, aqueous As in oxic cycle 

decreased from 25.2 (1st oxic), 21.6 (2nd oxic), 14.6 (3rd oxic) to 11.9% (4th 

oxic cycle). There was no considerable difference in aqueous As in anoxic 

condition. However, when glucose was spiked, decrease in As adsorption was 

evident and 22.9% of As was found to be in soil solution (4th oxic cycle). 

Additionally, As release during anoxic period significantly increased, resulting 

in 47.3% of aqueous As in 4th anoxic condition. Therefore, As adsorption 

increased as the redox cycle repeated, but input of exogenous carbon source 

increased As mobility again. Valence of arsenic was measured in order to 

delineate the impact of organic substrate on As partitioning.

3.1.2 Effect of Organic Substrate on As Transformations

Given that aqueous As in oxic condition increased as the glucose 

added, the oxidation state of As was identified to interpret this trend. As( ) Ⅲ

was dominant form in overall incubation (Figure 3.2B), which confirmed the 

results reported in the literature, that As had a very low rate of oxidization in 

natural environment even though oxygen was purged (Ferguson and Gavis,

1972). This means that As in redox transition zones would exist in As( ) and Ⅲ

would be highly mobile than expected. Unlike As( ), As( ) was aⅢ Ⅴ lmost 
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removed after 7 days of oxic incubation, which reflects higher sorption 

capacity of As( ) compared to As( ). PZC (Point of Zero Charge) values of Ⅴ Ⅲ

iron oxides are above 7. Since pH in this experiment (pH 6-7) is lower than 

PZC value of iron oxides, surface of iron oxides is positively charged and 

preferentially attracts anions. Thus, affinity to iron oxides of As( ) (HⅤ 2AsO4
-, 

HAsO4
2-) (anionic) would be higher than that of As( ) (HⅢ 3AsO3) (uncharged).

As glucose concentration in soil solution decreased (Figure 3.3), 

As( )/As(total) in anoxic solution increased from 6.1 to 34.6% at the end of Ⅴ

1st / 4th anoxic cycle (Figure 3.2B). Ratio for As adsorption in each cycle 

(amount of adsorbed As under oxidizing conditions to aqueous As under 

reducing conditions) increased from 31.2 to 67.0%. On the other hand, the 

addition of glucose significantly decreased the concentration of As( ) in the Ⅴ

aqueous solution again. This indicates that increase of As( ) under anoxic Ⅴ

status must be due to the depletion of glucose, an electron donor for biotic As 

reduction. Since As(III) has lower affinity for Fe minerals than As( ), it is Ⅴ

likely that increased proportion of As(III) in soil solution led to lower extent 

of As adsorption in oxic period when glucose was spiked. Therefore, change 

in As adsorption can be partly explained by valence of As. This suggests that 

labile soil organic matter not only promotes As reductive dissolution as 

reported in several studies (Parsons et al., 2013, Duan et al., 2019, 
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Bhattacharyya et al., 2018), but also inhibits readsorption of As by facilitating 

its reduction to As( ), which in turn increases As mobility.Ⅲ

Fig 3.3. Glucose in soil solution under repetitive redox change
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and 5 (F5) represents strongly bound As. As shown in the Figure 3.4, sum of 

F3, F4 and F5 increased from 53.6 to 65.2% as the cycle repeated. It 

decreased to 52.5% when glucose was spiked, which means presence of 

glucose weakened the binding strength of As to soil. Specifically, As of F3, 

whose major chemical form is amorphous Fe or Al oxides bound, showed 

the largest difference. As of F3 was 32.2 and 39.9% respectively in oxic 1 

and oxic 4 soil (Figure 3.4). Slight increase might be due to the Fe oxides 

transformation to amorphous form which was proved above. When glucose 

was spiked, As of F3 decreased significantly to 22.4%. As of F4, whose 

major chemical form is crystalline Fe or Al oxides bound As, showed small 

increase. This is acceptable, because part of Fe oxides would become 

crystalline over time by Ostwald ripening. Residual fraction of As remained 

constant.

Decrease in binding strength of As by organic substrate might be 

resulted from decrease in As( ) in solution. As( ) forms innerⅤ Ⅴ -sphere 

bidentate binuclear-bridging complex with iron oxides, while As( ) forms Ⅲ

inner-sphere monodentate complex or outer-sphere complex (Yoon, Park et 

al. 2016). In conclusion, not only sorption affinity to Fe oxides, but binding 

strength of As( ) is weaker than that of As( ). Although glucoseⅢ Ⅴ -spiked 

4th oxic soil contained considerable amount of HFO, As of F3 was the 
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lowest among the three samples. This implicates that valence of As in 

solution plays more significant role in As binding strength rather than 

crystallinity of soil Fe oxides.

Fig 3.4. Percentage of As fractions in incubated soil 
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means that amount of total Fe oxides has not changed. Measured values 

describe that Fe redox changes promote the transformation of Fe oxides to 

amorphous varieties. This is consistent with the recent research which found 

that frequent shifts in redox conditions increased Fe( ) reactivity (GiⅢ nn et al., 

2017). They observed that Fe( ) production increased under repetitive redox Ⅱ

changes. This study additionally confirmed increase in Fe oxides reactivity 

with selective extraction.
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Fig 3.5. Ammonium oxalate extractable and 

dithionite carbonate-bicarbonate extractable Fe under redox change
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3.2.2 XANES-LCF analysis

X-ray absorption near edge structure – linear combination fitting 

(XANES-LCF) was carried out to investigate compositional change in soil Fe 

oxides. LCF results show discernible change in the relative abundance of Fe 

oxides. LCF-weighted components are plotted in Figure 3.7 and fitting 

parameters are given in Table 3.1. As shown in Figure 3.8, original soil was 

composed of hematite (54%) and goethite (46%). However, after being 

exposed to consecutive redox changes, the fraction of ferrihydrite increased to 

29.3% (Figure 3.8), while that of hematite decreased to 26.7%. According to 

X-ray photoelectron spectroscopy (XPS) and XANES-LCF, FeO, FeS, and 

Fe3O4 (magnetite) were not detected.  Note that order of crystallinity is as 

follows: hematite, goethite, ferrihydrite (Schwertmann and Cornell 2008). 

Therefore, crystallinity of soil Fe oxides decreased when soil was subjected to 

repetitive redox changes. Hydrous Fe oxides (HFO) form weaker surface 

complexes with As (Dzombak and Morel, 1990), thus are more vulnerable to 

microbially catalyzed reductive dissolution during the anoxic period, thereby 

resulting in higher amount of As release (Mejia et al., 2016).
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Table 3.1. Fe K-edge XANES linear combination fit results after different 

days of incubation

Samples
Days 

(after)

Hematite Goethite Ferrihydrite

R-factor

Reduced 

chi-

square--------------(%)---------------

Original 0 54 46 0 0.008989 0.003418

Oxic 1 14 54.9 35.4 9.6 0.004595 0.001463

Oxic 2 28 43.3 40.1 16.6 0.009778 0.003234

Oxic 3 42 26.7 43.9 29.3 0.004282 0.001505
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Ferric iron precipitates in hydrated form in natural environment, 

because hydrated solids have low interfacial nucleation energy (Stumm and 

Morgan, 1996). However, increase in amorphous Fe oxides accompanied with 

decrease in crystalline Fe oxides cannot be simply attributed to accumulation 

of hydrous Fe oxides followed by Fe reductive dissolution. Since crystalline 

Fe oxides such as hematite are greatly difficult to be reduced, there might be 

other reason with respect to the decrease of them. Transformation of Fe oxides 

is may be because of the (1) neoformation of short-range-ordered (SRO) Fe-

oxides on the surface of crystalline minerals. Ferric iron would be 

accumulated on the surface of the crystalline iron oxides in hydrous form, 

altering its surface to heterogeneous form. This may have been recognized as 

SRO Fe-oxides in XANES analysis. Other possible mechanism is (2) organic 

acid chelating Fe oxides. Fermentative iron reducing organisms produce 

organic acid such as acetate and lactate, using Fe(Ⅲ) oxides as an electron 

sink for fermentation (Dong et al., 2016). Clostridium, which was 

predominant genus in this experiment, is a representative of fermentative 

Fe/As reducing bacteria (List et al., 2019).  Produced organic acids act as 

chelating agents for both amorphous/crystalline iron oxides, increasing their 

extractability and surface heterogeneity (Lindsay, 1991). This can lead to the 

transformation of long-range ordered oxides (LRO) to SRO. HFO are highly 
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reactive and vulnerable to the reductive dissolution under anaerobic 

conditions. In conclusion, redox oscillations would increase As mobility in 

anaerobic conditions by decreasing crystallinity of Fe oxides. Without redox 

change, crystallinity of soil iron oxides increases by Ostwald ripening, which 

leads to lower degree of Fe and As release in reducing condition (Lee et al. 

2019).

Whether frequent redox shifts transform Fe oxides to amorphous 

form is controversial yet. There are several studies showing that soil redox 

oscillations enhance crystallinity of iron oxides (Thompson et al., 2006, 

Parsons et al., 2013, Burnol et al., 2007, Kocar et al., 2006). They mention 

that crystallinity increases because Fe-O or Fe-S production under anoxic 

status followed by oxidation to well crystallized minerals (e.g., goethite, 

magnetite) accelerates Ostwald ripening. Soil used in this study had very low 

level of sulfur and moderate level of organic content (2.6%), so geochemical 

properties of soil might have influenced the transformation of Fe oxides. 

Therefore, change in the properties of Fe oxides seems to be related to the 

geochemical properties of the soil. Additional research on relationship of soil 

characteristics and Fe oxides transformation are needed.
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3.3 Bacterial community analysis

3.3.1 Change in bacterial community

Original, Oxic 1, Anoxic 2, Anoxic 3 and Anoxic 4 soils were 

sampled and analyzed with Illumina sequencing to monitor the response of 

the bacterial communities under repeated redox conditions. The relative 

abundance of the bacterial community at the genus level, heatmap analysis 

results, and the role of the bacterial genus reported in previous studies are 

shown in Figure 3.7. and Figure 3.8, respectively. In Figure 3.7, the group that 

accounts for less than 2% of the total counts was classified as 'Others'. Figure 

3.8 shows the role and abundance of the 15 most abundant genera in all soil 

samples. The total number of reads for each sample identified at the species 

level based on 97% similarity was 58,813, 61,582, 50,160, 72,741, and 63,540, 

respectively. In each sample, the rarefaction curves showed similar trends, 

which approach to the saturation phase. Goods's coverage of library was 

99.7% in all samples, indicating that almost all species were identified.
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Fig 3.10. Heatmap analysis for bacterial communities at the genus level

The relative abundance of the bacterial community in each sample is 

summarized in Table 3.2. The major phylum of all soil samples was 

Proteobacteria (44.2-78.6%) and Firmicutes (11.4-53.0%). At the class level, 

Betaproteobacteria (1.3-58.6%) decreased significantly over time, whereas 
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Alphaproteobacteria (17.3-77.2%) increased gradually. Other classes included 

Bacili (1.3-14.7%) and Clostridia (1.2-30.0%). At the Order level, 

Burkholderiales (1.3-58.9%), Bacilales (1.3-14.7%), Rhizobiales (1.8-6.3%), 

Rhodospirillales (2.7-73.3%), Clostridiales (1.2-40.3%), and 

Sphingomonadales (1.5-11.0%) were dominant. At the family level, various 

microorganisms existed. Oxalobacteraceae (0.2-41.7%) including Massila

(40.1%), an aerobic genus, was the most abundant in original soil, and 

Rhodospirillaceae (1.1-73.1%) was the most abundant in incubated soils. At 

the genus level, it was confirmed that the bacterial community in the soil 

changed in accordance with the redox change. Among the major genus, 

Bacillus, Paenibacillus, Rhizobium, Rhodococcus, and Sphingomonas are 

known to be resistant to trivalent or pentavalent arsenic (Jackson, Dugas et al., 

2005, Bachate, Cavalca et al., 2009, Oliveira, Pampulha et al., 2009).

In incubated soils, various microorganisms known to be capable of 

Fe/As reduction, such as Clostridium, Desulfitosporosinus, Geosporobacter, 

Desulfitobacterium, Paenibacillus, Pedobacter, Pelosinus, were found, and 

Clostridium (4.6-34.1%) was the most abundant genus among them (Ahmed, 

Cao et al., 2012, Hong, Kim et al., 2015, Ray, Connon et al., 2018). 

Clostridium is a microorganism that produces organic acid by fermentation 

and can reduce ferric iron. They are usually found in redox transition zones 
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(Wang, Yang et al., 2009, Mejia, Roden et al., 2016). Both amorphous and 

crystalline iron oxides can be used as electron acceptors, but rather, they 

promote iron reduction by flowing electrons through humic acids (Benz, 

Schink et al., 1998). Under four reduction conditions, the pH of the soil 

solution decreased to 5.9-6.3, and it is likely due to the production of organic 

acid by fermentative Fe/As-reducing microorganisms such as Clostridium.

Except for Rhodococcus, which is known to oxidize trivalent arsenic, it is not 

known whether the top 15 genus microorganisms can oxidize divalent iron 

and trivalent arsenic. However, Burkholderia genus, similar to 

Paraburkholderia, has been reported to be capable of arsenic oxidation in 

previous studies (Sultana, Vogler et al., 2012).

Azospirillum is a nitrogen fixing microaerophilic microorganism that 

can be active under both reducing and oxidizing conditions (de Zamaroczy, 

Delorme et al., 1989). It was the most abundant genus in Oxic 1 (28.5%), 

Anoxic 3 (33.6%), and Anoxic 4 (72.8%) soil, and its relative abundance

gradually increased as the cycle was repeated. Absolute (an)aerobic

microorganisms, on the other hand, gradually decreased as the redox change 

was repeated. This is because microorganisms which can only survive under 

certain redox conditions (i.e., Massilia, Clostridium), lose their activity 

because the redox environment is constantly changing.
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Comparing the oxidized soil (Oxic 1) and reducing soil (Anoxic 2), it 

was confirmed that the Fe/As reducing microorganisms increased when the 

reducing conditions were formed as in the previous study (Parsons, Couture et 

al., 2013). Clostridium was only 10.1% in oxic 1 soil but increased by 34.1% 

in anoxic 2 soil. Fe/As reducing microorganisms, such as Paenibacillus, 

Desulfosporosinus, and Pelosinus, also increased in the reducing conditions. 

The increase of iron reducing microorganisms under reducing conditions is 

thought to promote the release of iron. Divalent iron was not detected in the 

soil solution under oxidizing conditions, but 1.0-3.3% of the total iron was 

released into the solution under reducing conditions. Strict (an)aerobic 

microorganisms have been found in all soils. This is because even strict 

(an)aerobic microorganisms require temporary reducing/oxidizing conditions 

for constant metabolism in natural environments (Teh, Silver et al., 2005). 

Moreover, it takes microorganisms considerable time to adapt to the Eh 

changes (DeAngelis, Silver et al., 2010).
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Table 3.2. The relative abundance of the dominant phylogenetic groups

Sequences
Relative abundance (%)

Original Oxic 1 Anoxic 2 Anoxic 3 Anoxic 4

(a) Phylum

Proteobacteria 77.2 54.9 44.2 60.4 78.6

Firmicutes 11.4 41.0 53.0 33.0 19.2

Others 11.4 4.1 2.8 6.6 2.2

(b) Class

Betaproteobacteria 58.6 14.2 13.0 7.8 1.3

Alphaproteobacteria 17.3 40.0 30.5 52.4 77.2

Bacili 9.8 14.7 8.2 1.9 1.3

Clostridia 1.2 24.0 40.3 30.0 14.6

Others 13.1 7.1 8.0 7.9 5.6

(c) Order

Burkholderiales 58.9 14.2 13.0 7.7 1.3

Bacillales 9.8 14.7 8.1 1.9 1.3

Rhizobiales 6.0 2.6 2.5 6.3 1.8

Rhodospirillales 2.7 29.3 23.7 34.1 73.3

Clostridiales 1.2 24.0 40.3 30.0 14.6

Sphingomonadales 4.1 7.3 3.4 11.0 1.5

Others 17.3 7.9 9.0 9.0 6.2

(d) Family

Oxalobacteraceae 41.7 3.9 4.9 1.4 0.2

Burkholderiaceae 16.2 9.9 7.6 4.1 0.9

Rhodospirillaceae 1.1 29.0 23.5 34.0 73.1

Desulfitobacterium_f 0.1 12.5 4.5 4.8 1.9

Bacillaceae 3.7 10.2 1.2 1.0 0.4
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Clostridiaceae 0.3 10.1 34.1 15.5 6.9

Sphingomonadaceae 4.1 7.3 3.4 11.0 1.5

Paenibacillaceae 3.6 4.3 6.8 0.6 0.7

Others 29.2 12.8 14.0 27.6 14.4

(e) Genus

Massilia 40.1 1.9 2.8 1.2 0.1

Paraburkholderia 15.3 9.8 7.4 4.0 0.9

Azospirillum 0.0 28.5 23.1 33.6 72.8

Desulfitobacterium 0.0 11.4 2.8 0.7 0.8

Bacillus 3.7 10.2 1.2 1.0 0.6

Clostridium 0.3 10.1 34.1 13.2 4.6

Sphingomonas 4.1 7.3 3.4 10.4 1.3

Paenibacillus 1.0 3.9 6.7 0.3 0.6

Desulfosporosinus 0.0 1.1 1.7 4.1 1.1

Geosporobacter 0.0 0.0 0.0 2.5 0.1

Others 35.5 15.8 16.8 29 17.1

(f) Species

Massilia arvi group 28.5 0.1 0.1 0.2 0.0

Massilia aerilata group 8.6 0.3 0.0 0.8 0.0

Paraburkholderia caledonica 

group
8.1 0.0 0.1 0.8 0.2

Paraburkholderia dipogonis 

group
0.0 8.3 3.6 0.0 0.0

Azospirillum oryzae group 0.0 28.5 23.0 33.5 72.7

Sphingomonas pruni group 0.0 7.1 3.4 10.1 1.2

Sphingomonas lutea group 3.6 0.0 0.0 0.2 0.0

Clostridium magnum 0.0 2.9 22.7 0.0 0.0

Clostridium beijerinckii 0.0 2.8 2.4 10.1 3.4
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group

Geosporobacter 

subterraneus group
0.0 0.0 0.0 2.5 0.1

Desulfitobacterium 

dichloroeliminans
0.0 11.1 2.7 0.0 0.1

Paenibacillus borealis group 0.0 2.2 3.9 0.0 0.0

Others 51.2 36.7 38.1 41.8 22.3
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3.3.2 Decrease in microbial diversity

As a result of Venn diagram analysis (Figure 3.9), 186 OTUs were 

common to all samples, and among them, the bacterial community of 0.5% or 

more abundance in incubated soil was determined as the core bacterial 

community (Shade and Handelsman 2012). The Azospirillum oryzae group

and the Clostridium beijerinckii group capable of reducing Fe and As were 

core bacterial community (Dobbin et al. 1999).

Fig 3.11. Venn diagram showing overlap between species

To analyze the effect of redox changes on the diversity of soil 

bacterial communities, the alpha-diversity indices in each soil were 
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compared. Based on 97% similarity, OTU tends to gradually decrease from 

1,834 (Original), 1,088 (Oxic 2), 962 (Anoxic 2), and 1,024 (Anoxic 3) to 

772 (Anoxic 4) in four redox cycles. Diversity indices such as ACE, Chao 1, 

and Jackknife are shown in Table 3.3. The values of ACE, Chao 1, and 

Jackknife have positive correlations with richness of species. Phylogenetic 

diversity is an index that quantifies the systematic differences between 

species by summing the shortest distances between nodes in the 

phylogenetic tree. All diversity indices declined significantly with repeated 

redox changes, highest in original soils and lowest in Anoxic 4 soils (Figure 

3.10). Jackknife declined sharply from 2018 to 950, Chao 1 from 1,868 to 

848, and phylogenetic diversity from 1,926 to 1,121. This means that when 

Eh changes repeatedly, strict (an)aerobes lose their activity, and the diversity 

of soil bacterial communities can be reduced. As a result of Venn diagram

analysis, the number of species detected in only one sample decreased from 

Original (384), Oxic 1 (255), Anoxic 2 (190), and Anoxic 3 (143) to Anoxic 

4 (94) with species diversity over time.

De Angelis et al. (2010) showed that diversity of microbial 

communities is higher under Eh changes rather than constant Eh with soil 

incubation test. This study extended it by showing that bacterial diversity 

decreased when redox change repeated. The high diversity of microbial 
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communities means that microorganisms with diverse functions are active 

and can utilize soil elements efficiently (Loreau, 2001). Thus, the reduction 

of microbial diversity due to repeated redox changes may inhibit the 

effective circulation of various inorganic substances in the soil (Torsvik and 

Øvreås, 2002).
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Table 3.3. Summary of sequencing analysis of bacterial communities in 

the soil samples

Samples OTUsa ACE Jackknife Chao 1
Phylogenetic 

diversity

Original 1834 1918 2018 1868 1926

Oxic 1 1088 1327 1373 1242 1615

Anoxic 2 962 1171 1223 1098 1450

Anoxic 3 1024 1081 1148 1055 1338

Anoxic 4 772 908 950 848 1121

a) Operational taxonomic units

Phylogenetic similarity was considered using Principal Component 

Analysis (PCA) to identify changes in soil microbial community. As a result, 

the microbial community was clearly distinguished by soil incubation and 

redox repetition. Principal component 1 and Principal component 2 

accounted for 57.6 and 29.3% of the total data variance, respectively. The 

two main components preserved 86.9% of the total data variance and were 

sufficient to visualize two-dimensional visualization of soil microbial 

differences. As for Principal Component 1, soil microbial community 

showed significant difference according to soil incubation status. The value 

of original soil for Principal Component 1 was close to 0.5, whereas the 
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value of cultured soils (Oxic 1, Anoxic 2, Anoxic 3, Anoxic 4) was less than 

0. Based on principal component 2, repetition of redox changes was an 

important variable. The values of Oxic 1 and Anoxic 2 soils were -0.14 and -

0.20 for Principle 2, while the values of Anoxic 3 and Anoxic 4 soils were 

increased to 0.03 and 0.25, respectively. This means that the soil microbial 

composition gradually changed as the redox change was repeated. On the 

other hand, Anoxic 2, which is a reducing soil, and Oxic 1, which is an 

oxidizing soil, did not show significant differences based on both principal 

components 1 and 2. This means that redox repetition had a greater effect on 

the microbial community than the redox state itself.

Principal component 1 (57.64%)
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4. Conclusions

Although As in soil can be released by reductive dissolution, it tends 

to be adsorbed again in aerobic condition, and the extent of adsorption 

increases as the cycle repeated. In the presence of an external carbon source, 

As(V) is further reduced to As(III), which makes As more mobile by 

inhibiting readsorption of As. Organic carbon source can be introduced into 

contaminated site by introduction of rainfall or groundwater fluctuation. 

Therefore, organic matter input is needed to be monitored carefully in As 

contaminated redox transition zone. Our findings show that soil iron oxides in 

redox transition zone are likely to transform to more amorphous form. This 

means that iron oxides can adsorb larger amounts of As under the oxic period, 

but can be more easily eluted during the anoxic period, resulting in higher As 

mobility.

As a result of bacterial community analysis, it was confirmed that the 

composition and diversity of bacterial community in As-contaminated soils 

were greatly changed by redox cycling. Repeated changes in redox conditions 

selectively increased abundance of bacterial species able to survive under both 

oxidizing and reducing conditions (e.g., Azospirillum), reducing the 

abundance of strict (an)aerobic microorganisms and consequently reducing 
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bacterial diversity. Under the reducing conditions, it was confirmed that 

various microorganisms (e.g., Clostridium, Desulfitobacterium) known to be 

capable of reducing Fe or As dominated. Among these, the Clostridium 

beijerinckii group made up the core bacterial community. The results of this

study show that the bacterial community is dependent on the number of redox 

transitions. These findings would be helpful for selecting risk-management 

strategy in As-contaminated redox transition zone.

Fig 3.14. Increased mobility of As under anoxic condition in redox 

transition zones
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초  록

Redox Transition Zone 토양에서

유기물 유입과 철산화물의 성질

변화가

비소의 이동성에 주는 영향

서울대학교 대학원

건설환경공학부

박수진

수리학적 경계가 고정되지 않은 부지에서는 산화-환원

조건이 지속적으로 변화하고, 이는 토양 내 지구생화학적 반응에

중대한 영향을 준다. 비소는 산화-환원 조건에 민감한 오염물질로,

Redox transition zone에서 이동성이 지속적으로 변화한다. 산화-환원

조건이 변화하는 토양에서 지하수로 비소가 용출되는 현상은
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남아시아를 비롯한 전세계적으로 심각한 문제이나, 현재까지

반복적인 산화-환원 조건에서 비소 이동성의 경향이 어떻게

변화하는지에 관한 연구는 거의 수행되지 않았다. 본 연구에서는, 

batch incubation 실험을 통하여 redox transition zone에서 비소

이동성에 영향을 주는 생화학적 반응을 해석하는 것을 목표로

하였다. 비소는 미생물에 의한 철산화물 환원에 의해 용출되므로,

토양 철산화물의 결정화도, 비소의 산화 수, 그리고 토양 미생물

군집을 비소 이동성에 영향을 미치는 주요 요인으로 설정하고

평가하였다. 가장 먼저, 유기 탄소원 (포도당) 이 비소의 화학종에

미치는 영향을 분석하였다. 실험 결과, 환원 조건에서 비소는

미생물에 의한 철산화물의 환원 작용에 의하여 용출되었고,

이어지는 산화 조건에서 다시 토양에 흡착하였다. 그리고 흡착량은

산화-환원 조건이 반복됨에 따라 증가하였다. 용액 중에 존재하는

비소의 비율은 첫 산화 조건에서 전체의 25.2%이던 것이 마지막

산화 조건에서는 11.9%로 감소하였다. 그러나, 포도당이 중간에

첨가된 경우에는 용액 중 5가 비소가 감소하며 비소의 흡착량이

감소하였다. 3가 비소는 5가 비소와 비교하여 철산화물을 비롯한

광물에 흡착하는 정도가 낮으므로, 이는 유기탄소원이 용액 중

비소의 산화수에 영향을 주며 비소의 흡착을 저해했음을 의미한다. 

철산화물의 성질 변화는 XANES-LCF 분석 및 선별추출을 이용하여
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분석하였다. 토양 철산화물 중 대표적인 비결정질 철산화물인

ferrihydrite의 비율은 세 번의 redox 변화 이후 29.3%로 증가하였다.

선별추출 결과 DCB 용액에 의해 추출 가능한 (비결정질 또는

결정질인) 철의 양은 일정하게 유지된 반면, AAO 용액에 의해 용출

가능한 (비결정질 또는 반응성이 높은) 철의 양은 1.4에서 3.2 

mg/g으로 증가하였다. 이는 산화-환원 조건의 변화가 반복되며

철산화물이 비결정질로 성질이 변화하였음을 의미한다. 비결정질

철산화물은 표면적과 용해도가 상대적으로 높아 미생물에 의해

촉진되는 reductive dissolution 작용에 취약하기 때문에, 철산화물의

비결정질화는 환원 조건에서 비소의 용출량을 증가시킬 수 있다.

토양 미생물 군집은 Illumina 시퀀싱으로 분석하였다. Illumina 시퀀싱

결과, 토양 미생물 군집은 redox 변화에 반응하며 변화하였다. 절대

호기성 또는 혐기성 미생물의 비율은 점차 감소한 반면, 미호기성

속인 Azospirillum은 incubation 종료 시 전체 미생물의 72.8%를

차지하며 우점하는 속이 되었다. 철/비소 환원이 가능한

Clostridium과 Desulfitobacterium 등의 토착 미생물이 발견되어

미생물에 의하여 철/비소의 환원이 촉진되었을 가능성을 확인하였다.

결과적으로, redox transition zone에서는 반복적인 redox 환경의 변화로

유기탄소원의 유입과 철산화물의 성질 변화가 발생할 수 있고, 이는

토양 내 지구화학적 반응에 영향을 주어 비소의 이동성과 독성을
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증가시킨다. 따라서 본 연구결과는 비소로 오염된 redox transition 

zone을 관리하기 위해서는 장기적 모니터링이 필요함을 시사한다.

주요어: Redox transition zone, 비소 용출, 비결정질 철산화물, 철

환원

학  번: 2018-22553
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