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In this study, data from field bioremediation experiments, geochemical modeling, 

and laboratory batch experiments were integrated with published data on arsenic (As) 

sorption and coprecipitation onto growing iron (Fe)-sulfide phases [e.g., iron 

monosulfide, FeS,  pyrite, FeS2, and arsenian pyrite, Fe(S, As)2] to characterize 

geochemical processes during in situ bioremediation of natural As-contaminated 

groundwater. Field bioremediation experiments conducted in the past on groundwater in 

Holocene alluvial aquifers in Bangladesh and the United States (US) have shown that As 

was incorporated into Fe-sulfide phases in reducing groundwater, and that this process 

can be fast as well as efficient. This study shows that As can be removed in a matter of 

weeks after the injection of water-soluble labile organic carbon and sulfate that stimulate 

metabolism of indigenous sulfate- reducing bacteria (SRB) in Fe-bearing, low-

temperature, reduced, As-contaminated groundwater.  
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A new set of thermodynamic data for thiroarsenite species, amorphous arsenic and 

Fe-sulfide phases, and solid solution of arsenian pyrite (FeS1.99As0.01 – FeS1.90As0.10) were 

complied into a revised Geochemist’s Workbench (GWB) database, Thermo08-As, to 

model the principal geochemical behavior of As in aerobic and anaerobic groundwaters. 

Compared to the most widely used geochemical modeling programs, which lack 

thermodynamic data for solid solutions of arsenian pyrite, this new thermodynamic 

database is more realistic in characterizing and predicting As behavior in changing redox 

conditions. Under Fe-rich geochemical conditions, the stability field of arsenian pyrite 

(containing 1 to 10 wt.% As) solid solution completely dominates in reducing Eh-pH 

space and “displaces” other As-sulfides (orpiment, realgar) that have been implied to be 

important in previous modeling and field studies.   

Sorption of dissolved As in synthetic Fe-sulfide and natural pyrite as a function of 

total As concentration, sulfide ratio, Eh-pH, time, and grain size of pyrite, were 

investigated in the laboratory. Arsenic is strongly partitioned on both FeS and FeS2 under 

a range of conditions, such as pH and As concentration. In the sulfide-limited (S:Fe=1:1) 

experiment that produced synthetic FeS, 91% of the initial dissolved As, was sorbed. In 

contrast, in the excess-sulfide (S:Fe=2:1 and 3:1) experiment, 55% of the initial As 

concentration was sorbed, but yielded pyrite as a solid phase. Amount of As sorbed onto 

pyrite is dependent on grain size, but conformed to a Langmuir isotherm at circumneutral 

pH. Field data, geochemical modeling, and laboratory results clearly indicate that As is 

mobile under Fe-reducing conditions, but immobile under anaerobic and sulfate-reducing 

conditions. Fe-oxyhydroxides and arsenian pyrite are the likely stable mineral phases that 

serve as major sink for As under aerobic and sulfate-reducing conditions, respectively. 
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CHAPTER 1 
 

INTRODUCTION 
 

1. Introduction 
 
1.1. Global arsenic groundwater pollution 

Natural groundwater arsenic (As) contamination occurs by a variety of geochemical 

processes (e.g., Welch et al., 2000; Smedley and Kinniburgh, 2002; and Saunders et al., 

2005b) and poses a serious threat to human health in many parts of the world, especially 

in areas where drinking water  is derived from young Holocene river flood-plain aquifers 

(Acharyya et al., 2000; Smedley and Kinniburgh, 2002; Saunders et al., 2005a, b; 

Acharyya and Shah, 2007, and Saunders et al., 2008). In recent years, natural 

groundwater As-contamination has been reported from many countries around the world, 

namely Argentina, Australia, Bangladesh, China, Chile, Cambodia, Pakistan, Taiwan, 

Thiland, Mexico, Nepal, Vietnam and many parts of the United States (Welch et al., 

2000; Smedley and Kinniburgh, 2002; Nickson et al., 2000; Saunders et al., 2005 a,b,d; 

Tandukar et al., 2005; Bhattacharya et al., 2005; Cole et al., 2005; and Papacostas et al., 

2006).  Arsenic contamination in water from mining-related activity is reported from 

other countries, including Ghana, South Africa, Thailand and the US, and natural As 

linked to geothermal water has been reported from numerous countries such as 

Argentina, Japan, New Zealand, Chile, Iceland, France, Dominica and parts of the US 

(Smedley and Kinniburgh, 2002) (Fig. 1.1). Considering the human health effects of
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Fig. 1.1 Map showing major As-affected natural groundwater aquifers around the world. Location of As-affected groundwater 
from mining related work and geothermal sources are also marked in the map (modified after Smedley and Kinniburgh, 2002). 
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elevated As concentration (>50 µg/L), As is a major problem. Developing countries such 

as Argentina, Bangladesh, Cambodia, Ghana, India and Nepal, where people drink water 

derived from groundwater that has relatively higher As concentration than drinking water 

standard (<5 µg/L), large populations are exposed to high As concentrations in 

groundwater, making one of the most serious environmental problems of the twenty-first 

century (BGS and DPHE, 2001). 

Published data on aquifers around the world with locally elevated As concentration 

indicate that similar groundwater geochemistry and microbiologic process (Saunders et 

al., 2005d; Bostick et al., 2006) may have operated to produce As-contamination. Local 

geology and hydrogeologic conditions appear to be similar in young (Holocene) alluvial 

floodplain aquifers in unconsolidated sediments (Ravenscroft et al., 2005; Acharyya and 

Shah, 2007). This is why most groundwater in the world elevated with As-contamination 

is directly linked to young (Holocene) alluvial floodplain aquifers. Paleoenvironments 

involved in the evolution of such aquifers are usually large alluvial or deltaic island (e.g., 

Bengal delta, Yellow River plain, Irrawaddy delta, Red River delta, Mekong River delta) 

(Fig. 1.2) or large inland closed basin in arid and semi-arid geological settings, e.g., 

Argentina, Mexico, and southwest United States (Smedley and Kinniburgh, 2002). 

Today, not only south Asia (e.g., Bangladesh, India, Nepal), but also the South 

American continent (e.g., Argentina, Chile), North American continent (e.g., parts of the 

US, Mexico), northern Asia (e.g., China and Taiwan), and even European countries (e.g., 

Hungary and Romania) have millions of people directly affected by groundwater As-

contamination. The massive scale of As-contamination has received attention of the 
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Fig. 1.2 Location map showing major deltaic region in southeast Asia with elevated 
groundwater As-contamination.  Region marked in numbers are: (1) Indus delta, 
Pakistan; (2) Terai alluvial plain, Nepal; (3) Ganges-Brahmaputra delta, West Bengal, 
Nepal; (4) Meghna delta, Bangladesh; (5) Irrawaddy river delta, Myanmar; (6) Red river 
delta, Ha Noi, Vietnam; (7) Mae-Klong and Chao-Phraya, Thailand; (8) Mekong delta, 
Vietnam.    

 

 

 

 

 

 



 

5 

scientific community around the world, and they are currently working to improve our 

understanding on the genesis of high As groundwater in order to develop strategies to 

address this natural catastrophe. 

Arsenic contamination of groundwater can be caused by natural and anthropogenic 

processes. Natural sources responsible for releasing As to the environment include As 

released from the weathering of As-bearing minerals such as biotite, arsenopyrite, 

amphibole and ferromagnesian (Fe-Mg) minerals. Arsenic can be released to the 

atmosphere through inputs from wind erosion, volcanic emissions, low-temperature 

volatilization from soils, and marine aerosols (Smedley and Kinniburgh, 2002). 

Atmospheric As, primarily As2O3 or volatile organic compounds (WHO, 2001) 

ultimately become a source of As to natural water system when they return to earth by 

precipitation or wind. Water-rock interaction in the groundwater containing As-bearing 

hydrous ferric oxide (HFO) sediments, and As-containing biota are other natural sources 

of arsenic accountable for natural As-contamination. The anthropogenic sources include 

mining of As-bearing ore and associated minerals, leaching from the mine tailings, 

combustion of bio-fuels, a host of pesticides and herbicides, and wood preservatives. 

While As-contamination from anthropogenic sources is local and does not cause regional 

effects (Smedley and Kinniburgh, 2002), natural As release to reducing groundwater is a 

regional phenomenon in Holocene flood plain aquifers around the world (Korte, 1991; 

Smedley and Kinniburgh, 2002, Saunders et al., 2005a).  

In 1993, the maximum admissible concentration (MAC) of As in drinking water 

was provisionally reduced from 50 to 10 µg/L by World Health Organization (WHO) 

(WHO, 1996). This reduction MAC was the result of an increasing awareness of 
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arsenic’s toxicity to humans. After WHO’s review on MAC of As in drinking water for 

international community, US-EPA also reduced MAC of As in drinking water to 10 µg/L 

from 50 in 2001 (Environmental Protection Agency: EPA, 2003). European Union (EU) 

has set their standard equivalent to WHO and US-EPA. However, most countries have 

their own MAC limits for As in drinking water. In view of the toxicity for humans, it 

would be ideal to limit the MAC to zero in drinking water. But it seems almost 

impossible due to crustal abundance of As and the cost of removing it (Welch et al., 

2000). 

At the present, treating, and/or removing As from the drinking groundwater 

involves several processes. Pump and treat (Lee and Saunders, 2003), coagulation, 

softening, iron and manganese oxidation, ion exchange, activated alumina, membrane 

processes, or electrodialysis are common approaches in As treatment (Chen et al., 1999). 

Their reliability and economic feasibility is still a major question in the scientific arena. 

However, it would appear that adsorption and coprecipitation of As onto preexisting 

mineral surfaces (e.g., HFO, Fe-sulfide, pyrite) (Farquhar et al., 2002; Bostick and 

Fendorf, 2003; Wolthers et al., 2007; Lowers et al., 2007) might be the most practical, 

cost effective in situ bioremediation approach for As immobilization (Chen, et al., 1999; 

Lee and Saunders, 2003; Saunders et al., 2005a, Saunders et al., 2008).  

 

1.2. Source and occurrence of arsenic 

In the crust As occurs in a variety of rocks and minerals. Arsenic can be very 

abundant in igneous rocks, coal and shale and its concentration varies widely depending 

on rock type (Table 1.1).  
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Table 1.1 Arsenic concentration ranges in rocks, sediments, and soils (Source: Smedley 
and Kinniburgh, 2002 and references therein). 
 

Classification Rock/sediment type 
Range of Arsenic 
concentration 
(mg/kg) 

Igneous rocks Ultrabasic rocks  0.03–16 
 Basic rocks  1.5–110 
 Intermediate 0.09–13 
 Acidic rocks  0.2–15 
Metamorphic rocks Quartzite  2.2–7.6 
 Hornfels  0.7–11 
 Phyllite/slate 0.5–140 
 Schist/gneiss < 0.1–19 
 Amphibolite/greenstone  0.4–45 
Sedimentary rocks Shale/mudstone  3–490 
 Sandstone  0.6–120 
 Limestone  0.1–20 
 Phosphorite  0.4–190 
 Iron formations and  

iron-rich sediment  
 
1–2,900 

 Evaporite deposits  0.1–10 
 Coal  0.3–35,000 
 Bituminous shale  100–900 
Unconsolidated sediments 
and soils  

Sediments 0.5–50 

 Soils 0.1–55 
 Soils and near sulfide deposits 2–8,000 
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Natural As occurs as a major constituent in more than 200 mineral species, of which 

approximately 60% are arsenates, 20% sulfides and sulfosalts, and the remaining 20% 

include arsenides, arsenites, oxides, silicates and elemental arsenic (Onishi, 1969; 

Smedley and Kinniburgh, 2002). The most common sulfide minerals containing As are 

pyrite (FeS2) or its polymorph marcasite, arsenopyrite (FeAsS), orpiment (As2S3), realgar 

(AsS), and arsenides such as löllingite (FeAs2) are major hosts for As in geologic 

environment (Savage et al., 2000;  O’Day, 2006). 

The common sources of anthropogenic As in the environment are mining and 

smelting of As-rich sulfide deposits and chemical compounds such as pesticides, 

herbicides, and wood preservatives used in agriculture and various industries. 

Groundwater As-contamination from anthropogenic sources typically occurs at a limited 

scale. In contrast, As-contamination in natural groundwater that occurs at a regional scale 

in different parts of the world is mostly due to natural processes. Affinity of As to bond 

with sulfur (S) and iron (Fe) makes arsenopyrite (FeAsS), an ore mineral associated with 

igneous rocks and hydrothermal ores, a common As mineral. Arsenic-rich pyrite 

(arsenian pyrite) [Fe(S, As)2] is more abundant in sedimentary rocks than arsenopyrite 

and is probably the most important source of As in nature (Nordstrom, 2000). Most 

common ore minerals associated with variable amounts of As are chalcopyrite (CuFeS2), 

galena (PbS), and marcasite (FeS2) (Table 1.2). Considerable amounts of As can be easily 

incorporated into low-temperature authigenic pyrite, mostly formed in sedimentary 

environments (Huerta-Diaz and Morse, 1992; Neumann et al., 2005; Reich and Becker, 

2006; Blanchard et al., 2007).  
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Table 1.2 Typical arsenic concentrations in common rock-forming minerals (Source: 
Smedley and Kinniburgh, 2002 and references therein). 
. 
 Mineral group and name    Range of Arsenic concentration  (mg/kg) 
Sulfide minerals:  

Pyrite  100–77,000 
Pyrrhotite  5–100 
Marcasite 20–126,000 
Galena  5–10,000 
Sphalerite  5–17,000 
Chalcopyrite  10–5,000 

Oxide minerals:  
Hematite  Max. up to 160 
Fe oxide (undifferentiated)  Max. up to 2,000 
Fe(III) oxyhydroxide  Max. up to 76,000 
Magnetite  2.7–41 
Ilmenite  < 1.0 

Silicate minerals:  
Quartz 0.4–1.3 
Feldspar  < 0.1–2.1 
Biotite  1.4 
Amphibole  1.1–2.3 
Olivine  0.08–0.17 
Pyroxene 0.05–0.8 

Carbonate minerals:  
Calcite  1–8 
Dolomite < 3.0 
Siderite < 3.0 

Sulfate minerals:  
Gypsum/anhydrite < 1–6 
Barite  < 1–12 
Jarosite  34–1,000 

Other minerals:  
Apatite  < 1–1,000 
Halite  < 3–30 
Fluorite  < 2.0 
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Oxide (e.g, zero valent (Fe°), and ferric (Fe3+) iron oxide) minerals and hydrous metal 

oxides either incorporate As in the mineral structure or adsorbs it onto their surfaces, and 

they occur in sedimentary environments (Table 1.2).  

Significant adsorption of As onto mineral surfaces with positive surface charges is 

common, and particularly, arsenate [As (V)] is strongly adsorbed in hydrous iron-oxides 

or HFO and hydrous aluminum and manganese oxides (Nickson et al., 1998; Smedley 

and Kinniburgh, 2002). Therefore, geological environments that contain HFO, such as 

alluvial floodplain aquifers, are believed to be the main source for naturally elevated As 

concentrations in groundwater throughout the world (Korte, 1991; Nickson et al., 1998; 

Smedley and Kinniburgh, 2002; Sengupta et al., 2004; Turner, 2006) (Table 1.3). 
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Table 1.3 Summary of naturally-occurring arsenic in groundwater around the world. 
(Source: except where mentioned, Smedley and Kinniburgh, 2002 and references 
therein). 
 

Country/region Aquifer/Sediment type 

Population 
Exposed 
(millions) 

Area 
(Km2) 

Range of 
Arsenic 

Concentration 
Range (µg/L) 

Argentina (Chaco-
Pampean Plain) 

Holocene and earlier loess with 
rhyolitic volcanic ash 2 1x105 

<1-5300 (7500 
in some 

porewater) 
Bangladesh Holocene alluvial/deltaic 

sediments. Abundance solid 
organic matter. 

30 1.5x105 <0.5-2500 

Cambodia ( Kandal 
province) 

Holocene alluvial aquifers - - <1-768 

Northern Chile 
(Antofagasta) 

Quaternary volcanogenic 
sediments 0.5 1.25x105 100-1000 

China (Xinjiang 
province) 

Holocene alluvial aquifers 5x10-4 38000 4-750 

China: 
Taiwan 

Sediments including black 
Shale   10-1820 

Ghana, West Africa Quaternary alluvial aquifer and 
some mining area - - <5-2000a 

Hungary, Romania 
(Danube Basin) 

Quaternary alluvial plains 0.029 1.1x105 <2-176 

West Bengal, India Holocene alluvial aquifers 6 23000 <10-3200 
Inner Mangolia 
(Huhhot Basin) 

Holocene alluvial and lacustrine 
sediments 0.1 ~30000 <1-2400 

Mexico  Volcanic sediments 0.4 32000 8-620 
Nepal (Tarai region) Holocene alluvial sediments  0.46-0.75 30000 up to 600 (2620 

in one case)b 
Thailand Dredged quaternary alluvial  ?0.015 100 1 to 5000 

U
SA

 

Basin and 
Range, Arizona, 
USA 

Alluvial basin, and evaporite 

0.35 

2x105 up to 1300 

Tulare basin, 
San Joaquin 
Valley, 
California 

Holocene and older basin-fill 
sediments 5000 <1-2600 

Southern Carson 
Desert, Nevada 

Holocene mixed Aeolian 
alluvial, lacustrine  sediments, 
some think volcanic ash band 

1300 up to 2600 

Southern Iowa 
and Western 
Missouri 

Holocene alluvial aquifers 
? - 34-7020c 

Red River, Ha Noi 
delta, Vietnam 

Holocene alluvial aquifers >1 1200 1-3050 
a Norman et al., 2001;  bPanthi et al., 2006 and references therein;  cKorte, 1991 
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1.3. Research objectives 

The goal of this research was to integrate and compare the results of field and 

laboratory experiments to better understand the geochemical behavior of As under 

reducing groundwater conditions. Field bioremediation experiments from the USA, 

Bangladesh, new laboratory investigations, and geochemical modeling were employed to 

that end. Geochemical modeling was carried out to examine the principal geochemical 

behavior of As in aerobic and anaerobic groundwaters using Geochemist’s Workbench 

(GWB, Bethke, 1996), and laboratory batch experiments were carried out to investigate 

sorption of As onto Fe-sulfide. In particular, new sorption batch experiments conducted 

as part of this research are expected to better quantify and characterize sorption of As in 

Fe-sulfides.  

More specifically, the research objectives for this study can be categorized as 

follows: 

1. Field study: 

(a) Investigate the mobility of As in natural groundwater condition after the 

injection of molasses as a source of carbon into the groundwater that stimulates 

the metabolic activities of indigenous sulfate-reducing bacteria (SRB) followed 

by injection of Epsom’s salt (MgSO4⋅7H2O) and/or  iron sulfate (FeSO4⋅7H2O) as 

a source of sulfate that enhances biogenic sulfate reduction. 

(b) Document the geochemical behavior of Fe, As, and S before and after the in 

situ bioremediation experiment. 
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2. Geochemical modeling: 

 (a)  Compile thermodynamic data for thioarsenite species, amorphous As, Fe-

sulfide phases, and solid solution of arsenian pyrite (FeS1.99As0.01 – FeS1.90As0.10) 

into GWB database and predict the arsenic behavior in changing redox conditions. 

(b)  Carry out geochemical reaction-path modeling to examine As speciation, 

adsorption/desorption, precipitation under sulfate-reducing condition. 

3. Laboratory batch experiment: 

(a)  Quantify and characterize the sorption of As onto Fe-sulfides (e.g, 

mackinawite, FeS (am), and pyrite). 

(b) Improve understanding of parameters affecting As mobility during the 

laboratory batch experiment and investigate parameters such as: 

• pH 

• Eh 

• Arsenic concentration 

• Quantify sorption of As on different grain size of pyrite 

(b) Evaluate the time required for FeS to convert to pyrite (FeS2) in reducing 

ambient temperature, and examine As behavior during that conversion. 

The overall objective of this thesis was to test the hypothesis that arsenian pyrite 

controls As geochemistry under sulfate-reducing condition in groundwater. Previous 

studies have suggested that realgar and orpiment are important As-sulfide mineral phases 

involved in As removal mechanism.  
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This study hypothesizes that Fe-sulfide (e.g., arsenian pyrite) is the likely stable mineral 

phase that serves as major sink for As under low temperature, iron-bearing, anaerobic, 

and sulfate-reducing conditions. 

1.4. Location for field bioremediation experiment 

Two field bioremediation experiments conducted in the past are taken as a part of 

this study. One field site is in Blackwell, Oklahoma, USA, and the other is in Manikganj, 

Bangladesh (detailed in Shamsudduha, 2007, and Saunders et al., 2008). These sites were 

selected with a two-fold intent; the first is to select sites that have implications for As 

geochemistry under reducing/anaerobic conditions in alluvial aquifers, and the other was 

aimed to test the hypothesis that indigenous SRB might be simulated to remove As.  

The first experiment conducted at a site in Blackwell, Oklahoma where shallow 

oxidizing groundwater is contaminated by Cd, Zn, As, and SO4
2- from an old zinc smelter 

(Fig. 1.3). Naturally As-contaminated groundwater aquifer located at Manikganj, 

Bangladesh, was chosen as a field site for the ongoing bioremediation experiment (Fig. 

1.4). In Bangladesh, existing water-supply tube wells were used to inject the supply to 

groundwater and characterize changes in groundwater geochemistry in the Manikganj 

region. Water samples for major cations and trace elements were filtered and acidified 

using U.S. EPA standard procedures at both sites. Details of the geology and 

geochemistry at the bioremediation site at Manikganj, sampling techniques, and 

analytical procedures are detailed in Shamsudduha (2007). 
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Fig. 1.3 Map showing the location of bioremediation site at Blackwell, Oklahoma 
(Source: Saunders et al., 2008). 
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Fig. 1.4 Map showing tube well locations in the bioremediation site in the Manikganj 
district of Bangladesh and their relative dissolved arsenic concentrations.  Location of 
injection well (IW-2) for the Bangladesh bioremediation experiment is also shown 
(modified after Shamsudduha, 2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

17 

1.5. Thesis outline 

This study integrates three research methods - field bioremediation, geochemical 

modeling, and laboratory batch experiments carried out to investigate the sorption of As 

in Fe-sulfide as an implication for the bioremediation of As-contaminated aquifer.  This 

thesis includes a total of five chapters. A general introduction on global As-

contamination of groundwater comprises the first chapter. In addition, research 

objectives, location of field sites and thesis outline are also discussed in this chapter. 

Chapter two describes background information related to this study and discusses 

implications of studies made in the past that provide framework to carry out this thesis 

research. Chapter two also discusses subsurface microbiology and various methods used 

in the groundwater remediation. Chapter three outlines all the methods used during this 

study. The three different methods and the corresponding methodology used (field 

bioremediation, geochemical modeling, and laboratory batch experiments) in this study is 

discussed in detail in chapter three. Chapter four elaborates on the results obtained in 

various phases of this study and finally, chapter five concludes the thesis with the 

summary of the major findings of the present research.    
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CHAPTER 2 
 

BACKGROUND AND PREVIOUS STUDY 
 
 
2. Background and previous study 

2.1. Arsenic speciation in natural water 

The As geochemical cycle in natural waters, both surface and groundwater, has an 

unusually complex with oxidation-reduction, ligand exchange, precipitation, adsorption, 

and desorption reactions all taking place. The most common inorganic As species in 

water are the trivalent arsenite, As (III), which is more toxic form of As, or pentavalent 

arsenate, As (V). In contrast, organic As species, perhaps formed by detoxification 

biologic processes, typically are found in surface waters (Smedley and Kinniburgh, 

2002).  

The fate of inorganic As in nature is typically controlled by the pH and Eh 

conditions; it is relatively soluble between pH 5.5 to 8.5 and mobile over a wide range of 

redox condition (Smedley and Kinniburgh, 2002). Regardless of the specific Eh, it is 

apparent that in oxic environments, arsenate [As (V)] species including H3AsO4, H2AsO4
-

, HASO4
2-, and AsO4

3-are stable (Fig. 2.1). Under slightly reducing conditions, at 

relatively low and neutral pH analogous to most of the groundwater and geothermal hot 

spring conditions, arsenite [As (III)] dominates the system, mainly as the neutral species 

As(OH)3 .  In absence of iron, As mostly exists as aqueous phases over a wide range of pH-

Eh conditions; that explains why it caused widespread groundwater contamination.
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Fig. 2.1 Eh-pH diagram of arsenic species in As-O-S-H2O system. Activities of arsenic 
and SO4

2-  are fixed at 10-2 at 25°C. Aqueous As(V) species (H3AsO4, H2AsO4
-, HAsO4

2-, 
AsO4

3-) are stable in oxidizing conditions (Eh > 0), whereas more toxic As(III) aqueous 
species [As(OH)3, HAsO3

2-] are mobilized in moderately reducing conditions (Eh < 0). 
Species in yellow areas represent where solid species predominate. Realgar (AsS) and 
orpiment (As2S3) are redox-controlled precipitates. The area within the vertical dashed 
bars represents the common Eh-pH domains for natural water. Dashed lines show 
stability limits of water in 1 atm pressure. Model was created using GWB.  
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Solid As-sulfides like orpiment (As2S3), Realgar (AsS), and thioarsenite [As(SH)4
-,

 
AsS2

-] 

seem more stable in highly reducing groundwater conditions (Fig. 2.1). The range of As 

species is more restricted, however, when the pH domain of natural waters is considered 

(Fig. 2.1).  

Freshwater systems rarely exceed a pH range of 5-9 (Crecelius et al., 1986) and the 

maximum pH distribution in seawater is even narrower (7.5-8.3) (Broecker and Peng, 

1982). Additionally, As (V) at high pH strongly dominates over As (III) in oxic 

conditions based on thermodynamic stability relationship (Fig. 2.1 and Fig. 2.2). It 

therefore appears that the range of water-soluble inorganic As compounds is quite limited 

and that pH is the major factor controlling the differences in aqueous As speciation in the 

freshwater (Wilkin et al., 2003) and the marine environment (Huerta-Diaz and Morse, 

1992).  

Generally, arsenic species are referred to as either As (III) or As (V) without regard 

to the degree of protonation. Distribution of the As species as a function of pH is shown 

in Fig. 2.2. Characteristically, oxic natural water in contact with atmosphere is dominated 

by As (V) due to the fact that As (III) readily oxidizes to As (V). Concentration and 

relative proportion of As (V) and As (III) in natural waters are not limited to any degree 

of order, but varies according to input sources, redox condition,  biological activity, 

redox-active solids (especially organic carbon), and geochemical condition of the aquifer 

(Smedley and Kinniburgh, 2002; Saunders et al., 2005b).  
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Fig. 2.2 (a) Plot showing speciation of arsenite [As (III)] and (b) arsenate [As (V)] as a 
function of pH (ionic strength is 0.05M). Dashed lines represent the reaction in 0.01 M 
ionic strength (modified after Smedley and Kinniburgh, 2002; and Wolthers et al., 
2005c). 

 

 

 



22 

2.2. Groundwater arsenic geochemistry 

Groundwaters, as opposed to surface waters, are the sources of most naturally As-

contaminated drinking water in the world. A number of groundwater settings and 

geochemical processes have been identified that cause elevated As contamination. These 

include (1) weathering of volcanic rocks (Welch et al., 2000;  Smedley and Kinniburgh, 

2002); (2) increase in pH due to evapotranspiration like many parts of Argentina and 

western United States (Bhattacharya et al., 2005; Welch et al., 2000); (3) weathering 

(oxidation) of As-bearing sulfides as in Nevada, USA (Welch et al., 2000; Smedley and 

Kinniburgh, 2002); (4) arsenic release from hydrous ferric oxides (HFO) in alluvial 

aquifers (Acharyya et al., 2000; Nickson et al., 2000; Smedley and Kinniburgh 2002; 

Saunders et al., 2005a, b, and c; Turner, 2006); and (5) anthropogenic activities 

(Acharyya et al., 2000).  However, one specific geologic setting exposes the most number 

of people to As contamination in the world. This setting occurs in Holocene alluvial 

aquifers where As is released to groundwater by the microbial-mediated reductive 

dissolution of HFO. Because locally elevated concentration of As is specially related to 

groundwater associated with Holocene flood-plain aquifers, and most of the population 

affected by As-contamination drink groundwater derived from such aquifers, it becomes 

apparently important to understand the mechanism of As adsorption and desorption in the 

subsurface so that we can develop effective remediation methods to address the natural 

groundwater As-contamination and improve groundwater quality. 

Adsorption is a chemical process where a solute particle gets affixed to the surface 

of the solid or, more generally, the accumulation of solutes in the vicinity of a solid-

solution interface (Drever, 1997).  Adsorption at the solid-solution interface is essentially 
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an electrostatic process, where ions in a solution are attracted by a surface of opposite 

electrical charge (Drever, 1997) or chemical adsorption. The latter is also known as 

chemisorption, which involves processes like surface complexation, ion exchange, and 

hydrogen bonding (Stumm, 1992). There are two modes in forming precipitates onto the 

solid surface from a solute one involves ‘adsorption’, an electrostatic interactions in 

conjunction with chemisorptions, the other involves ‘sorption’ which includes absorption 

and adsorption (Stumm, 1992). Depending on the available surface, arsenic in some cases 

is adsorbed and sometimes absorbed. However, the term sorption is used to combine both 

adsorption and absorption processes. Sorption is an important process when relatively 

insoluble Fe-S-As precipitates form in almost all natural groundwater under  anoxic and 

sulfate-reducing conditions (Bostick and Fendorf, 2003; Wolthers et al., 2005c; Gallegos 

et al., 2007). 

  

2.3. Transport and sorption chemistry of arsenic in groundwater 

It is important to understand the mobility and behavior of As and other solutes in 

groundwater to assess the possible environmental impacts. As arsenic mobilization in the 

subsurface could cause serious environmental problems, immobilization of As by 

removal onto solid phases can improve the water quality of such environments. HFO 

containing sorbed As and natural organic matter in river flood-plain alluvium was 

suggested as major source of natural As-contamination in groundwater in alluvial 

aquifers (Korte, 1991). Arsenic released during chemical weathering of As-bearing 

minerals (Dowling et al., 2002) and sediment with major concentration of As have 

increased the As load of Holocene alluvial sediments in the form of HFO that coat the 
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grain surface (Saunders et al., 1997; Saunders et al., 2005c; Acharyya and Shah, 2007; 

Lowers et al., 2007). After long-term burial and subsidence, fine-grained As-bearing 

HFO colloids in sediments are deposited in low energy environments near the sea-

water/freshwater interface (Dowling et al., 2002), and become a part of the present-day 

aquifer. HFOs are oxidized iron particles that have very large surface area to volume 

ratios and are ubiquitous in oxidized coastal plain aquifers. Typically, these ferrigenous 

coatings are found in major Quaternary aquifers in Bangladesh, Nepal, Ghana, 

Combodia, China, and are also formed on sand grains and altered biotite micas (Welch et 

al., 2000; Ahmed et al., 2004; Tandukar et al., 2005; Saunders et al., 2005b, and 2008; 

Acharyya and Shah, 2007; Lowers et al., 2007).  

Under oxic conditions, adsorption of As onto HFOs is pH dependent interaction. 

Increasing pH (7 to 10) causes significant desorption of As (V) and minor desorption of 

As (III) (Fig. 2.3 a). As (V) desorbs more than As (III) because it is negatively charged 

and expelled by the host HFO with negative surface charge at high pH. Moreover, the 

substantial amount of As sorbed onto HFO would decrease if it competes with other ions 

for the sorbing sites (Smedley and Kinniburgh, 2002). At lower pH the dominant form of 

dissolved As  in oxidizing environments is H3AsO4, but increasing pH favors the 

formation of As species such as H2AsO4
-, HAsO4

2-, and AsO4
3- (Drever, 1997). An 

alkaline pH, or the reduction of As(V) to As(III), released substantial proportions of As 

into solution (Masscheleyn et al., 1991). When As sorption onto HFO is considered, 

adsorption is low at higher pH (>11), and essentially complete at lower pH (<10) values 

(Dzombak and Morel, 1990), which is also observed in Fig. 2.3. Arsenic desorption from 

HFO is also significant below pH 3 (Lee et al., 2005; Turner, 2006).  
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Fig.2.3  Double-layer adsorption-desorption model calculated using GWB representing 
the sorption of As(OH)4

-[As (III)] and AsO4
3-  [As (V)] at different pH condition. Sorbed 

percentage (a), and dissolved arsenic concentration against pH calculated by HFO 
desorption simulations with pH ascending from 2 to7 (b) and 7 to12(c). Initial system 
contains 1 Kg of water at pH 7 with1 gm of Fe (OH)3. Ionic strength of the system was 
balanced at 0.05M of NaCl with concentration of 1µg/Kg of As (III) and As (V) 
separately (modified after Lee et al., 2005, and Turner, 2006). 
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Also, an inverse relationship is observed between aqueous As concentration and amount 

of As sorbed onto HFO (Fig. 2.3 b and c). An increase in dissolved As concentration at 

lower pH (7 to 3) is a result of lower sorption affinity of As (III) in acidic condition (Fig 

2.3b). Similarly, at higher pH (>8.5), a sharp increase in aqueous As concentration occurs 

with significant decrease in As concentration sorbed onto HFO (Fig. 2.3c).  

Groundwater associated with high As concentrations in Bangladesh and the US has 

near-neutral pH (Smedley and Kinniburgh, 2002; Saunders et al., 2005a, and b; 

Shamsudduha, 2007). Modeling studies carried out to investigate the effect of bacterial 

Fe-reduction at near-neutral pH and decreasing Eh showed that if HFO is present in a 

groundwater system that contain ions such as SO4
2- and Ca, then an Eh drop would result 

in the release of a large amount of As (Lee et al., 2005). This release of As is far more 

than that predicted in the system free of competitive ions (Lee et al., 2005). This result 

implies, large amount of As in the groundwater of Holocene alluvial aquifers is derived 

not only from desorption but also from bacterial dissolution of HFO. Hence, Lee et al. 

(2005) concluded that As release mechanisms in reducing groundwater conditions are far 

more complex than that predicted only by surface complexation model. Arsenic sorbed 

onto the HFOs will remain stable in oxidizing conditions or more specifically in positive 

values of Eh. These conditions are typically possible in rivers, the shallow subsurface, 

and the vadose zone of aquifers. In reducing environments with near-neutral pH, As (V), 

which is more strongly adsorbed onto HFO, is replaced by less strongly adsorbed As 

(III).  Therefore, decreasing redox potential (ORP) would result in release of a significant 

amount of As that was sorbed onto HFO into solution. 
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2.4. Subsurface microbiology 

It has long been recognized that redox reactions mediated by microorganisms 

control the geochemistry and water quality of the subsurface environment (Lovley and 

Chapelle, 1995; Lovley, 2001). Redox speciation of metals (Fe, Mn, Zn), trace metals 

(Se, Cd, Ni), and metalloids like As in sedimentary environment are in large part 

controlled by enzymatic processes in microbial physiology. Many redox reactions occur 

because microbes are capable of catalyzing redox reactions and promoting 

thermodynamically favorable chemical reactions in nature (Hem, 1985; Lovley, 2001).  

The organic and inorganic geochemistry of the groundwater can be significantly 

influenced by the presence of iron-and sulfate-reducing microbes. Competitive exclusion 

of iron-reducing bacteria (FeRB) by SRB in reducing environments (Chapelle and 

Lovley, 1992) limits As mobility and favors precipitation of As in groundwater (Rittle et 

al., 1995; Kirk et al., 2004; Chatain et al., 2005). Of special interest for this study are the 

twofold predominant microbial roles of FeRB and SRB: (i) reduction of As(V), and Fe 

(III) (Dowdle et al., 1996) by FeRB, which promotes As solubilization and enhances its 

mobility, and (ii) reduction of sulfate by SRB, which promotes the precipitation of 

variety of metals and metalloids into sulfide species (Lee et al., 2003, Kirk et al., 2004; 

Lee et al., 2005, Saunders et al., 2005b; Dhakal et al., 2007). 

 

2.4.1. Subsurface microbial iron reduction  

The terminal electron-accepting phase (TEAP) is a solid or aqueous-phase 

compound that accepts electrons released by the bacterial oxidation of organic matter. 

Mn (IV), Fe (III), and oxygen are most common TEAP for this organic matter oxidation. 
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Fe (III) in the form of HFOs acts as TEAP and aids the metabolic activity in microbes. 

Anaerobic subsurface environments with abundant organic matter are considered 

favorable for Fe (III) reduction. Least-crystalline Fe (III) phases including HFOs are 

generally preferred by dissimilatory FeRB as the TEAP as compared to purely crystalline 

minerals like goethite and hematite. With decreasing ORP in the groundwater, anaerobic 

iron-[Fe (III)] or manganese-[Mn(IV)] reducing bacteria [FeRB or MnRB, respectively] 

strip electrons from locally available organic carbon  (becomes oxidized) and transfer 

electrons to HFOs (becomes reduced) (eq. 2.1, and 2.2). Geobacter sp. is commonly 

found FeRB in the groundwater, recorded by Shahnewaz (2003) and Saunders et al. 

(2005d) in the groundwater filtered from the Kansas City Plant site. In the process of 

bacterial Fe-reduction, microbes not only reduce HFO for their metabolic activity 

(Lovley and Chapelle, 1995), but also advance the release of Fe, Mn, and As from As-

bearing HFOs into solution (Nickson et al., 2000; Smedley and Kinniburgh, 2002; Lee 

and Saunders, 2003; Lee et al., 2005; Saunders et al., 2008) (eq. 2.1, and 2.2) (Fig 2.4). 

 
Iron (Fe)-Reducers:  
(HFO*As)(mineral) + Corg → Fe(II) (aq) + CO2 or (HCO3

-) + As(III)(aq)                 (2.1) 
Or  
4FeO (OH)*As + CH2O + 7H

+  
→ 4Fe(II) 

 
+ As (III) + HCO3

- + 6H2O            (2.2) 
 

The primary way in which microorganism gain energy at the near-surface portion of 

the subsurface, for example a pristine aquifer in contact with atmospheric oxygen is by 

aerobic respiration. Aerobic respiration in such case is achieved by coupling the 

oxidation of organic matter and reduction of oxygen (Lovley and Chapelle, 1995).  
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Fig. 2.4 Schematic model for the biogeochemical cycling of arsenic and iron in the 
subsurface. (a) sediment deposition; (b) burial; (c) dissolution; (d) diffusion; (e) 
coprecipitation; (f) diffusion and reaction with sulfide. Dashed line represents sediments 
below which free sulfide favors the formation of Fe-sulfides. Oxide and hydroxide 
groups are dominant solid iron species above the solid line (modified after Cullen and 
Reimer, 1989 and references therein).  
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In absence of oxygen, microbial respiration requires some other TEAP such as nitrate 

(NO3
-), manganese (Mn+4), iron (Fe+3), and sulfate (SO4

2-). The order that TEAPs are 

used depends on their availability and amount of energy to be derived, but typically 

follows the sequence: nitrate reduction→ manganese reduction→ iron reduction→ sulfate 

reduction and then methanogenesis (Lovley and Chapelle, 1995, Lovley, 2001). 

Apparently, this sequence is controlled by thermodynamics consideration involving 

energy released by the ongoing redox reactions as the condition becomes reducing. 

Microbes such as FeRB and MnRB compete with SRB for the organic substrates in most 

of the anoxic sedimentary environment (Chapelle and Lovley, 1992, Lovley, 2001). 

Distinct zones developed in course of microbial contest for organic substrate is 

responsible for the commonly observed subsurface geochemical zonation of groundwater 

aquifers (Fig. 2.5). 

 

 

 

 

 

 

 

 

Fig.2.5 Sequence of microbial TEAP process in subsurface pristine aquifers (modified 
after Lovley, 2001; personal commun, Saunders et al., 2008).  
 

 

 AEROBES: Corg  +   O2  →  CO2 

 

 ANAEROBES:  
   
 Nitrate Reducers:   NO3

-  +  Corg  →  N2 (gas)  + CO2 or (HCO3
-) 

 Manganese (Mn) Reducers:  MNO2 (mineral)  +  Corg  →  Mn2+
  + CO2 or (HCO3

-) 

 Iron (Fe) Reducers:  FeO(OH) (mineral)  +  Corg  →  Fe2+
  + CO2 or (HCO3

-) 

 Sulfate (SO4
2-) Reducers:   SO4

2-  +  Corg  +  2H+
  →  H2S  + CO2 or (HCO3

-) 

 Methanogens:  CO2  +  2H2  →  CH4 (gas)  +  H2O 
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2.4.2. Subsurface microbial sulfate reduction  

As shown in Fig. 2.5, bacterial Fe (III)-reduction and SO4
2--reduction are common 

processes in anaerobic groundwater. Chapelle and Lovley (1992) showed that these 

groups of bacteria compete for organic carbon and the competition is influenced by the 

relative availability of the TEAP’s such as reducible Fe-minerals and SO4
2-. Sources of 

SO4
2- in natural groundwaters include oxidation of sulfide minerals, remnant seawater, or 

dissolution of SO4
2--bearing minerals such as gypsum and anhydrite. Large amount of 

dissolved iron present in the groundwater essentially excludes SRB activity, but biogenic 

sulfate reduction (by SRB) prevails in the presence of sufficient dissolved SO4
2- 

concomitantly resulting in decrease iron concentration (Chapelle and Lovley, 1992; Kirk 

et al., 2004).  

It is long been understood that the metabolic activity of SRB, such as Desolfovibrio 

desulfuricans (Shahnewaz, 2003, and Saunders et al., 2005a) in groundwater will convert 

sulfate to hydrogen sulfide (H2S) (eq. 2.3). A generic reaction for bacterially-mediated 

sulfate reduction is as follows: 

Sulfate (SO4
2-) Reducers:  

H2O + C12H22O11 + 6SO4
2- + 12H+ → 6H2S(aq) + 12H2CO3 (aq)                                       (2.3) 

 

This bacteria-driven process yield H2S causing H+ proton to react with SO4
2- and organic 

carbon. Anoxic marine and terrestrial sediments are likely natural setting where “rotten 

egg” smell experienced in the field at low ORP normally indicate active SRB metabolism 

that produces H2S. Hydrogen sulfide formed this way at near-neutral pH reacts with 

metals to form insoluble metal sulfides (eq. 2.4).  

Me2+ (metal) + H2S (aq)  MeS (solid) + 2H+                                                                                    (2.4) 
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Likewise, presence of dissolved Fe (II) in the groundwater particularly, allows formation 

of relatively insoluble amorphous iron monosulfide (FeSam) (eq. 2.5).  

 

Fe (II) (aq) +  H2S → FeSam (mineral Precipitation) + 2H+
                                                                          (2.5) 

 

Thus formed FeSam is a thermodynamically metastable Fe-sulfide solid phase 

(Farquhar et al., 2002; Wolthers et al., 2005b; Wolthers et al., 2007). In the literature, 

iron monosulfide is often called mackinawite, although stoichiometric mackinawite is a 

FeS1-x with 0<x<0.07. 

 

2.5. Formation of microbial and sedimentary iron sulfide  

Under reducing groundwater conditions, sulfate reducers can easily oxidize viable 

sedimentary organic matter and reduce dissolved SO4
2- to sulfide for their metabolism. 

Hydrogen sulfide released during dissimilatory microbial reduction of sulfate readily 

precipitates sulfide from solution with iron (Berner, 1984) (Fig. 2.6). In presence of 

indigenous SRB, dissolved SO4
2- and dissolved Fe (II) act together and form amorphous 

Fe-sulfide, which along with a constant supply of H2S or possibly elemental sulfur 

eventually transforms into pyrite (Berner, 1972; Rickard, 1975; Rittle et al., 1995; Wilkin 

and Barnes, 1996). The first report of the formation of biogenic pyrite formed by SRB 

was by Issatchenko (1912) (as mentioned in Morse et al., 1987). Formation of 

mackinawite, greigite (Fe3S4), pyrrhotite (Fe1-xS), marcasite (FeS2, orthorhombic), and 

pyrite (FeS2, cubic) were also reported from the batch cultures made to investigate the 

details of Fe-sulfide formation by bacteria (e.g., Desulfovibrio desulfuricans) (Rickard, 

1968 and 1969).  
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Fig. 2.6 The proposed reaction pathways for pyrite formation in anoxic sedimentary 
environment (modified after Morse et al., 1987 and references therein). 
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Authigenic Fe-sulfide minerals are viewed as common phases formed in recent as 

well as ancient marine and terrestrial sediments. Aqueous iron precipitates as ‘amorphous 

Fe-sulfide’ in anoxic environment in the presence of dissolved sulfide species (Berner, 

1984; Rickard and Luther, 1997; Wolthers et al., 2005a). The most common phases of 

‘amorphous Fe-sulfide’ upon aging and burial transform into mackinawite, greigite, 

pyrrhotite, marcasite, and pyrite (Rickard, 1969; Schoonen and Barnes, 1991; Mullet et 

al., 2002) (Fig. 2.6). Mackinawite, also referred to as tetragonal sulfide, forms 

nanoparticle with high surface area and is precipitated as early phase in anoxic Fe-S 

systems (Wolthers et al., 2005b). The formation of intermediate products, such as greigite 

and pyrrhotite is rarely reported (Schoonen and Barnes, 1991). In the presence of 

intermediate sulfur species (e.g., polysulfide and thiosulfate), conversion of amorphous 

Fe-sulfide to pyrite proceeds rapidly along with an increase of oxidation state (Schoonen 

and Barnes, 1991). 

When compared to purely abiotic processes, bacterially mediated transformation of 

Fe-sulfide into pyrite was found to be more efficient (Donald and Southam, 1999).  

Biogenic pyrite formed by purely inorganic process and those formed by SRB are 

distinguished by the isotopic composition of the mineral. Depletion of 34S (with δ34S 

values as low as -50 0/00) in biogenic pyrite is characteristic fingerprint of kinetic isotope 

fractionation of sulfur by SRB (Saunders et al., 2005d; Lowers et al., 2007).   

 

2.6. Precipitation of arsenic under sulfate reducing conditions 

Typically, under sulfate reducing conditions, authigenic precipitation of biogenic 

Fe-sulfides removes As and Fe from solution due to the metabolism of SRB. Arsenic has 
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a strong affinity to be sorbed and subsequently substitute into bacterially formed 

‘amorphous Fe-sulfide’ in early diagenetic processes. This process is a commonly 

suggested mechanism for As removal from solution in fresh-water and marine sediments 

(Huerta-Diaz and Morse, 1992; Saunders et al., 1997; Huerta-Diaz et al., 1998; Saunders 

et al., 2005c; Lowers et al., 2007, Saunders et al., 2008) (eq. 2.6 a and b).  

 

As (III)* Me2+ (metal) + 2H2S (aq)  MeS2 (solid) + 4H+                                       (2.6a) 

or 

 As (III) (aq) + Fe (II) (aq) + H2S → Fe (S, As) mineral Precipitation   + 2H+
                             (2.6b) 

 

As discussed in section 2.4.2., the concentration of dissolved SO4
2- is an important 

factor in controlling As mobility during sulfate reduction in groundwater. Alluvial 

aquifers around the world and especially in southeast Asia, typically have low levels of 

dissolved SO4
2- which limits the chemical reactions expressed in eq. 2.3, and eq. 2.6 a 

and b for As precipitation. However, local natural attenuation of As and Fe concentration 

groundwater by active indigenous SRB has been reported (Kirk et al., 2004; Ahmed et 

al., 2004). Saunders et al. (1997, 2005a, 2008) and Lee et al. (2005) proposed an in situ 

bioremediation approach for As immobilization in sulfate-limited groundwater systems 

such as are common in southeast Asia. Based on their pilot study, in situ bioremediation 

for As immobilization may be achieved by supplying labile organic carbon (molasses) 

and iron sulfate (FeSO4) or magnesium sulfate (MgSO4) necessary to simulate metabolic 

activity of SRB in the groundwater.  
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Amorphous Fe-sulfide formed by both microbial and non-microbial processes has 

strong affinity to sorb As and other metals from the solution and precipitate with Fe-

sulfide (Wilkin et al., 2003; Gallegos et al., 2007) (eq. 2.6 a and b).  Wolther et al. 

(2005b) showed that increasing pH reduces Fe-sulfide solubility and this favors As 

sorption and subsequent precipitation in sulfate-reducing environment. However, the 

formation of soluble thioarsenite species at high H2S/Fe ratios would enhance As 

mobility (Wilkin et al., 2003). Moreover, arsenic concentrations would remain high in 

Fe-free solutions when the precipitation of As sulfide solids such as orpiment (As2S3) or 

realgar (AsS) is kinetically prohibited or when their amorphous precursors are formed 

(Lee et al., 2005).  

Microbially derived amorphous Fe-sulfide, in presence of intermediate sulfate 

species is believed to transform eventually into pyrite which is a ubiquitous, stable Fe-

sulfide phase (Schoonen and Barnes, 1991). Field data from a study carried out by 

Huerta-Diaz and Morse. (1992) and Saunders et al. (1997) also support association 

between As and Fe-sulfide phases. Additionally, more conclusive data show the 

occurrence of As in pyrite [‘arsenic rich pyrite’ or arsenian pyrite, Fe (S As)]. As-bearing 

biogenic pyrite containing significant amount of arsenic (~1wt. %) have been reported 

from Holocene alluvial aquifers from Bangladesh (Lowers et al., 2007; Acharyya and 

Shah, 2007), Combodia (Bostick et al., 2005), and parts of US (Saunders et al., 2005a) 

(Fig. 2.7). These observations support the hypothesis that natural sorption and 

coprecipitation of As onto Fe-sulfide phases occurs in iron-rich, sulfate-reducing 

groundwaters mediated by SRB. There is a wide range of variations in the amount of As 

that can be incorporated into Fe-sulfide, pyrite, and arsenopyrite (Table 2.1).  
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Fig. 2.7 Image on the top is a photomicrograph (reflected light) of arsenic-rich biogenic 
pyrite from Holocene alluvial aquifer in Alabama, USA. Chemical analysis of this sample 
show up to 1 wt.% of As in pyrite. Arsenic content substantially increases towards core 
(source, Saunders et al., 1997). Picture on the bottom is a result of a laser ablation 
inductively coupled plasma mass spectrometry, LA-ICM-MS conducted on the As rich 
pyrite sample shown above. LA-ICP-MS micro-beam probed onto the sample along the 
line (3 mm) show coexistence of As-Fe-S in the sample. X-axis represents the time line 
when the laser bean was turned on. Background counts are indicated on the left and right 
side at the top the figure (source, Savage et al., 2000). 
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However, generally noted range of As incorporation into pyrite is between 0.5 to 1 wt. %, 

but much higher is expected in metastable Fe-sulfide such as mackinawite (Wolthers et 

al., 2005c ) (Table 2.1). 

Based on an X-ray absorption near-edge structure (XANES) study, Bostick and 

Fendorf (2003) suggested As, preferably As (III) is sorbed onto pyrite to form 

‘arsenopyrite-like’ arsenian pyrite. Recent molecular studies indicate that As substitutes 

for sulfur in growing pyrite or arsenopyrite [Fe (S As)], forming a solid solution (Savage 

et al., 2000). Thus As adsorption on the surfaces of Fe-sulfide phases and/or co-

precipitation may be the most important processes causing scavenging of trace metals and 

metalloids [e.g., As, Selenium (Se)] in reducing environments (Farquhar et al., 2002; 

Bostick and Fendorf, 2003; Wolthers et al., 2007). Although not documented in natural 

groundwater conditions, arsenopyrite (FeAsS) was synthesized in the laboratory, by the 

interaction of iron with arsenic in presence of SRB (Morimoto and Clark, 1961; Rittle et 

al., 1995). 

Most As-bearing is formed during early digenetic phases of sedimentary Fe-sulfide 

formation and their subsequent transformation to pyrite (Lowers et al., 2007).  It is also 

possible that aqueous As is sorbed onto existing pyrite, as coating in pyrite rich sediments 

to produce arsenian pyrite during microbial sulfate reduction (Saunders et al., 2005b; 

Dhakal et al., 2008). Assuming Fe-sulfide phases form as a consequence of biogenic 

sulfate reduction and that pyrite is the thermodynamically favored phases under most 

situations (Morse et al., 1987), the question of how As is incorporated into these Fe-

sulfide phases to make arsenian pyrite remains unanswered.   
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Table 2.1 Summary of the data acquired from various published sources on arsenic 
concentration range in various Fe-sulfide phases.  
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0.03-0.5 Lowers et al., 2007* 
~0.8 Nickson et al., 2000* 

0.93  ( in marine 
sedimentary pyrite) Huerta-Diaz and Morse, 1992* 

~1 Saunders et al., 2005a* 
1.5-3.2 Lowers et al., 2007* 
3-4.5 Goldhaber et al.,  2003** 

Max. up to 4 Thomas and Saunders, 1998* 
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Although orpiment (As2S3) and realgar (AsS) have been reported at some arsenic-

contaminated sites, their x-ray diffraction (XRD) confirmation in natural systems is 

lacking. The abundance of iron in natural aquifer sediments and groundwaters makes it 

unlikely that pure As-S phases will form in nature. Alternatively, arsenian pyrite appears 

to be thermodynamically favored phase in groundwater where SRB are active (Rickard 

and Luther, 1997; Thomas and Saunders, 1998).  

The most widely used geochemical modeling programs contain thermodynamic 

data for crystalline As-S phases, and perhaps some amorphous As-S phases and 

thioarsenite aqueous complex. The lack of thermodynamic data for low-temperature As-

Fe-S solid solutions limits the utility of these programs in predicting the behavior of As 

under reducing conditions. By excluding arsenian pyrite from consideration in 

geochemical modeling effectively assumes that the phase is not stable, which runs 

counter to published data on its importance in reducing groundwater. 

 
2.7. In situ bioremediation of arsenic-contaminated groundwater 

In-situ bioremediation may be a reliable natural long term cleanup method for many 

of our subsurface contaminated sites. Engineered bioremediation such as biostimulation 

(addition of organic and inorganic compounds to cause indigenous organism to effect the 

remediation of the environment) and bioaugmentation (addition of organism to effect 

remediation of the environment) is becoming an inexpensive and an environmentally 

friendly process to clean up widespread natural As-contamination. Recognition of the 

“arsenic calamity” in many parts of the world led to the invention of numerous 

techniques based either on conventional or state-of-the-art techniques for treating         
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As- contaminated groundwater. A number of treatment options have been successfully 

demonstrated since early 90’s, and the research in this area is still ongoing. Fig. 2.8 

represents an overview of the various As removal techniques commonly undergoing 

evaluation or being used recently. Most common As removal techniques have been 

demonstrated in the laboratory (“bench scale”), and a few of them are ex situ, such as 

pump and treat, and filtration processes.  

Very few, but promising studies involve field-based,  in situ remediation techniques 

that use natural groundwater conditions,  indigenous bacterial communities, and include 

injection of nutrients (Harvey et al., 2002; Lee and Saunders, 2003; Saunders et al., 

2005c; Keimowitz et al., 2005, and 2007). Based on the geochemistry of As sorption onto 

Fe-sulfide, Lee and Saunders (2003) and Saunders et al. (2005c) proposed a method 

which involves stimulation of indigenous SRB in sulfate-limited, As-contaminated 

groundwater by adding ample supplies of necessary electron donors and acceptors to 

immobilize As.  

In their pilot bioremediation field experiment, a blend of organic carbon mixed with 

water was injected into groundwater to simulate bacterial activity, and initially that was 

primarily biogenic iron reduction. Later, when geochemical conditions of groundwater 

became more reducing, a source of sulfate was supplied to simulate indigenous SRB. 

During metabolism that takes place in SRB, sulfate is reduced to sulfide which then 

reacts with dissolved metal in the groundwater to produce metal sulfide. Formation of 

sulfide due to indigenous SRB produces two basic chemical effects in a reducing 

groundwater. First, it forms amorphous nano-scale Fe-sulfide with high surface area. 

Second, aqueous As in the solution is sorbed and coprecipitated onto amorphous      
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Fig. 2.8 Schematic of existing and proposed arsenic-removal techniques (modified after 
Driehaus, 2005). 
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Fe-sulfide formed during biogenic sulfate reduction. Bioremediation experiments 

conducted by Lee and Saunders (2003) and Saunders et al., (2005c) found that metalloids 

As and Se (along with other metals) in solution decreased substantially for some time 

after the stimulating SRB, although those groundwaters were not particularly As-

enriched. 

The purpose of this thesis is to provide more data on how engineering SRB as an in 

situ bioremediation approach (proposed by Saunders et al., 2005a, 2008) for As might be 

accomplished. It appears that As can be immobilized by adding a reactive source of 

carbon (such as molasses) and a sulfate source to stimulate the metabolic activities of 

SRB in groundwater. This study is based on a hypothesis that arsenian pyrite is the most 

important solid As phase that can be formed by stimulating indigenous SRB under 

sulfate-reducing conditions in As-contaminated natural and anthropogenic groundwater 

system, and that it can effectively remove As from contaminated groundwater. 
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CHAPTER 3 
 

MATERIALS AND EXPERIMENTAL METHODS 
 
 
3. Materials and experimental methods 

3.1. Field bioremediation experiment 

Two field bioremediation experiments were designed and conducted to evaluate if 

indigenous SRB present in the subsurface could effectively remove As. One field 

bioremediation experiment, began and briefly described by Saunders et al. (2008), is still 

ongoing and will be discussed here as a part of this study.  

One site investigated is in Blackwell, Oklahoma, USA where tests were conducted 

on shallow oxidizing groundwater contaminated by Cd, Zn, As, and SO4
2- from an old 

zinc smelter (Fig. 1.3) (Saunders et al., 2008). A pilot test was performed using 

indigenous SRB to remediate metals-contaminated (but no arsenic, initially) 

groundwater. A mixture of methanol (84 mg/L) and sucrose (108 mg/L) were pumped 

into injection well PTIW-2 (Fig. 1.3) at a rate of 114 L/min for 2 days in the approximate 

center of the contaminated groundwater plume.  Bromide was also added as a tracer to 

the injected solution (Saunders et al., 2008). Seven multiport wells were established and 

used as monitoring wells to intercept a portion of the “remediated” groundwater plume 

along the flow path.  Water samples were collected using a peristaltic pump were 

attached to Teflon tubes that connected to the various multiports of the monitoring wells. 

Water samples were collected from the monitoring wells for approximately 6 months 
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after injection and analyzed for Cd, Zn, Fe, As, and sulfate.  Only data from the middle 

multiport (depth=5.2 m) of monitoring well PTMW-2 (see location, Fig. 1.3) is discussed 

in this study. We selected this monitoring well so a more complete test of the 

geochemical process could be observed,  as this monitoring was closer to the injection 

well.  

A second study area in Manikganj, Bangladesh, was used for another 

bioremediation experiment (Fig. 1.4). There, an abandoned well (IW-2) with the highest 

concentration of arsenic (As and Fe were ~105 µg/L and ~40 mg/L, respectively) was 

targeted for study. Groundwaters at Manikganj, Bangladesh are typically Ca-Na-HCO3 

type, with total dissolved solids <500 mg/L, are moderately reducing, and have pH values 

in the range of 6.5 to 7.5 (Shamsudduha, 2007). Twelve kg of molasses was used as a 

source of organic carbon and was mixed thoroughly with 200 L of water and injected 

(from well IW-2) into the aquifer on December 2005 (Fig. 3.1). About 30 days later, in 

January of 2006, 1.5 kg of Epsom’s salt (MgSO4⋅7H2O), which provided a source of 

sulfate for SRB, was mixed with 30 L of water and injected into the same injection well. 

In Manikganj, the injection well was also used as the monitoring well to characterize 

groundwater geochemistry and monitor the progress of the bioremediation experiment at 

the study site. Both of the alluvial aquifers selected for the experiments were believed to 

have had similar aquifer mineralogy, but groundwater in Bangladesh was reducing 

whereas the groundwater condition at Blackwell, Oklahoma, was initially oxidizing but 

rapidly became reducing after injection of the organic carbon.  

From both the sites, water samples for major cations and trace elements were 

filtered and acidified using U.S. EPA standard procedures. Water samples collected  



46 

 

 

Fig. 3.1 Photograph of the single-well field bioremediation experiment carried out in 
Manikganj, Bangladesh. (a) Molasses injected at well (IW-2) as a source of carbon. 
Thirty days later, Epsom’s salt, as a source of sulfate was injected from the same well. (b) 
Water supply-tube well used for water sampling before and after the bioremediation 
experiment. (photo source Shamshudduha, 2007) 
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before and after the nutrient injection were analyzed using ICP-OES and ICP-MS, and 

parameters like Eh, pH were recorded in the field. Water sampling and analytical 

procedures for Bangladesh and USA are detailed in Shamsudduha (2007) and Saunders et 

al. (2008).   

 

3.2. Geochemical Modeling 

In a given geochemical system, a reaction path model can establish the evolution of 

a fluid’s chemistry, and can account for precipitation and dissolution of minerals over the 

course of the modeled geochemical process. In the past, the absence of thermodynamic 

data for arsenian pyrite made it difficult to approximate natural minerals formed in As-

Fe-S bearing groundwater systems using any available geochemical modeling 

thermodynamic data bases. Geochemical models constructed for this study integrate new 

thermodynamic data developed for arsenian pyrite (FeS1.99As0.01 – FeS1.90As0.10) in As-

Fe-S solid solution in order to investigate As mobility and reactivity under sulfate 

reducing conditions. The equilibrium constant for chemical reactions can be calculated 

directly from the standard free energy change by 
 

                                      
K

R

RT
GK

303.2
log

0∆−
=  ,                                                                (3.1) 

 

where R is the gas constant and TK is absolute temperature. The composition of pyrite, in 

the eq. 3.2, is replaced by various compositions of As-Fe-S solid solutions (FeS1.99As0.01 

– FeS1.90As0.10) in order to calculate the molar concentration of the reaction components 

in arsenian pyrite. 

 

FeS1.99As0.01+1.02H2O +3.49O2 (aq) → Fe2+ +1.99SO4
2-+0.01As (OH)4

- +1.99H+   (3.2) 
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The Gibbs free energy ∆GR of the reaction was calculated using the expression  

∆GR
°
 reaction = ∆Gf

°
product - ∆Gf

°
reactants. Experimentally extrapolated Gibb’s free energy for 

FeAsS [∆G° (FeAsS) = -141.6±6 kj/mol], and Gibb’s free energy for arsenite [ ∆Gf
° 

{As(OH)3}= -639.77kj/mol ] at 25°C and 1bar  (Pokrovski et al., 2002) were used to 

calculate Gibb’s free energy for various composition of arsenic and sulfur in Fe-As-S 

solid solution using coefficient of concentration in reaction  with arsenic and sulfur  in 

above equation (3.2). Similarly, established Gibb’s free energy values                         

∆Gf
° (FeS2)= -166.9kj/mol, ∆Gf

° (H2O)= -243.14kj/mol, ∆Gf
°(SO4

2-)=  -744kj/mol, and                       

∆Gf
° (Fe2+)=  -82.88kj/mol (Drever, 1997), and ∆Gf

° [As(OH)3]= -639.77kj/mol 

(Pokrovski et al., 2002) were used to obtain Gibb’s free energy for [As(OH)4
-], and log K 

value for the reaction: 
 

  As (OH)3 +  H2O  →  As(OH)4
- + H+                                                                                                  (3.3) 

 

Using the mass action equation, Gibb’s free energy and log K values for [As (OH)4
-]  for 

the reaction (eg. 3.3) were calculated as -859.87kj/mol, -9.2329, respectively. Finally, 

free energy for arsenian pyrite solid solution FeSxAsy was calculated from that of FeSAs 

by an equation (eq. 3.3) presented by Pokrovski et al. (2002): 
 

)log(log303.2)()( 00 yxRTFeSAsGAsFeSG yx ++∆=∆                                          (3.4) 

 

Calculated ∆Gf
° and log K values for various arsenian pyrite solid solution containing 1 to 

10 mol % of arsenic (i.e., FeS1.99As0.01 – FeS1.90As0.10) are summarized in table 3.1. 

Thermodynamic data for arsenian pyrite, thioarsenite species, and amorphous As and Fe 

sulfide phases were compiled into a revised GWB database Thermo08-As.   
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Table 3.1 Table showing the details for calculating Gibb’s free energy ∆G° for various 
composition of Fe-As-S solid solution (FeS1.99As0.01 – FeS1.90As0.10). ∆G° values of two  
end-member pure phases FeS2 and FeSAs are also shown. The values of equilibrium 
constant log K were calculated for the reaction: 
 FeSxAsy+ X H2O + Y O2(aq) → Fe2+ + x SO4

2- + y As(OH)4
- +Z H+  

Values X, Y and Z are the stoichimetric coefficients of H2O, O2 (aq), and H+ in the 
reaction; x and y are the molar ratio of sulfur and arsenic in the Fe-S-As solid solution. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Sulfur (S) 
and 

Arsenic 
(As) 

fraction S As 
Molecular 

Weight 

∆G°f (FeAsS) S(x) As(y) 2.303RT(logx+logy) 
∆G°f 

(FeSxAsy) 

 
FeS2 

 ∆G° for 
the 

Reaction Log K-141.6 2.00 0.00 -25.29 -166.89 
S1.99  As0.01 1.99 0.01 120.396 -141.6 1.99 0.01 -5.62 -147.22 

 
Fe

-A
s-

S 
 S

ol
id

 S
ol

ut
io

n 

-1147.58 199.78
S1.98  As0.02 1.98 0.02 120.824 -141.6 1.98 0.02 -4.63 -146.23 -1145.63 199.44
S1.97  As0.03 1.97 0.03 121.253 -141.6 1.97 0.03 -4.06 -145.66 -1143.27 199.02
S1.96  As0.04 1.96 0.04 121.681 -141.6 1.96 0.04 -3.65 -145.25 -1140.74 198.58
S1.95  As0.05 1.95 0.05 122.110 -141.6 1.95 0.05 -3.34 -144.94 -1138.12 198.13
S1.94  As0.06 1.94 0.06 122.539 -141.6 1.94 0.06 -3.08 -144.68 -1135.44 197.66
S1.93  As0.07 1.93 0.07 122.967 -141.6 1.93 0.07 -2.87 -144.47 -1132.72 197.19
S1.92  As0.08 1.92 0.08 123.396 -141.6 1.92 0.08 -2.69 -144.29 -1129.97 196.71
S1.91  As0.09 1.91 0.09 123.825 -141.6 1.91 0.09 -2.53 -144.13 -1127.19 196.23
S1.90  As0.10 1.90 0.10 124.253 -141.6 1.90 0.10 -2.38 -143.98 -1124.4 195.74

 -141.6 1.00 1.00 0.00 -141.60 FeSAs  
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Reaction-path modeling was carried out using React module of GWB. The general 

chemical composition of contaminated groundwater from Bangladesh was used as the 

initial condition in the simulation. Field data for minerals, dissolved species, and gases 

collected by BGS, at well no 297_00331 (BGS, and DPHE, 2001) [Na+= 0.10mg/L; Cl-

=0.10mg/L; Ca++=10 mg/L; HCO3
-=50 mg/L; As(III)=2400 µg/L; As(total)= 2540 µg/L; 

Fe++=0.24 mg/L; SO4
2- =1.5 mg/L; Eh=-0.12 V; pH=7.32] was used to initiate the 

numerical reaction path modeling.  

GWB calculations were carried out using use new thermodynamic data to 

characterize the speciation of As in Fe-S-As-H2O systems. Geochemical reaction path 

modeling was carried out to find As speciation, adsorption/desorption, precipitation under 

sulfate-reducing conditions. Changes in water chemistry, and Eh/pH were recorded. 

Results of tracing reaction paths was produced using Gtplot subroutine of GWB.  

This study compares the results of geochemical modeling between two data sets, 

one with thermodynamic data for thioarsenite species and amorphous As and Fe-sulfide 

phase compiled by Lee et al. (2005) in GWB database Thermo04-As, and other with 

Thermo08-As developed as part of this research.  
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3.3. Laboratory arsenic sorption experiments 

Batch experiments were conducted to evaluate the amount of sorbed As onto 

laboratory prepared Fe-sulfide and natural pyrite crystals in an O2-free (N2- purged) 

anaerobic chamber, except where noted (Fig. 3.2). Chemicals used in this study were of 

analytical grade, unless otherwise stated, and used without further purification. Synthetic 

laboratory Fe-sulfide was prepared under reducing condition using reagent grade 

disodium sulfide (Na2S⋅9H2O), and iron sulfate (FeSO4⋅7H2O) (Fisher chemicals). 

Natural cubic pyrite crystals were purchased from Wards Natural Science, NY, USA. 

Surface impurities of  bulk pyrite hand samples were cleaned using 0.1M HCl and then 

by deoxygenated doubly deionized distilled water (Milli-Q, 18 MΩ) (DIW), and dried out 

in a furnace with circulating dry air for 1 hr. Dry pyrite crystals were then ground in a 

laboratory hand crusher for several hours, and then separated into three different grain 

size using standard mesh; 63µm -125µm, 180µm-250µm, and 425µm -500µm later 

named as ‘fine’, ‘intermediate’, and ‘coarse’ grained, respectively. Molecular weight of 

pyrite crystals used for adsorption experiments was 120.0 grams per mole and is 46.5% 

iron by weight. To prevent further oxidation, these samples were temporarily stored 

inside the anaerobic chamber.   

All solutions were prepared using DIW. Arsenic stock solution (1000 mg/L) was 

prepared by dissolution of arsenic trioxide powder (As2O3, 99.95%; Fisher chemicals) in 

DIW inside the anaerobic chamber. It was hypothesized that preparation under reducing 

conditions would limit the oxidation of arsenite to arsenate. 
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Fig. 3.2 Photograph of Batron™ anaerobic chamber used for studying arsenic sorption on 
laboratory prepared Fe-sulfide and hand crushed pyrite crystals. All the batch 
experiments performed for this study were conducted entirely in an O2-free (N2-purged) 
anaerobic chamber. 
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A minimum quantity of 1M NaOH solution was added until the solid As2O3 was 

completely dissolved in DIW following procedure of Farquhar et al. (2002). Before 

making the volume of water in a volumetric flask, equal amount of 1M HNO3 was added 

to the solution to neutralize the effect of NaOH in the solution. A magnetic stir bar was 

inserted into the As solution and stirred for 2 days to achieve maximum dissolution 

following procedure of Perfetti et al. (2008). The stock solution thus prepared was 

filtered through a 0.45 µm Millipore filter, capped in the air tight flask bottles, and stored 

in the anaerobic chamber. Different concentrations of arsenic (0.1, 1, 10, 20, 30, 40, 50, 

and 100 mg/L) in solution were obtained by dilution of the stock solution.  

After mixing all the components, samples were further mixed for determined time 

intervals using an end-over-end rotator inside the anaerobic chamber. Changes in pH and 

Eh were recorded in almost all batch experiment at determined time intervals. After each 

experiment the batch solution was filtered through 0.45 µm Millipore filter using a 60 ml 

syringe. The filtered solution was acidified with 1M HNO3 solution, and capped in a 

refrigerator pending As analysis. Measurements for As concentration were carried out 

using a Perkin Elmer HGA-600 Graphite Furnace and a 3110 Perkin Elmer Atomic 

Absorption Spectrometry (AAS) in the Department of Civil Engineering, Auburn 

University.  

 

3.3.1. Batch experiment: arsenic sorption onto iron sulfide 

1M stock solution of disodium sulfide (Na2S⋅9H2O) and 0.5M stock solution of iron 

sulfate (FeSO4⋅7H2O) were prepared on a separate flask inside the anaerobic chamber by 

weighing fixed amount of respective chemicals and mixing them with DIW. The stock 
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solution was stirred for 12 hr using magnetic bar to obtain maximum dissolution. 

Chemically synthesized fresh amorphous iron monosulfide was prepared by mixing 

Na2S⋅9H2O, and FeSO4⋅7H2O in DIW following the method used by Donald and 

Southam (1999) but at a different concentration. Sorption of As onto FeS was studied in 

sulfide-limited (S:Fe=1:1) and excess-sulfide (S:Fe=2:1 and 3:1) batch experiment 

similar to the study made by Wolthers et al. (2007).  

A stock solution of Na2S⋅9H2O was diluted to make 0.25, 0.5 and 0.75M solutions, 

and the stock solution for FeSO4⋅7H2O was diluted to make a 0.25M solution. The first 

set of batch experiments with S to Fe ratio of 1:1, are referred to as the sulfide-limited 

experiments. These were carried out using a 50 ml low-density polyethylene tube where 

0.25M of Na2S⋅9H2O is mixed with 0.25M of FeSO4⋅7H2O solution. The second set of 

batch experiment, with  S to Fe ratio of 2:1 and 3:1, are referred to as the excess-sulfide 

experiments, was conducted to produce two sets of experiments where 0.25M 

FeSO4⋅7H2O  solution was mixed separately with 0.5 and 0.75M of Na2S⋅9H2O solution 

separately. In both the sulfide-limited and excess-sulfide experiments, the concentrations 

of As used were 0.1 mg/L, 1 mg/L and 10 mg/L. Ionic strength of the solution was 

maintained using 0.01M NaNO3 solution. 

The initial pH of the sulfide-limited and excess-sulfide batch experiments was 

adjusted to 7. Changes in As concentration, Eh and pH were monitored at the following 

time interval; 6 hr, 12 hr, 24 hr, 36 hr, 72 hr, 1 week, and 2 week (“Appendix 1”). After 

each time interval, samples were filtered and stored in a refrigerator pending As analysis. 

Precipitation obtained during filtering was dried in O2-free condition for 2-4 days for 

XRD to characterize the solid phase produced during the experiment. 
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3.3.2. Batch experiment: arsenic adsorption onto pyrite  

The adsorption studies were run at a room temperature under reducing conditions to 

investigate As adsorption onto pyrite. A small fraction (0.3 gm) of coarse-grained pyrite 

crystals was washed using 5 different approaches: ethanol (C2H6O, 10%) only, nitric acid 

(0.5M HNO3) only, ethanol followed by DIW, nitric acid followed by DIW, and with 

DIW separately before treating with As concentration of 1 mg/L. The purpose of the 

initial batch experiments is to find the most suitable solution among the five used which 

can maximize the adsorption of As onto pyrite and in the same time effect minimum 

changes in pH of the solution. This chemical solution would be used for washing pyrite 

crystals in future experiments. Ionic strength of 50 ml experimental solution prepared in 

low density polyethylene centrifuge tube was balanced using 0.01M NaNO3 solution. The 

initial pH value of the experimental solution was adjusted to neutral (pH=7) using either 

0.1M HNO3 or 0.1M NaOH solution. 

After the samples were prepared, they were mixed for 72 hours using end-over-end 

rotator inside the anaerobic chamber. Changes in As concentration and pH were 

monitored at 6 hr, 12 hr, 24 hr, 36 hr, and 72 hr time interval. One batch sample was 

sacrificed at each time point while it was filtered using 0.45µm syringe filter, acidified in 

1M HNO3, and stored in a refrigerator pending analysis. When least changes in pH from 

the initial value together with high As adsorption was considered most suitable 

conditions, results of the batch experiment conducted for 72 hour showed that pyrite first 

washed with 0.5M HNO3 and then by DIW adsorbed median As content (0.38 µM/gm of 

FeS2), and with the least fluctuation in pH value (<12%) (Fig. 3.3) (laboratory data in 

“Appendix 2”).  
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Fig. 3.3 Plot showing arsenic adsorption with concurrent changes in pH observed in 
pyrite crystals washed with 5 different chemical solutions. Coarse grained pyrite washed 
first with 0.5M HNO3, and then by DIW demonstrated more consistent pH(a) value from 
the beginning of the experiment, and adsorbed median arsenic concentration from the 
solution (b). Experiment was conducted under reducing condition at the initial pH of 7. 
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Later, all pyrite crystals used for the further batch experiments were first washed with 

0.5M HNO3 solution and then by DIW. 

Adsorption Kinetics 

Adsorption kinetic experiments were conducted with 3 different sizes of pyite (fine, 

intermediate, and coarse) to determine the time required to reach equilibrium between As 

and pyrite. Three different As concentrations, 0.1 mg/L, 1mg/L and 10mg/L were used 

for all three pyrite crystals. In each case, 50 ml of experimental batch solution was 

prepared by mixing arsenic, 0.3 gm of pyrite crystals (6gm/L), 0.01M NaNO3, and DIW. 

A low-density polyethylene centrifuge tube was used for each batch experiment. Initial 

pH of the solution was balanced at 7 using either 0.1M HNO3 or 0.1M NaOH solution. 

The time duration designed for the experiment was 72 hr. Changes in pH and As 

concentration after the beginning of the test were recorded at different time interval (15 

min, 30 min, 1 hr, 3 hr, 6 hr, 12 hr, 24 hr, 36 hr, and 72 hr). After completion of the 

experiment, samples were collected, filtered, stored, and analyzed in the same manner as 

described before.  

Adsorption Isotherms 

Adsorption isotherms were obtained at a pH of 7 and constant ionic strength (0.01M 

NaNO3). Samples were prepared in 50 ml low-density centrifuge tubes. Fine-

intermediate-and coarse-grain pyrite crystals were treated separately with 8 different As 

concentrations (0.1, 1, 10, 20, 30, 40, 50, and 100 mg/L). Based on the results of kinetic 

experiment, a time duration of 36 hours was selected for this experiment. After the 

completion of the experiment samples were filtered, stored and analyzed in the same 

manner mentioned previously. 
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Adsorption envelope 

 Adsorption envelope (i.e., percent adsorbed as a function of pH at constant arsenic 

concentration) experiments were performed to measure As sorption as a function of pH.  

Solutions varied in As concentration (0.1 mg/L, 1 mg/L, and 10 mg/L) and size (fine, 

intermediate, and coarse) of pyrite crystals used for the experiment was also varied. Ionic 

balance of the experimental solution was set to a constant using 0.01M NaNO3 solution. 

For all experiments, the pH of the batch solution was varied from 4 to 10 using 0.1M 

NaOH or 0.1M HNO3 solution to reach the desired pH. DIW was used to fill a 50 ml 

centrifuge tube with 0.3 gm of pyrite crystals, and desired arsenic concentration. Sample 

prepared in this manner were allowed to equilibrate for 36 hours, and then were sampled, 

filtered, preserved and analyzed in the same manner as mentioned previously. 

 

3.4. Analytical methods 

 Samples from the batch experiments were acidified with 1M HNO3 equivalent to 

the matrix match for AAS. Samples obtained after the experiment were diluted to match 

the upper detection limit of AAS (i.e.,1 mg/L), if necessary, and were injected onto 

platforms inside a graphite tube in 20 µL increments along with 5 µL of palladium-

magnesium nitrate matrix modifier. An AAS instrument was calibrated each time prior to 

analysis using standard As concentration (20, 40, 60 and 100 µg/L). An equal amount of 

NaNO3 and HNO3 were incorporated in the standard As calibration solutions to match 

samples being measured. A sample being measured always had a blank and was  
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analyzed in replicates of two. The calibration curve was judged accurate when the 

standard was retested and the results yielded concentration within 5% of the actual 

concentrations.  

Throughout the experiment conducted to study the As sorption onto Fe-sulfide 

and pyrite, Eh and pH was measured using EXTECH 407227 Eh-pH meter that included 

Eh and pH electrode separately. The pH electrodes were calibrated between two points 

prior to each use using two of the available three buffers (pH 4.0, 7.0, and 10.0) 

depending on pH range of the samples requiring analysis. Each time before and after the 

measurements were taken Eh electrode was rinsed with electrode cleaning solution and 

then with DIW.   

 After filtering the batch sample with Fe-sulfide black precipitate, produced initially 

while studying As sorption on Fe-sulfide,  for measuring the As concentration in the 

solution, residual Fe-sulfide precipitate that remained in the bottom of the experimental 

tube was laid as thin veneer onto a thin glass slide. Such samples of Fe-sulfide extracted 

after fixed time interval (6 hr, 12 hr, 24 hr, 36 hr, 72 hr, 1week and 2 weeks) were left to 

dry in reducing condition for 2-3 days. Thus prepared samples were studied under 

reflected light microscopy, and crystallographic Fe-sulfide minerals were later analyzed 

by XRD to characterize their identity. 
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CHAPTER 4 
 

RESULTS AND DISCUSSION 
 
 

4. Results and discussion 

4.1. Field bioremediation experiments 

At the Manikganj, Bangladesh field site bioremediation experiment included the 

injection of molasses as a source of carbon, followed by injection of sulfate salt solution 

as a source for Fe and SO4
2- to stimulate indigenous SRB that cause Fe-sulfide 

precipitate, and to effect As removal (Lee and Saunders, 2003; Lee et al., 2005; Saunders 

et al., 2005c). However, injecting sources of carbon, into aquifers at first simulates 

biogenic Fe-reduction, causing groundwater to become more reducing, and dissolved Fe 

may increase (and arsenic as well). After reducible Fe in minerals are consumed, 

indigenous SRB metabolism begins and H2S is produced. H2S produced during the 

sulfate reduction process reacts with Fe (II) and precipitates iron monosulfide (FeS)am, 

and finally pyrite (Rickard, 1975; Berner, 1984; Schoonen and Barnes, 1991; Wilkin and 

Barnes, 1996; Rickard and Luther, 1997; Donald and Southam, 1999).  

Field data from groundwater geochemical studies and bioremediation experiments 

indicate that dissolved As and Fe are released under moderately reducing conditions 

during microbial-mediated reductive dissolution of HFO in Holocene alluvial aquifers. 

Dissolved Fe and As released by this process react with H2S produced by SRB to 

precipitate amorphous Fe-sulfide containing As, which ultimately transforms into more
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stable arsenian pyrite. Arsenic can substitute for sulfur in the crystal lattice (Savage et al., 

2000) or can be sorbed on solid sulfide surfaces, and both cause As removal from 

solution (Fig. 2.7). 

 In the Blackwell, Oklahoma bioremediation experiment, groundwater was initially 

oxidizing, contained low dissolved Fe, and virtually no As shown as in Fig. 4.1(a). Soon 

after injecting the organic carbon source, substantial increases in Fe and As 

concentrations were observed from 14 to 28 days. This increase in Fe and As 

concentration in the groundwater is interpreted to be the results of the onset of biogenic 

Fe-reduction and perhaps mirrors the natural process that released As to groundwater in 

Manikganj, Bangladesh and other countries. Sulfate remains relatively stable about for a 

month, but then As and Fe concentrations decrease radically after about 4 weeks. 

Substantial decrease in Fe and As (along with sulfate) after 42 days is apparantly due to 

the onset of biogenic sulfate reduction. With the beginning of biogenic sulfate reduction, 

formation of Fe-sulfide commences resulting in a drop of SO4
2- concentration as it is 

turned into H2S, and solid Fe-sulfide phases. Arsenic concentration drops to below pre-

injection levels after 7 weeks until end of the experiment (25 weeks, Fig 4.1a). Most 

probably, a fall in As concentration is due to the sorption of As onto the “biominerals” (in 

particular Fe-sulfide phases) produced during biogenic sulfate reduction. Perhaps 

replacement of the remediated plume by the fresh flowing (oxidized) groundwater may 

oxidize some Fe-sulfide phases resulting in an upward spike of both Fe and SO4
2- after 9 

weeks.  

It is hypothesized at the Blackwell, Oklahoma site that oxidation of newly formed 

Fe-sulfide leads to the release of Fe, and SO4
2- into the groundwater, and perhaps 
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Fig. 4.1 Plot showing changes in As, Fe, and SO4
2- concentration recorded after a single-

well bioremediation experiment carried out at Blackwell, Oklahoma (a) and Manikganj, 
Bangladesh (b). Changes in soluble Fe, As and SO4

2-were recorded after the injection of 
molasses, Epsom’s salt (MgSO4⋅7H2O). Molasses was used as a source of carbon to 
enhance iron reduction, and the sulfate salts was used as source for sulfate to enhance 
metabolism in indigenous SRB for sulfate reduction.  
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also causing the formation of new HFO mineral phases (e.g., replace sulfides) which 

would continue to sorb dissolved As onto its surface at the end of remediation 

experiments. Laboratory experiments conducted by Wharton et al. (2000) showed that 

pyrite oxidation to HFO could retain previously sulfide-sorbed technetium (Tc), and it is 

suggested a similar process might have occurred during the Blackwell, Oklahoma 

bioremediation experiment with respect to As. Thus, the fairly low As concentration 

observed after 8 weeks of the experiment, almost equal to the pre-injected level of As, 

may have been caused due to sorption of As onto newly formed HFO. More research 

should be conducted on retention of trace metals and metalloids on neo-formed HFO 

from Fe-sulfide oxidation to further characterize natural geochemical processes of trace 

elements during redox changes. 

Results of the initial single-well bioremediation experiment conducted at 

Manikganj, Bangladesh are presented in Fig. 4.1b.  Shallow groundwater exploited in the 

region is hosted by Holocene sand, silt and clay locally containing organic matter 

deposited in the flood plain of the Ganges and Brahmaputra Rivers which traverse the 

region. A 200-m deep semi-continuous core-holes extracted from the study area indicate 

Holocene deposits are typical alluvial floodplain sediments (Shamshudduha, 2007) 

similar to those described elsewhere in Bangladesh (Smedley and Kinniburgh, 2002; 

Ahmed et al., 2004). Groundwater in Manikganj is initially moderately reducing, neutral 

pH with relatively low sulfate, and is an iron-rich Ca-Mg-HCO3 type (Shamsudduha, 

2007). Holocene alluvial aquifers contaminated with elevated As have shown low sulfate 

concentration not only in Bangladesh (Nickson et al., 2000; Smedley and Kinniburgh, 

2002) but also in other parts of the world (Tandukar et al., 2005; Smedley and 
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Kinniburgh, 2002; Bostick et al., 2006). Groundwater in the vicinity of the injection well 

at this study site contained elevated dissolved moderate As concentrations, ranging from 

50-200 µg/L (Fig. 1.4). A tube well tapping relatively As-contaminated groundwater 

(~100 µg/L As from depth of 37 m) in the study area was selected for the bioremediation 

experiment. Geochemical changes in the groundwater following the injection of nutrients 

were recorded during the process of the field experiment. 

For the initial Bangladesh experiment, 200 L of a carbon-bearing solution was 

prepared by mixing ~11 kg of molasses with groundwater from the site. This solution 

was then poured into the well by gravity injection (Fig. 3.1a). Water samples over the 

next 6 months were collected periodically using standard methods suggested by US-EPA. 

Arsenic concentration of the remediated groundwater was tested in the field using a 

colorimetric technique and also sampled for laboratory analysis. Injection of molasses 

initially causes dissolved As to increase, yet dissolved Fe remains relatively constant 

(Fig. 4.1b). The increase in As concentration at early stage of experiment is believed to 

be the result of stimulating Fe-reducing conditions, which mobilizes As from HFO. A 

similar result was also observed at Blackwell bioremediation experiment (Fig. 4.1a) and a 

field experiment conducted by Harvey et al. (2002) in Bangladesh. 

As a source of sulfate, 4 kg of Epsom’s salt (MgSO4⋅7H2O) mixed with water was 

added into the aquifer about 18 weeks after the injection of molasses in Manikganj 

bioremediation site. A drop in Eh values and “rotten egg” smell of the water from 

injection well occurred at about 4 weeks after the injection, suggesting the beginning of 

biogenic sulfate reduction. Similar to what observed in the Manikganj remediation 

experiment, sulfate reduction in the Blackwell experiment had also begun at about same 
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time interval after organic carbon was added, although dissolved SO4
2- was already 

present in the groundwater there. 

At the Manikganj site, the dramatic drop in Fe and As concentration that was 

observed between 154 and 192 days apparently indicates the beginning of biogenic 

sulfate reduction in the groundwater (Fig. 4.1b). Dissolved iron reverted to background 

level about 206 days after the injection of Epsom’s salt, and at the same time, the level of 

As in the solution changed to slightly higher than the pre-injection level. At the end of the 

experiment in Bangladesh, Fe-reducing conditions apparently had returned again. It 

seems that enough organic carbon remained after the depletion of injected sulfate (or 

natural organic matter was still present) to provide sufficient carbon source for FeRB. 

Artificially induced Fe-reduction process at the latter phase of the experiment appears to 

have released more As from aquifer HFO. 

During Fe-reduction and prior to sulfate reduction, the Blackwell, Oklahoma site 

had relatively more dissolved iron in the groundwater then in Manikganj, Bangladesh. No 

doubt reactive HFO present under initial oxidizing conditions at the site led to the high 

iron levels once Fe-reduction began. This high iron content may have been major 

criterion that resulted in more effective As removal at Blackwell compared to the results 

from Manikganj. It appears higher dissolved iron levels may lead to more Fe-sulfide 

phase product, which is apparently required for efficient As removal. Thus, replacing 

Epsom’s salt by ferrous sulfate (FeSO4⋅7H2O) for sulfate source can overcome the 

shortage of dissolved Fe in the solution in Manikganj, Bangladesh, hence making As 

removal from the solution more effective and perhaps more long lasting. Results of both 

the bioremediation experiments suggest that SRB metabolism might lead to in situ 
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arsenic removal from As-contaminated groundwater. Moreover, as discussed below, Fe-

sulfide precipitation in the vicinity of the well might be an effective As removal process 

even after the biogenic sulfate reduction has come to an end (e.g., nano particles of Fe-

sulfide can sorb As on their surfaces). 

 
4. 2. Geochemical modeling 
 
4.2.1. Arsenic speciation 

With the new thermodynamic data for thioarsenite species and arsenian pyrite 

calculated in this study, a new phase diagram for As speciation in the presence of SO4
2- 

was computed using Act2 module of GWB. Model simulations conducted under oxic 

condition reveal that at low pH < 7, the protonated forms of arsenate predominate 

(H3AsO4, H2AsO4
-), whereas arsenite species (HAsO4

2-, AsO4
3-) occurs at higher pH (Fig 

2.1). Under reducing conditions and over a wide range of pH values, H3AsO3 becomes 

the most dominant arsenite species. Under even more reducing conditions, affinity of As 

for sulfur results in the formation of non-ferrous solid As-sulfides as orpiment (As2S3) or 

realgar (AsS) (Fig. 2.1). Interestingly, arsenian pyrite (FeS1.99As0.01) completely replaces 

pure As-sulfide and thioarsenite aqueous complex in a system containing a fairly small 

amount of iron (log Fe2+ activity =10-8) (Fig. 4.2). Besides pyrite, As-sulfide phases such 

as arsenopyrite and arsenides such as löllingite can be considered major As host in Fe-

rich reducing geologic environments (Savage et al., 2000). Arsenic atoms may enter the 

structure of pyrite via an atomic exchange between S and As to yield arsenopyrite 

(Savage et al., 2000) rather than for iron (Blanchard et al., 2007). Previous research 

conducted by Morse et al. (1987) and Wolthers et al. (2005b) are consistent with these 

modeling results that arsenian pyrite or arsenopyrite is thermodynamically more stable  
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Fig. 4.2 Eh-pH diagram for As drawn at 25°C with fixed arsenic and SO4

2- activities of   
10-2 and Fe2+ activity of 10-8. Eh value for the system was fixed at 0.75 V. Dashed lines 
show stability limits of water at 1 bar pressure. Species in the blue area are aqueous 
phases and those in yellow area are solid minerals. Modeling conducted in GWB that 
included new thermodynamic data for arsenian pyrite solid solution.  
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than pure As-sulfides under Fe-bearing sulfate-reducing conditions. Further, pure 

orpiment is rarely found in natural waters because its precipitation is kinetically inhibited 

at near-neutral pH conditions (Webster, 1990). 

 

4.2.2. Arsenic precipitation under sulfate-reducing conditions 

This study investigates how bacterial sulfate reduction can promote the 

precipitation of metal sulfides and As from an As-contaminated groundwater. Results of 

reaction flow-path modeling (Fig. 4.3) conducted to examine the predictive sequence of 

mineral precipitation (Fig. 4.4) which was carried out in two different systems; one that 

does not include thermodynamic data for arsenian pyrite solid solution (FeS1.99As0.01-

FeS1.90As0.10) and the other with it, are discussed here. As an initial geochemical 

condition for the simulation, the published water chemistry from one typical well in 

Bangladesh [well no 297_00331, BGS-DPHE (2001)] was used for modeling purpose. 

This groundwater had an elevated As concentrations of 2540 µg/L and was under near-

neutral pH condition. To model the effect of SRB metabolism analogous to the field 

bioremediation, fluid reactants containing 300 µM of Fe2+ and SO4
2- were added into the 

initial system and the values of Eh slide from +150 mV (oxidizing) to -150 mV 

(reducing) over the reaction path. In the calculations, SO4
2- is automatically converted to 

H2S due to drop in Eh. 

Model results show that ferric hydroxide, Fe (OH)3 is the most dominant iron 

mineral species in aerobic initial conditions (Fig. 4.3 and Fig. 4.4). During bacterial 

sulfate reduction, initial Fe (OH)3 becomes unstable (Fig. 4.4). When Eh values of the 

system are progressively lowered, in both the models, with and without thermodynamic  
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Fig. 4.3 Fe-As-S-H2O composite Eh-pH diagram showing results of geochemical reaction 
flow path modeling. Field data for minerals, dissolved species, and gases collected from 
well no 297_00331 (BGS, and DPHE, 2001) was used to initiate the numerical reaction 
path modeling. Analogous to field bioremediation FeSO4 was added in the initial system 
to immobilize As. The simulation was fixed at 25°C, and 1 bar pressure. Reaction trace 
(pink solid line) represents the predictive sequence of mineral precipitated as Eh drops 
during simulation. Chemical precipitation of the minerals in both the geochemical 
condition, without (a) and with (b) thermodynamic data for arsenian pyrite solid solution 
(FeS1.99As0.01-FeS1.90As0.10), initiated from top green square at the center of the figure. 
Reaction came to an end after the precipitation of siderite in the first model (a) but, 
mineral precipitation continues until arsenian pyrite is precipitated at the final stage in the 
second model (b). Pink cross marks in center of both the figure shows Eh-pH scatter plot 
of the water samples from Bangladesh. Model was created using Act2 module of GWB. 
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data for arsenian pyrite solid solutions, soluble Fe combines with bicarbonate (HCO3
-) 

released from organic sources to form carbonate mineral siderite (FeCO3) (Fig. 4.3 and 

Fig. 4.4). This result is consistent with presence of authigenic (biogenic) siderite in 

alluvial sediments of Manikganj (Shamshuddua, 2007), India and Bangladesh (Nickson et 

al., 2000; Acharyya and Shah, 2007), and coastal plain sediments in the Mississippi and 

Alabama (Lee et al., 2007). It is important to note that, in extremely reducing 

environments, where SO4
2- reduction takes place in the presence of dissolved As, reduced 

Fe  reacts with H2S to form arsenian pyrite (instead of pure pyrite) (Fig. 4.3b and Fig. 

4.4b), which can remove As from groundwater by co-precipitation. Formation of arsenian 

pyrite is not observed in the model results when thermodynamic data for the arsenian 

pyrite solid solution is not included, rather the reaction ceases after the formation of 

mineral siderite (Fig. 4.3a and Fig. 4.4a).  

Fig. 4.5 shows the stability fields of various Fe-sulfide phases for the Fe-S-As 

system at fixed redox (Eh=-150mV) and different pH value [ pH=5 (Fig. 4.5a) and pH=7 

(Fig. 4.5b)].  In the presence of relatively high concentrations of soluble Fe and H2S, 

near-neutral pH (5 to 7), and reducing conditions, model results show that biogenic 

sulfate reduction favors the formation of mackinawite as the first Fe-sulfide mineral (Fig. 

4.5). Mackinawite is generally regarded to be the first mineral to form in reducing 

conditions at near-neutral pH, and is considered to be the kinetically favored amorphous 

precursor to pyrite (Schoonen and Barnes, 1991; Wilkin and Barnes, 1996; Wolthers et 

al., 2005a). This phase can sequester As from the solution by sorption and coprecipitation 

onto its surface (Benning et al, 2000; Bostick and Fendorf, 2003; Wolthers et al., 2005b; 

Wolthers et al., 2007). At near-neutral pH, arsenic forms stable arsenian pyrite at low  
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Fig. 4.4 Plots showing predictive cumulative sequence of mineral precipitated as Eh 
decreases as a result of bacterial sulfate reduction. Geochemical condition considered for 
the model is identical as mentioned in Fig. 4.3. Geochemical reaction path modeling 
carried out in a simulation that includes  thermodynamic data for arsenian pyrite solid 
solutions precipitates arsenian pyrite (b) as a most dominant mineral species whereas, 
such mineral phase is absence in the model that lacks thermodynamic data for arsenian 
pyrite solid solution (a). Hematite and magnetite are suppressed (not considered in the 
calculation). Model was created using React module of GWB. 

 



72 

 
 
Fig. 4.5 Plot of the effect of pH values on mineral solubility recorded from GWB 
simulation that included thermodynamic data for arsenian pyrite solid solution. Solubility 
diagrams versus aH2S for Fe-sulfide minerals at 25°C computed for total dissolved 
arsenic species activity = 10-2. Fe-sulfide minerals and aqueous species are separated by 
solid (red) line. Dashed lines show metastable boundaries for intermediate phases 
mackinawite (FeS)am , pyrite, and arsenian pyrite at pH=5 (a) and at pH=7 (b). 
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activity of H2S even if the geochemical system comprises low iron concentration (Fig. 

4.5). A decrease in Fe-sulfide solubility is observed during increase of pH value (Fig. 4.5 

a, and b). As pH increases, arsenic tends to become less strongly sorbed onto adsorbing 

sites (Dzombak and Morel, 1990) and most likely desorption may also take place 

(Bostick and Fendorf, 2003; Lee et al., 2005), but bacterial sulfate reduction could 

promote the precipitation of Fe-sulfide and arsenian pyrite by increasing pH which can 

enhance As sorption and removal from solution. In situ bioremediation is expected to 

produce a similar geochemical effect involving a precipitation of dissolved As onto 

biogenic sulfide minerals during biogenic sulfate reduction. Dissolved As can thus be 

removed by sorption or coprecipitation with amorphous to crystalline Fe-sulfides formed 

during sulfate reduction. Geochemical modeling conducted by Lee et al. (2005) on 

similar geochemical condition, but without including thermodynamic data for the 

arsenian pyrite solid solution, showed that metastable intermediate Fe-sulfide phases like 

mackinawite, and pyrrhotite are eventually replaced by more stable pyrite. Thus, 

formation of arsenian pyrite predicted by the geochemical model agrees well with the 

observed occurrence of As-bearing biogenic pyrite (containing 1 to 6 wt. % As) in As-

contaminated groundwaters of Bangladesh and USA under reducing conditions. 

 

4. 3. Arsenic sorption experiments 

Batch sorption experiments were conducted to gain an understanding of the As 

mobility in sulfate reducing conditions, and XRD study of solid reaction products were 

also conducted. Because results of geochemical processes occurring during 

bioremediation in the field cannot be directly observed, these experiments were planned 
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to observe formation of Fe-sulfide phase like arsenian pyrite and pyrite in reducing As-

contaminated groundwater during biogenic sulfate reduction. In addition, the field 

groundwater geochemical conditions were simulated in the laboratory batch experiments 

to study the hypothesized sorption of As onto Fe-sulfide. A detailed descriptive 

explanation of experimental approach is found in Chapter 3. 

 
4.3.1. Sorption of arsenic onto iron sulfide 

Immediately after mixing desired solution of sodium disulfide and iron sulfate in 

the batch tube, black iron monosulfide precipitated. Acid decomposition of Na2S⋅9H2O 

generates H2S (Rickard and Luther, 1997) and thus under reducing conditions H2S 

produced reacts with aqueous iron to form iron monosulfide as a black precipitate. This 

upon aging transforms into mackinawite (Berner, 1964; Benning et al, 2000). A spike in 

pH and drop in Eh values were observed after the beginning of the experiment in the 

excess-sulfide batch solution (Fig. 4.6). H2S produced in the batch from chemical 

reaction between sulfide (S2-), released during the dissociation of Na2S, and H+ in the 

solution apparently caused the observed pH and Eh values. Laboratory sulfate reduction 

conducted to investigate As removal mechanism by Keimowitz et al. (2007) also reported 

similar changes in pH and Eh values. Such striking change in pH and Eh values are not 

likely to develop in natural groundwater systems. However, over the time of two weeks 

these values again dropped down to a lower level, yet still do not correspond to the near-

neutral pH and moderately reducing natural groundwater conditions.  

Sulfide-limited batch solutions exhibited little change in pH and Eh values 

compared to excess-sulfide experiment. The changes in pH and Eh values in the  
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Fig. 4.6 Plot showing changes in pH (a) and Eh (b) recorded from the batch experiment. 
Sulfide-limited experiment with 0.1 mg/L of As concentration shows slight drop in pH 
and slight increase in Eh. Excess-sulfide samples recorded increase in pH and a drop in 
Eh compared to the beginning of the experiment (pH 7 and Eh= ~+55 mV). However, Eh 
value in the sulfide-excess case drops down substantially at the end of two weeks.  
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sulfide-limited experiment was from neutral (pH=7) to 6.5 and oxic (Eh=+55) to reducing 

(-200 to -400mV), respectively (Fig. 4.6). In such reducing environments and 

circumneutral pH conditions, formation of HS- is not likely and H2S oxidation pathways 

dominate the system (Rickard, 1997). However, due to increased ionization in an alkaline 

environment, as observed in excess-sulfide experiments, H2S present in the specimen 

must either be in a dissolved state or HS- dominates the system. In addition, Wilkin and 

Barnes (1996) proposed that thiosulfate is the dominant sulfate species at neutral to 

slightly alkaline solution, and is found unreactive with iron monosulfide; hence, 

formation of pyrite is favored at acidic to neutral pH and gradually tends to decrease 

towards alkaline pH (Wilkin and Barnes, 1996). In contrast, sulfide-limited experiments 

were apparently H2S limited and did not yield much crystalline Fe-sulfide compared to 

excess-sulfide solutions which occurred at extremely reducing conditions and higher pH. 

 Possible two mechanisms proposed in the earlier studies that are responsible in the 

formation of Fe-sulfide crystals are: a) imperfections developed in Fe-sulfide after the 

sorption of As, perhaps served as direct pyrite nucleating sites (Wolthers et al., 2007), 

and b) the presence of dissolved H2S aided in the transformation of amorphous Fe-sulfide 

formed at the beginning to crystalline Fe-sulfide such as pyrite (Berner, 1964; Rickard, 

1975; Wilkin and Barnes, 1996). Alternatively, in the absence of reactive surface sites on 

Fe-sulfide after they were completely covered by sorbed As, Fe-sulfide probably 

transforms into marcasite and pyrite on aging (Wolthers et al., 2007). Arsenic sorbed onto 

Fe-sulfide can be considered stable in the conditions mentioned above.  
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Still, based on similar studies carried out in the past, simply observing the changes in pH 

and Eh in the batch experiment conducted in this research does not yield a definitive 

conclusion on the exact mechanism of As uptake in such extreme conditions. 

Irrespective of the dramatic change in pH and Eh of the batch solution, which was 

believed to reduce the As sorption onto Fe-sulfide, about 91% of the initial As (0.1mg/L) 

in the solution was sorbed by the solid Fe-sulfide formed in the sulfide- limited 

experiments. In case of high As concentration (10 mg/L), 55% of initial As was sorbed 

by Fe-sulfide. In excess-sulfide experiments, about 79% and 48% of the initial As was 

sorbed from 0.1mg/L and 10mg/L solutions, respectively (Fig. 4.7, and lab data on 

“Appendix 2”). Amounts of As sorbed onto solid Fe-sulfide phases produced from the 

sulfide-limited and excess-sulfide conditions in our batch experiments is consistent with 

the finding from a study conducted by Wothers et al. (2007) in similar S:Fe stipulation to  

investigate sorption of As and its effect on Fe-sulfide transformation. Sorption of As onto 

Fe-sulfide increased continuously during the period of two weeks (Fig. 4.7). Results of 

batch experiments indicate that equilibrium time for As sorption onto fresh prepared Fe-

sulfide is less than or equal to 6 hours. At the end of day seven (1 week), a slight drop in 

As sorption was observed, but As sorption continued again not long after. Constantly 

decreasing aqueous As from the solution throughout the experimental time frame 

indicates continual sorption of As by amorphous Fe-sulfide and possibly by pyrite that is 

formed at the later phase of the experiment (Fig. 4.8). 

In almost all batch solutions prepared at lower concentration of As (0.1mg/L) and 

1:1 sulfur to iron ratio, crystalline Fe-sulfide phases were not observed. Few samples 

prepared at higher concentration of As (1 and 10 mg/L) in sulfide-limited conditions and  
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Fig. 4.7 Plot showing percentage of As sorbed onto Fe-sulfide in the laboratory batch 
experiment. Number after the letter in the sample number indicates the ratio of sulfur to 
iron (e.g., 1=1:1, 2 indicate=2:1, and 3=3:1, sulfur to iron ratio, respectively). 
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matured for two weeks yield marcasite and other unidentified crystalline Fe-sulfide (Fig 

4.9 b and Fig. 4.10). One sample prepared from sulfide-limited batch solution exhibited 

framboidal structure that very much resembles authigenic pyrite (Fig. 4.8e). However, 

XRD could not establish its identity. Excess-sulfide samples prepared with high As 

concentration (1 mg/L and 10mg/L) showed the presence of a wide range of Fe-sulfides 

minerals (Fig. 4.8 and Fig.4.9). Generally, all samples extracted before 72 experimental 

hours showed the presence of mackinawite, but as the sample aged to 1 to 2 weeks,  

marcasite (Fig. 4.8 a and b), cubic pyrite (Fig. 4.8 c and d), troilite (Fig. 4.9d), and other 

unidentified Fe-sulfide (?) minerals were observed with minor amounts of mackinawite 

and HFO. Various forms of Fe-sulfide recorded in this study are shown in Fig. 4.9.  

Nearly all of the samples that produced crystalline phases under reflecting 

microscope were studied by XRD to characterize their mineralogy. XRD results provide 

evidence of solid phase bulk transformations of Fe-sulfide minerals from amorphous to 

crystalline phases (Fig. 4.10) that were formed in the batch experiment. Due to time 

constraints, planned X-ray absorption near-edge structure (XANES) and expanded X-ray 

absorption fine structure (EXAFS) on these pyrite crystals were not conducted. Thus, 

interpretation of the exact mechanism of As incorporation into these Fe-sulfide phases 

should be the basis of future research. 

As observed by many researchers, iron monosulfide or mackinawite is the first Fe-

sulfide precursor to form in sulfate-bearing reducing groundwater environment (Rickard 

and Luther, 1997; Benning et al., 2000; Butler and Rickard, 2000; Wolthers et al., 2005 a  
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Fig. 4.8 Images of marcasite (a, and b), and pyrite (c, d, e, and f) taken under reflected 
light microscope that are formed in the batch experiment. Pyrite observed in figure c, d 
and f are cubic where as framboidal structure is observed in the sample shown in figure e 
(unidentified). Black (a, b, and c) and dark brown to light yellow (d, e and f) precipitate 
seen in the background is mackinawite and HFO respectively. Mineral identification is 
based on XRD results (Fig. 4.10). 
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Fig. 4.9 Images of different Fe-sulfide minerals formed in the batch experiment. Limited 
batch samples produced well developed crystallographic minerals, especially those 
prepared in sulfide-excess condition. Such minerals were not observed in sulfide-limited 
experiment. (a) marcasite; (b), and (c) Fe-sulfide (unidentified); (d) euhedral grain of 
synthetic troilite; (e) framboidal pyrite (?), and (f) pyrite. Unless indicated, identification 
of these minerals is based on XRD results (Fig. 4.10). 
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Fig. 4.10 Plots of XRD spectra observed at the same arbitrary scale for the end products 
of the batch reacted with various As concentrations in sulfide-limited and excess-sulfide 
experiments. Reference spectra for mackinawite, marcasite, pyrrhotite, pyrite and troilite 
are shown as solid lines at the bottom of the figure. Almost all samples aged below 72 hr, 
regardless of As concentration and sulfide ratio, indicate that mackinawite and marcasite 
were the most dominant Fe-sulfide phases. (similar to 2WC-1_01, and 1WB-2_01 
samples). Few samples (matured for 1 to 2 weeks) prepared in excess-sulfide condition 
indicate the presence of various Fe-sulfide phases (mackinawite, marcasite, pyrite, and 
troilite) (1WB-2_01, 2WC-1_01, 2WB-2_01, 2WB-2_02, 2WC-2_01, and 2WB-3_01).  
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and c), which under certain geochemical condition transforms into pyrite (Schoonen and 

Barnes, 1991; Wilkin and Barnes, 1996; Rickard and Luther, 1997; Bostick and Fendorf, 

2003; Wolthers et al., 2005b; Wolthers, et al., 2007). Formation of such Fe-sulfide phases 

is geologically important because Fe-sulfide is the most abundant sulfide mineral phase 

in marine as well as freshwater system (Rickard and Morse, 2005) and the transformation 

of such Fe-sulfide to arsenian pyrite has been interpreted as potential sinks for As in 

anoxic sediments (Bostick and Fendorf, 2003) (Table 2.1). Although arsenian pyrite and 

pyrite are commonly observed in the sedimentary geologic setting, laboratory 

confirmation of their genesis are lacking and often conflicting. In particular, laboratory 

studies involving Fe-sulfide genesis and aging in As-rich solutions (similar to natural 

conditions) are lacking.  

In the beginning of this study it was assumed that most Holocene alluvial aquifers 

around the world containing elevated As were formed by the reductive dissolution of As-

rich HFO (Nickson et al., 2000; Saunders et al., 2008). Under anoxic sulfate reducing 

conditions, in the presence of abundant soluble iron, Fe-sulfide may effectively remove 

As from the solution (Lee and Saunders, 2003; Lee et al., 2005; Keimowitz et al., 2007; 

Dhakal et al., 2008; Saunders et al., 2008). Enhanced sulfate reduction could offer an in 

situ As removal technique that causes a large proportion of dissolved As in the solution to 

sorb and coprecipitation with Fe-sulfides. Results of the sulfate reduction experiment 

conducted in this study in a similar environment to that of natural groundwater conditions 

provides strong evidence to support the implication.  
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4.3.2. Pyrite adsorption experiment 

Batch experiments were performed to investigate the magnitude of As adsorption 

onto the surface of pyrite in a controlled environment where certain variables could be 

controlled or adjusted. The intent of these experiments was to develop a predictive 

understanding of the uptake of As by pyrite surfaces and quantify the magnitude of the 

sorption. The processes of As sorption onto pyrite occurs through the formation of outer 

sphere complexes (Farquhar et al., 2002). Pyrite has been proposed to be the most stable 

As sink in reducing groundwater conditions, and all the studies carried out in the past 

have utilized unisize pyrite crystals. Different crystals sizes were used in this study to 

quantify the amount of As adsorption depending on grain size (and thus surface area).  

This study examines the effect of time, concentration, adsorption sites, and pH on 

As adsorption onto pyrite. The pH is the main factor in controlling the fate of As in 

solution; most of the natural groundwaters contaminated by As have near-neutral pH 

(Smedley and Kinniburgh, 2002; Saunders et al., 2005a, and b). Thus, batch experiments 

conducted for this study were conducted at neutral pH and effect of As concentration on 

different amount of available adsorption sites were investigated. A kinetic experiment 

was conducted in the beginning to determine the equilibrium time, and thus establish time 

limits for subsequent experiments. Finally, an isotherm was measured in order to 

determine the effect of concentration on As adsorption. 

 

4.3.2.1. Adsorption kinetics 

An adsorption rate experiment was carried out on the pyrite crystals to determine 

the equilibrium time for the As sorption to occur. Three different crystal sizes of pyrite 
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were used; fine, intermediate and coarse (grain size classification is discussed in detail in 

Chapter 3) was separately used for the batch experiment. The pyrite was prepared after 

crushing, sieving, and washing it first with 0.5M HNO3 and then by DIW, drying them on 

a hot air, and finally it was stored in the O2-free N2 chamber. Batch experiment was 

conducted using three different pyrite grain sizes, each sample weighted 0.3 gm, and was 

treated with three different (0.1 mg/L, 1 mg/L and 10 mg/L) As concentration in a 50 ml 

low-density polyethylene centrifuge tube for 72 hours before the batch solution was 

filtered for As analysis. Adsorbed concentration of As was measured by subtracting the 

amount of As in the solution from the initial concentration. Blank solutions were 

measured in parallel to ensure the reliability as well as quality of the experiment. 

Maximum changes in pH value after the beginning (pH=7) of the experiment was less 

than 9%, which was considered insignificant fluctuation in pH to cause major shift in the 

adsorption value. 

Rapid adsorption occurred during the first 6 hours in all the adsorption batch 

experiments. Experiments that used a solution of 0.1 mg/L As showed 42-82 % As 

adsorption. Experiments with 1 mg/L and 10 mg/L of As resulted 4-28%, and 1-5% of As 

adsorption, respectively. Lower As adsorption was observed in the coarse-grained pyrite, 

which implies adsorption is dependent on surface area and number of adsorption sites. 

The smaller the crystal size of pyrite, the more adsorption sites are available, and thus 

more As is adsorbed. Much slower adsorption was observed after 12 hours and aqueous 

phase As concentration were almost constant after approximately 24 hours (Fig. 4.11).  
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Regardless of As concentration or size of pyrite used for the experiment, a plateau 

in As adsorption onto pyrite crystals was established at 24 hr (laboratory results tabulated 

in “Appendix 3”). As a result, the time span of 24 hour was chosen as an equilibrium 

time span for As sorption onto pyrite, and all batch experiment conducted to study the 

adsorption of As on pyrite were then fixed at 36 hr.  

 

4.3.2.2. Adsorption Isotherms 

Fig. 4.12 graphically shows the adsorption of As on different grain sizes of pyrite 

at constant pH. Adsorption of As increased with increasing arsenic concentration rapidly 

onto the solid pyrite. The initial trend of increase in aqueous phase concentration is 

proportional to the increase of As in solid phase (Fig. 4.12). With increasing soluble As 

concentration, adsorption sites are rapidly occupied and adsorption can no longer be 

sustained. 

This non-linear trend indicates that there is not only a decrease in As adsorption capacity 

of the pyrite with increase in As concentration, but also that pyrite adsorption capacity is 

dependent on the amount of surface area. Therefore, experimental data approximate the 

Langmuir isotherm, which is typical of solute adsorption where the total concentration of 

adsorption sites cannot be completely occupied. Average As adsorption onto fine-grained 

pyrite crystal is relatively higher (7.12 µM/gm of pyrite) than adsorption on coarse- 

grained pyrite crystals ( 3.4 µM/gm of pyrite; Fig. 4.12, and laboratory data on 

“Appendix 4”). However, more As can be adsorbed if pH of the solution is raised, as 

arsenic adsorption onto pyrite is pH-dependent and would increase if pH is increased 

(Bostick and Fendorf, 2003).  
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Fig. 4.11 Graphical plot prepared from the test experiments conducted to calibrate 
equilibrium adsorption time for fine-(a), intermediate-(b), and coarse-(c) grained pyrite 
crystals as a function of time. Batch experiment was prepared with different arsenic 
concentration (0.1 mg/L, 1 mg/L, and 10 mg/L) at solid/solution ratio=6 gm/L. At the end 
of the experiment pH value of the solution dropped about 7 to 9 % compared to the 
original neutral pH. Equilibrium adsorption was reached at about 24 hours. 
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Fig. 4.12 Plots of adsorption isotherm of As on 6 gm/L of pyrite at neutral pH. The lines 
are the Langmuir isotherm fits for the entire data set. Coefficient of determination, r2 for 
the best logarithmic fit on the dataset presented here are 0.9468, 0.9838, and 0.9861 for 
fine-, intermediate-, and coarse-grained samples, respectively. Vertical bars represent the 
value of standard deviation in the data. 
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4.3.2.3. Adsorption envelopes 

The adsorption envelopes (% adsorbed versus pH at constant As concentration) 

graphically show the importance of pH on adsorption potential of an adsorbing media. In 

this study, adsorption pH envelopes were developed to graphically display the variation 

observed in As adsorption for the various crystal size of pyrite. The adsorption 

percentage of As on different grain size of pyrite surfaces plotted against pH for three 

different As concentrations (0.1 mg/L, 1 mg/L, and 10 mg/L) is shown in Fig. 4.13. In the 

experiment, 50ml solution was prepared using different arsenic concentration with 0.3gm 

of pyrite crystals. Ionic strength was balanced using 0.01M NaNO3, and initial pH was 

balanced using either 0.1M HNO3 or 0.1M NaOH. All the samples were then allowed to 

equilibrate for 36 hours. 

The pH effect is clearly depicted in the sorption isotherm for pyrite. At lower pH 

(less than 6) As adsorption is less than 21%. Dramatic increase in As adsorption (up to 

98%) with increasing pH indicates the As adsorption onto pyrite surface is pH dependent. 

These results are consistent with the results of arsenite [As (III)] adsorption onto pyrite, 

shown in the study carried out previously by Bostick and Fendorf (2003). It is also 

observed that with decrease in surface area of pyrite crystal there is simultaneous 

decrease in As adsorption. This experiment, which was conducted under reducing 

conditions, probably kept As (III) (that was used as a source of As) from oxidizing to As 

(V). Arsenic adsorption onto pyrite observed in this study and a study carried out by 

Bostick and Fendorf (2003) is distinctly different from other studies (Pierce and Moore, 

1982; Dzombak and Morel, 1990; Hsia et al., 1994) conducted to study As adsorption 

onto HFO. Arsenic sorption by a HFO is generally interpreted as a ‘double layer’ model, 
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when HFO exhibit maximum adsorption at near-neutral pH and least adsorption at high 

pH (Pierce and Moore, 1982; Dzombak and Morel, 1990; Hsia et al., 1994). 

 Anion adsorption onto HFO occurs essentially through ligand exchange of surface 

hydroxyl groups with an anion in solution (Anderson et al., 1976) similarly, anion 

adsorption in sulfide mineral surface is proposed through the exchange of surface 

hydroxyl groups (Balsley et al., 1998). At lower pH (<7), H2AsO4- is dominant aqueous 

arsenic species (Fig. 2.1 and Fig. 4.2). At higher pH concentration of H+ in the solution 

decreases and the HFO surface become increasingly more negative which results in 

desorption of  HAsO4
-- and AsO4

---  that are dominant aqueous arsenic species at pH>8. 

Observed pH-dependent adsorption of As onto metal sulfides observed in Fig. 4.13 does 

not follow electrostatic (outer sphere) adsorption (Farquhar et al., 2002). Steep adsorption 

slope from pH 4 to 6 observed in Fig. 4.13 (data on “Appendix 5”) shows rapid 

adsorption of As onto pyrite. Adsorption of As onto pyrite is remains constant at higher 

pH (>6). A study carried out to investigate As desorption from pyrite by Bostick and 

Fendorf (2003) also depicted similar graph showing deep lag in desorption at similar pH 

(4 to 6) values, and suggested that a slow process more compatible with the formation of 

strong, inner sphere complexes. Bostick and Fendorf (2003) suggested from an XANES 

study that arsenite is adsorbed to pyrite by forming ‘arsenopyrite-like’ surface 

precipitates.  
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Fig. 4.13 Plot showing As adsorption per unit mass adsorbent  as a function of pH for 
fine, intermediate, and coarse grained pyrite crystals for different amounts of added 
arsenic concentration (0.1 mg/L, 1 mg/L, 10 mg/L). Concentration of pyrite is 6 gm/L 
and equilibrium time is 36 hr. Lines connecting the values in the figure represent the best 
fit curve and standard error in the fit is ignored. 
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4.4. Role of arsenic-bearing pyrite in arsenic removal: discussion 

As described above and shown by Lee and Saunders (2003), and Saunders et al. 

(2005c), injection of organic carbon into the groundwater as a source of carbon first 

stimulates biogenic Fe-reduction. When geochemical conditions become more reducing 

and Fe-reduction ceases, the presence of sulfate in the groundwater allows the initiation 

of biogenic sulfate reduction (Lee and Saunders, 2003; Saunders et al, 2005c). 

Apparantly, biogenic sulfate reduction can only proceed after the depletion of ferric 

hydroxide phases that serve as electron acceptor for anaerobic FeRB. Chapelle and 

Lovley (1992) and Lovley and Chapelle (1995) showed that there is more energy to be 

derived from Fe-reduction than sulfate reduction, and that FeRB and SRB compete with  

each other in anaerobic groundwater for electron donors (e.g., organic carbon).  

Conversely, the presence of both viable FeRB and SRB in naturally As-contaminated 

groundwater is typical (Kirk et al., 2004; Saunders et al., 2005a). Data from the field 

demonstrate that the indigenous SRB in the As-contaminated aquifer are capable of 

anaerobically catalyzing sulfate reduction. In batch experiments, the overall trend was 

towards progressively more reducing conditions with time as indicated by the Eh data, 

which makes it possible for formation of relatively insoluble Fe-sulfide. Arsenic-rich Fe-

sulfides formed as a consequence of sulfate reduction apparently sorb significant amounts 

of soluble As, which under reducing conditions continues to sorb As and eventually 

transforms into more stable sulfide minerals like pyrite and arsenian pyrite, these phases 

can sequester As more firmly then amorphous Fe-sulfide.  
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Extensive documentation in the literature supports pyrite is a very common 

authigenic mineral that forms under sulfate-reducing conditions, provided that ample 

sources of Fe and sulfate are available (Morse et al., 1987). In As-rich environments, the 

pyrite is kinetically inhibited as a direct precipitation under sulfate-reducing conditions 

(Wolthers et al., 2007), and typically amorphous Fe-S phases form initially, which in 

presence of H2S invert to pyrite (Morse et al., 1987). In anoxic marine sediments of the 

Gulf of Mexico, Huerta-Diaz and Morse (1992) found that Fe-sulfides (amorphous FeS 

and pyrite) incorporate trace elements such as As, Co, Ni, and Mo into pyrite and acid 

volatile sulfide phases (volatize in strong acid). Similarly, Saunders et al. (1997) 

documented arsenic, and to a lesser extent Co and Ni, were incorporated into authigenic 

biogenic pyrite in a Holocene alluvial aquifer in central Alabama under sulfate reducing 

conditions. As-rich pyrite (Fig. 2.7) obtained from a Holocene alluvial aquifer described 

by Saunders et al. (1997) and Southam and Saunders (2005) was formed during 

replacement of wood fragments. Sulfur isotopic studies conducted on the As-rich pyrite 

crystals indicate that SRB were responsible for its formation. Pyrite δ34S values are 

isotopically light as expected as a consequence of bacterial sulfate reduction. Pyrite is 

also zoned with respect to As content, and electron microprobe analyses show that 

individual zones contain up to 1 wt. % of As. More recently, ion microprobe analyses 

confirmed that isotopically lightest sulfur in core of the pyrite grain corresponds with 

highest As content (Saunders et al., 2005a), and laser ablation ICP-MS study confirms the 

coexistence of Fe-S-As in the sample (Dhakal et al., 2007).  
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Discovery of As-bearing pyrite in natural As-contaminated groundwaters in West 

Bengal, India (Archaryya and Shah, 2007), Bangladesh (Nickson et al., 2000; Lowers et 

al. 2007), and in a Holocene alluvial aquifer in USA (Saunders et al., 1997; Southam and 

Saunders, 2005) suggest that arsenian pyrite is a principal authigenic sulfide phase in 

such identical geologic environments. Yet others have tentatively documented orpiment 

and realgar as the dominant As-sulfide species at one site where anthropogenic As 

contamination occurs (O’Day et al., 2004). In absence of XRD data, confirming the 

presence of realgar (e.g., O’Day et al., 2004) requires further documentation. In addition, 

some studies carried out to investigate As uptake by various Fe-sulfide minerals have 

shown the formation of various As solids including orpiment (Farquhar et al., 2002) and 

realgar-like phase (Gallegos et al., 2007). Laboratory and geochemical modeling data 

from this study, however, support that arsenian pyrite as an important final As-Fe-S 

mineral phase in iron-bearing, anoxic groundwater settings, although such As-rich pyrite 

may have transformed from intermediate Fe-sulfide such as mackinawite, and marcasite 

that formed initially. In absence of dissolved iron, sorption and coprecipitation of As is 

apparent in realgar-like phases from pH 5 to pH 9 (Gallegos et al., 2007). Considering the 

natural abundance of iron in nature, formation of realgar or orpiment in natural 

groundwater at near-neutral pH appears inconsistent with new thermodynamic data on 

arsenian pyrite solid solutions determined as part of this study. 

Field data observed during this study, along with the data of others cited above, 

coupled with results of geochemical modeling that includes thermodynamic data for As-

bearing pyrite and laboratory studies presented here, show that As-bearing pyrite is the 

most important solid Fe-sulfide phase that sequester As from solution under            
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sulfate-reducing condition in natural groundwater. Oxidation of As-bearing sulfides can 

cause natural As-contamination locally (Welch et al., 2000; Smedley and Kinniburgh, 

2002). However, in Holocene alluvial aquifers, As-bearing pyrite is a sink rather than a 

source of As (Saunders et al., 2005a; Lee et al., 2005). The inverse relationship noticed 

between As and sulfate in groundwater of Bangladesh (Nickson et al., 2000; Smedley and 

Kinniburgh, 2002) reflects the fact that a lack of dissolved sulfate in groundwater limits 

the metabolism of SRB (Chapelle and Lovley, 1992) and thus limits As immobilization 

(Kirk et al., 2004).   

The actual mechanism implicated in removal of As by Fe-sulfides have been 

studied previously, but results have been inconclusive. Assuming Fe-sulfide phases 

precipitate first as a consequence of biogenic sulfate reduction and that pyrite is the 

thermodynamically favored phase under most situations, questions still persist about how 

As is incorporated into these phases to make arsenic-bearing pyrite. There is a general 

agreement that arsenic is sorbed to surface of Fe-sulfides phases under reducing 

conditions where such sulfides are stable (Farquhar et al., 2002; Wolthers et al., 2005c; 

Wolthers et al., 2007).  On aging, initially formed Fe-sulfide may incorporate sorbed As 

into the growing crystal lattice of pyrite and other Fe-sulfide by replacing sulfur (Savage 

et al., 2000), and taken together (e.g., sorption, crystal growth), these processes can be 

called “coprecipitation”.  From the present study it appears that pyrite typically forms 

with ~1 wt. % of As under reducing conditions where there is sufficient dissolved Fe, As, 

S and an organic carbon source to drive biogenic sulfate reduction. Arsenopyrite was 

synthesized in the laboratory by Morimoto and Clark (1961), and Rittle et al. (1995) in a 

biogenic sulfate reduction experiments conducted in a Fe-As-S system using SRB.  
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Because of the abundance of iron in the crust, it is likely As-Fe-sulfides will be the 

predominant As phases forming under reducing conditions. Additionally, a study 

conducted on As replacement of sulfur in pyrite, Reich and Becker (2006) theoretically 

proved pyrite solid solutions can incorporate up to 6 wt. % of As at room temperature 

(Table 2.1), whereas beyond this concentration As and Fe-sulfide reacts to form 

arsenopyrite. Evidence of As-rich pyrite containing up to 8 wt. % of As was reported by 

Fleet et al. (1989) from a gold mine, and the solution energy that were calculated by 

density functional theory (DFT) showed prevalence of As-rich pyrite with 10 wt.% of As 

(Blanchard et al., 2007) (Table 2.1). But optimum amount of As that can be incorporated 

into pyrite at normal temperature (25°C)  that is reported by Reich and Becker (2006) 

seems more consistent with the results of geochemical modeling in this study. Structural 

differences between pyrite (cubic) and arsenopyrite (FeAsS, orthorhombic) or löllingite 

(FeAs2, orthorhombic) (Lowers et al., 2007) presumably cause a lack of extensive solid 

solution between the phases (Reich and Becker, 2006). The highest As concentrations in 

pyrite may represent metastable solid solutions, but in other cases, As is incorporated 

within the pyrite lattice by atomic substitution (Savage et al., 2000).  

 Results of field bioremediation experiments (Saunders et al., 2008), and laboratory 

batch experiments of this study (and recent laboratory investigations by Keimowitz et al., 

2007) suggest that As is removed under sulfate-reducing conditions when the SRB are 

actively metabolizing. However, the exact mechanism of As removal during sulfate 

reduction and Fe-sulfide formation is still not well documented. Perhaps the formation of 

an As-Fe-S phase like that observed by Rittle et al. (1995) could explain As removal from 

solution, but more likely sorption of As on Fe-sulfide phases made during SRB 
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metabolism occurs. Eventually, at the latter stage of aging of the initial Fe-sulfide phase, 

As could incorporate into the pyrite crystal lattice. In the Oklahoma experiment, after 

sulfate-reduction ceased and dissolved sulfate and iron increased late in the experiment 

(Fig. 4.1a), arsenic did not show a parallel increase in the groundwater. This result 

suggests Fe-sulfide phases made during biogenic sulfate reduction have some residual 

capability of removing As by sorption even though biogenic sulfate reduction has ceased. 

An X-ray absorption spectroscopy study conducted by Wharton et al. (2000) to 

investigate the behavior of technetium (Tc) and rhenium (Re) during subsequent 

oxidation of mackinawite coprecipiated with Tc and Re at the onset of reducing 

conditions, found that HFO evolved during oxidation continues to adsorb these elements 

even after sulfate-reduction has ceased. Beside residual capability of Fe-sulfide to sorb 

As even after the completion of biogenic sulfate reduction as discussed before, alternative 

mechanism responsible for long term As sorption is the adsorption process observed by 

Wharton et al. (2000) that continues after reoxidation of the host precipitate (Fe-As-

sulfide) which not only sorb As in the beginning, but also continues to adsorb As onto 

HFO that forms by oxidation of biogenic Fe-As sulfide. In Bangladesh, our experiments 

were designed to first assess the results of adding labile organic carbon and sulfate, and 

then to investigate the effect of additional dissolved iron.  In the beginning, As was not 

removed during biogenic sulfate reduction in Bangladesh experiment (Fig. 4.1b) as was 

observed in the Oklahoma experiment, but As levels returned to background levels over 

time. Problems still need to be addressed, but it is hoped that in situ bioremediation can 

be optimized to become an appropriate, inexpensive, technology for removing As from 

drinking water that are drawn from Holocene alluvial aquifers in southeast Asia. 
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CHAPTER 5 
 

CONCLUSIONS 
 
 

5. Conclusions 

 It has been postulated that in situ bioremediation techniques that involve injection 

of soluble organic carbon and sulfate into As-contaminated aquifers enhances microbial 

sulfate reduction leading to Fe-sulfide precipitation that apparently can effectively sorb 

and coprecipitate soluble As from solution. This approach potentially could be used on 

anthropogenically contaminated groundwater sites and possibly where As released during 

microbial-mediated reductive dissolution of HFO in Holocene floodplain alluvial aquifers 

occurs. It was also assumed that initially formed Fe-sulfide during biogenic sulfate 

reduction transforms into pyrite over time, and the new phases not only continue to sorb 

As from the solution, but also may immobilize As more efficiently then just surface 

sorption. The initial impetus of this work stemmed from the need for understanding 

whether or not arsenian pyrite is the likely stable mineral phase formed under anoxic, 

sulfate-reducing groundwater conditions, instead of pure As-S phases, and whether 

providing both electron donor and electron acceptor to bacteria could effect a practical 

remediation approach. Field and laboratory investigations conducted here present data 

supporting the formation of stable Fe-sulfide minerals phase that are responsible for 

sequestering As, and also demonstrate the details of geochemical process using 

thermodynamic modeling. 
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5.1. Specific research conclusions 

1. A pilot-scale bioremediation experiment conducted in Blackwell, Oklahoma, 

showed a significant lowering of dissolved As and Fe after the beginning of 

biogenic sulfate reduction. Substantial decrease in As concentration compared to 

the initial levels occurring under Fe-reducing conditions is interpreted to be the 

result of sorption and coprecipiation of As on Fe-sulfide minerals formed by 

biogenic sulfate reduction. Results of the bioremediation experiment carried out in 

Manikganj, Bangladesh showed similar results. However, at the end of the initial 

Bangladesh experiment, it was found that a Fe-reducing condition returned in the 

groundwater and As increase back to pre-test levels. The exact explanation for the 

sudden change in geochemistry at the later phase of the experiment at Bangladesh is 

not yet fully understood. It is proposed that either depletion of organic matter or 

complete replacement of treated groundwater plume by fresh groundwater could be 

possible causes. Groundwater systems with high dissolved H2S but low Fe content 

can enhance As mobility by forming thioarsenite aqueous complex (Lee et al., 

2005), and thus can be implied as the third plausible explanation for the increase in 

As concentration at the end of the experiment in Bangladesh. However, that 

possibility is not likely due to the fact that Fe increased too. 

2.  Arsenian pyrite (FeS1.99As0.01) appears to be the most predominant Fe-As-S mineral 

formed in anoxic iron-bearing natural groundwater conditions. Reaction-path 

modeling conducted to trace As reactivity and precipitation in natural As-rich 

groundwater under sulfate-reducing condition appears to rule out the possibility that 

As-sulfide minerals like orpiment and realgar can form in such geological 
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conditions. However, formation of such species cannot be excluded in very specific 

conditions when high concentrations of As come from anthropogenic sources. 

Geochemical modeling conducted using GWB included newly derived 

thermodynamic data for arsenian pyrite solid solution (FeS1.99As0.01-FeS1.90As0.10) in 

this study is useful in characterizing and predicting As behavior in reducing iron-

bearing groundwater.  

3  In both sulfide-limited and excess-sulfide conditions mackinawite is the first 

precipitated iron monosulfide in batch experiment conducted as part of this 

research. Marcasite and pyrite were recovered from the batch experiment that ran 

longer than one week (confirmed by XRD studies). It is believed that such 

crystalline Fe-sulfide is formed on aging and transformation from the first 

precipitated Fe-sulfide. A few unidentified Fe-sulfides were also obtained during 

batch experiments. In low As concentration (0.1 mg/L), about 91% of the initial As 

concentration was sorbed onto Fe-sulfide, whereas up to 55% of initial As 

concentration was sorbed onto Fe-sulfide in the batch test prepared with high As 

concentration (10 mg/L). Continued low aqueous As concentrations observed for 

two weeks indicate uptake of As by amorphous Fe-sulfide, and more probably, by 

growing neo-formed pyrite. In absence of XANES and EXAFS studies that are 

commonly used to characterize surface and atomic structure of laboratory 

synthesized pyrite and other Fe-sulfide in this study, the exact mechanisms of As 

incorporation on those Fe-sulfide remains unclear. Thus, XANES and EXAFS 

studies are a worthy topic for future research. 
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4. Batch experiments conducted to investigate As adsorption onto pyrite revealed that 

As is very rapidly adsorbed onto pyrite at the beginning, and adsorption reached 

equilibrium in about 2 days. The adsorption isotherms indicate a non-linear sorption 

process. In fine-grained pyrite crystals, adsorption is more rapid compared to 

coarse-grained pyrite. Also, As adsorption is more complete in experiments with 

low As concentrations, but at higher concentration, less As is adsorbed. Thus, there 

is a possibility of desorption of As at higher concentration. Batch experiments that 

involves fine-grained pyrite crystals adsorbed ~7.12 µM/gm of pyrite, which was 

significantly higher than for course-grained pyrite (about 3.4 µM/gm of pyrite). 

Adsorption of As onto pyrite is pH dependent (Bostick and Fendorf, 2003); 

therefore increase in arsenic adsorption is expected if pH of the solution is raised.  

5. Results from the adsorption envelopes clearly depict sharp increases in As 

adsorption if pH is raised. Sharp adsorption of As is observed at pH above 6. This 

spike in As adsorption above pH 6 indicates optimum As adsorption onto pyrite at 

near-neutral pH.  Bostick and Fendorf (2003) reported ‘‘arsenopyrite-like’’ surface 

precipitates when As is adsorbed onto pyrite. Assuming arsenian pyrite is formed 

during in situ bioremediation and biogenic sulfate reduction, arsenopyrite-like 

surface precipitate can develop if dissolved As is continuously adsorbed onto 

arsenian pyrite. 

 

Finally, results from this study indicate that a decrease in dissolved As in 

groundwater during bioremediation is consistent with As sorption onto newly formed Fe-

sulfide surfaces. This appears to result in the formation of arsenian pyrite with ~1 wt. % 
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of As, which has been observed under some documented field situations. Geochemical 

modeling conducted on iron-bearing, sulfate-reducing As-rich contaminated groundwater 

with new thermodynamic data for arsenian pyrite solid solution developed as a part of 

this study indicates that arsenian pyrite is thermodynamically more stable than pure As-

sulfide under sulfate-reducing conditions. In this study, amorphous Fe-sulfide formed at 

the beginning of the laboratory batch experiment, upon aging, produced pyrite. The 

observed formation of amorphous Fe-sulfide followed by crystalline Fe-sulfide minerals 

in progressively reducing conditions strongly support our hypothesis that sorption and 

possibly coprecipitation of dissolved As onto stable Fe-sulfide minerals under sulfate-

reducing conditions might be accomplished using indigenous SRB  in groundwater 

contaminated with As. 

 

5.2. Recommendations for future study 

The findings presented in this work provide further support for the concept of 

simulating indigenous SRB to engineer in situ bioremediation, which could be an 

inexpensive, effective, and efficient As removal technique. Biogenic sulfate reduction is 

believed to produce nano-scale iron monosulfides with high surface areas that are 

effective in sorbing and coprecipitating As from solution. If the exact geochemical 

mechanisms of iron monosulfide inversion to more stable pyrite is better understood, then 

long term in situ As removal might be accomplished. Future work related to sequestering 

As from As-contaminated natural groundwater system that builds upon these studies 

could involve the following areas: a) refining the proposed bioremediation technique 

such for different geological and geochemical conditions by controlling material used 
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during bioaugumentation and integrating the factors like dynamic flow condition and 

groundwater geochemistry, and b) understanding exact mechanism on how Fe-sulfide 

transform into pyrite. 

Further research needs to be done in quantifying optimum amount of As that can be 

removed during bioremediation. Possible desorption of As from the Fe-sulfide during the 

final phase of bioremediation needs clarification. However, conjecture from the results of 

the study conducted by Wharton et al. (2000) can possibly address what happens to the 

sorbed As if pyrite gets oxidized by lowering water tables in the field. Arsenic 

incorporated onto pyrite upon oxidation most likely does not release As, but incorporates 

into the HFO formed as a result of Fe-sulfide oxidation caused by lowering water table. 

However, subsequent reduction of HFO may re-mobilize As again. Additional research 

should also be undertaken to determine how well this carefully controlled laboratory 

synthesized pyrite can be formed in natural groundwater system. Further investigation 

can be conducted to study of the Fe-sulfide prepared in the lab in this study at a 

molecular level to understand structural bonding and geochemistry of these minerals. 
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APPENDIX 1: Laboratory results from batch experiments conducted to investigate sorption of As onto synthetic Fe-sulfide. 
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APPENDIX 2: Tabulated data from laboratory experiments carried out to find the most suitable chemical solution to wash pyrite 
crystals that can maximize the adsorption of As with minimum changes in pH. 
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APPENDIX 3: Laboratory data obtained from the adsorption kinetic experiment on pyrite.  
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APPENDIX 4: Data derived from the adsorption isotherm experiment. 
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APPENDIX 5: Tabulated data from laboratory experiments conducted to investigate 
changes in As concentration as a function of pH and grain size.  

 


