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Arsenic contamination of groundwater is a major problem in some areas of the 

world, particularly in West Bengal (India) and Bangladesh where it is caused by 

reducing conditions in the aquifer. In situ treatment, if it can be proven as 

operationally feasible, has the potential to capture some advantages over other 

treatment methods by being fairly simple, not using chemicals, and not 

necessitating disposal of arsenic-rich wastes. In situ treatment by injection of 

aerated water has seen limited application with moderate success. However, 

another possibility is to employ in situ treatment by injection of compressed air 

directly into the aquifer (i.e. air sparging). 

 

In this investigation, an experimental apparatus simulating conditions of 

Bangladeshi groundwater was constructed and employed treatment by air 

sparging. Arsenic was removed to a maximum of 79% in low-flow areas of the 

apparatus, using a solution with dissolved iron and arsenic only. Jar tests 

revealed arsenic to be removed by co-precipitation with iron at a molar ratio of 



approximately 2 (iron/arsenic), and this is encouraging as groundwater with 

relatively high amounts of dissolved iron then has a large theoretical treatment 

capacity for arsenic. However, further experiments revealed that phosphate is a 

significant hindrance to arsenic removal, greatly reducing removal effectiveness. 

This presents a difficulty, as phosphate is often a significant co-occurring solute 

with arsenic in groundwater. 

 

Additional laboratory research would be valuable to examine more complex 

solutions better representative of field conditions, to examine treatment capacity 

under different flow rates, to further investigate competition effects of phosphate, 

and to examine treatment behaviour under intermittent periods of air sparging. 

Field testing is also needed to examine the efficacy of air sparging for treatment 

of arsenic in groundwater in a practical application. 
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1. Introduction 

1.1 Problem Statement 

Arsenic is a frequently encountered trace element in the environment, and 

represents a problematic contaminant in a substantial number of areas of the 

world in groundwater. Although the highest concentrations of arsenic 

contamination come from anthropogenic sources such as smelting operations, 

the most widespread problems are naturally occurring. Chronic arsenic exposure 

can result in severe health effects with skin lesions, hyperkeratosis, and 

increased risk of cancers.  

 

The most widespread arsenic problem is seen in West Bengal (India) and in 

Bangladesh, with millions of people exposed. The severity of the problem is the 

result of reducing conditions in the aquifers. In response, many treatment 

methods have been proposed and tested, and fall in the categories of oxidation 

and sedimentation, coagulation and filtration, sorption techniques, and 

membrane techniques. However, many technologies from these methods have 

drawbacks in that they require chemicals, require disposal of arsenic-rich wastes, 

and/or are technologically complex.  

 

In situ treatment for arsenic in groundwater, if it can be proven as operationally 

feasible, relies on the process of oxidation of dissolved iron, which precipitates 

and subsequently adsorbs dissolved ferrous iron and other oxyanions including 

arsenical species. In situ treatment has the potential to capture some advantages 
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by being fairly simple, not using chemicals, and not necessitating disposal of 

arsenic-rich wastes. Although some researchers have tried injection of aerated 

water as an in situ treatment approach, with moderate success, this has the 

added step of first pumping water up to the surface and then reinjecting the 

aerated water. This has the potential to introduce bacterial contamination when 

water is at the surface. As an alternative, direct air sparging (i.e. injection of 

compressed air) in an aquifer upgradient of a well has the potential to be an 

effective treatment for arsenic, but has had limited research to date.  

1.2 Purpose of Investigation 

The experimental investigation described in this thesis is a laboratory-scale study 

to assess the potential for, and characteristics of, in situ treatment for arsenic in 

groundwater by air sparging. This study is intended as a precursor to a possible 

field-scale investigation, in order to gain a sense of expected performance, and 

identify and investigate important parameters for design. 

1.3 Thesis Structure 

This thesis is divided into the following sections (in order of subsequent 

appearance): 

• Literature review 

• Experimental description and methods 

• Experimental details, results, discussion, and conclusions 
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2. Literature Review 

2.1 Background 

Arsenic, the 52nd most abundant element in the earth’s crust, is a ubiquitous 

trace element, is a metalloid with an atomic number of 33, and has an atomic 

mass of 74.92. Arsenic can exist in oxidation states of -3, 0, +3, and +5, and is a 

known constituent of at least 245 mineral species. Natural sources of arsenic 

include sediment of volcanic origin, sulphide minerals, and metal oxides (Health 

Canada, 2006).  

 

Arsenic is biologically harmful, and exposure pathways include ingestion through 

water, ingestion through food, and inhalation exposure such as from inhaling 

sawdust or smoke from wood treated with arsenic. Occupational exposure can 

occur in jobs that involve arsenic production, copper and lead smelting, wood 

treatment, or pesticide application (ATSDR, 2007). 

 

In the environment, arsenic occurs in both organic and inorganic forms. In natural 

waters it is mostly found in inorganic form as trivalent (As[III]) arsenite or 

pentavalent (As[V]) arsenate (Smedley & Kinniburgh, 2002). Trace inorganic and 

organic arsenic occurs in foods in varying proportions. Health guidelines for 

arsenic in water have changed several times since the first arsenic standard 

came out from the World Health Organization (WHO). In 1958, the WHO 

recommended a guideline of 200 µg/L, and in 1963 this was modified to 50 µg/L. 
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This was further modified to the current provisional guideline of 10 µg/L in 1993 

(WHO, 2008). This is the guideline followed by Health Canada. 

 

Guidelines for arsenic in drinking water are based on practical quantitation limits 

and ability to treat to trace levels, and not necessarily on achieving a “de minimis” 

risk (i.e. the risk of 1 in 100,000 to 1 in 1,000,000 new cases of cancer above 

background levels in a lifetime), since there is much uncertainty at low levels 

(WHO, 2011). Health Canada (2006) estimates a “de minimis” risk at the level of 

0.3 µg/L of inorganic arsenic in drinking water. Not all countries or jurisdictions 

follow WHO guidelines in drinking water standards for arsenic. For example, 

Bangladesh and India use a guideline of 50 µg/L, reflecting the previous (1963) 

WHO guideline. 

 

2.2 Health Risks 

In terms of health risks, inorganic forms of arsenic are recognized as being far 

more toxic than organic forms (USNRC, 1999; Jain & Ali, 1998). As(III) is more 

toxic than As(V) (Ferguson & Gavis, 1972), but the human body is capable of 

reducing As(V) to As(III) (Németi & Gregus, 2007) thus magnifying the toxicity of 

As(V). In a review of epidemiological studies, Spallholz & La Porte (2006) give 

the following symptoms in order of frequency in cases of arsenicosis (i.e. chronic 

arsenic poisoning): 
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• Melanosis (hyperpigmentation) (95%) – diffuse or spotted patterns on 

trunk or forearms, developing after 6+ months exposure at the highest 

doses 

• Leucomelanosis (hypopigmentation) (35%) – splotchy and irregular 

pattern on trunk or forearms, developing after 12+ months exposure 

• Hyperkeratosis (65%) – “skin thickening” typically on hands and soles of 

feet, developing after 5+ years exposure 

• Hepatomegaly (20%) – enlarged liver 

• Neuropathy (20%) – nerve damage which can result in peripheral vascular 

disease, burning sensations in the eyes, hyperpathia (abnormal painful 

reaction to stimulus), tremor, dizziness 

• Oedema (10%) – fluid swelling in the legs 

• Skin cancer (1% to 5%) – squamous and basal cell carcinomas 

• Lung, bladder, and urinary tract cancers (1%) – often in older subjects 

 

The United States Environmental Protection Agency (USEPA) IRIS database 

gives a cancer slope factor for skin cancer from inorganic arsenic ingestion of 1.5 

[(mg/kg)/day]-1 (USEPA, 2011). Most epidemiological evidence for arsenicosis 

(including that used in the USEPA analysis) comes from studies conducted 

during the 1960s and 1970s on 40,000 Taiwanese arsenic exposures as 

compared to 7500 controls.  
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Arsenic toxicity can be affected by lifestyle and exposure to other substances 

and chemicals, as synergistic effects have been found between arsenic exposure 

and smoking, as well as with occupational activities in which the worker is 

exposed to fertilizers (Melkonian et al., 2010). General physical health factors 

also make a difference in prevalence of arsenicosis. Some correlations have 

been found between visual signs of arsenicosis and lower nutritional status as 

measured through body mass index (Summers & Khokhar, 2010; Milton et al., 

2004; Maharjan et al., 2007). Although causality can be difficult to determine (i.e. 

does arsenic cause lower body mass index or does lower body mass index 

exacerbate arsenical effects?), this is definitely cause for concern.  

 

Arsenicosis susceptibility has been found to be associated with low socio-

economic status in Cambodia (presumably from low nutrition levels) as families 

who displayed visual signs of arsenicosis were poorer than neighbours who had 

no symptoms and the poor also reported eating less meat, eggs, fruit, and 

vegetables (Sampson et al., 2008). A study in West Bengal showed a mild 

increase in risk for arsenical skin lesions with low intake of calcium, animal 

protein, folate, and fiber. However, the authors suggested that these small 

changes in risk magnitude are negligible as compared to reducing actual arsenic 

exposure, so mitigation strategies should focus on exposure (Mitra et al., 2004).  

 

Risk level can also be affected by age and other socio-demographic factors. In 

one study of 200 Bangladeshis, it was found that the older population (i.e. older 
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than 30) was at statistically significantly greater risk for arsenicosis than the 

younger population (Hossain & Islam, 2009). There was also a negative 

correlation found between risk for arsenicosis and education and income level, 

and associations were found with occupational status as housewives were at 

higher risk than students, teachers, and servicemen, among others (Hossain & 

Islam, 2009). Another Bangladeshi study of 1654 participants (Hadi & Parveen, 

2004) found that the younger population (i.e. less than 20) was at significantly 

lower risk for arsenicosis than those who were older, but curiously found that the 

middle-aged were at higher risk than those who were older (no plausible 

explanations were given). There was also a negative correlation found with 

socio-economic status, with middle-aged poor males being at highest risk. This 

higher risk among males could be due to higher water consumption (Hadi & 

Parveen, 2004), and this has also been suggested for workers vs. non-workers in 

general (Dey et al., 2002).  

 

A study in an arsenic-affected area in Iran showed that arsenical skin lesions 

were at higher incidence in older subjects than young subjects, with strong risk 

factors relating to age, duration of living in an arsenic-affected area, and level of 

arsenic in drinking water (Barati et al., 2010). The age discrepancy in risk factors 

may be explained by differences in exposure time; however, it has also been 

shown that children may actually retain less arsenic than adults (U.K. Chowdhury 

et al., 2003).  
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Selenium has been shown to be important in affecting arsenic toxicity, as it 

interacts with arsenic through increasing biliary and urinary excretion of arsenic, 

reducing body load of arsenic, countering cellular toxicity of arsenic, and 

preventing arsenic-induced chromosomal damage (Spallholz & La Porte, 2006). 

Selenium is antagonistic to arsenic toxicity and carcinogenicity as shown through 

mammalian models, and this may be from a variety of mechanisms including the 

free-radical scavenging nature of selenium compounds (Zhu et al., 2009).  

 

Some studies have examined the effect of selenium supplementation on 

susceptibility to and treatment of arsenicosis. A study of selenium 

supplementation for Bangladeshis with pre-malignant arsenical skin lesions 

found that long-term supplementation might help revert some of the gene 

expression changes presumably induced by arsenic exposure (Kibriya et al., 

2007). Along the same lines, an experiment studying the effect of selenium 

supplementation on body arsenic levels for people from Inner Mongolia showed 

that arsenic levels in blood, urine, and hair in the treatment group decreased 

much more than the control group (Yang et al., 2002). Concentrations of 

selenium in the blood can be very important in affecting arsenic toxicity, as it has 

been found that lower blood selenium levels increase risk for premalignant 

arsenical skin lesions (Chen et al., 2007).  

 

The importance of dietary selenium in combating arsenicosis risk is pertinent 

when considering the levels of selenium in arsenic-affected areas. A preliminary 
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study of 70 Bangladeshi soil samples showed them to be high in arsenic and low 

in soluble selenium (Spallholz et al., 2008a). Given normal hydrological 

conditions in Bangladesh (i.e. flushing of soils from periodic flooding), it is not 

expected that high levels of selenium would be found (Spallholz et al., 2004). 

Studies of food from arsenic-affected areas have shown that selenium may not 

be overly abundant. Rice grown in areas with high arsenic levels in irrigation 

water may be low in trace constituents such as zinc, phosphorus, and selenium, 

and it has been found that levels of selenium in rice from West Bengal may be 

significantly lower than would be needed to fulfill a recommended intake of 55 

µg/day (Dwivedi et al., 2010). A study of Bangladeshi foods has also shown that 

they are not overly abundant in selenium (Spallholz et al., 2008b).  

 

2.3 Measurement Methods 

There are many methods for measuring arsenic in solution, and these include 

(Khaliquzzaman & Khan, 2003): 

• Inductively-Coupled Plasma – Mass Spectrometry (ICP-MS) 

• Inductively-Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) 

• Hydride Generation Atomic Absorption Spectrophotometry (HG-AAS) 

• Electrochemical methods 

• UV-Visible Spectrophotometry 

• X-Ray fluorescence (XRF) and Total reflection X-ray fluorescence (TXRF) 

Methods 

• Instrumental neutron activation analysis (INNA) 
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• Particle (proton) induced X-ray emission analysis (proton-PIXE) 

• Graphite Furnace Atomic Absorption Spectrophotometry (GFAAS)  

 

In this thesis research, the GFAAS method is used. 

 

Some field units are available for arsenic determination, and they are important in 

analyzing for arsenic rapidly and at low cost. These are usually based on a 

colorimetric procedure using the mercuric bromide stain method. It appears that 

field accuracy is highly dependent on a number of quality control factors such as 

chemical type, preparation, and preservation, as well as quality of water, quality 

of equipment, operator skill, and procedure (Jalil & Ahmed, 2003). Although 

accuracy is a concern, it is very likely that these types of field units will continue 

to be used for sake of convenience (Jalil & Ahmed, 2003). 

 

2.4 Locations Affected by Arsenic in Groundwater 

High arsenic in groundwater occurs for varying reasons, as will be explained 

further below in this review. Based on a review of relevant literature, Ahmed 

(2003a) gives a succinct summary of worldwide hot spots for groundwater 

contamination: 

• A small area of Argentina, noticed as far back as the early 20th century 

• Taiwan, first reported in 1968. It is the best reported and documented 

case. 

• Bangladesh, first identified in 1993 
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• West Bengal, India, discovered in 1982 and similar in contaminant origin 

as Bangladesh (explained lower in this review) 

• Thailand, found in 1996. It is from anthropogenic sources from former tin 

mining. 

• Mekong and Red River delta areas of Vietnam, first detected in 1997 

• Cambodia, first detected in 1999/2000 

• Lao People’s Democratic Republic, groundwater screening begun in 2002 

• Areas of Chile 

• People’s Republic of China, many hot spots in arid regions 

• Alluvial sediment in Hungary 

• Lagunera Region of Northern Mexico, in volcanic sediment aquifers in 

oxidizing conditions with neutral to high pH 

• Groundwater in the Gobi desert region of Mongolia 

• Nepal 

• Punjab and Sind provinces in Pakistan 

• Various areas of the USA 

 

Figure 1 illustrates the worldwide extent of arsenic contamination in groundwater. 

 



	   12 

 

Figure 1 - Worldwide extent of arsenic contamination in groundwater (Smedley & 
Kinniburgh, 2002, pg. 542). Reproduced with permission. 

 

2.5 Social and Policy Issues 

Arsenic contamination of groundwater and resulting arsenicosis in humans can 

have a devastating social impact. Nasreen (2003) outlines some of these impacts 

as follows: 

• Social instability with fear and discrimination 

• Superstition 

• Ostracism 

• Diminishing ability to work 

• Marriage-related problems such as difficulty finding a spouse, or divorce 

• Increase in poverty since arsenicosis is more prevalent among the poor 

5. Groundwater environments with high arsenic
concentrations

5.1. World distribution of groundwater arsenic problems

A number of large aquifers in various parts of the
world have been identified with problems from As occur-
ring at concentrations above 50 mg l!1, often significantly
so. The most noteworthy occurrences are in parts of
Argentina, Bangladesh, Chile, China, Hungary, India
(West Bengal), Mexico, Romania, Taiwan, Vietnam and
many parts of the USA, particularly the SW (Fig. 3).
Some of the better documented cases are summarised in
Table 7. These include natural sources of enrichment as
well as mining-related sources. Recent reconnaissance
surveys of groundwater quality in other areas such as parts
of Nepal, Myanmar and Cambodia have also revealed
concentrations of As in some sources exceeding 50 mg l!1,
although documentation of the a!ected aquifers is so far
limited. Arsenic associated with geothermal waters has
also been reported in several areas, including hot springs
from parts of Argentina, Japan, New Zealand, Chile,
Kamchatka, Iceland, France, Dominica and the USA.
Localised groundwater As problems are now being

reported from an increasing number of countries and
many new cases are likely to be discovered. Until
recently, As was not traditionally on the list of elements
routinely tested by water-quality testing laboratories
and so many high-As water sources may have been
missed. Revision of drinking-water regulations and

guidelines for As has prompted a reassessment of the
situation in many countries. The recent discovery of As
enrichment on a large scale in Bangladesh has high-
lighted the need for a rapid assessment of the situation
in alluvial aquifers worldwide. As described above, As
problems also occur in some areas where sulphide-
mining activity is prevalent, the As being released from
sulphide minerals as they are oxidised as a result of
mining operations. In mining areas, As problems can be
severe with concentrations in a!ected waters sometimes
being in the mg l!1 range. However, unlike As occurrences
in major aquifers, the problems in these areas are typically
localised, rather than of widespread occurrence. Mining-
related As problems in water have been identified in
many parts of the world, including Ghana, Greece,
Thailand and the USA (Fig. 3).
While high-As groundwaters (with As above drink-

ing-water standards) are not uncommon, they are by no
means typical of most aquifers and only exist under spe-
cial circumstances. These relate to both the geochemical
environment and to the past and present hydrogeology.
Paradoxically, high-As groundwaters are not necessarily
related to areas of high As concentrations in the source
rocks. Distinctive groundwater As problems occur
under both reducing and oxidising groundwater condi-
tions; also under both humid/temperate and arid cli-
mates. Below, the authors discuss the characteristics of
the As problems worldwide through a series of type
examples. These have been ordered according to the
environment under which they are developed.

Fig. 3. Distribution of documented world problems with As in groundwater in major aquifers as well as water and environmental
problems related to mining and geothermal sources. Areas in blue are lakes.

542 P.L. Smedley, D.G. Kinniburgh /Applied Geochemistry 17 (2002) 517–568
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• Impact on women who are most responsible for family caretaking duties 

and are the worst victims of ostracism 

• Death 

 

In terms of policy issues, it may not always be realistic to set arsenic standards 

exactly to the recommended WHO guideline of 10 µg/L. It is important to take 

into account incremental improvements in water quality and not immediately 

reject potentially helpful technologies based on stringent guidelines. For 

example, if the guideline of 10 µg/L was applied strictly in Bangladesh, 

approximately 46% of tube wells would have to be declared unsuitable and new 

water supply systems would have to be provided for an estimated 49 million 

people (Ahmed, 2003b). Some simple treatment technologies can make a 

significant difference and may not completely reach the WHO standard. 

 

2.6 Hydrochemistry of Arsenic and Interactions in the Aqueous 
Environment 

Arsenic may contaminate and become mobilized in groundwater in several ways. 

Anthropogenic sources exist, such as from lead and copper smelting, and wood 

preserving. Arsenic contamination may also result from arsenical pesticide 

production, but this has been greatly reduced in recent decades. In addition, 

mining activities can mobilize arsenic, particularly since these affect iron arsenic 

sulfides (Smedley, 2006).  
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However, arsenic contamination also occurs naturally. A good explanation of the 

various ways in which arsenic may become mobilized in groundwater is provided 

in Smedley & Kinniburgh (2002), and is summarized below. Arsenic in 

groundwater is typically below 10 µg/L, and is frequently below 1 µg/L. 

Concentrations reported in literature range from <0.5 µg/L to 5000 µg/L under 

natural conditions. High arsenic is found in oxidizing environments with high pH, 

in aquifers under reducing conditions, and in geothermal areas. Arsenic usually 

comes from natural sources, with anthropogenic sources being more localized. 

 

One way in which arsenic is naturally mobilized is by oxidizing, high pH 

conditions, specifically in arid environments. This occurs in Mexico, Chile, and 

Argentina. Arsenic exhibits a high amount of desorption above pH 8.5, and this 

high pH occurs in some environments because of proton uptake from mineral 

weathering compounded by evaporation due to aridity (Smedley & Kinniburgh, 

2002). Arsenic is also naturally mobilized under highly reducing conditions (to be 

explored later in this review) and may be due to such mechanisms as reductive 

desorption of arsenic from metal oxyhydroxides in the soil, and reductive 

dissolution of these oxides (Smedley & Kinniburgh, 2002). 

 

The mobility of arsenic under reducing conditions is demonstrated in a study by 

Gulens et al. (1979). This experiment studied arsenic solutions moving through 

sand columns under varying redox conditions. It was found that under acidic (pH 

5.7) oxidizing conditions, As(III) moved 5 – 6 times faster through a sand column 
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than As(V). At neutral pH under oxidizing conditions, As(V) moved more rapidly 

but still slower than As(III). Under basic (pH 8.3) reducing conditions, both As(V) 

and As(III) moved very rapidly through the column with quantitative recovery.  

 

Mobility of arsenic in groundwater is highly affected by the chemistry of the 

aqueous phase. Important characteristics are pH, arsenic speciation, redox 

potential, arsenic concentration, aquifer mineralogy, reaction kinetics, and the 

presence of competing ions (Stollenwerk, 2003). In regard to arsenic speciation, 

As(III) is stable under moderately reducing conditions and As(V) is stable in 

oxidizing environments. The acid-base species of arsenical ions are given below 

(Ali & Ahmed, 2003): 

• As(III) dissociation of arsenious acid: 

o H3AsO3  =  H+  +  H2AsO3
-      pKa = 9.22   

o H2AsO3
-  =  H+  +  HAsO3

2-     pKa = 12.13 

o HAsO3
2-  =  H+  +  AsO3

3-        pKa = 13.40   

• As(V) dissociation of arsenic acid: 

o H3AsO4  =  H+  +  H2AsO4
-      pKa = 2.20   

o H2AsO4
-  =  H+ +   HAsO4

2-     pKa = 6.97 

o HAsO4
2-  =  H+  +  AsO4

3-        pKa = 11.53 

 

The Eh-pH characteristics for aqueous arsenic species are shown in Figure 2. 
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Figure 2 - Eh-pH diagram for aqueous arsenic species in the system As-O2-H2O at 25°C 
and 1 bar total pressure (Smedley & Kinniburgh, 2002, pg. 521). Reproduced with 
permission. 

 

The speciation of As(III) and As(V) as a function of pH are shown in Figure 3. 

Redox conditions have been chosen such that the indicated oxidation state 

dominates the speciation in both cases. 

found in groundwaters as a result of the strong influence
of water-rock interactions and the greater tendency in
aquifers for the physical and geochemical conditions to
be favourable for As mobilization and accumulation.
The range of concentrations for many water bodies is
large and hence ‘typical’ values are di!cult to derive.
Many studies of As reported in the literature have also
preferentially targeted known problem areas and hence
reported ranges are often extreme and unrepresentative
of natural waters as a whole. Nonetheless, the following
compilation of data for ranges of As concentrations found
in various parts of the hydrosphere and lithosphere gives a
broad indication of the expected concentration ranges and
their variation in the environment.

2.2.1. Atmospheric precipitation
Arsenic enters the atmosphere through inputs from

wind erosion, volcanic emissions, low-temperature
volatilisation from soils, marine aerosols and pollution
and is returned to the earth’s surface by wet and dry
deposition. The most important anthropogenic inputs
are from smelter operations and fossil-fuel combustion.
The As appears to consist of mainly As(III)2O3 dust
particles (Cullen and Reimer, 1989). Nriagu and Pacyna
(1988) estimated that anthropogenic sources of atmo-
spheric arsenic (around 18,800 tonnes a!1) amounted to
around 70% of the global atmospheric As flux. While it
is accepted that these anthropogenic sources have an
important impact on airborne As compositions, their
influence on the overall As cycle is not well established.
Baseline concentrations of As in rainfall and snow in

rural areas are invariably low at typically less than 0.03
mg l!1 (Table 1). Concentrations in areas a"ected by

smelter operations, coal burning and volcanic emissions
are generally higher. Andreae (1980) found rainfall
potentially a"ected by smelting and coal burning to
have As concentrations of around 0.5 mg l!1 (Table 1),
although higher concentrations (average 16 mg l!1) have
been found in rainfall collected in Seattle some 35 km
downwind of a Cu smelter (Crecelius, 1975). Values
given for Arizona snowpacks (Table 1; Barbaris and
Betterton, 1996) are also probably slightly above base-
line concentrations because of potential inputs of air-
borne As from smelters, power plants and soil dust. In
general however, sources of airborne As in most indus-
trialized nations are limited as a result of air-pollution
control measures. Unless significantly contaminated

Fig. 1. Eh-pH diagram for aqueous As species in the system
As–O2–H2O at 25 "C and 1 bar total pressure.

Fig. 2. (a) Arsenite and (b) arsenate speciation as a function of
pH (ionic strength of about 0.01 M). Redox conditions have
been chosen such that the indicated oxidation state dominates
the speciation in both cases.

P.L. Smedley, D.G. Kinniburgh /Applied Geochemistry 17 (2002) 517–568 521
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Figure 3 - Arsenite (a) and arsenate (b) speciation as a function of pH (ionic strength of 
about 0.01 M) (Smedley & Kinniburgh, 2002, pg. 521). Reproduced with permission. 
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potentially a"ected by smelting and coal burning to
have As concentrations of around 0.5 mg l!1 (Table 1),
although higher concentrations (average 16 mg l!1) have
been found in rainfall collected in Seattle some 35 km
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given for Arizona snowpacks (Table 1; Barbaris and
Betterton, 1996) are also probably slightly above base-
line concentrations because of potential inputs of air-
borne As from smelters, power plants and soil dust. In
general however, sources of airborne As in most indus-
trialized nations are limited as a result of air-pollution
control measures. Unless significantly contaminated

Fig. 1. Eh-pH diagram for aqueous As species in the system
As–O2–H2O at 25 "C and 1 bar total pressure.

Fig. 2. (a) Arsenite and (b) arsenate speciation as a function of
pH (ionic strength of about 0.01 M). Redox conditions have
been chosen such that the indicated oxidation state dominates
the speciation in both cases.
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Arsenic may come out of aqueous solution by three main mechanisms (Edwards, 

1994): 

• Precipitation in the form of insoluble compounds 

• Co-precipitation in the incorporation of a soluble arsenic species into the 

precipitate of a metal hydroxide as it forms 

• Adsorption in binding of soluble arsenic to external surfaces of an 

insoluble metal hydroxide by electrostatic mechanisms 

 

The behaviour of arsenic in various aqueous environments is illustrated in Figure 

4. 
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Figure 4 - Behaviour of arsenic in various aqueous environments (recreated from 
Edwards, 1994, pg. 67). Used with permission from Journal AWWA. Copyright © 1994 by 
the American Water Works Association. 

 

Oxides of iron, aluminum, and manganese are likely the most important sources 

and sinks for arsenic in aquifer sediments, and arsenic also adsorbs to clay 

(Stollenwerk, 2003). Iron in particular is a very important control for arsenic in 

solution, and has different states in the environment. Iron precipitates in solution 

as hydrous ferric oxide (HFO), a poorly crystalline and highly porous iron 

oxyhydroxide. As HFO ages, it transforms into more highly crystalline minerals 

such as goethite (Mettler, 2002; Stollenwerk, 2003, Smedley & Kinniburgh, 

2002). 
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Adsorption processes take place as two types: outer sphere complexation, which 

involves electrostatic interaction at a distance, and inner sphere complexation in 

which a coordinative complex (i.e. a metal complex) forms. Inner sphere 

complexes are a more secure bond, and arsenic adsorption employs this 

mechanism by ligand exchange with OH and OH2
+ (Stollenwerk, 2003). 

Adsorption experiments on HFO and goethite have given evidence for inner 

sphere monodentate and bidentate complexes for arsenate (Waychunas et al., 

1993; Grossl et al., 1997; O’Reilly et al., 2001). In sorption of arsenic to soil 

constituents during aeration of the subsurface, cations in solution can exchange 

for sorbed Fe(II) and oxygen is consumed as this iron is oxidized. Ferric iron 

(Fe[III]) readily precipitates, and on these oxidation sites, ferrous iron and 

oxyanions (such as arsenical species) can adsorb (Appelo et al., 1999; Appelo & 

de Vet, 2003). The oxidation of Fe(II) is catalyzed by Fe(III) surface sites (Mettler, 

2002; Tamura et al., 1980). 

 

Arsenic adsorption is affected by the ratio of arsenic to iron, with increased 

adsorption with a decreasing arsenic to iron ratio (i.e. more iron means greater 

adsorption of arsenic) (Wilkie & Hering, 1996). Adsorption of As(III) and As(V) is 

generally rapid. An experiment by Pierce & Moore (1982) showed that more than 

50% of arsenic adsorbed on HFO before a sample could be taken. On goethite, 

O’Reilly et al. (2001) showed that over 93% of adsorption of arsenate occurred in 

24 hours at pH 6. On granular ferric hydroxide, Banerjee et al. (2008) showed 
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that rapid removal of As(V) occurred with 90-95% removal in the first 30 minutes 

of contact.  

 

pH is an important factor when considering adsorption characteristics of arsenic. 

For adsorption to HFO, pH 7 is optimal for As(III), and pH 4 is optimal for As(V) 

(Pierce & Moore, 1982). Dixit & Hering (2003) found that below pH 5-6, As(V) 

adsorption to HFO and goethite is more favourable than As(III), whereas above 

pH 7-8, As(III) has a higher affinity. On HFO incorporated into diatomite, the pH 

at which As(III) and As(V) are equally adsorbed is about 7.5 (Jang et al., 2006). 

The pH at which adsorption envelopes cross for As(III) and As(V) decreases with 

increasing arsenic concentration (Jain & Loeppert, 2000). Raven et al. (1998) 

found that As(III) can be adsorbed more than As(V) at pH greater than 7.5, and 

at high arsenic concentrations. Goethite behaves similarly in pH characteristics 

as HFO (Hingston et al., 1971; Grossl & Sparks, 1995; Manning et al., 1998; Sun 

& Doner, 1998; Matis et al., 1999, as cited in Stollenwerk, 2003), but there is less 

adsorption by goethite (compared to HFO) because of lower crystallinity and 

hence lower amount of surface sites available (Stollenwerk, 2003). 

 

In regard to the effect of speciation on adsorption to HFO, Roberts et al. (2004) 

found that less than 1/10 of the Fe(II) or Fe(III) added to an arsenic solution was 

required for removal of As(V) as opposed to As(III). Although many studies state 

that As(V) is more easily removable from solution, using this as a general 

assumption is simplistic and incorrect as adsorption is a complex phenomenon 
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(Robins et al., 2000; Dixit & Hering, 2003). Regarding removal of As(III), there 

are contradictory statements in regard to the mechanism of its removal. Robins 

et al. (2000) states that there is no evidence that the adsorbed species (when 

As(III) is removed from solution by HFO) is actually As(III), as it may be that 

oxidation of As(III) actually occurs more easily when balanced by reduction of 

Fe(III) to Fe(II) within the pore structure. However, Lowry & Lowry (2002) state 

that although As(III) can be removed during the aeration and precipitation of iron 

in solution, this should not be attributed to the oxidation of As(III). 

 

Adsorption of arsenic is also greatly affected by the presence of other 

compounds and ions in solution. Competing ions include sulphate, carbonate, 

silica, and other anions (such as phosphate) and these affect arsenic adsorption 

to varying degrees (Stollenwerk, 2003). The effect of phosphate has been widely 

studied. Phosphate binds to HFO almost identically as arsenate (Waychunas, 

1993) and is a significant competitor for arsenic adsorption for As(V) at all pH 

values and for As(III) at lower pH values (Stollenwerk, 2003). Dixit & Hering 

(2003) suggest that in the presence of phosphate, the crossover pH for equal 

sorption of As(V) and As(III) on iron oxide minerals shifts lower. They found that 

As(III) is adsorbed preferentially to As(V) on iron oxide minerals over a wider 

range of pH in the presence of phosphate, but below the crossover pH, 

phosphate depresses the adsorption of As(III) more than As(V). 
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For As(III), Jain & Loeppert (2000) found that adsorption on HFO decreased by 

7% at equimolar concentrations of phosphate with arsenic, and by 21% and 33% 

at arsenic to phosphate ratios of 1:10 and 1:50 respectively. Darland & Inskeep 

(1997) found that As(V) adsorption onto iron oxides on sand decreased by 33% 

at an arsenic to phosphate ratio of 1:1, and by 96% at a ratio of 1:10. Phosphate 

can also release arsenic by causing desorption. O’Reilly et al. (2001) found that 

phosphate caused desorption of As(V) on goethite with most desorption 

occurring within 24 hours, and that phosphate caused more desorption than 

sulphate. Darland & Inskeep (1997) found that desorption of As(V) on sand-

based iron minerals by phosphate did not exceed 60% of that adsorbed. 

 

Wilkie & Hering (1996) found that sulphate significantly competes with As(III), 

and with As(V) to a lesser extent. This is pH dependent, with sulphate being 

more competitive at lower pH values. Stollenwerk (2003) suggests that at neutral 

pH, sulphate has very little effect on either As(III) or As(V), but at lower pH As(III) 

is slightly affected. 

 

There are contradictory reports in the literature for carbonate. Wilkie & Hering 

(1996) found that carbonate has a fairly small effect on arsenic adsorption based 

on some lab experiments. However, Appelo et al. (2002) suggest that at 

concentrations encountered in groundwater, competitive effects of carbonate 

may be quite significant. Radu et al. (2005) state that while carbonate does 

compete for sorption sites on iron oxide, the effect is quite small compared to the 
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total concentration of adsorbed arsenic and the competitive effects of phosphate 

for both As(V) and As(III). 

 

For silicate, Meng et al. (2000) found that, on HFO, at near neutral pH, 

competitive effects of silicate began at 1 mg/L, and at 10 mg/L caused an 

adsorption capacity reduction of 70% for As(V) and 80% for As(III). While effects 

of silicate can be significant, these are likely not as dramatic as phosphate 

(Roberts et al., 2004). 

 

There appears to be fairly little study done on competition by natural organic 

matter (NOM), but some findings suggest that NOM can compete for adsorption 

sites (Bauer & Blodau, 2006). Hering et al. (1997) found little effect of NOM on 

As(V) at pH 6, but for As(III) at pH 7 at a concentration of 10 µg/L, found an 

approximately 20% adsorption decrease on HFO when 4 mg/L NOM was added. 

The effect was found to be much more significant for As(III) than As(V). 

 

2.7 Arsenic Contamination in Groundwater of Bangladesh 

Bangladesh has the world’s largest problem with arsenic in groundwater, in terms 

of the most widespread contamination affecting the most people. West Bengal, 

India has the same problem and arsenic was first identified in groundwater there 

in the 1980s. However, arsenic was not identified in Bangladeshi groundwater 

until 1993. The Bangladeshi arsenic problem has been described as “the largest 

poisoning of a population in history, with millions of people exposed” (Smith et 
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al., 2000, pg. 1093). As of 2001 it was estimated that 35 million people were 

exposed to arsenic above the Bangladeshi water standard of 50 µg/L, and 57 

million were exposed above the WHO standard of 10 µg/L (BGS & DPHE, 2001).  

 

Bangladesh groundwater is the most significant example of arsenic being 

mobilized in a reducing environment. The proposed mechanisms and factors in 

the mobilization of arsenic are explained here. As previously mentioned, metal 

oxides are a very important control for arsenic concentrations in natural waters 

(Smedley & Kinniburgh, 2002), and a good correlation of total arsenic and easily 

reducible reactive (not total) iron suggests that arsenic may be associated with 

an amorphous reactive iron phase in Bangladeshi sediments (Tareq et al., 2003). 

The concentration of arsenic in the fine particle fraction of Bangladeshi 

sediments is well correlated with iron, manganese, and aluminum oxides 

(Anawar et al., 2003). Core samples from wells in different areas of Bangladesh 

show that silty sand, clayey silt, and peat soils are generally enriched in organic 

matter, oxides of iron and manganese, and iron sulphides, and are quite high in 

arsenic content while sands are quite low (Anawar et al., 2002).  

 

Reducing conditions in Bangladeshi groundwater are caused by respiration of 

buried organic matter in sediments. This is shown by the fact that Ca2+ and NH4
+ 

follow dissolved arsenic concentrations and these are byproducts of respiration 

of dissolved organic carbon (DOC) (Harvey et al., 2002). In an experiment in 

which molasses (a surrogate for DOC) was injected into a Bangladeshi well, an 
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initial rise in arsenic was observed which later fell in conjunction with dissolved 

sulphate (Harvey et al., 2002). This is indicative of the process of labile organic 

carbon causing microbially-mediated dissolution of iron solids which then causes 

mobilization of arsenic, which later is sequestered by precipitating sulphides.  

 

In a study in Bangladesh, Anawar et al. (2003) found a positive correlation of 

arsenic with ammonium ions and an inverse relationship with nitrate, which 

reflects reducing conditions. They also showed high concentrations of 

bicarbonate along with iron and arsenic, indicating microbial activity as microbial 

oxidation of organic matter can create reducing conditions with high bicarbonate 

(alkalinity) and high ammonium. In addition, a significant correlation with arsenic 

and DOC was shown. 

 

Many experiments connect desorption and dissolution of arsenic from clays and 

metal oxides under reducing conditions (Brannon & Patrick, 1987; Manning & 

Goldberg, 1997; Cummings et al., 1999 as cited in Smedley & Kinniburgh, 2002). 

It is hypothesized that in Bangladesh, high arsenic in groundwater is caused by 

reduction of iron oxyhydroxides by organic matter, in biogeochemical reaction 

with desorption, reductive dissolution, change in structure of iron oxide minerals, 

and also from adsorption competition from phosphate, silicate, and bicarbonate 

(Nickson, 1998; BGS & DPHE, 2001; Smedley & Kinniburgh, 2002).  
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It is likely that the arsenic in Bangladesh sediments was picked up by iron oxides 

in river water as part of the normal sediment load (BGS & DPHE, 2001). This 

was verified by M.A.I. Chowdhury et al. (2003) who found that the arsenic 

content in Bangladeshi pre-monsoon bed sediments was lower (1.0 mg/kg to 3.5 

mg/kg) than in suspended flood sediments (4.0 mg/kg to 5.5 mg/kg), showing 

that arsenic is geologically eroded and carried by rivers. BGS & DPHE (2001) 

suggest that phosphate in groundwater of Bangladesh is primarily from natural 

sources as well, due to similar processes causing release of arsenic, that is, 

dissolution, oxidation of organic matter, competitive interactions and diagenetic 

changes to iron oxides in the soil. 

 

Leaching experiments of Bangladeshi sediments under reducing conditions 

support the hypothesis of reduction of iron oxyhydroxides causing high arsenic 

concentrations in groundwater (Tareq et al., 2003). High arsenic concentrations 

in groundwater are not necessarily related to high arsenic concentrations in the 

parent rocks, and, as such, the geochemical conditions required to mobilize 

arsenic may be more important than the actual arsenic concentrations in the 

aquifer sediments (Smedley & Kinniburgh, 2002). The sediments in Bangladeshi 

aquifers do not have an unusually high amount of arsenic, but the high solid to 

solution ratio and the high toxicity of arsenic make it possible to have a significant 

problem with only a small change in the partitioning coefficient of arsenic 

between solid and solution (BGS & DPHE, 2001).  
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The release of arsenic is likely microbially mediated. Geochemical experiments 

by Anawar et al. (2003) and Akai et al. (2004) showed that Bangladeshi 

sediments to which nutrients were added showed a sharp drop in oxidation- 

reduction potential (ORP) and arsenic was mobilized, whereas sediments which 

were sterilized by autoclaving had no mobilization under similar conditions. This 

was attributed to enzymatic reductive dissolution of Fe(III), and shows the 

importance of microbial mediation. Experiments on West Bengali sediments 

showed the same phenomenon, in which incubation under anaerobic conditions 

produced arsenic mobilization (mainly as As[III]), but this did not occur in 

sterilized controls. This was confirmed by experiments in which iron-reducing 

bacteria were added after sterilization of sediments and arsenic was mobilized 

during incubation (Islam et al., 2004). ORP is an important factor in mobilization 

of arsenic, as shown in Figure 5. 
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Figure 5 - Control of ORP on groundwater contamination in Bangladesh (Frisbie et al., 
1999). Reproduced with permission. 

 

The ratio of As(III)/[As(III) + As(V)] = As(III)/As(total) ranges from less than 0.1 to 

greater than 0.9 in Bangladeshi groundwater, but averages around 50% to 60% 

(BGS & DPHE, 2001; Rasul et al., 2002; Paul et al., 2008). However, waters with 

high concentrations of arsenic generally have a ratio greater than 0.6. The 

presence of As(V) suggests that simple reduction of As(V) to As(III) is not 

sufficient to generate high arsenic concentrations (BGS & DPHE, 2001). 

 

In terms of country-wide investigations of Bangladeshi groundwater, the study by 

BGS & DPHE (2001) is the largest study to date and is summarized here. The 

survey covered 3534 tube wells across Bangladesh and found arsenic 

concentrations ranging from 0.25 µg/L to more than 1600 µg/L. The highest 
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concentrations were found in shallow fine-grained high stand deposits with water 

that infiltrated over the past 10,000 years. The greatest number of wells high in 

arsenic was found in the south and southeast, but some hot spots were found to 

occur even in areas typical of low arsenic concentrations. There was large 

variability in well concentrations on the scale of a few kilometers.  

 

Twenty-five percent of wells tested had arsenic above the Bangladeshi standard 

of 50 µg/L, and 46% were above the WHO standard of 10 µg/L. Twenty-four 

percent of wells tested were below detection limits. Much of the groundwater 

showed high phosphate concentrations, with a median of 0.3 mg/L. There was 

some correlation of phosphate with arsenic when viewed on a regional scale. 

Thirty-five percent of the wells tested had manganese above the WHO guideline 

of 0.5 mg/L. There was a poor overall correlation with between iron and arsenic, 

but locally some significant positive correlations were observed. Most 

groundwater tested showed characteristics typical of reducing conditions with 

high iron (median 1.1 mg/L, maximum 61 mg/L), high manganese (median 0.3 

mg/L, maximum 10 mg/L), and low sulphate (median 1 mg/L, minimum <0.4 

mg/L). A broad negative correlation of arsenic with sulphate suggests that 

sulphate reduction rather than sulphate oxidation accompanies arsenic release to 

groundwater.  

 

Deep wells tested were virtually all very low in arsenic, but these were mostly 

sampled in the coastal region and more testing on deep wells country-wide is 
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required. In sediments tested, the average arsenic content was 4 mg/kg and 

ranged from 0.4 mg/kg to 10 mg/kg. This is a fairly typical range in soils and does 

not represent unusually high values. Groundwater gradients are very low in 

Bangladesh (as low as 0.01 m/km in the south) and the associated low rates of 

flushing may contribute to the arsenic problem. Lower values for arsenic in 

groundwater of the north may be because of older sediments and higher rates of 

flushing. 

 

A map showing the distribution of arsenic in groundwater of Bangladesh is shown 

in Figure 6. 
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Figure 6 - Distribution of arsenic in groundwater of Bangladesh (Shamsudduha et al., 2008, 
pg. 114). Reproduced with permission. 

 

Problems with arsenic in groundwater in Bangladesh mainly occur in deeply 

flooded areas (M.A.I. Chowdhury et al., 2003). Also, higher arsenic 

concentrations are typically found in shallow as opposed to deeper groundwater 

(Zheng et al., 2004; Smedley & Kinniburgh, 2002) with affected aquifers 

generally being less than 100 to 150 m deep. The differences between deeper 
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and shallower aquifers may be attributed to differences in sediments, or the fact 

that older water in deeper aquifers has had time to flush (i.e. sufficient time for 

mobilizable arsenic to be removed by water flow) (Smedley & Kinniburgh, 2002). 

Based on sampling of 35 Bangladeshi wells, Anawar et al. (2003) found that 

arsenic in groundwater decreased rapidly below about 40 m depth, and showed 

that most arsenic is found in parts of the aquifer deposited between 5500 and 

10,000 years ago. Intensive study of shallow and deeper aquifers in Bangladesh 

also showed that the two layers were separated by fine-grained deposits, and 

that the shallow aquifer had phosphate-mobilizable arsenic an order of 

magnitude higher than the deeper aquifer, possibly due to flushing of the lower 

aquifer during periods of low-level seas (Zheng et al., 2005). 

 

Typically there is a high spatial heterogeneity of arsenic in tube wells, with well 

concentrations as high as 1000 µg/L occurring within hundreds of metres of wells 

as low as 1 µg/L (Harvey & Badruzzaman, 2003). One reason for hot spots may 

be concentrated organic matter in paleo-oxbow lakes (Safiullah et al., 2001). For 

wells with higher than 50 µg/L arsenic, Roberts et al. (2004) put together a 

sample Bangladeshi groundwater based on values from the British Geological 

Survey database. This represents a typical composition of a Bangladesh 

groundwater high in arsenic and is shown in Table 1. 
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Table 1 - Typical Bangladeshi groundwater high in arsenic (mean ± standard deviation) 
(Roberts et al., 2004, pg. 308) 

pH 7.0 ± 0.2 
HCO3

- (mM) 7.8 ± 2.7 
Ca (mM) 1.9 ± 1.4 
Mg (mM) 1.3 ± 0.8 
Si (mg/L) 19.2 ± 4.7 
P (mg/L) 1.47 ± 1.48 
As (µg/L) 199 ± 166 
Fe (mg/L) 5.3 ± 4.8 

 

There may also be problems in Bangladeshi groundwater with manganese and 

uranium, and to a lesser extent with lead, nickel, and chromium (Frisbie et al., 

2009). BGS & DPHE (2001) found that 30% of groundwater tested in special 

study areas had greater than the 2 µg/L WHO guideline for uranium.  

 

2.8 Fate of Arsenic Extracted with Groundwater 

An important consideration regarding the issue of arsenic in groundwater is the 

fate of arsenic once it is extracted, as groundwater is not only used for drinking 

but also for irrigation purposes. The amount of water extracted for irrigation 

purposes in Bangladesh is an order of magnitude greater than that extracted for 

domestic purposes, with Boro rice (i.e. dry season rice) being the main recipient 

(Ali et al., 2003a). From available data, it appears that arsenic accumulation in 

agricultural fields may be limited to the first 150 to 200 mm of soil (Ali et al., 

2003a). Concentrations of arsenic may reach as high as 83 mg/kg in topsoil 

against a background concentration of about 3 mg/kg to 9 mg/kg (Ullah, 1998; 
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Alam & Sattar, 2000; Huq et al., 2001 as cited in Ali et al., 2003a). However, one 

study indicated no significant relationship between arsenic content in irrigation 

water and soil, and hypothesized that the interaction between arsenic in soil and 

water is likely dependent on soil properties such as clay content (Huq et al., 

2003).  

 

One study suggests that high arsenic content in irrigation water in Bangladesh 

results in a higher level of arsenic in rice plant root, leaf, and stem, but not in rice 

grains and rice husks (Ali et al., 2003b). However, another study of Bangladeshi 

rice found that arsenic content of rice grain produced in arsenic-polluted areas is 

two to three times higher than that from non-polluted areas (Hironaka & Ahmad, 

2003). This study also points out, though, that the arsenic content in rice even 

from polluted areas of Bangladesh had little difference in arsenic content from 

that of Japanese rice, and concluded that the risk of health effects from arsenic in 

rice is low. Arsenic uptake from rice varies by variety and it is possible that 

arsenic may inhibit protein content of rice, but more research is needed in order 

to confirm this (Alam & Rahman, 2003). Estimates for dietary intake of arsenic in 

arsenic-contaminated areas from rice as compared to total intake from food and 

water range from 10 to 50% (Roychowdhury et al., 2002; Duxbury et al., 2003; 

Meharg & Rahman, 2003; Watanabe et al., 2004 as cited in Heikens, 2006).  

 

In one study examining the effect of arsenic content of irrigation water on 

vegetables, it was found that there was higher arsenic content in vegetables 
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grown in arsenic-contaminated water as opposed to those grown in non-

contaminated water (Farid et al., 2003). There is generally a higher uptake of 

arsenic in leafy vegetables than fruity vegetables, as arsenic uptake is 

physiologically variable. Bioavailability of arsenic in vegetables needs more 

assessment (Farid et al., 2003).  

 

2.9 Treatment of Groundwater Contaminated with Arsenic 

Methods of treatment generally include elements of four main processes: 

oxidation and sedimentation, co-precipitation and adsorption, sorptive filtration, 

and membrane techniques (Ahmed, 2000). Many technologies remove As(V) 

better than As(III), so oxidation can be an important step. Co-precipitation 

techniques use natural iron or some type of added coagulant such as ferric 

chloride or alum. Sorptive filtration techniques use media such as activated 

alumina, granular ferric hydroxide, iron-coated sand, ion-exchange resins, or 

indigenous materials like iron filings or brick chips. In this case arsenic adsorbs to 

the surface of the media, as opposed to co-precipitation in which it is 

incorporated into a floc as it forms. Membrane techniques use processes such as 

reverse osmosis, nanofiltration, or electrodialysis (Ahmed, 2000). Table 2 is a 

summary of the advantages and disadvantages of various treatment processes: 
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Table 2 - Advantages and disadvantages of different treatment techniques (adapted from 
Ahmed, 2003c, pg. 388) 

Technologies Advantages Disadvantages 
Oxidation and 
Sedimentation 
• Air Oxidation 

 
 
• Chemical 

Oxidation 

 
 

• Relatively simple, low-
cost but slow process 

 
• Relatively simple and 

rapid process 
• Oxidizes other 

impurities and kills 
microbes 

 
 
• The processes remove only 

a part of arsenic 
• Used as a pretreatment for 

other processes, *and as 
such may not be effective 
stand-alone methods 

 
*comment added 

 
Coagulation and 
Filtration 
• Alum Coagulation 
• Iron Coagulation 

 
• Relatively low capital 

cost 
• Relatively simple in 

operation 
• Common chemicals 

available 

 
• Produces toxic sludges 
• Low removal of As(III) 
• Preoxidation is required 
• Removal efficiencies may 

be inadequate to meet 
strict standards 

Sorption Techniques 
• Activated Alumina 
• Iron Coated Sand 
• Ion Exchange 

Resin 
• Other sorbents 

 
• Relatively well known 

and commercially 
available 

• Well defined technique 
• Plenty of possibilities 

and scope of 
development 

 
• Produces arsenic-rich 

liquid and solid wastes. 
• Replacement/regeneration 

is required 
• High-tech operation and 

maintenance 
• Relatively high cost 

Membrane 
Techniques 
• Nanofiltration 
• Reverse Osmosis 
• Electrodialysis 

 
• Well defined and high 

removal efficiency 
• No toxic solid wastes 

produced 
• Capable of removal of 

other contaminants 

 
• High capital and running 

costs 
• High-tech operation and 

maintenance 
• Arsenic-rich rejected water 

is produced 
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Up to 88% of arsenic removal may be achieved through precipitation with natural 

iron (Mamtaz & Bache, 2000), but sufficient iron must be present for this to work 

well. Some types of filters have also been shown to be effective in removing 

arsenic. For example, a ceramic filter with the addition of an iron mesh and iron-

oxidizing bacteria was found to remove arsenic to below 50 µg/L from greater 

than 500 µg/L (Shafiquzzaman et al., 2011). In another instance, with a filter 

made from Fe2O3-MnO2-Laterite Soil, Safiullah et al. (1999) found that 100% 

removal of arsenic from Bangladeshi groundwater could be achieved under ideal 

conditions. That also showed that it could be installed on the strainer of a tube 

well and still achieve between 65 and 92% removal of arsenic. 

 

In Bangladesh it was found that a simple treatment unit made up of an aeration 

tray, flocculation filter, and roughing filter removed over 75% of arsenic from inlet 

water that had less than 200 µg/L arsenic and an iron to arsenic ratio of 

approximately 30 (Ahmed et al., 2005). With a similar setup, Brennan (2010) 

observed approximately 87% removal of arsenic from Bangladeshi groundwater. 

In Nepal, a bio-sand filter with iron nails was found to remove 87% to 96% of 

arsenic (Ngai & Walewijk, 2003). Hussain et al. (2000) found that a simple filter 

made from sand and wood charcoal may remove up to 99% of arsenic in 

groundwater. Technologies may be employed at household scale, or at 

community scale as with a coagulation, flocculation, and sedimentation unit in 

Chapai Nawabganj, Bangladesh, which reduced arsenic to below 50 µg/L with 

95% removal (Anstiss et al., 2001).  
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For coagulation and sedimentation treatment, iron-based coagulants are 

preferred over alum because of greater effectiveness (Ali et al., 2000; Saha et 

al., 2000). Ferric chloride coagulation with a bucket sand filter is cheap and can 

be effective, but a high enough iron to arsenic ratio is needed especially as 

silicate and phosphate can have a significant effect on the adsorption of arsenic 

by iron oxyhydroxides (Meng & Korfiatis, 2000). 

 

When used in a sorptive filter, granular ferric hydroxide may very effectively treat 

for arsenic in groundwater, with some tests showing treatment effectiveness to 

below 10 µg/L for 40,000 to 60,000 bed volumes (Pal, 2000). Activated alumina 

as an adsorbent has advantages in being able to treat thousands of bed volumes 

with very good removal (typically greater than 95%), but has disadvantages in 

fouling, having a narrow pH range for optimal operation, and having difficulty in 

regeneration (Johnston & Heijnen, 2000). Use of a “3-Kolshi” (3-pitcher) filter 

may be effective in treating water to below 10 µg/L arsenic from 80 to 1900 µg/L 

initially (Munir et al., 2000). It is made up of three stacked pitchers, with the first 

containing cast iron turnings and sand, the second containing wood charcoal and 

sand, and the third catching the filtrate. Membranes can remove from 96% to 

99% of arsenic independent of pH and co-occurring solutes, but have some 

disadvantages in being more expensive, more technologically complex, and 

more maintenance intensive than other treatment options (Johnston & Heijnen, 

2000).  
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A review by Sutherland et al. (2000) looked at nine technologies in use in 

Bangladesh, summarized as follows: 

• Two activated alumina units (Alcan and BUET) 

• Sono 3-Kolshi system 

• Ardasha filter (passive sedimentation and adsorption to a filter candle) 

• Two types of coagulation/filtration units (DPHE/Danida two bucket system 

and Stevens Institute method)  

• An ion exchange resin (Tetrahedron) 

• A unit with passive coagulation and adsorption to sand (GARNET filter) 

• Passive sedimentation 

 

These were assessed for several criteria including removal of arsenic below 50 

µg/L under field conditions, performance in terms of other water chemistry 

parameters, potential for introduction of bacterial contamination, and the opinions 

of the users. Five passed the arsenic removal test well, and these were both of 

the activated alumina units, the 3-Kolshi unit, the Stevens Institute technology, 

and the Tetrahedron unit. Most required some modification in design or usage 

habits to prevent bacterial contamination. Five rated at “fairly acceptable” or 

better in user surveys, and these were the Alcan activated alumina unit, the 

DPHE/Danida unit, the 3-Kolshi unit, the Stevens Institute technology, and the 

Tetrahedron unit. Most technologies could remove arsenic to a satisfactory 

degree either initially or with small modifications, but exhibited other design 

concerns in terms of flow rate, cost, and bacterial contamination. 
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2.10 Fate of Arsenic in Treatment Wastes 

A significant issue with many treatment technologies is the disposal of treatment 

wastes rich in arsenic. Tests according to the USEPA toxicity characteristic 

leaching procedure (TCLP) indicate that wastes from coagulation and adsorptive 

treatments are non-hazardous (Ali et al., 2003c; Badruzzaman, 2003; Eriksen-

Hamel & Zinia, 2000). However, the TCLP test does not accurately reflect 

conditions in the field with respect to long-term leaching (Ali et al., 2003c; 

Badruzzaman, 2003).  

 

For adsorptive media made up of iron-coated brick chips, Ali et al. (2003c) found 

that long-term leaching with distilled water or groundwater could leach out 26% to 

33% of arsenic in the media. This is significant and much higher than indicated in 

TCLP tests. Safiullah et al. (2004) found that distilled water may remove 

approximately 38% of arsenic from used activated alumina, and between 13% 

and 33% of arsenic from treatment materials based on HFO. However, Islam et 

al. (2003) found that leaching from iron oxide impregnated brick sands was 

negligible using natural groundwater as the leaching agent. Mixing treatment 

waste with cow dung may help to eliminate arsenic from treatment waste through 

biomethylation, and there is some evidence to support this (Ali et al., 2003c). 
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2.11 In Situ Treatment 

Although most methods of treatment rely on treating water once it is pumped to 

the surface, another possibility is to treat groundwater in situ. Subsurface iron 

and manganese removal has been used in Europe for decades. The principle of 

operation is to inject aerated water at specified intervals. The injected water 

displaces iron-rich water, allowing the oxygen in solution to react with ferrous iron 

(in solution and on the soil grains). This process creates ferric iron oxyhydroxides 

capable of adsorbing ferrous iron and other oxyanions such as arsenic (van 

Beek, 1985; Rott, 1985; Rott & Lamberth, 1993). These oxidation processes are 

enhanced by autocatalytic effects from oxidation products (Sung & Morgan, 

1980; Tamura et al., 1980; Rott & Friedle, 2000).  

 

Oxidation takes place in two ways: homogeneous oxidation in solution, and 

heterogeneous oxidation on the surface of soil grains. It is thought that in the in 

situ treatment approach described above, heterogeneous oxidation dominates 

due to the large surface area of iron oxyhydroxides on the soil grains (van 

Halem, 2010a). Heterogeneous oxidation of iron is faster than homogeneous 

oxidation (Mettler, 2002). The principle of in situ treatment by injection of aerated 

water is described well by van Halem (2010a) and is summarized below. 

 

As aerated water is injected, ferrous iron on the surface of soil grains is oxidized, 

and thus each cycle of injection causes a regeneration of adsorption sites. The 

oxidation of iron is illustrated below, where ≡ indicates a surface site on the soil: 
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≡FeIIIOFeIIOH(s) + 0.25O2 + 0.5H2O à ≡FeIIIOFeIIIOH(s) + OH- 

 

Oxygen is consumed as it is injected, and this creates a lag effect in which the 

oxygen front lags behind the injected water front. After injection is complete, 

water is withdrawn and the iron oxyhydroxide adsorption sites capture ferrous 

iron and oxyanions such as those formed from arsenic: 

 

≡FeIIIOH(s) + FeII + H2O ßà ≡FeIIIOFeIIOH(s) + 2H+ 

≡FeIIIOH(s) + H3AsO3 à ≡FeIIIH2AsO3(s) + H2O 

 

When the adsorption sites are filled, there will eventually be breakthrough of iron, 

arsenic, and the other oxyanions in solution and thus another cycle is needed to 

regenerate the treatment area.  

 

As oxidation sites are created and iron and arsenic are adsorbed, a lag effect 

then occurs, in which more water can be withdrawn than was injected. In practice 

it has been found that the efficiency ratio of iron removal (i.e. the ratio of injection 

volume to abstraction volume) increases over time, possibly because compounds 

of oxidized iron and manganese are increasingly precipitated in the treatment 

zone (Rott & Friedle, 2000).  

 

The extent to which microorganisms mediate this type of in situ treatment is 

debated. Many references cite autotrophic microorganisms as being key players 
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in the subterranean oxidation of iron and manganese (Jechlinger et al., 1985; 

Grombach, 1985; Rott & Lamberth, 1993; Rott & Friedle, 2000). Mettler (2002) 

states that the oxidation of manganese is slow enough that microbial mediation is 

likely. However, the oxidation of iron is a very rapid process and thus microbial 

mechanisms are unlikely to contribute significantly unless the oxidation reaction 

is chemically inhibited (Mettler, 2002). 

 

One concern with respect to this type of in situ treatment is the possibility that 

pore spaces in the aquifer may become clogged. However, this is not a 

significant problem in reality because deposition may take place in dead-end 

pores, and the oxidation zone increases in size with decreasing pore volume 

(Rott & Friedle, 2000). Iron may initially precipitate as HFO (low crystallinity) but 

in the subsurface it ages and changes to thermodynamically more stable and 

less voluminous crystallized forms such as goethite (Rott & Friedle, 2000; 

Mettler, 2002; Smedley & Kinniburgh, 2002; Stollenwerk, 2003) and this also 

mitigates clogging.  

 

Although this in situ treatment approach has been used for some time to remove 

iron from groundwater, the application to arsenic removal is quite new (Rott & 

Friedle, 1999; Rott & Friedle, 2000; Appelo & de Vet, 2003; Sen Gupta et al., 

2009; van Halem et al., 2010a; van Halem et al., 2010b; van Halem et al., 

2010c). The potential for application to arsenic has been demonstrated in 

experimental investigations. Martin & Kempton (2000) conducted sand column 
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experiments in which ferrous sulfate was anoxically injected, and then 

oxygenated water was injected so that a layer of HFO would form. Following this, 

a solution containing As(V) was injected. It was found that As(V) was very 

effectively removed, and retarded by 30 pore volumes in HFO-coated sand 

relative to unamended sand. This shows the importance of iron as a control for 

As(V) in solution.  

 

In situ treatment for iron, manganese, and arsenic by injection of aerated water 

was investigated at three large-scale treatment plants in Germany by Rott & 

Friedle (1999). All three locations had anoxic groundwater. Plant A had an initial 

arsenic concentration of 15 µg/L and was composed of two wells, in which water 

from one well was withdrawn, aerated, then injected into the other. Plant B had 

an initial arsenic concentration of 38 µg/L with an As(III)/As(V) ratio of 1.7, and 

had two wells alternately operated for abstraction and injection. Plant C had an 

initial arsenic concentration of 15 µg/L and used a single well for abstraction and 

injection. Arsenic fell below 10 µg/L at plant A immediately after start of 

operations and, in an experiment in which no aerated water was injected for four 

weeks (i.e. just abstraction was done), there was no remobilization of iron or 

arsenic. At plant B, arsenic fell below 10 µg/L after 20 treatment cycles, and 

complete oxidation of As(III) to As(V) was observed. At plant C, arsenic fell below 

10 µg/L after 16 treatment cycles. This investigation shows the potential for in 

situ treatment to remove arsenic in groundwater to below the WHO guideline of 

10 µg/L when arsenic is already fairly low. 
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This in situ treatment approach for arsenic in groundwater has also been used by 

some researchers in small-scale decentralized projects. Sarkar & Rahman 

(2000) employed the injection of 500 L of aerated water in wells at three locations 

in the Maijdee area of Bangladesh.  The wells had initial arsenic concentrations 

of 110, 520, and 1270 µg/L respectively, and initial iron concentrations of 1020, 

2350, and 1040 µg/L respectively. The wells were very shallow, between 10 and 

12 m deep. After injection of aerated water into the wells, they were left for 12 

hours before extraction of water began. It was found that arsenic was removed 

by more than 50% for up to 2500 L of extraction, and then the arsenic 

concentration returned to normal levels. There was no indication of “aquifer 

conditioning” over the month-long test (i.e. improvement of removal over time, as 

is often seen with in situ removal of iron). It was concluded that this treatment 

would not be feasible for high levels of arsenic but could bring concentrations of 

arsenic down from 100 µg/L to below the Bangladeshi standard of 50 µg/L. 

 

Sen Gupta et al. (2009) tried a similar experiment on a shallow well 

(approximately 37 m deep) in West Bengal. They found that arsenic could be 

removed to below 10 µg/L from above 50 µg/L, at an efficiency ratio (i.e. 

abstraction volume/injection volume) of two.  

 

van Halem (2010a) investigated in situ treatment by injection of aerated water on 

a small scale in rural Bangladesh using small injection volumes (approximately 

1000 L) at a hand pump well of 31 m depth with approximately 145 µg/L arsenic 
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and 15.1 mg/L iron. Effective removal was demonstrated for iron, but not for 

arsenic, as concentrations of arsenic rose above the Bangladeshi standard of 50 

µg/L after extraction of only about 1500 L (i.e. 1.5 times the injection volume), 

whereas iron had a much more pronounced lag effect.  

 

In the same research initiative, van Halem et al. (2010a) also conducted 

experiments with sand columns. These experiments used anoxic groundwater in 

the Netherlands with 5300 µg/L iron, and As(III) and As(V) were spiked in at 

approximately 210 µg/L and 67 µg/L respectively. These columns were operated 

in a similar way to the Bangladeshi well, with injection of aerated water followed 

by flushing through with anoxic groundwater containing arsenic. It was found that 

arsenic was somewhat retarded, and total breakthrough was reached after seven 

pore volumes were flushed through. Iron was retarded more effectively than 

arsenic.  

 

By changing the concentration of influent arsenic, different arsenic to iron ratios 

were created, but no relation between this ratio and removal of arsenic was 

observed. Increased removal efficiency of iron or arsenic after successive trials 

was not observed, and it was concluded that increasing numbers of adsorption 

sites were not being created. It was proposed that arsenic removal might have 

been limited in both experiments (well and columns) by competing sorbates such 

as phosphate. It was also suggested that the limiting step in this type of 

treatment might be in the volume of water injected, and hence the size of the 
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oxidation zone and number of adsorption sites, and not the concentration of 

oxygen in the injection solution. 

 

All three studies mentioned above looked at the injection of aerated water as an 

in situ treatment method for arsenic, but it may also be possible to carry out in 

situ treatment by injecting compressed air directly. However, it appears that, to 

date, there is a scarcity of research regarding this. Miller (2006, 2008) conducted 

a study on a fairly large-scale, deep (approximately 91 m) production well in New 

Mexico, with arsenic at approximately 40 µg/L. This well was ringed by nine 

aeration wells, each with fine bubble diffusers injecting compressed air into the 

water in the well bore. The well delivered water in the range of 400 L/min. It was 

found that iron had to be added above the background concentration of 0.25 

mg/L and multiple daily, short duration injections of air and iron were required to 

achieve arsenic removal to below 10 µg/L. The greatest iron and arsenic 

concentrations were found in low flow zones, and on sand-size particles as 

opposed to smaller silts and larger gravels.  

 

Although air sparging has seen very little use in treatment for arsenic in drinking 

water, it has been used for environmental cleanup in remediation of arsenic 

contamination of groundwater due to anthropogenic sources. Miller (2002) 

investigated the possibility of using air sparging for remediation of arsenic in 

groundwater at an old lead smelter site, with maximum concentrations in the 

range of 300 to 700 mg/L. Sparging was done at two locations, one with pH 
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slightly below neutral and with fairly high dissolved iron (approximately 12 mg/L), 

and one with neutral pH and much lower dissolved iron (below 0.7 mg/L). At the 

first site it was found that the dissolved oxygen (DO) concentration rose rapidly at 

the sparging well to between 8 and 12 mg/L, and that the total arsenic 

concentration dropped from 25 to 3 – 4 mg/L. The iron levels decreased along 

with the As(III)/As(V) ratio as arsenic was oxidized. After seven weeks of 

operation, arsenic concentrations at a downstream well were similar to those at 

the sparging well.  

 

At the second sparging well, it was found that the oxidation characteristics were 

similar (in rapidly increasing DO concentrations and dropping the As(III)/As(V) 

ratio) but the total arsenic concentration (between 10 mg/L and 15 mg/L) did not 

decrease much. Injection of dissolved iron showed a dramatic effect in reducing 

the total arsenic concentration at the sparging well, but the dissolved iron did not 

migrate far. This shows the importance of dissolved iron in arsenic removal. 

 

As shown in this review, there is very little research in regard to using air 

sparging for treatment of arsenic in groundwater for drinking purposes. 

Grombach (1985) states that for in situ groundwater treatment by increasing 

ORP, introduction of air directly into the aquifer is the easiest method. Grombach 

(1985) does raise concerns about the risk of air bubbles rising too quickly, or iron 

and manganese clogging sparging equipment, but these concerns were not 

substantiated through experimental observation.  
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3. Methodology 

3.1 Apparatus Design and Equipment 

The experimental apparatus was designed to simulate conditions that could be 

extrapolated to closely represent field conditions. This includes creating the 

following conditions: 

• Having an appropriate porous medium to flow through 

• Uniform flow of water in the pore space 

• Anoxic conditions 

 

The flow rate was designed to be fast enough that observations could be made 

over a reasonable time period, but slow enough that reactions could proceed 

(initial HRT design of 24 hours post-sparging, see Figure 18).  

 

The following aspects had to be tightly controlled with the experimental 

equipment: 

• Water flow rate 

• Sparging airflow rate 

• Level of dissolved oxygen in the inlet solution 

• Sampling locations 

 

In the apparatus, flow proceeded from a reservoir barrel through a peristaltic 

pump to an inlet column and then through the experimental apparatus. A labeled 
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sketch of the apparatus is shown below in Figure 7 with accompanying 

photographs in Figures 8 and 9. A description and explanation of each piece of 

the apparatus is provided following the photographs. 

 

 
Figure 7 - Apparatus conceptual design 

 

The apparatus was designed by this author and his advisor (Dr. Ed McBean), 

and built in the School of Engineering machine shop by technician Ken Graham. 

It was set up in the school’s environmental lab on a bench with ready access to 

deionized (DI) water. 
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Figure 8 - Left side view of the apparatus 
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Figure 9 - Right side view of the apparatus 

 

The influent solution barrel is shown in Figure 8. It is a 220 L food-grade plastic 

barrel with a tightly sealed, twist-on lid. In order to achieve anoxic conditions, DI 

water in this barrel was sparged with nitrogen through a pond aeration diffuser 

obtained from Canadian Pond, shown in Figure 10. 
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Figure 10 - Large nitrogen sparging diffuser 

 

The photo in Figure 10 was taken at the conclusion of research. Upon close 

examination, some brown iron deposits can be seen. These are likely because of 

one or more of the following reasons: 

• Very gradual oxidation under conditions of trace DO (0.05 mg/L or less) 

• Gradual adsorption of iron to surfaces and oxidation upon draining of the 

barrel reservoir 

• Oxidation of iron in solution residue (i.e. residue of solution left behind 

after draining of the barrel reservoir, especially on the barrel bottom) 

 

The nitrogen used was “extra dry” (i.e. 99.9% pure) in K size cylinders (6.24 m3). 

A high flow rate of nitrogen was employed in the barrel (approximately 30 L/min) 

and used a high flow rotameter (Cole Parmer cat. # EW-32460-52) for flow 
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measurement as seen in Figure 11. According to product specifications, this flow 

meter is accurate to ± 5%. 

 

 

Figure 11 - High flow rotameter 

 

A lower flow of nitrogen (100 ± 25 mL/min) was kept in the barrel to displace the 

pumped water volume with nitrogen. A low flow of nitrogen (at a rate of 100 ± 25 

mL/min, variation estimated from observations and adjustments every few hours) 

was also kept in the influent column to drive off any small amounts of oxygen 

introduced while pumping, as well as to maintain a nitrogen atmosphere in the 

head space of the column. These lower nitrogen flows used smaller rotameters 

shown in Figures 12 and 13 (Cole Parmer cat. # FF-03217-10 and EW-32460-42, 
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respectively). According to product specifications, the meter in Figure 12 is 

accurate to ± 2%, and the meter in Figure 13 is accurate to ± 5%. Round 

aquarium diffusers were used to release these lower flows of nitrogen. Both the 

barrel and the inlet column were kept sealed with a simple air lock purchased at 

a wine-making store. The nitrogen flow was kept regulated both with standard 

laboratory gas canister regulators and the needle valve adjusters on the 

rotameters. All connections were made with high-pressure gas line hose and 

appropriately sized brass hose barbs. 

 

 

Figure 12 - Low flow rotameter 1 
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Figure 13 - Low flow rotameter 2 

 

For pumping, a small precision-flow peristaltic pump from Fisher Scientific was 

used (0.4 – 85.0 mL/min, catalogue number 13-876-2) and is shown in Figure 14. 
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Figure 14 - Peristaltic pump 

 

The main apparatus itself was made out of plexiglass and is shown in more detail 

in Figures 15 and 16. Measurements are inside dimensions. 

Figure 15 - Apparatus dimensions (cm) 
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Figure 16 - Locations of sampling ports (cm) 

 

Stainless steel mesh was used to separate the inlet and outlet reservoirs in the 

apparatus from the medium (i.e. sand). Sand was chosen because it can be 

specifically selected for attributes such as size distribution, and comes with 

specific data pertaining to chemical make-up. In addition, there is literature 

describing similar experiments in which a sand medium is used, and these can 

be used for comparison purposes (Gulens et al., 1979; Darland & Inskeep, 1997; 

van Halem et al., 2010a).  

 

The media (sand) was obtained locally from an aggregate supplier, and was 

selected so that the hydraulic conductivity would not create too high of a height 

difference between the inlet and outlet ends at the design flow rate (i.e. at least 

below 10 cm, to avoid overflowing the inlet). This is explained further below in 

Figure 18 with calculations. The sand is called “Barco 32”, and the technical data 

sheet is shown below in Figure 17. The sand was prepared by thoroughly rinsing 

with DI water in a bucket, and then it was deposited one scoop at a time while a 

flow of DI water was kept running through the entire height of the apparatus for 

further rinsing. 
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Figure 17 - Technical data sheet for Barco 32 sand (provided by the supplier, Opta 
Minerals) 
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An initial design decision was for a 24-hour hydraulic retention time (HRT) post-

sparging. This would ensure that system changes could be observed within a 

reasonable time. Sand was used as a model aquifer medium. The sand selected 

was similar to that of Reddy & Adams (2001) (which studied hydrocarbon 

removal by air sparging, and was used as a reference study when designing the 

apparatus). The following calculations were made using the Darcy equation (also 

see Figure 18): 

!   =   −!
!"
!" 

Where: v = Darcy flux 

  k = hydraulic conductivity 

  z = drop in head between inlet and outlet 

     x = length between inlet and outlet 

 

!"#$  !"#$%&'( =
!
! 

Where:  v = Darcy flux 

n = porosity 

 

It is important to keep in mind that design calculations shown in Figure 18 were 

for initial design considerations (in sizing the apparatus and estimating expected 

characteristics in regard to flow and head loss) and were not expected to exactly 

reflect experimental operation. Initial design length was 204 cm, but this was 

changed to 200 cm in fabrication to leave room for error in cutting materials. 
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Figure 18 - Spreadsheet calculations for apparatus retention time and flow using sand 
similar to Barco 32 
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As shown in Figure 18, the initial expected change in height between the inlet 

and outlet was only 3.3 cm for a pore velocity that would result in an estimated 

hydraulic retention time of 24 hours post-sparging. The positions of the sampling 

ports as shown in Figure 16 reflect this estimated drop in height between the inlet 

and outlet. 

 

The outlet level was controlled by the height of the outlet hose. The water that 

passed through the apparatus was caught in a polyethylene rain barrel with 

marked volumetric gradations to keep track of outlet volume. This is shown in the 

bottom right corner of Figure 9. During experiments, notes were made on outlet 

volume and time in order to calculate volumetric flow. 

 

Air sparging was done using an aquarium aeration pump (Hagen Maxima-R, 

shown in Figure 19) with tubing attached to rotameter identical to that shown in 

Figure 12. The outlet from the rotameter ran to a small alumina diffuser stone 

(Fisher catalogue # 11-139B) at the sparging point in the apparatus, shown in 

Figure 20. Various airflow rates were used, as described in Section 4. 
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Figure 19 - Aquarium aeration pump 

 

 

 

Figure 20 - Alumina diffuser stone 

 

!

2.5 cm 
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3.2 Design and Description of Experiments 

In reference to the objectives stated in Section 1.2, experiments were carried out 

in a stepwise fashion, with the results of one experiment influencing the design of 

subsequent experiments. As such, the experiments evolved over time, with 

changes made as experiments progressed. The following experimental aspects 

were investigated, as being the most important points of knowledge in behaviour 

of in situ treatment as identified from literature review: 

• Dispersion and concentration of dissolved oxygen in a porous medium 

while sparging with air 

• Effect of speciation of arsenic on its removal from solution, and behaviour 

of these species (i.e. As[III] and As[V]) 

• Effect of iron as a co-solute in the removal of arsenic from solution 

• Effect of pH on oxidation reaction kinetics 

• Effect of sparging time and solution contact time on removal of arsenic 

• Competition effects of phosphate on arsenic removal 

 

Experiments are described in brief below. More detailed descriptions of precise 

operating conditions, experimental setup, and explanations/justifications thereof 

are described in Section 4. 
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Experiment 1 (with several repeats and sub-experiments): 

• Completed to examine the dispersion of oxygen within the pore medium 

while sparging with air 

• Air was sparged at two flow rates (16 and 25 mL/min) 

• Dissolved oxygen readings were taken at timed intervals at various 

sampling ports to examine dissolved oxygen concentrations and 

dispersion patterns 

 

Experiment 2 

• Completed to examine the removal of arsenic with no dissolved iron 

present 

• Done with approximately 100 µg/L As(III) and approximately 100 µg/L 

As(V) to examine behaviour of arsenic species 

• Airflow rate of 16 mL/min 

• Aeration carried out over two days 

 

Experiment 3 

• Completed to examine the removal of arsenic with dissolved iron present 

(approximately 5.3 mg/L) 

• Done with approximately 200 µg/L As(V) (no As[III] present, explained 

later in Section 4.3) 

• Airflow rate 16 mL/min 

• Two days of aeration followed by one day of no aeration 
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Experiment 4 

• Done similarly to experiment 3, to determine the influence of a higher 

airflow rate at 75 mL/min 

 

Experiment 5 

• Done similarly to experiments 3 and 4, but with a considerably higher 

airflow rate at 250 mL/min 

 

Experiment 6 

• Done as a jar test, with same solution constituents as experiment 3 

• An anaerobic solution was prepared in a 1 L beaker, samples were taken, 

and then vigorous aeration was carried out for 10 minutes 

• Samples were taken over successive days to examine the time needed for 

removal/settling of iron flocs with arsenic adsorption 

• This demonstrated some of the reaction kinetics under the experimental 

conditions created and helped explain behavior in previous experiments 

 

Experiment 7 

• Carried out similarly to experiment 3, but over a much longer period of 

time (six days of air sparging followed by nine days of flow with no 

aeration) 

• Completed to examine time effects with longer times for air sparging and 

contact time of solution within the medium 
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• Time for recovery of system examined (i.e. rise of arsenic concentration 

post-sparging following drop in concentration during sparging) 

 

Experiment 8 

• Carried out similarly to experiment 3, but with approximately 200 µg/L 

As(III) to study behaviour of As(III) and reexamine some earlier findings 

 

Experiment 9 

• A jar test done similarly to experiment 6, but with approximately 1.5 mg/L 

phosphate present to examine competitive adsorption effects of this ion 

with arsenic 

 

Experiment 10 

• Carried out similarly to experiment 3, but with approximately 1.5 mg/L 

phosphate present to examine competitive adsorption effects of this ion 

with arsenic in a full-scale apparatus experiment 

 

3.3 Sampling Procedures and Preservation Techniques 

Samples for metals analysis were always taken with a new BD 60 mL luer-lok tip 

syringe with a BD 18G1-½ needle tip, by piercing the rubber septums at sampling 

points in the apparatus and withdrawing fluid over the course of 20 – 30 seconds. 

These were cheaply available and always clean and metal-free out the package, 

and could take a volume of sample appropriate for what was needed in the 
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speciation procedure (i.e. 50 – 60 mL). Both syringe and needle tip were 

discarded after a single use to prevent cross-contamination of samples. Sample 

containers were either a new Corning 50 mL polypropylene centrifuge tube 

(discarded after single use) or a 100 mL polyethylene sample bottle acid-washed 

between uses.  

 

Samples for analysis of iron and arsenic were usually taken as 50 mL aliquots 

and preserved to pH < 2 with nitric acid (0.15 mL of 30% nitric acid per 50 mL). 

These samples were stored refrigerated at 4°C. Samples for analysis of iron 

were also filtered through Whatman 42 filter papers (2.5 µm pore size) to remove 

any particulate that could clog the inlet tube of the flame atomic absorption 

spectrometer (FAAS) used to analyze for iron. Samples for orthophosphate 

analysis were taken as 10 mL aliquots and frozen for preservation. Samples for 

DO, pH, or ORP measurement were analyzed immediately and are described in 

Section 3.4. 

 

3.4 Parameters Analyzed and Methods Used 

The following parameters were analyzed during the course of experimentation, 

with the specific methods used described further below: 

• Dissolved oxygen (DO) 

• pH 

• Oxidation-reduction potential (ORP) 

• Total iron 
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• Total arsenic 

• As(V) (arsenate) and As(III) (arsenite) 

• Orthophosphate 

 

3.4.1 Dissolved Oxygen 

DO measurements were made with an Orion 083005MD DO probe attached to 

an Orion 4 Star pH-DO portable meter. This probe was calibrated with an Orion 

080017 calibration sleeve and a Ricca sodium sulfite zero DO standard. For 

measurements made in an open container (i.e. the inlet barrel, to check DO 

levels during solution preparation), the probe tip was moved in a gentle stirring 

motion until the auto-read function obtained a stable reading and displayed the 

value in mg/L. Since the Orion 083005MD is a membrane probe (i.e. the 

membrane tip consumes DO), constant stirring was required to avoid obtaining 

an artificially low reading. For measurements taken from sampling ports on the 

apparatus, the following procedure was used: 

• A 60 mL syringe was prepared with a three-way stopcock and needle 

(seen below in Figure 21). 
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Figure 21 - Syringe with three-way stopcock and needle tip 

 

• The 3-way stopcock and needle tip were firmly twisted on the luer-lok 

fittings, and the 3-way valve was set so a sample could be withdrawn into 

the syringe. 

• A 60 mL sample was carefully withdrawn from the chosen sampling port 

on the apparatus. 

• The three-way valve was set so that the valve arm closest to the syringe 

was sealed. 

• The plunger was withdrawn from the top of the syringe. Since the valve on 

the tip was closed (and hence no air could be sucked in to relieve the 

vacuum created), withdrawal of the plunger required some gentle force. 

• The DO probe was put into the syringe body and was used to stir the 

sample until the auto-read function obtained a stable reading and 

displayed the value in mg/L. 
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To determine if this procedure introduced any dissolved oxygen into samples, a 

test was done with a zero DO sample. This sample was prepared by vigorously 

bubbling nitrogen through DI water. The DO level of this solution was measured 

in the beaker, and then a sample was taken according to the syringe procedure 

described above and the DO was measured again. This was done three times. 

Results are shown in Table 3. 

 

Table 3 - Dissolved oxygen sampling trials 

Reading 
from beaker 

(mg/L) 

Reading 
from syringe 

(mg/L) 
Difference 

(mg/L) 

0.13 0.45 0.32 
0.13 0.39 0.26 
0.16 0.44 0.28 

                          Mean: 0.29 
 

A subtraction of 0.29 mg/L was done on all subsequent readings from samples 

taken with a syringe in order to correct for the small amount of DO introduced 

(i.e. readings of 0.29 mg/L considered to be 0). 

 

3.4.2 pH 

pH readings were taken with an Orion 8102BNUWP probe attached to an Orion 4 

Star pH-ISE bench-top meter. Standards of pH 4, 7, and 10 (from Fisher 

Scientific) were used for calibration. For pH readings in open containers (i.e. the 

influent barrel), the probe was submerged, gently stirred around, then held 

stationary until the pH reading stabilized and the auto-read function showed the 
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final pH reading. For samples from the apparatus, a needle tip was used to 

pierce a sampling port, and the open end discharged a sample into a rinsed 100 

mL beaker. The tip was submerged in the sample, the beaker was gently swirled, 

and then the sample was held stationary until the auto-read function detected a 

stable reading and the pH value was displayed.  

 

3.4.3 ORP 

For ORP readings, an Orion 9179BNMD epoxy body gel filled ORP triode was 

used, attached to an Orion 4 Star pH-ISE Benchtop meter (as this pH meter is 

also capable of ORP readings). The probe was calibrated before each use with 

an Orion 967901 ORP standard (420 mV at 25°C). The probe was held 

stationary in the sample until the reading stabilized.  

 

3.4.4 Iron 

Total iron in samples was measured with a Varian 220 SpectrAA FAAS at the 

School of Environmental Science, University of Guelph. Standards of 0, 0.5, 5 

and 10 mg/L (prepared by the laboratory technician) were used for calibration. 

Most samples were at 5 mg/L iron or lower, and hence directly in the middle of 

the calibration range.  
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3.4.5 Arsenic 

Arsenic in solution was measured using either a Varian 880 SpectrAA Graphite 

Furnace Atomic Absorption Spectrometer (GFAAS) with Zeeman background 

correction and autosampler, or a Shimadzu AA-6300 GFAAS with self-reversal 

background correction and autosampler. The Shimadzu GFAAS belongs to 

Professor Ed McBean in the University of Guelph School of Engineering, but due 

to some difficulty in getting the instrument working properly initially, the Varian 

GFAAS (in the University of Guelph School of Environmental Science) was used 

for the first two experiments, and occasionally for subsequent analysis when the 

Shimadzu instrument encountered further operational problems. Both 

instruments used a 20 µL sample injection, with a 10 µL pre-injection of matrix 

modifier (2000 ppm palladium with 2% citric acid in the Varian GFAAS, and 10 

ppm nickel with 0.1% nitric acid in the Shimadzu GFAAS).  

 

With the Varian GFAAS, four standards were used at 0, 20, 60, and 100 µg/L. 

The instrument automatically mixed these standards. With use of the Shimadzu 

GFAAS it was observed that instrument response became significantly non-linear 

beyond 50 ppb, so four standards at 0, 16, 32, and 50 µg/L were used. These 

standards were mixed manually in a 0.1% nitric acid solution of nano-pure water 

and were re-made every 2 – 3 weeks and stored in a refrigerator at 4°C. 

Samples outside of these calibration ranges were diluted with nano-pure water 

until readings in the calibration range could be achieved. 

 



	   75 

3.4.6 Speciation for As(V) and As(III) 

Speciation for As(V) and As(III) was done using a field method developed by 

Clifford et al. (2004). This relies on lowering of pH using acetic acid and 

complexing of iron with ethylenediaminetetraacetic acid (EDTA) to remove 

interference of iron, capturing As(V) with a chloride-form resin in mini-columns, 

and hence allowing As(III) to pass through. The method from this reference was 

slightly modified for the volumes of sample used in this investigation, and the full 

procedure is shown below. 

 

Preparation of mini-column 

• Select a clean column, cap, and plugs (soaked in solution at pH 2 or lower 

and thoroughly rinsed with nano-pure water) and a clean stopcock (same 

treatment). 

• Make a slurry of about 15 mL resin in 15 mL nano-pure water in an acid-

washed beaker. 

• Unscrew the cap of the mini-column and remove the lower end plug. Pour the 

resin slurry in the mini-column. Allow water to drain and let the resin level rise 

to about 1 cm over the thin neck of the column. 

• Replace the lower end plug, the screw cap and the upper end plug. The resin 

mini-column is ready to be used for speciation 
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Preparation of sample bottles 

• Add 1.73 mL of 2.0 M HAc and 0.68 mL of 0.1 M EDTA to a clean sample 

bottle labeled “Mix”. This will be 0.087 M HAc and 0.0017 M EDTA after 40 

mL of raw water sample has been added. 

• Label an empty 50 mL sample container as “As(III)” to collect the speciated 

As(III) sample. 

• Label an empty 50 mL sample container as “As(tot)” to collect the remaining 

sample of both As(III) and As(V). 

 

Speciation 

• Take a sample from the apparatus using a new 60 mL syringe and needle tip.  

• Once full, remove the needle and seal the tip with a rinsed nylon stopcock 

and remove the plunger. 

• Carefully pour 40 mL of the sample into the “Mix” bottle, being as gentle as 

possible to minimize aeration. Swirl vigorously and then let sit for 2-3 minutes. 

• While this is sitting, put the remaining 20 mL of sample into the “As(tot)” bottle 

and add 60 µL of 30% nitric acid for preservation. 

• Once the “Mix” has sat for 2-3 minutes, mount the second luer-lok tip of the 

stopcock on the inlet end of the minicolumn. 

• Force the 40 mL of sample through during a period of a couple minutes. 

Waste the first 15 mL of effluent and collect the remaining 25 mL in the bottle 

marked “As(III).” Preserve this with 75 µL of 30% nitric acid. 

• Refrigerate samples before analyzing as soon as possible. 
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• Multiply the arsenic concentration of the As(III) sample by 1.06 to account for 

dilution from chemical addition. 

 

3.4.7 Phosphate 

Phosphate was measured at the University of Guelph School of Environmental 

Science. The instrument used was a LACHAT flow injection analyzer employing 

the ammonium molybdate ascorbic acid colorimetric method for detection of 

orthophosphate (i.e. PO4
3-). Phosphate and orthophosphate are apparently used 

interchangeably in the literature, and in common usage refer to the same thing. 

The chemical used to make the stock solution of phosphate for this research was 

sodium phosphate dibasic (i.e. Na2HPO4, also known as disodium hydrogen 

orthophosphate). As such all phosphate reported in this investigation is 

orthophosphate. 

 

3.5 Quality Control 

3.5.1 Dissolved Oxygen 

For measurement of dissolved oxygen, the meter was calibrated using the air 

calibration sleeve and the zero DO standard each time a calibration was done. 

The meter was checked for an accurate zero each time a new influent solution 

was made (i.e. if the influent barrel solution did not show below 0.05 mg/L DO 

after 45 minutes of nitrogen sparging, the meter was re-calibrated). The 

membrane cap was changed once every three months, and recalibrated after 
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replacement. In addition, the membrane fluid was checked periodically and 

replaced if it was running low. Recalibration was done each time the membrane 

fluid was replaced.  

 

Given that the probe was examined for accuracy at 0.05 mg/L (low concentration 

in the barrel during each solution preparation), it is expected that readings would 

have accuracy to within 0.05 mg/L. However, completely stable readings at 

elevated levels of DO were not always achieved, and the best approximation 

based on fluctuating readings occasionally had to be made. Repeatability was 

not assessed with duplicate readings; however, if a value was expected to be low 

(as at the inlet, in the range of 0.50 mg/L) and was anomalously high, the syringe 

tip was tightened and a reading taken again. This usually rectified the anomalous 

reading. However, if two or more readings were similar (and in an unexpected 

range) the value was recorded.  

 

Given these informal quality control procedures and the expected accuracy 

based on low value checks, a conservative estimate for accuracy is within 10%. 

Based on the experience of having very repeatable measurements at the low end 

of measurement (between 0 mg/L and 0.05 mg/L over several measurements in 

the inlet barrel after vigorous sparging), but with some occasional difficulty in 

obtaining stable readings at elevated measurements, a worst-case estimate of 

precision is 10% between readings. At the highest readings obtained, this 

suggests repeatability within 0.50 – 0.60 mg/L. 
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3.5.2 pH 

For pH, the meter was checked for accuracy using the pH 7 standard before 

each use, and if it did not show accuracy (i.e. within 0.1 pH units from 7) it was 

recalibrated using standards at pH values of 4, 7, and 10. The instrument 

appeared to occasionally have drift of readings from day to day, and as such was 

recalibrated each day it was used. For short-term use (on the order of a few 

hours) the instrument demonstrated stability and accuracy. 

 

The meter was considered to be accurate in reading if it read to within 6.9 to 7.1 

in a pH 7 buffer. As such, accuracy is expected to be within 0.1 pH units. 

Duplicate readings of pH were not taken, but given the high quality of the glass 

probe, careful storage procedures, and frequent calibration checks, a worst-case 

estimate for precision is within 0.2 pH units between samples. 

 

3.5.3 ORP 

The ORP probe was recalibrated before each use. The probe was occasionally 

tested with the calibration standard during usage, and showed readings 

approximately within 5 RmV (RmV refers to “relative millivolts”, that is, the 

millivolt reading relative to the standard hydrogen electrode). As such, the 

accuracy would be expected to be within 5 RmV. However, in some solutions 

there was difficulty in the reading stabilizing and it took several minutes to obtain 

a stable reading. Given this fact, a worst-case estimate for accuracy is 

considered to be 20 RmV.  
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For precision, duplicate measurements were not made. However, given the fact 

that the probe consistently tested to within approximately 5 RmV when it was 

tested against the calibration standard, but with some difficulty in stabilizing 

readings, the precision is also estimated as being within 20 RmV between 

samples. 

 

3.5.4 Iron 

For iron samples, a laboratory reagent blank (LRB) sample was done during 

each sampling set (usually 15-16 samples) and analyzed along with the samples 

from the apparatus. This blank was exposed to all components of sample 

processing (i.e. syringes, sample containers, nitric acid for preservation) and was 

treated exactly the same as other samples. If any LRB samples showed a 

measured value at or over the method detection limit (MDL, i.e. the measured 

concentration value at which it can be stated with 99% certainty that there is 

analyte present) then the results for that sample set were interpreted with 

caution, with the caveat that some of the iron detected could be from sample 

contamination. 

 

The MDL for detection of iron with the Varian FAAS was assessed according to 

USEPA (1991). This was done by analyzing seven samples of nano-pure water 

spiked with 0.3 mg/L iron and acid preserved (i.e. three times the manufacturer’s 

estimated lowest detection level of the instrument of 0.1 mg/L). The standard 

deviation of the results of these samples was multiplied by 3.14 (i.e. Student’s t-
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test value for 99% confidence with 7-1 = 6 degrees of freedom). This resulted in 

a calculated MDL of 0.03 mg/L.  

 

For each sample set analyzed (usually 15 – 16 samples) a duplicate sample was 

analyzed on the FAAS to assess consistency of readings. If a duplicate reading 

was out by more than 10% from the first sample, then the set of samples would 

have been repeated, but this did not happen during any analysis as the FAAS 

was found to be very consistent in readings.  

 

During experiment 2, one sample from each of four sample sets had standard 

solution artificially added (to achieve a concentration approximately 50% greater) 

in order to measure recovery. This is called a laboratory fortified sample matrix. It 

was found that there was complete recovery, with all samples measuring to 

within 2% of the expected value after fortification. This showed that there was 

insignificant interference by the sample matrix during analysis. 

 

Measurements on this instrument were taken as the average of three readings. If 

the RSD (relative standard deviation) was 10% or more, samples were 

remeasured (this rarely happened, however, and readings were almost always 

within an RSD value of 5%, and the vast majority within 1%). As such, a worst-

case estimate for precision between samples is 5%. External standards were not 

run, but internal standards (i.e. standards made within the laboratory) were used 

for mid-range (5 mg/L) checks every 50 samples, and complete recalibration 
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every 100 samples. If the check standard at re-slope was within 10% from the 

original measurement, then analysis was continued. Given this fact, accuracy is 

expected to be within 10%. 

 

3.5.5 Arsenic 

For arsenic samples, a LRB sample was done during each sampling set (usually 

15-16 samples) and analyzed along with the samples from the apparatus. If a 

sample contained arsenic above the calculated MDL, then results were treated 

as suspect. The MDL of arsenic was tested for the Shimadzu GFAAS similarly as 

was done for iron on the Varian FAAS, except that the samples were spiked to 

2.5 µg/L arsenic (found to be the lowest value at which some discernible visual 

signal response was observed). The MDL was calculated as 2 µg/L. The MDL 

test was not done on the Varian GFAAS, as the similarity of its measurement 

method to the Shimadzu instrument suggests that the MDL would be similar. 

 

Measurements on the Varian GFAAS instrument were taken as the average of 

three readings. If the RSD (relative standard deviation) was 10% or more, 

samples were remeasured. As such, a conservative estimate for precision 

between samples is 10% for samples run on this instrument. 

 

On the Shimadzu GFAAS, two sample readings were taken. If the two readings 

were within 7% RSD, then the average of these two readings was used as the 

final reading. If these two readings were not within 7% RSD, then a third was 
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taken and the closest two were averaged. For each sample set analyzed (usually 

15-16 samples), a duplicate sample was analyzed to assess consistency of 

readings. If the duplicate reading was out by more than 10% from the original, 

other samples were examined for reasonableness of measured values and 

results were interpreted with caution. If a duplicate reading was out by more than 

20%, the sample set was repeated.  

 

No external standards were checked in arsenic analysis; however, internal 

standards were used regularly in analysis to check accuracy. During analysis on 

the Varian GFAAS, a mid-range (60 µg/L) check was done every 20 samples, 

and a complete recalibration was done every 60 samples. If the check standard 

was within 10% from the original measurement, then analysis was continued. On 

the Shimadzu GFAAS, a 32 µg/L standard check was done after every 15-16 

samples. If the standard check was out by more than 10%, other samples were 

examined for reasonableness of measured values and results were interpreted 

with caution. If the standard check was out by more than 20%, the sample set 

was repeated. 

Given the above information, it is expected that the precision and accuracy of the 

Varian GFAAS is within 10%, and the precision and accuracy of the Shimadzu 

instrument is within 20%. Given that both instruments were used during 

experimentation, a worst-case value of 20% is considered for precision and 

accuracy of arsenic analysis. 
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During the first and second experiments (experiments both with and without iron 

in solution), one sample from each of four sample sets had some standard 

artificially added to measure recovery (i.e. laboratory fortified sample matrix). It 

was found that there was complete recovery, with all samples measuring to 

within 10% of the expected value after fortification. This showed that there was 

insignificant interference by the sample matrix during analysis. 

 

3.5.6 Phosphate 

In each sample run, a measurement was taken on nano-pure water to assess the 

background measurement of a clean matrix. The blank samples were assessed 

against this. If the measurements on the blank samples were comparable to the 

blank background reading of nano-pure water (i.e. within 0.01 mg/L) the results 

were reported as 0. 

 

During phosphate analysis, check standards for 0.10 and 0.50 mg/L were run. 

These measured as 0.11 and 0.42 mg/L respectively. As such, accuracy to within 

16% (i.e. difference from 0.42 mg/L to 0.50 mg/L) can be expected. A discussion 

of precision is given in Section 4.9. Duplicate samples were not run. 

 

3.5.7 Method Checks and Verification Checks 

Method and verification checks were carried out for the following: 

• ORP 

• Possible background metals in DI water or the apparatus sand 
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• Filtration tests 

• Digestion tests 

• Speciation verification 

 

In order to assess the relationship between ORP and DO level in water used in 

the lab, DI water was taken from the tap and vigorously sparged with nitrogen to 

strip out DO. The DO level was measured along with the ORP. After this 

measurement, the water was vigorously sparged with air and then DO and ORP 

measurements were repeated. Results are shown in Table 4.  

 

Table 4 - Relationship between DO and ORP in plain DI water 

DO (mg/L) ORP (RmV) 
8.13 458 
0.05 *420 

*difficulty in reading stabilizing 
 

As shown, there was found to be a fairly small difference in ORP readings 

between very low DO and very high DO conditions. It was thought that there 

could perhaps be a problem in electrical potential (i.e. mV) readings because of 

the extremely low ionic content of the DI water and hence low conductivity. As 

such, the experiment was repeated with water that had 0.01 molar (M) NaCl. The 

results are shown in Table 5. 

 

 



	   86 

Table 5 - Relationship between DO and ORP in DI water with 0.01 M NaCl 

DO (mg/L) ORP (RmV) 
8.12 468 
0.08 420 

 

As shown, there appeared to be very little difference between water with 

extremely low ionic content and water with moderate ionic content and hence 

better conductivity. 

 

This was compared to results from the apparatus when doing trials measuring 

the dispersion of DO from sparging (i.e. experiment 1, see Section 4.1). These 

trials used plain DI water pumping through the apparatus. Although plain DI 

water was used, it is likely that some small amounts dissolved constituents were 

imparted to the solution as it passed through the sand, as there was an observed 

drop in pH at the end of the apparatus. Measurements of DO and ORP during 

these trials are shown in Table 6. 

 

Table 6 - Relationship between DO and ORP during air sparging trials in the apparatus 

Sampling Port DO (mg/L) ORP (RmV) 
Barrel 0.07 332 

Column 1.05 450 
Inlet 2.28 460 

Outlet 4.16 545 
  

There is a larger difference in ORP readings between low DO conditions and 

high DO conditions seen here as compared to the previously mentioned tests 
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(approximately 200 here as compared to 40 – 50 in the jar tests). It is unknown 

why this difference exists. The results of these tests are rather puzzling, as it was 

expected that very low DO values would result in very low RmV ORP values 

(perhaps negative) and hence reducing conditions.  

 

During experiment 3, ORP readings were taken again, this time in a solution with 

approximately 5.3 mg/L iron and 200 µg/L arsenic. Results are shown in Table 7. 

 

Table 7 - Relationship between DO and ORP in DI water with 5.3 mg/L iron and 200 µg/L 
arsenic 

DO (mg/L) ORP (RmV) 
0.41 266 
7.67 340 

 

Although the results in Table 7 show a relative difference of 74 mV between low 

DO and high DO conditions, the low DO condition still shows a reading of 266 

RmV. ORP is affected by DO levels, but is also affected by many more water 

quality measures such as pH, temperature, and small reaction currents among 

other things. Based on the results shown above, it is clear that one limitation of 

this experimental setup was that strongly reducing conditions (such as in 

Bangladeshi groundwater) could not be achieved by just de-aerating DI water. As 

such, the best that could be done was to control DO concentrations as closely as 

possible. It was decided to just use dissolved oxygen readings as an indicator of 

the possibility for oxidation reactions, as this was easier to interpret in the context 

of this experimental investigation. 
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To check if there was any background iron or arsenic in the lab DI water, the 

water was checked using GFAAS and FAAS for these constituents. Both results 

were below detection limits (BDL, i.e. below the MDL). To check if there was any 

background iron and/or arsenic leachable from the fresh sand in the apparatus, 

water sent through the apparatus during setup was taken at the outlet and 

checked using GFAAS and FAAS. Both iron and arsenic were BDL in this as 

well. This demonstrates that there were negligible background metals. 

 

In order to check if filtration of samples made any difference in analysis of iron, 

four random samples from experiment 8 were analyzed both as filtered and 

unfiltered. The results are shown in Table 8. 

 

Table 8 - Filtered vs. unfiltered samples 

Sample Unfiltered 
iron (mg/L) 

Filtered 
iron (mg/L) 

± 
(%) 

A 4.90 4.86 -0.8 
B 4.87 4.72 -2.1 
C 4.82 4.88 +1.2 
D 4.56 4.62 +1.3 

 

As shown, there is no clear difference between filtered and unfiltered samples, 

and as such all iron was considered to be in dissolved form. 

 

All samples were analyzed undigested. It was expected that all iron and arsenic 

would be in dissolved form and hence not be affected by digestion, but this was 
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checked in order to be certain. In experiment 3, four samples were digested with 

nitric and hydrochloric acid and the readings for digested vs. undigested were 

compared. The digestion procedure was as follows: 

• Weigh 0.5 g of sample into “teflon bomb” container 

• Add 9 mL HNO3, 3 mL HCl (acids trace metal grade) 

• Pre-digest for two hours 

• Seal bomb, and place in oven for 3 hours at 120°C  

• Allow to cool, filter with Whatman 42 filter paper 

• Bring to 25 or 50 mL volume with nanopure water in a volumetric flask 

 

The results are shown in Table 9.  

 

Table 9 - Digestion comparison 

Sample 
Undigested 

arsenic 
(µg/L) 

Digested 
arsenic 
(µg/L) 

± 
(%) 

Undigested 
iron (mg/L) 

Digested 
iron (mg/L) 

± 
(%) 

A 170 226 +33 4.9 4.8 -2 
B 235 221 -6 4.6 4.7 +2 
C 150 158 +5 4.2 4.6 +10 
D 150 157 +5 4.1 4.6 +12 

 

As shown in Table 9, samples were within ± 6% for arsenic (with the exception of 

one outlier) and ± 12% for iron. Given the small differences and the fact that 

there was no consistent positive or negative pattern, it was considered that 

digestion made insignificant difference to results. Reporting metals as “total” 

usually requires digestion; however, considering digestion made little difference 
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in this case, all metals in this investigation are considered to be total while 

omitting the digestion step. 

 

In order to verify that the speciation procedure produced accurate results, it was 

tested under several conditions. For the first experiment without iron, the 

procedure was tested with DI water with 50 µg/L As(III) and 50 µg/L As(V). The 

results are shown in Table 10. 

 

Table 10 - Arsenic speciation procedure verification without iron present 

Sample Description Result 
(µg/L) 

Expected 
(µg/L) ± (%) 

A Total arsenic 1st sample 86 100 -14 
B Total arsenic 2nd sample 92 100 -8 

C Filtrate of “A” sample 
(i.e. expected As[III]) 48 43 -10 

D Filtrate of “B” sample 
(i.e. expected As[III]) 51 46 -10 

 

As shown above, the speciation procedure produced results for separating As(III) 

and As(V) to within 10% of expected. This was considered to be acceptable. In 

experiment 2, actual concentrations used were 100 µg/L As(III) and 100 µg/L 

As(V) (i.e. twice the design load of 50 µg/L As(V) for the speciation procedure) 

but still appeared to produce satisfactory results. This is explained further in 

Section 4.2. 

The speciation procedure was also examined with iron in solution as well. 

Solutions of approximately 5.3 mg/L iron, 100 µg/L As(V) and 100 µg/L As(III) 
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were made and tested with the speciation columns. The procedure was originally 

designed for up to 3 mg/L iron and 50 µg/L As(V), so an effort was made to 

capture a smaller amount of filtrate (10 mL vs. 45 mL) in order to conserve the 

adsorption capacity of the resin for As(V) and iron complexed by EDTA. The 

results are shown in Table 11.  

 

Table 11 - Arsenic speciation procedure verification with iron present 

Sample Description Result 
(µg/L) 

Expected 
(µg/L) ± (%) 

A Total arsenic (1st sample) 185 200 -8 
B Total arsenic (2nd sample) 174 200 -13 
C Total arsenic (3rd sample) 179 200 -11 

D Filtrate of “A” sample (i.e. 
expected As[III])  64 93 -31 

E Filtrate of “B” sample (i.e. 
expected As[III]) 66 87 -24 

F Filtrate of “C” sample (i.e. 
expected As[III]) 79 90 -12 

 

As seen above, the procedure appeared to underestimate the expected amount 

of As(III), showing that some was likely captured on the resin along with As(V). It 

is unknown why this occurred. This does show that the absorption capacity of the 

resin was not overloaded, because there would have been an overestimate of 

As(III) in that event. Although the procedure may not be completely reliable 

quantitatively with this amount of iron present, it can give a rough indication of 

speciation ratios, which is still very useful information. This was used in 

experiment 8 (Section 4.8). 
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4. Results 

4.1 Experiment 1 - Transfer of dissolved oxygen by sparging in a 
porous medium 

The first experiment was carried out to examine the characteristics of transfer of 

oxygen to solution in a porous medium through air sparging. As such, only DI 

water (with oxygen stripped out by nitrogen bubbling) was pumped into the 

apparatus. To prepare the inlet solution, the inlet reservoir barrel was filled with 

200 L of DI water from the laboratory tap, the lid (with air lock) was sealed, and 

nitrogen was sparged at 30 ± 5 L/min for 40 – 45 minutes. This was found to be 

sufficient to lower DO to less than 0.05 mg/L, by measurement with the DO probe 

within the solution in the barrel. To create an inert atmosphere in the apparatus, it 

was carefully sealed, air locks were installed, and nitrogen was sent through the 

air sparging stone at approximately 1 L/min for 24 hours before the start of the 

experiment. 

 

As mentioned in Section 3.1, as water was pumped from the inlet barrel into the 

inlet column of the apparatus, a nitrogen flow of 100 ± 25 mL/min was kept in 

both the reservoir barrel and the inlet column. This approach was adopted in 

order to keep a nitrogen atmosphere in the headspaces of both the barrel and 

the column, and to drive off dissolved oxygen that was introduced during 

pumping. The water in the reservoir barrel was very close to 0 mg/L DO (i.e. 0.05 

mg/L or lower), and the water at the inlet of the apparatus after pumping was 
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measured at 0.3 mg/L DO. It was found that even with a tight seal during 

pumping, introduction of a small amount of DO was unavoidable.  

 

Only one final DO transfer experiment is summarized here, although four were 

completed. This is done because the previous experiments were carried out as 

trial and error in terms of operating parameters and sampling, and this final 

experiment is the culmination of this experience. This experiment had the most 

detail and shows similar findings to the other three and is the only one described 

for sake of brevity.  

 

Water was pumped at approximately 16 mL/min. This was achieved by running 

the peristaltic pump at maximum speed with tubing of 2.4 mm inner diameter. A 

flow of closer to 20 mL/min was expected, but small leaks in the sampling ports 

caused a drop in throughput. The flow rate was calculated by measuring the 

volume of water that passed through the apparatus during the experiment and 

dividing this volume by the 45 hour experiment’s duration: 

 

!"#$ =
43  !

45.05  ℎ!" = 0.954
!
ℎ! = 15.9

!"
!"# 

 

The HRT at this flow rate was estimated as 15.5 hours, based on a measured 

porosity of the sand of 0.35 and a calculated pore volume of 14.8 L.  
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!"#$  !"#$%! = !"#$%ℎ  ×  !"#$ℎ  ×  ℎ!"#ℎ!  ×  !"#"$%&'

= 2.00  !  ×  0.05  !  ×  0.423  !  ×  0.35 

                                                      = 0.0148  !! 

                                                      = 14.8  ! 

Note that 0.423 m was the mean height of water in the apparatus. 

 

!"# =
!"#$%&
!"#$  !"#$ 

                      =
14.8  !

0.954   !ℎ!
 

                      = 15.5  ℎ!" 

 

This porosity value was estimated based on trials in which both saturated and 

oven-dried sand samples were weighed. This was carried out with three 

samples, using samples of sand poured into 100 mL beakers. Water was added 

just to fill to the top of the sand. These samples were weighed and then dried for 

five days in an oven at 100°C. The samples were then weighed again. The 

difference was taken to be the volume of water in the pore space. All three tests 

resulted in a calculated porosity of between 0.34 and 0.35. Although this does 

not follow standard protocols, it was considered to be adequate for estimates for 

this experiment.  

 

Although the apparatus was originally designed with a HRT of 24 hours post-

sparging (i.e. approximately 34 hours total, see Figure 18), it was decided that 
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running a higher flow rate would be preferable. This causes a shorter HRT and 

hence data trends in movement of dissolved constituents could be observed on a 

shorter timescale. The head drop between the inlet and outlet was very low even 

at the higher chosen flow rate (well below the estimated 3.3 cm in the design 

calculation of Figure 18) and as such using a higher flow was considered to be 

feasible. 

 

The air sparging flow rate was maintained at 16 ± 5 mL/min. This range was 

estimated from occasional minor drops and increases in flow rate that were 

manually corrected every few hours upon inspection. This was the minimum flow 

rate that could be measured accurately with the small rotameter used. The 

lowest flow rate possible was adhered to for two reasons. Firstly, it was found 

that even at this low flow rate there was significant oxygen transfer to solution. 

Secondly, in terms of field operations parameters (if this technique were to be 

applied at field scale) it would be advantageous to use the lowest flow rate 

possible while maintaining good performance characteristics. As such, the lowest 

flow rate possible was investigated. 

 

The experiment was completed over a duration of 48 hours in order to examine 

oxygen transfer over several HRTs. Sampling ports were labeled for this and 

subsequent experiments, as shown in Figure 22. Dimensions are shown in more 

detail in Figure 16. 
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Figure 22 - Labeling of sampling ports 

 

Figures 23 – 28 summarize the results in terms of DO concentration (in mg/L) at 

each set of sampling ports vs. time (with “time 0” representing the start of air 

sparging). Inlet readings were not taken, as readings at A2 were assumed to 

represent inlet concentrations because this port was upstream of air sparging. 

Readings were taken at selected points A2, B(1-3), D(1-3), G(1-3), J(1-3), and 

the outlet. More sampling points were not used for sake of brevity, as sampling 

with even this many ports took 90 minutes to complete per sampling period. A1 & 

A3 were not sampled, as it was assumed that A2 would adequately represent 

inlet conditions on its own. 
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Figure 23 - DO concentration at port A2 vs. time 

 

 

 

Figure 24 - DO concentration at ports B(1-3) vs. time 
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Figure 25 - DO concentration at ports D(1-3) vs. time 

 

 

 

Figure 26 - DO concentration at ports G(1-3) vs. time 

 

!"

#"

$"

%"

&"

'"

("

)"

!" '" #!" #'" $!" $'" %!" %'" &!" &'" '!"

!"
##
$%
&'
()
*
+,
-'
.)
/0

-1
23
)

)
4"0')/5$67#3)

8!8)9$%60.)!*)

*#"

*$"

*%"

!"

#"

$"

%"

&"

'"

("

)"

!" '" #!" #'" $!" $'" %!" %'" &!" &'" '!"

!"
##
$%
&'
()
*
+,
-'
.)
/0

-1
23
)

)
4"0')/5$67#3)

898):$%60.)!*)

*#"

*$"

*%"



	   99 

 

Figure 27 - DO concentration at ports J(1-3) vs. time 

 

 

 

Figure 28 - DO concentration at the outlet vs. time 
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As shown in Figure 23, the DO concentration near the inlet remained very low 

throughout the experiment (0.6 mg/L or lower). As shown in Figure 24, the DO 

concentration above the sparging point rose to between 4 and 5 mg/L, with the 

lowest sampling port (B3) showing the quickest rise. 

 

Upon observation, it appeared that the air travelled in bubbles that created 

channels that migrated both in front and behind the column of “B” sampling ports. 

This is shown in Figure 29. This channeling during upward flow of air was 

confirmed by observing air bubbling at the surface of the wet sand in the region 

between the arrows in Figure 29. This channeling helps explain the quicker rise 

of DO at B3 as compared to B1 and B2. Point B3 would easily receive oxygen, in 

being directly above the sparging stone, but B1 and B2 would only be exposed to 

oxygen when air channels migrated upstream. 
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Figure 29 - Air sparging channels with arrows illustrating approximate boundaries of 
migration 

 

As shown in Figure 25, at the “D” column, DO concentrations appear to rise 

slightly faster at the bottom port, but there is effective transfer of oxygen to ports 

D1 and D2 as well as the DO levels were at 5 mg/L by the experiment’s end. As 

seen in Figures 26 and 27, DO rose to approximately 5 mg/L along the bottom 

sampling ports at G3 and J3. However, there was not effective transfer of oxygen 

to ports G1, G2, J1, or J2. This likely indicates the existence of a region of lower 

velocity flow in the apparatus (as compared to fairly uniform flow upstream at 

“D”), with flow velocity slow enough that DO was not transferred to ports G1, G2, 
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J1, and J2 over the course of the 48 hour experiment. This is illustrated in Figure 

30. 

 

 

Figure 30 - Illustration of lower velocity flow zone 

 

Non-uniform grading of sand in the apparatus likely caused this zone of low flow. 

In set-up, sand was deposited under submersion in DI water with a continuous 

flow of water from the inlet towards the outlet, and this may have moved fines 

toward the outlet end. Investigation of the water flow regime could have been 

carried out with dye tests, but these were not done immediately for fear of 

disrupting system chemistry. At the end of experiment 10, a dye test was omitted 

because the media was removed for disposal before it was remembered to carry 

out the dye test. This low flow phenomenon is commented on further in later 

experiments. 
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The travel times to each column of sampling ports were estimated assuming 

uniform flow across the entire cross section. According to this assumption, the 

following travel times from the sparging point (column B) were predicted for each 

column of sampling ports, based on calculated HRT: 

• D – 3.0 hours 

• G – 7.6 hours 

• J – 12.2 hours 

 

Upon examination of Figure 25, it appears that the DO concentration at port D3 

began climbing between 3 hours and 8 hours, and this fits with the expected 

travel time stated above at 3 hours. Figure 26 shows the DO concentration at G3 

rising above background levels somewhere between 3 and 8 hours as well. This 

also fits with the projected travel time of 7.6 hours to this point. Figure 27 shows 

the DO concentration at J3 rising above background levels somewhere between 

13 and 22 hours. This range is within one hour of the projected 12 hour travel 

time. Given the apparent zone of low flow above port J3, it would have been 

expected that travel time would have been shortened, and this is a puzzling 

aspect as it apparently was not. However, given the fact that DO was transferred 

quite well to ports D1 and D2, but not to ports G1, G2, J1, and J2, the prediction 

of this low flow zone is a likely explanation nonetheless. A higher resolution of 

sampling periods combined with detailed flow pattern mapping would be needed 

to better explain this phenomenon. 
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This analysis shows that although there is likely a zone of low flow at the upper 

downstream section of the apparatus (somewhere between columns D and J, 

affecting the top two rows of sample ports), this is not enough to drastically affect 

predicted travel times at the bottom sample ports when compared using a 

sampling resolution of 5 – 10 hours.  

 

At the outlet, the 48 hour sample was discarded due to an inconsistent reading 

(much lower than the others) and upon examination it was concluded that a 

mistake was likely made during the reading. However, the measurements before 

this are still relevant for examination. As shown in Figure 28, it appears that the 

outlet concentration of DO was steadily climbing, but had not reached the same 

concentration as at the J3 port at similar times. This is likely due to mixing of 

water at the outlet, across the flow height of the apparatus, with water from the 

1st level and 2nd level flow zones (although proceeding at a lower velocity flow 

than at the bottom) diluting the oxygen-rich water flowing across port J3. 

 

4.2 Experiment 2 - Examination of the removal of arsenic in 
isolation 

Experiment 2 was carried out to assess the extent of removal of arsenic in 

isolation (i.e. only arsenic was present, not iron or any other solutes). The 

apparatus was prepared as follows: 

• The apparatus was fully drained of water using the peristaltic pump. 
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• Nitrogen was sent through the apparatus (via the sparging point) at 1 

L/min for 24 hours. Although this caused some disturbance of sand 

around the sparging stone, it was necessary in order to flood the 

apparatus with an oxygen-free atmosphere. 

• A zero DO solution in the reservoir barrel was prepared similar to 

experiment 1. 

• Sodium arsenite and sodium arsenate were added from stock solutions to 

the reservoir barrel. 

• Alternating solutions of 1000 µg/L and 200 µg/L arsenic (50% As[III] and 

50% As[V]) were pumped for 17 days (combined time) in order to achieve 

the estimated highest possible breakthrough of solutes at the outlet by 

saturating adsorption sites. The 1000 µg/L solution was pumped until 

breakthrough was seen above 200 µg/L at every sampling port, and then 

the 200 µg/L solution was pumped until every port showed concentrations 

of approximately 200 µg/L or lower. 

• Once it was assessed that breakthrough of arsenic was achieved to 

approximately as full an extent as possible (i.e. outlet concentration was 

no longer climbing), a final anoxic solution with 100 µg/L As(III) and 100 

µg/L As(V) was prepared and pumping was begun to start the experiment. 

These concentrations were used to represent a typical Bangladeshi 

groundwater high in arsenic, as described in Table 1. 
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Experiment 2 was carried out as follows: 

• pH and DO were measured at the inlet and outlet prior to beginning 

sparging. 

• Initial samples were taken and the speciation procedure was carried out. 

• Sparging was begun and the experiment was run for two days. This 

allowed measurements to be done over several HRTs. 

• Samples were taken approximately every 8 hours, with the speciation 

characterization being done every other sampling set. 

 

Characteristics and operating conditions of experiment 2 were as follows: 

• Total water flow volume of 42.5 L over 48.8 hours, so average flow of 14.3 

mL/min  

o Flow was expected to be higher at 19 – 20 mL/min, but some 

dripping leaks from the sampling ports developed and caused flow 

loss. 

• HRT calculated as 18 hours 

• Initial pH 7.2 at the inlet and 5.7 at the outlet 

o This drop in pH through the apparatus was unexpected, and the 

cause remains unknown. The sand used was sourced from a 

quarry and washed only with water, so this rules out any chemical 

interference. It is possible that a small amount of silicon dioxide 

became dissolved and formed silicic acid, but this is unconfirmed.  
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• Initial DO readings at the inlet and outlet of 0.35 mg/L and 0.55 mg/L 

respectively 

• Air sparging flow rate at 16 ± 5 mL/min. This variation was estimated from 

occasional minor drops and increases in flow rate that were corrected 

every few hours upon inspection. 

 

In the inlet sampling (for the first two samplings at 0 hours and 9 hours), the 

As(III) was measured at 95 and 107 µg/L, respectively, and the As(V) was 

measured as 109 and 135 µg/L, respectively. This shows that a balance between 

As(III) and As(V) (approximately half each) with a total arsenic value of 

approximately 200 µg/L was achieved. However, speciation tests for samples 

taken from within and beyond the sand matrix (i.e. all sampling ports except the 

inlet) showed the large majority at zero As(III), with a few scattered tests showing 

up to 50 µg/L As(III). This is summarized in Figure 31. Inlet readings were 

consistent over the first two samplings and as such were discontinued after that 

for sake of brevity. Air sparging was started at 0 hours. 
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Figure 31 - As(III) measurements during experiment 2 

 

As shown, it is apparent that As(III) was quickly oxidized. When As(III) tested 

above zero, tests both before and after then showed it again to be zero, so it was 

considered that these positive measurements were inconsistent and to be treated 

with caution. It was not expected that As(III) would be so readily oxidized, in 

particular because there was a low amount of DO in the system at the start of the 

experiment.  

 

It is apparent that As(III) was not stable under the conditions achieved in this 

experiment. As shown in Section 3.5.7, strongly reducing conditions could not be 

achieved. The approximate pH range and ORP range encountered in this 

experimental investigation is plotted below in Figure 32 using Figure 2. The ORP 

range reflects readings from Section 3.5.7, and the pH range reflects readings 

during all experiments (from 1 to 10). 
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Figure 32 - Range of pH and ORP encountered during all experiments, plotted on Figure 2 

 

As shown, the experimental conditions encountered actually favour As(V). As(III) 

is typically very slow to oxidize in a simple solution of water with DO, on the order 

of months (Cherry et al., 1979), but the rate of transformation of As(III) to As(V) 

increases rapidly with manganese- and iron-oxides/ -hydroxides (Rott & Friedle, 

2000). Iron oxide is present in the sand matrix (see Figure 17), and this may 

explain how As(III) was apparently found to be present in the inlet but not at 

sample points within the sand matrix. 

 

To test if there was any interference in the speciation test when analyzing 

samples taken from the sand matrix, two samples were randomly selected and 
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had 50 µg/L As(III) artificially added after the sample was withdrawn. These were 

then run through the speciation procedure. The results are shown in Table 12. 

 

Table 12 - As(III) spike into random samples and recovery 

Random 
sample 

As(III) added 
(µg/L) 

As(III) recovered 
(µg/L) ± (%) 

1 50 43 -14 
2 50 41 -18 

 

As can be seen, recovery through the speciation procedure was slightly lower 

than expected, but did not show complete inhibition. As such, the speciation tests 

for the rest of the samples were considered to be accurate in showing negligible 

As(III). Since it appeared that examining the differences in removal between 

As(III) and As(V) would be impossible since As(III) was rapidly oxidized in the 

apparatus regardless, most subsequent experiments used only As(V). This is 

described later in experimental summaries. 

 

Since the large majority of samples showed 100% As(V), the rest of the summary 

of experiment 2 deals only with As(total), taken as As(V). The results are 

summarized by “inlet and outlet” and by row of sampling ports (i.e. top row 1, 

middle row 2, and bottom row 3) in Figures 33 – 36. Samples were taken at 

these points in order to examine spatial heterogeneity both upstream and 

downstream of air sparging, and more points were not sampled so the sampling 

set would not be so large as to create undue difficulty in analysis in terms of time 
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and cost. Note that ports B(1-3) were only sampled in the final two sampling 

events, as this was an afterthought towards the end of the experiment.  

 

 

Figure 33 - Inlet and outlet concentrations of arsenic during experiment 2 

 

 

Figure 34 - Concentration of arsenic at ports A1, B1, E1, and J1 during experiment 2 
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Figure 35 - Concentration of arsenic at ports A2, B2, E2, and J2 during experiment 2 

 

 

 

Figure 36 - Concentration of arsenic at ports A3, B3, E3, and J3 during experiment 2 
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The DO levels at each port are shown in Figure 37, showing concentrations at 

the beginning and end of air sparging. Note that in ports A1 to J3, the initial 

concentration is 0.45 mg/L, the arithmetic mean of the initial inlet and outlet 

concentrations of 0.35 mg/L and 0.55 mg/L respectively. Since the inlet and 

outlet concentrations of DO were within 0.1 mg/L, the concentrations at ports 

within the apparatus were assumed to be very similar at the beginning of the 

experiment and were thus represented as the average. 

 

 

Figure 37 - DO levels in the apparatus during experiment 2 

 

As shown, there was distinct oxygen transfer to ports A1, B1, B2, B3, E1, E2, E3, 

J3, and the outlet. It appears that the airflow channel migrated sufficiently to 

transfer some oxygen to the A1 port at the top and behind the sparging point. In 

this experiment, DO can act as a tracer, indicating which areas of the apparatus 

received water flow from the sparging area during the experiment. As such, J1 

and J2 were considered to not have had received water from the sparging area 
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by the end of the experiment, due to the low flow zone discussed in Section 4.1. 

This is evidence that the low flow zone is likely more pronounced past point “E”. 

This is reflected in Figure 30. 

 

The concentration of arsenic in the second sampling of the inlet was quite low 

compared to the rest in being well below 200 µg/L. This drop in concentration is 

not reflected in the corresponding samples at A(1-3), and this suggests that the 

second inlet sample may have encountered some instrumental error in 

measurement and as such makes this data point a possible outlier. It is therefore 

not considered in the analyses to follow.  

 

Upon examination of Figure 33, it is clear (when the second sample for the inlet 

is dropped) that the outlet concentration of arsenic is consistently below the inlet 

concentration. Even at the beginning, the outlet concentration of arsenic appears 

to be less than the inlet, and this may be due to the following factors (likely a 

combination of both): 

• That available arsenic adsorption sites were not completely saturated in 

experimental set-up (i.e. steady-state was not completely reached at all 

points in the apparatus) 

• That the small amount of DO present throughout the apparatus at the 

beginning (i.e. approximately 0.45 mg/L) caused some continual 

regeneration of available adsorption sites.  
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The HRT for this experiment was estimated as 18 hours, and the samples for the 

third sampling set onwards were sampled at 17.5 hours and later. Therefore, it is 

fairly certain that inlet water that had passed through the treatment zone had 

reached the outlet by the third sampling. As such, only the third sampling and 

onwards are considered in the initial analysis shown in Table 13. 

 

To be certain that the differences in concentration between the inlet and outlet 

are statistically significant during the air sparging treatment, a statistical t-test 

was performed. Since the samples are not independent (i.e. the upstream 

samples affect the downstream samples), a paired t-test was employed in order 

to test the certainty that the difference in concentration between the inlet and 

outlet is greater than 0. This is shown in Table 13 and below. 

 

Table 13 - Paired t-test calculations for the difference between inlet and outlet 
concentrations of arsenic in experiment 2 at sample set 3 onwards 

Sampling # In Out Difference 
3 247 202 45 
4 241 169 72 
5 202 166 36 
6 219 152 67 

Mean (!): 
Standard Deviation (!!): 

55.0 
17.3 

 

To test if the difference is adequately described by a normal distribution (which is 

an assumption implicit in the t-test), the coefficient of variation may be calculated: 
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!"# =
!!
!
=
17.3
55 = 0.31 

 

Since the coefficient of variation is less than 1, it is likely that the difference data 

is adequately described by a normal distribution. The t-statistic is calculated as 

follows: 

 

!∗ =
!−µμ!
!!
!

=
55.0− 0
17.3
4

= 6.36 

 

For 4-1=3 degrees of freedom, the one-tailed tcritical value for 99.5% confidence is 

5.841. Therefore, since the calculated t* value is greater than the tcritical value, 

there is 99.5% certainty that the difference between the inlet and outlet is greater 

than 0, and not due to chance. 

 

This statistical test (i.e. that the difference between the inlet and the port is 

greater than 0 with associated statistical significance) was carried out for all 

individual ports in the apparatus as compared to the inlet, both upstream and 

downstream of sparging, and is summarized in Table 14. These tests consider all 

the sampling sets, excluding the second for reasons previously stated. This was 

done to account for any background removal due to initial conditions. One set 

(i.e. A3) has a coefficient of variation greater than 1, indicating that the data 

might not be adequately described by a normal distribution. However, the t-test is 
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used regardless with this acknowledged limitation because the t-test is fairly 

robust to deviations from normality (McBean & Rovers, 1998). 

 

Table 14 - Paired t-tests examining significant difference above 0 for the inlet port vs. 
individual sampling ports over the entire duration of experiment 2 

Port 
# of paired  
samples 

compared 
! !! Coeff. 

of var. !∗ !! 
Sig. 
level 

Sig. diff. 
above 0? 

A1 5 16.0 8.2 0.51 4.39 3.747 99% Yes 
A2 5 13.2 12.5 0.95 2.36 2.132 95% Yes 
A3 5 9.6 12.7 1.33 1.69 1.533 90% Yes 
E1 5 34.0 19.1 0.56 3.97 3.747 99% Yes 
E2 5 26.6 19.8 0.75 3.00 2.999 98% Yes 
E3 5 24.8 15.6 0.63 3.55 2.999 98% Yes 
J1 5 60.6 16.7 0.28 8.12 7.173 99.9% Yes 
J2 5 56.8 20.4 0.36 6.24 5.598 99.75% Yes 
J3 4 28.0 18.9 0.67 2.97 2.353 95% Yes 
Out 5 52.4 16.0 0.31 7.30 7.173 99.9% Yes 
 

As demonstrated in Table 14, even the ports upstream of sparging which did not 

have noticeable oxygen transfer to them (i.e. ports A2 and A3) had some 

removal of arsenic, showing the background capacity for removal under the initial 

experimental conditions. 

 

Although iron was not present in solution, some metal oxides were nonetheless 

present in the sand as shown in Figure 17 (titanium oxide ~ 0.10%, potassium 

oxide ~ 0.10%, calcium oxide ~ 0.03%, iron oxide ~ 0.03%, aluminum oxide ~ 

0.01%). These could be responsible for adsorption of arsenic, with subsequent 

regeneration of adsorption sites upon oxidation by DO. 
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Upon examination of Figure 36, it is clear that along the bottom (preferred) flow 

path, the initial concentrations of arsenic are clustered tightly around 200 µg/L as 

expected. Immediately after this (i.e. at the start of air sparging), the 

concentrations begin to diverge and by the third sampling (i.e. around 1 HRT), 

the concentrations at E3 and J3 are both consistently below that of A3. The same 

phenomenon is seen in Figures 34 and 35 as well, with the exception that ports 

J1 and J2 are lower in concentration of arsenic at time 0. This is not unexpected, 

as these are positioned at the far end of the apparatus in low flow zones and may 

not have received adequate flow to achieve steady-state by the beginning of the 

experiment.  

 

Based on this examination of trends, it is reasonable to expect that the 

introduction of additional DO due to air sparging caused an increase in removal 

of DO above and beyond background removal. More data points would be 

needed during a period of no sparging (i.e. initial conditions) to describe this 

statistically, but this was not considered beforehand and as such a qualitative 

description of this effect will have to suffice. 

 

For a quantitative description of the amount of arsenic removal under the given 

conditions, it is important to consider trends and not just averages. From 

examination of Figures 33 – 36, it appears that arsenic concentrations measured 

at the ports downstream of sparging were on a slight downward trend towards 

the end of the experiment (as observed from visual inspection of line trends, not 
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from exact statistical analysis). This increasing amount of removal could be due 

to expansion of the DO plume throughout the apparatus, creating a progressively 

larger treatment zone. It is unclear whether steady-state had been reached at the 

end of the experiment. As an estimate of the treatment potential under the given 

conditions, the lowest values (i.e. the ending data points) were used and 

compared to the average inlet concentration (omitting the value from the second 

sampling set, for reasons previously stated). Summarized results for ports 

downstream of sparging are shown below in Table 15. 

 

Table 15 - Calculated percent removals of arsenic for ports downstream of air sparging 
that exhibited significant DO by the end of experiment 2 

Arithmetic mean of 
inlet arsenic 

concentrations 
(µg/L) 

 
 
 
 
 

Port 
End arsenic 

concentration 
(µg/L) 

% Removal 
(compared to 
inlet mean) 

 
226 

E1 155 31 
E2 165 27 
E3 187 17 
J3 190 16 
Out 152 34 

 

Ports J1 and J2 were not considered in this analysis, as these had not received 

complete throughput from the inlet by the end of the experiment. As previously 

mentioned, these ports also had lower arsenic concentrations than most other 

ports to start with. Since flow past these sampling ports proceeds directly to the 

outlet column (with the outlet port showing the integrated behaviour of the entire 

height of the outlet end of the apparatus) this may have caused an artificially low 
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arsenic value at the outlet port. As such, the outlet removal percentage value is 

to be treated with caution.  

Despite this caveat, some apparent trends can be shown upon examination of 

Table 15. The ports along the bottom flow path (i.e. E3 and J3) show lower 

removal values for arsenic than the ports at E1 and E2. Ports E1 and E2 were 

likely along a slower flow path (approaching the lower-flow zone) and as such the 

water samples at these ports had a higher contact time with the sand than 

corresponding samples along the bottom flow path. This suggests that removal of 

arsenic is dependent on contact time under these conditions, with removal at the 

highest contact times achieved in this experiment, under the specific conditions 

of this experiment, calculated as being in the range of 30%. 

 

4.3 Experiment 3 - Examination of the removal of arsenic with 
iron as a co-solute 

Experiment 3 was carried out to assess the extent of arsenic removal with iron as 

a co-solute. The apparatus was drained from the previous experiment using the 

peristaltic pump. While this was done, a nitrogen flow of approximately 1 L/min 

was maintained through the sparging point in order to keep an inert atmosphere 

in the apparatus. The apparatus was then prepared similar to experiment 2, 

except that approximately 5.3 mg/L of iron was added as ferrous chloride 

tetrahydrate granules (i.e. Fe[II], formula FeCl2•4H2O). The ferrous chloride 

tetrahydrate was first dissolved in 100 mL of anoxic DI water (prepared by 

vigorous sparging with nitrogen), and then poured into the DI water in the 
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reservoir barrel after it was also treated by sparging with nitrogen. In addition, all 

arsenic was added as As(V) since As(III) was apparently readily oxidized 

regardless. The sand media was not changed (for this or any subsequent 

experiments). 

 

In order to assess breakthrough, a solution of 200 µg/L As(V), 5.3 mg/L Fe was 

pumped through the apparatus for 6 days. It became apparent upon sampling 

and analysis that breakthrough was going to be very slow at this concentration of 

arsenic, and so the solution was switched to 1000 µg/L As(V), 5.3 mg/L Fe. This 

was pumped for 8 days until sample analysis revealed that there was 

breakthrough above 200 µg/L As(V) at every sampling port. The inlet solution 

was then switched back to 200 µg/L As(V), 5.3 mg/L Fe and pumped for another 

3 days until concentrations of arsenic were at 200 µg/L or lower at every 

sampling port. Since the system was “shock-loaded” with a high concentration of 

arsenic above the experimental concentration, it was assumed that saturation of 

arsenic adsorption sites had likely occurred. 

 

Periodic sampling and analysis was done to monitor progress through the 

breakthrough setup period. Although iron exhibited a high amount of 

breakthrough up to approximately 4.6 mg/L (shown in Figure 38), it became clear 

that 100% breakthrough of arsenic was not achieved. Although attempts were 

made to saturate the adsorption sites with a high concentration of 1000 µg/L 

As(V), this apparently was not enough to cause 100% breakthrough of 200 µg/L 
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As(V) upon switching back to the 200 µg/L As(V), 5.3 mg/L Fe solution. This is 

presumably because of the small amount of oxygen present initially causing 

some treatment effect before the start of sparging.  

 

Once it was determined that no further breakthrough was likely, a final anoxic 

solution with 200 µg/L As(V) and 5.3 mg/L Fe(II) was prepared and pumping was 

begun to start the experiment. A concentration of 5.3 mg/L iron was selected as a 

representative value of a typical Bangladeshi groundwater high in arsenic, as 

described in Table 1. In terms of speciation, iron can be considered to be in Fe(II) 

(ferrous) dissolved form until oxidation and precipitation, at which point it 

converts to Fe(III) (ferric) form as iron(III) oxide-hydroxide. This appears as rusty 

brown precipitate. 

 

During the course of the experiment, some iron precipitation on the aquarium 

diffuser stone in the inlet column (dispersing nitrogen at 100 mL/min) was noted, 

showing that iron could be precipitated even at low DO background levels (i.e. 

0.3 mg/L at the inlet).  

 

Experiment 3 was carried out as follows: 

• pH and DO were measured at the inlet and outlet prior to beginning 

sparging. 

• Initial samples were taken. 
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• Sparging was begun and the experiment was run for two days with 

sparging, and then another day post-sparging. This allowed 

measurements to be done over several HRTs and to observe recovery of 

the system post-treatment. 

• Samples were taken approximately every 8 hours. 

 

Characteristics and operating conditions of experiment 3 were as follows: 

• Total water flow volume of 83.5 L over 72 hours, so mean flow of 19.3 

mL/min 

• HRT calculated as 13 hours 

• Initial pH of 5.8 at the inlet and 5.1 at the outlet 

o  This initially low pH was due to hydrolysis of the ferrous chloride 

upon dissolution in water, and the pH dropped further across the 

apparatus for possible reasons previously discussed in experiment 

2. This pH drop was unavoidable due to the nature of the chemicals 

used, and as such the experiment was carried out with this 

characteristic noted. This differs from the typically neutral pH 

groundwaters of Bangladesh (see Table 1). 

• Initial DO readings at the inlet and outlet of 0.32 mg/L and 0.53 mg/L 

respectively 

• Air sparging flow rate at 16 ± 5 mL/min. This variation was estimated from 

occasional minor drops and increases in flow rate that were corrected 

every few hours upon inspection. 
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Experimental results for iron are summarized below in Figures 38 – 41. A red 

highlighted data point on each graph marks the end of air sparging. Also of note 

is that ports B(1-3) were sampled throughout this experiment, unlike in 

experiment 2. This was done to investigate the removal of iron and arsenic with 

elevated DO at low contact times (i.e. shortly after introduction of DO). Note that 

the inlet concentration of iron is less than the intended 5.3 mg/L. This may have 

been caused by iron precipitating out in the inlet column because of background 

DO (as a small amount of this was observed), or error in chemical addition. 

 

 

Figure 38 - Inlet and outlet concentrations of iron during experiment 3 
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Figure 39 - Concentration of iron at ports A1, B1, E1, and J1 during experiment 3 

 

 

 

Figure 40 - Concentration of iron at ports A2, B2, E2, and J2 during experiment 3 
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Figure 41 - Concentration of iron at ports A3, B3, E3, and J3 during experiment 3 

 

The initial and final DO levels were measured and are shown in Figure 42. Note 

that in ports A1 through J3, the initial concentration is represented as 0.43 mg/L, 

the arithmetic mean of the initial inlet and outlet concentrations of 0.32 mg/L and 

0.53 mg/L. Because the inlet and outlet concentrations of DO were within 0.21 

mg/L of each other, the sample points in between were assumed to be within this 

range as well and were not sampled initially.  
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Figure 42 - DO levels in the apparatus during experiment 3 

 

As demonstrated in Figure 42, similar to experiment 2, it appears that the airflow 

channel migrated sufficiently to transfer some oxygen to the A1 port at the top 

and behind the sparging point, and J1 and J2 were considered to not have had 

received water from the sparging area by the end of air sparging treatment since 

DO levels did not rise at these sampling points. 

 

As demonstrated in Figure 38, it appears that the concentration of iron did vary 

somewhat at the inlet for the first 30 hours of the experiment (between 4 and 5 

mg/L), and the cause of this is unknown. However, it still appears that the outlet 

concentration of iron was consistently below the inlet concentration, even at the 

beginning. This initial treatment effect is likely because of background DO in the 

system before the start of air sparging. To demonstrate that the difference in iron 

concentration over the course of the experiment is statistically significant, a 

paired t-test was done (similar to that shown in Table 14 for experiment 2). This 
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was done for all samples from beginning to end, including those past the end of 

air sparging. Results are shown in Table 16.  

 

Table 16 - Paired t-test examining significant difference above 0 for iron concentrations at 
inlet vs. outlet over the duration of experiment 3 

Ports 
compared 

# of paired  
samples 

compared 
! !! Coeff. 

of var. !∗ !! 
Sig. 
level 

Sig. diff. 
above 0? 

In/Out 10 0.29 0.33 1.14 2.77 2.262 97.5% Yes 
 

Although the coefficient of variation is above 1, this test is used anyways as the t-

test is fairly robust to deviations from normality. As demonstrated, it can be said 

with 97.5% certainty that there is a difference between the inlet and outlet 

concentrations of iron between the inlet and outlet. This significance would be 

even greater (and the coefficient of variation would be below 1) if one anomalous 

reading at the fourth sample set was removed.  

 

Upon visual inspection of Figure 38, it is difficult to see any discernible effect of 

air sparging in increasing the removal of iron. Due to the fact that there was not 

more than one set of samples taken before beginning treatment (i.e. at time 0), 

statistical analysis is not feasible. However, examination of a magnified version 

of Figure 40 makes clear a probable indication of the effect of air sparging (i.e. 

the scale is changed from 0 to 6 mg/L iron to a representation from 3.5 to 5.5 

mg/L iron). This is shown in Figure 43, for the time period from the beginning of 

experiment 3 to the end of air sparging, with the inlet concentrations also added. 
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Readings from port J2 have been removed from the graph, as that port was not 

considered to have full throughput of water from the inlet. 

 

 

Figure 43 - Magnified plot of concentrations of iron at sample ports A2, B2, and E2 during 
experiment 3 

 

As shown, ports A2, B2, and E2 all showed very similar readings for iron at the 

beginning of the experiment, but in the samples following the start of air sparging, 

the concentrations at B2 and E2 dropped slightly compared to the upstream 

sampling port A2. All of these are consistently below the inlet concentration as 

well, with one exception at the fourth sampling set. This may have been from 

sampling or instrumental error considering its outlying tendency compared to 
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estimate of the removal effect of the background DO) is: 4.6 mg/L – 4.4 mg/L = 

0.2 mg/L.  

 

These values are to be treated with caution, however, given the small differences 

in concentration. As stated in Section 3.5.4, a worst-case estimate of precision in 

the measurement of iron is 5% (i.e. in the range of 0.20 mg/L at these 

concentration levels), and as such it is difficult to have certainty in conclusions 

based on differences between single data points. More data points in the “no 

treatment condition” (i.e. before the start of sparging) would be needed to make 

statistically significant comparisons, and, for the moment, approximate 

conclusions must be made with this caveat in mind. 

 

This trend is not observable in Figure 41, as the concentrations of iron at E3 and 

J3 were somewhat lower than that of A3 and B3 at the beginning of the 

experiment and subsequently became closer in the next few sampling periods. 

The reason for this is unknown. However, based on the interpretation of results 

explained in the previous paragraph, it seems likely (although not statistically 

provable with the given data, with only a single data point in the “no treatment 

condition”) that the background DO caused a small drop in iron between 

upstream and downstream ports initially, and that air sparging may have caused 

a small increase in this difference. 
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This very low removal of iron is puzzling, particularly as iron is easily oxidizable 

(Mettler, 2002) and it would be expected that there would be a higher removal 

than the average 0.29 mg/L seen between the inlet and the outlet when there is a 

significant amount of DO present in the system (i.e. well above 5 mg/L at some 

points in the apparatus at the end of the experiment). However, it is important to 

take into account the chemical conditions of the experiment. One significant way 

in which this experiment varies from natural conditions is the fairly low pH 

(between 5.1 and 5.8 from the inlet to the outlet). The relationship between pH 

and the oxidation rate of Fe(II) is illustrated below in Figure 44. 

 

 

Figure 44 - Oxidation rate of soluble Fe(II) in a batch test as a function of pH. Assumptions 
are infinite dilution and DO saturated at 25°C (Morgan & Lahav, 2007, pg. 2084). 
Reproduced with permission. 

 

As shown, the oxidation rate of Fe(II) is retarded at pH values below neutral. As 

such, it would be expected that the iron removal in experiment 3 would be greatly 

improved if the pH had been closer to neutral. However, creating this neutral pH 

was not possible due to the nature of the chemicals involved in the experiment, 

• It has been observed that catalysts such as Co2+ and
Cu2+ dramatically enhance the oxidation rate (Stumm
and Lee, 1961).

• The presence of anions such as Cl!, CO2!
3 and SO2!

4

have been shown to retard the oxidation rate (Millero,
1985) because they form complexes with Fe(II) that
are less favourably oxidized as compared to the hydrox-
ide complexes. The exact rate constants associated with
each of these complexes have not been established to
date. Part of the di!erence in the rate curves for seawa-
ter and water seen in Fig. 2 are a consequence of such
anion e!ects, the other part being due to temperature.

• In water high in alkalinity (such as ground waters) the
overall solubility of Fe(II) is lower and controlled by
siderite rather than by ferrous hydroxide. However,
the principles governing the rate equation (Eq. (7))
remain valid.

3. Conclusions

• The fundamental equilibrium and thermodynamic prin-
ciples governing the pH dependent ("5 < pH < "8) and
pH independent ("5 > pH > "8) kinetics of oxidation
of ferrous iron to ferric iron where oxygen is the oxidiz-
ing agent have been described. The result is a simple
heuristic description of the oxidation kinetics as a func-
tion of pH. The visual simplicity of this model assures
that it can be easily remembered and applied to any sit-
uation where it may be needed.

• The oxidation rate is both thermodynamically and
kinetically enhanced by adsorption of dissolved iron
species to hydrous oxide surfaces. This is also because

of the association with OH! (Stumm and Morgan,
1970).

• The rate constants of the three meaningful Fe(II) soluble
species (Fe2+, FeOH+, Fe#OH$02) di!er from each
other by five orders of magnitude (6 · 10!5, 1.7, and
4.3 · 105 1/min), respectively. In practical terms this
means that the overall oxidation rate depends dramati-
cally on the distribution of these three species in the
aqueous phase, which is mostly pH dependent, but to
a lesser degree also depends on temperature and ionic
strength.

• No rate constant has been reported for the oxidation of
Fe#OH$!3 probably due to empirical limitations, how-
ever the concentration of this species is exceptionally
low at pH values < "pH 10 and thus from a practical
standpoint its rate constant is of a lesser importance.

• Further empirical work is required in order to quantify
the rate constants of common complexes of Fe(II),
encountered in natural waters. Such study is imperative
for design purposes of, for example, oxidation reactors
aimed at treatment of acid mine drainage, comprising
a variable, but always high SO2!

4 concentration, or for
Fe(II) containing groundwater that also includes a high
Cl! concentration.
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with ferrous chloride tetrahydrate hydrolyzing and causing slightly acidic 

conditions. 

 

Although the iron removal was fairly small, examining this removal of iron in 

relation to trends in arsenic concentration is still experimentally valuable. The 

concentrations of arsenic in the apparatus throughout experiment 3 are shown 

below in Figures 45 – 50, with a red highlighted data point in each graph marking 

the end of air sparging. Figures 49 and 50 summarize results by “sampling 

column” at E and J as an alternative way of showing downstream sample data. 

 

 

Figure 45 - Inlet and outlet concentrations of arsenic during experiment 3 
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Figure 46 - Concentration of arsenic at ports A1, B1, E1, and J1 during experiment 3 

 

 

 

Figure 47 - Concentration of arsenic at ports A2, B2, E2, and J2 during experiment 3 
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Figure 48 - Concentration of arsenic at ports A3, B3, E3, and J3 during experiment 3 

 

 

 

Figure 49 - Concentration of iron at ports E1, E2, and E3 during experiment 3 
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Figure 50 - Concentration of iron at ports J1, J2, and J3 during experiment 3 

 

As illustrated in Figure 45, the arsenic concentration at the outlet was 70 µg/L 

lower than that of the inlet even at the beginning, in spite of attempts to achieve 

breakthrough during setup (see the third paragraph of Section 4.3). Averaged 

over the first two sampling periods (i.e. before the end of the first HRT, as an 

estimate of the background treatment effect), the difference is estimated as 76 

µg/L. Even between the inlet and the first set of sample ports (i.e. in the area 

upstream air sparging) this background treatment effect is apparent, as the 

average difference in arsenic concentrations between the inlet and A2 over the 

course of the experiment is calculated to be 40 µg/L.  

 

This background treatment effect is not surprising when examining the difference 

in the initial iron concentrations at the inlet and outlet. Although this would be 

better characterized with more data points, the average difference in iron 

concentrations between the inlet and outlet over the first two readings (i.e. before 
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the end of the first HRT, as an estimate of the background treatment effect) 

indicates a removal of approximately 0.4 mg/L. It is apparent that even a fairly 

small drop in iron concentration (i.e. 9%, 0.4 mg/L drop from an inlet 

concentration of 4.3 mg/L, averaged over the first two data points) leads to a 

relatively large treatment effect for arsenic, in this case a drop of 76 µg/L (i.e. 

42% drop from an inlet concentration of 180 µg/L, averaged over the first two 

data points). 

 

This relatively large removal of arsenic in relation to a relatively small removal of 

iron does not appear to be unreasonable, however, when comparing the 

magnitudes of concentrations involved, as the initial concentration of iron was 

over an order of magnitude higher than that of arsenic. The ease of removal of 

arsenic is also not surprising in light the fact that no competing ions such as 

phosphate were present. 

 

Upon examination of the data trends in Figure 45, it is clear that arsenic was in 

steady decline at the outlet during the entire duration of air sparging in 

experiment 3, from an initial value of 109 µg/L down to a lowest value of 41 µg/L 

at the end of air sparging. This downward trend is also seen for ports B1, E1, E2, 

E3, and J3 in Figures 46 – 50. The removal percentages for various sampling 

ports exposed to extra DO through air sparging, based on the end-of-sparging 

arsenic concentrations as compared to the average inlet arsenic concentration 

over the course of air sparging (i.e. 176 µg/L), are shown in Table 17.  
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Table 17 - Percent removal of arsenic at the end of air sparging for various ports in 
experiment 3 

Arithmetic mean of 
inlet arsenic 

concentrations 
(µg/L) 

 

Port 
End arsenic 

concentration 
(µg/L) 

% Removal 
(compared 

to inlet 
mean) 

 
176 

B1 49 72 
B2 84 52 
B3 104 41 
E1 36 80 
E2 27 85 
E3 41 77 
J3 20 89 
Out 41 77 

 

The higher removal values shown here, as compared to those from experiment 

2, shows the importance of the presence of dissolved iron for the removal of 

arsenic. At the outlet, estimated removal was improved from 34 to 77% from 

experiment 2 to experiment 3.  

 

Examination of Figures 49 and 50 also shed some light on the previously 

mentioned issue of a low-flow zone existing in the upper downstream section of 

the apparatus. The concentrations of arsenic at E1, E2, and E3 all follow a very 

similar trend during the experiment to the end of air sparging, in which all 

concentrations are within 13 µg/L of each other (36, 27, and 41 µg/L 

respectively). This suggests a fairly uniform flow at this cross section.  
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In Figure 50, points J1, J2, and J3 do not vary much up to 18 hours of sparging. 

However, after this J3 diverges and has a trend consistently lower than that of J1 

and J2 (and unlike E3 has a concentration lower than that of sampling ports 

above it). The final concentration at J3 at the end of air sparging is 20 µg/L, 

which is 29 µg/L lower than either of the concentrations at J1 and J2 (compared 

to a 14 µg/L difference from E2 and E3 at the same point). This divergence of J3 

from J1 and J2 suggests that it received an additional treatment effect from 

injected DO, whereas J1 and J2 did not. While concentrations in this range must 

be interpreted with caution (given an estimated worst-case precision of 20% 

between samples for arsenic measurement), this does give some plausible 

indication of low-flow behaviour at J1 and J2, as explained in experiment 1. 

 

Examination of the data trends from experiment 3 as a whole also illustrates the 

importance of reaction/contact time in the removal of iron and arsenic under 

these experimental conditions. Both iron and arsenic consistently show greater 

removal at downstream vs. upstream ports (i.e. at “J” and “E” ports vs. “B” ports). 

Recovery of the system post-sparging is difficult to assess in this experiment, 

due to the apparent spike in arsenic at ports A1, A2, and A3 after air sparging 

ended (see Figures 46 – 48). The reason for this spike is unknown. What can be 

said with confidence, however, is that the one-day recovery time was not nearly 

sufficient to see arsenic recover to pre-sparging levels. This is illustrated in 

Figure 48 as ports E3 and J3 only recovered to 67 and 25 µg/L respectively after 
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a 24-hour recovery period, as compared to 114 and 98 µg/L respectively at the 

beginning of the experiment. 

 

4.4 Experiment 4 - Examination of the removal of arsenic with 
iron as a co-solute, with increased air sparging flow rate 

Experiment 4 was carried out to assess the removal of arsenic with iron as a co-

solute, at a significantly higher air sparging flow rate than that used in experiment 

3. In this experiment, the air sparging flow rate was increased by a factor of five 

to 75 mL/min (as opposed to 16 mL/min previously). The apparatus was 

prepared in a similar fashion as experiment 3.  

 

Characteristics and operating conditions for experiment 4 were as follows: 

• Total water flow volume of 83.5 L over 73 hours, so average flow of 19.1 

mL/min 

• HRT of 13 hours 

• Initial pH of 5.5 at the inlet and 5.2 at the outlet 

• Initial DO readings at the inlet and outlet of 0.48 and 0.65 mg/L 

respectively 

• Air sparging flow rate of 75 ± 10 mL/min. This variation was estimated 

from occasional minor drops and increases in flow rate that were 

corrected every few hours upon inspection. 
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The reason for increasing the air sparging flow rate was to test if this would 

increase the oxygen transfer to solution (both in concentration and spatial 

extent). In order to assess this, the DO levels in the apparatus at the end of the 

two-day air sparging period were compared between experiments 2, 3 and 4 

(that had air sparging flow rates of 16 mL/min, 16 mL/min, and 75 mL/min 

respectively), and are shown in Figure 51. 

 

 

Figure 51 - Comparison of DO values at the end of air sparging in experiments 2, 3, and 4 

 

As illustrated in Figure 51, the DO levels (both in terms of concentration and 

spatial extent) do not increase with a higher air sparging flow rate. At sampling 

ports A1, B1, B3, E1, E2, E3, and J3 the DO concentration is in fact lower than in 

experiment 3. For example, at port E1, the DO concentration was 6 mg/L in 

experiment 3 and here in experiment 4 is shown to be almost 2 mg/L lower. At 

port E3, the difference is similar, with concentrations of 5 and 2.8 mg/L in 

experiments 3 and 4, respectively. The difference at port E2 is even more 
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dramatic, with concentrations of 6 and 3.2 mg/L in experiments 3 and 4, 

respectively.  

 

This difference was unexpected, but a possible explanation is that a higher flow 

rate could have actually lessened the air-water contact time. Bubbles might have 

travelled more quickly to the top of the apparatus because of greater driving force 

toward the surface with a higher amount of bubbles travelling in quicker 

succession through air channels created. This could have lessened the air/water 

contact time (as compared to a lower flow rate of air), resulting in a lower DO 

concentration in solution. 

 

The level of iron removal in experiment 4 followed a similar pattern to experiment 

3 in being quite limited, with the average difference between the inlet and outlet 

over the course of air sparging at approximately 0.28 mg/L (as compared to 0.29 

mg/L in experiment 3). Although it is possible that lower DO concentrations 

resulted in lower iron removal (and hence lower arsenic removal), it is difficult to 

assess this because of the low amount of change in iron concentration relative to 

the total concentration.   

 

The levels of removal of arsenic, for ports within or downstream of the air 

sparging area that exhibited significant DO at the end of the sparging period (i.e. 

greater than 1 mg/L), in terms of end-of-sparging concentrations vs. average inlet 
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concentrations, were also compared between experiments 3 and 4. These are 

shown in Table 18. 

 

Table 18 - Comparison of experiments 3 and 4 based on percent removal of arsenic for 
various ports at the end of air sparging 

Experiment 4 

Arithmetic mean 
of inlet arsenic  
concentrations 

(µg/L) 
Port 

End arsenic 
concentration 

(µg/L) 

% Removal 
(compared to 
inlet mean) 

Exp. 4 

 

Exp. 3 
 

155 
B1 116 25 72 
B2 100 35 52 
B3 122 21 41 
E1 60 61 80 
E2 60 61 85 
E3 82 47 77 
J3 53 66 89 
Out 68 56 77 

 

As shown in Table 18, the percent removal values for arsenic for experiment 4 as 

compared to experiment 3 were actually lessened at all locations with a higher air 

sparging flow rate. This has two possible two reasons: 

• Lower DO at many ports in experiment 4 as compared to experiment 3, 

creating fewer adsorption sites. 

• Different initial conditions: Although there was 17 days of flushing 

solutions through in the preparation for experiment 3, in order to achieve a 

high degree of breakthrough of arsenic, it is possible that this was not 

sufficiently achieved. 
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In order to assess the difference in initial conditions between experiment 3 and 

experiment 4, the difference in arsenic concentrations between the inlet and all 

sampling ports at the start of each experiment was calculated. This is shown in 

Table 19. 

 

Table 19 - Comparison of initial conditions of arsenic breakthrough in experiments 3 and 4 

Port 

Initial difference in arsenic 
concentration between inlet 
and sampling ports (µg/L) 

Exp. 3 Exp. 4 Difference 
(3 - 4) 

A1 39 33 +6 
A2 36 39 -3 
A3 32 35 -3 
B1 65 46 +19 
B2 60 48 +12 
B3 48 49 -1 
E1 94 49 +45 
E2 55 49 +6 
E3 63 50 +13 
J1 90 48 +42 
J2 85 49 +36 
J3 79 44 +35 
Out 68 53 +15 

 

As shown, there is a large difference in some readings, with much less 

breakthrough in experiment 3 (i.e. difference of more than 30 µg/L) at ports E1, 

J1, J2, and J3. This could be responsible for the higher removal values 

calculated for experiment 3. 
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4.5 Experiment 5 - Examination of the removal of arsenic with 
iron as a co-solute, with greatly increased air sparging flow rate 

Experiment 5 was carried out to assess the removal of arsenic with iron as a co-

solute, at a significantly higher air sparging flow rate than that used in 

experiments 3 and 4. In this experiment, the air sparging flow rate was increased 

to 250 mL/min (as opposed to 16 mL/min and 75 mL/min in experiments 3 and 4, 

respectively). The apparatus was prepared in a similar fashion as the previous 

two experiments. 

 

Characteristics and operating conditions for experiment 5 were as follows: 

• Total water flow volume of 80.5 L over 73 hours, so average flow of 18.4 

mL/min 

• HRT of 13 hours 

• Initial pH of 6.0 at the inlet and 5.5 at the outlet 

• Initial DO reading at the inlet and outlet of 0.28 mg/L and 0.50 mg/L, 

respectively 

• Air sparging flow rate of 250 ± 20 mL/min. This variation was estimated 

from occasional minor drops and increases in flow rate that were 

corrected every few hours upon inspection. 

 

DO levels in the apparatus at the end of the two-day air sparging period were 

compared between experiments 3, 4 and 5, and are shown in Figure 52. 
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Figure 52 - Comparison of DO values at the end of air sparging in experiments 3, 4, and 5 

 

As illustrated in Figure 52, the DO levels (both in terms of concentration and 

spatial extent) are not greater with an even higher air sparging flow rate of 250 

mL/min, and in most cases are even lower than the readings from the 75 mL/min 

air sparging flow rate in experiment 4. This may be because of reasons 

previously explained in experiment 4 (i.e. air bubbles rising too quickly to allow 

enough diffusion to increase DO concentrations to similar or greater levels than 

that seen in previous experiments with lower airflow rates). 

 

The levels of removal of arsenic, for ports within or downstream of the air 

sparging area that exhibited significant DO at the end of the sparging period (i.e. 

greater than 1 mg/L), in terms of end-of-sparging concentrations vs. average inlet 

concentrations, were also compared between experiment 4 and experiment 5. 

These are shown in Table 20. 
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Table 20 - Comparison of experiments 4 and 5 based on percent removal of arsenic for 
various ports at the end of air sparging 

Experiment 5 

Arithmetic mean 
of inlet arsenic  
concentrations 

(µg/L) 
Port 

End arsenic 
concentration 

(µg/L) 

% Removal 
(compared to 
inlet mean) 

Exp. 5 

 

Exp. 4 
 B1 104 37 25 

164 B2 112 32 35 
 B3 126 23 21 
 E1 55 66 61 
 E2 60 63 61 
 E3 104 37 47 
 J3 55 66 66 
 Out 56 66 56 

 

The initial conditions for experiments 4 and 5 were also compared, similar to the 

process shown in Table 19. 
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Table 21 - Comparison of initial conditions of arsenic breakthrough in experiments 4 and 5 

Port 

Initial difference in arsenic 
concentration between inlet 
and sampling ports (µg/L) 

Exp. 4 Exp. 5 Difference 
(4 - 5) 

A1 33 37 -4 
A2 39 47 -8 
A3 35 36 -1 
B1 46 44 +2 
B2 48 44 +4 
B3 49 60 -11 
E1 49 61 -12 
E2 49 66 -17 
E3 50 67 -17 
J1 48 67 -19 
J2 49 71 -22 
J3 44 63 -19 
Out 53 69 -16 

 

As shown in Table 20, the removal values for arsenic for experiments 4 and 5 are 

comparable with percent removal being within 12% for all ports analyzed. This is 

despite the slightly lower DO values exhibited in experiment 5 and the slightly 

lower amount of initial breakthrough of arsenic shown in Table 21 (i.e. with all 

ports, except B1 and B2, showing greater breakthrough in experiment 5). It may 

be concluded that a higher air sparging flow rate above the minimum used 

originally (i.e. 16 mL/min) makes little difference in the context of this 

experimental apparatus. 
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4.6 Experiment 6 - Jar test examining the removal of arsenic with 
iron as a co-solute, with treatment taking place over an extended 
period 

Experiment 6 was carried out to assess the removal of arsenic with iron as a co-

solute, in a jar test, with treatment taking place over a longer period of time than 

used in previous experiments. It was observed in previous experiments that iron 

was not removed to a great extent, and that this was likely due to the 

suppression of oxidation kinetics at pH below neutral. In order to determine the 

behaviour of iron removal under the conditions used in experiments of this 

research project, and the associated removal of arsenic, a jar test was carried 

out as follows: 

 

General description and purpose 

• Add approximately 5.3 mg/L Fe(II) and 200 ug/L As(V) to a 750 mL 

volume of anoxic DI water, aerate it, and then let it sit. Sample over a 

period of days to examine the removal of iron and associated removal of 

arsenic. 

 

Procedure 

• Measure 750 mL of DI water into a 1 L acid-washed glass beaker, and 

sparge with nitrogen through a diffuser at 1 L/min until DO is as low as is 

possible (use a covering on the top to trap nitrogen at the surface and 

prevent air diffusion). 
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• Take and record DO and pH measurements. 

• Mix in 0.003975 g of Fe(II) (i.e. 0.003975 x [198.81/55.85] = 0.0141 g of 

ferrous chloride tetrahydrate) into the anoxic solution. 

• Mix in As(V) up to 200 µg/L from a sodium arsenate solution. 

• Take 10 mL sample immediately from approximately 1 cm below the 

surface. Acidify this sample with 30 µL of 30% nitric acid. 

• Take a pH measurement. 

• Using a tube coming from the aquarium aeration pump, sparge with air at 

approximately 1 L/min for 10 minutes and stir vigorously when this is 

finished. Take a DO measurement and record it. 

• Take samples (approximately 1 cm below the surface) every day for five 

days. Taking the sample at a shallow depth allows for any small amount of 

settling and its effects to be easily observed.  

• At the end of the experiment, stir the water in the jar vigorously and then 

take another sample to assess if there is any precipitate stirred up. 

• Store all samples in a box in the refrigerator at 4°C and analyze for 

arsenic and iron when the experiment is finished. 

 

Experimental observations and results were as follows: 

• pH (initial, after nitrogen sparging): 7.3 

• DO (initial, after nitrogen sparging): 0.10 mg/L 

• pH (after iron and arsenic added, before aeration): 5.5 

• DO (after aeration): 7.75 mg/L 
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• At the end of the experiment, the beaker was left to sit for another two 

days and then it was emptied. When this was carried out, it was observed 

that there was a small amount of brownish precipitate on the bottom of the 

beaker. 

 

In order to test if adsorption to the side of the container made any difference to 

arsenic concentrations, the experiment was carried out again, but just with DI 

water and 200 µg/L As(V) in solution. All samples tested to within ± 8%, with no 

clear positive or negative trend. As such, adsorption to glass was considered to 

be negligible. 

 

Table 22 - Results of experiment 6 

Sample time 
(days) 

Fe 
(mg/L) 

As(V) 
(µg/L) 

Start 5.29 204 
1 5.23 177 
2 5.21 164 
3 5.19 121 
4 5.08 73 
5 5.05 47 

End mix 5.28 122 
 

As shown in Table 22, there was a small drop in iron concentration over the 

course of the experiment, with the ending (five-day) concentration of 5.05 mg/L 

being 0.24 mg/L lower than the initial concentration of 5.29 mg/L (i.e. 5% 

removal). However, this drop in iron concentration made a very large difference 
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to the arsenic concentration, with the ending (five-day) concentration of 47 µg/L 

being 157 µg/L lower than the initial concentration of 204 µg/L (i.e. 77% 

removal). This explains how a relatively small drop in iron concentrations in 

previous experiments had a large effect on arsenic concentrations. The mass 

ratio of removal of iron to arsenic (as calculated from total removal) is: 

 

240 !"!   !"#$

157 !"!   !"#$%&'
= 1.5

!!"#$
!!"#$%&'

 

 

This translates to a molar ratio of:  

 

1.5
!!"#$
!!"#$%&'

1  !"#!"#$
55.85  !!!!"

74.92  !!"#$%&'
1  !"#!"#$%&'

= 2.0
!"#!"#$
!"#!"#$%&'

 

 

The 77% removal of arsenic in this experiment compares favourably with 

calculated removals at the outlet at the end of air sparging in experiments 3, 4 

and 5 (77, 56, and 66% respectively, see Tables 17, 18, and 20). Although these 

previous experiments were only run over a two-day treatment period, there was 

some background removal because of small amounts of DO in the system 

originally, and as such it is not surprising that removal values should compare to 

that found in this five-day jar experiment. 

 

Due to the fact that brown precipitate was observed on the bottom of the jar, and 

that vigorous stirring re-suspended iron and arsenic, co-precipitation is confirmed 
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as a removal mechanism. The results of experiment 6 also verify that the 

oxidation and settling process for iron is quite slow under these experimental 

conditions, as a five-day reaction time only produced a 0.24 mg/L drop in iron 

concentration. According to Figure 44, reaction at a neutral pH would likely 

achieve a precipitous drop in iron in only one hour. However, a high degree of 

removal of arsenic is shown to be possible with sufficient time, when iron is much 

(over an order of magnitude) higher in concentration (i.e. even a small amount of 

iron removal may remove a large portion of arsenic at an iron/arsenic molar 

removal ratio of 2.0).  

 

4.7 Experiment 7 - Examination of the removal of arsenic (in the 
apparatus) with iron as a co-solute, with treatment taking place 
over an extended period 

Experiment 7 was carried out to assess the removal of arsenic with iron as a co-

solute, in the apparatus, with treatment taking place over a significantly longer 

period of time than the 48 hour air sparging times used in previous experiments 

(see “characteristics and operating conditions” below). It was observed in earlier 

trials that arsenic showed a declining trend in some sampling ports downstream 

of air sparging, but it was unknown whether the level of removal had reached 

steady-state. As such, an extended test was used, with sampling occurring on a 

daily basis. There was no original set time for the experiment; rather, samples 

were processed immediately and the experiment end time was determined based 

on these readings (i.e. if removal values showed no increase with further 
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treatment time). This was done both for the treatment period (i.e. during air 

sparging) and for a recovery period where air sparging was stopped and inlet 

pumping was continued.  

 

Air sparging war carried out over a period of six days, and even at this point it 

was deemed unlikely that concentrations of arsenic in the apparatus had reached 

steady-state. However, sparging was ended so as to not make the experiment 

unduly long and this amount of data still illustrated the effect of extended 

treatment. In order to observe recovery of the system, sampling post-sparging 

was done for an additional nine days. Since the inlet reservoir barrel only held 

200 L, the solution had to be replaced twice over the course of this experiment. 

 

The apparatus was prepared in a similar fashion as previous experiments.  

 

Characteristics and operating conditions for experiment 7 were as follows: 

• Total water flow volume of 417.5 L over 363.5 hours, so average flow of 

19.1 mL/min 

• HRT of 13 hours 

• Initial pH of 6.0 at the inlet and 5.4 at the outlet 

• Initial DO readings at the inlet and outlet of 0.27 mg/L and 0.57 mg/L, 

respectively  

• Air sparging flow rate of 30 ± 5 mL/min (since greater oxygen transfer was 

not achieved at higher flow rates) 
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Experimental results for iron are summarized below in Figures 53 – 58. Figures 

57 and 58 show results organized by sampling column at E and J, as an 

alternative representation to ordering by row of sampling ports (i.e. top, middle, 

bottom). A red highlighted data point on each graph marks the end of air 

sparging.  

 

 

Figure 53 - Inlet and outlet concentrations of iron during experiment 7 
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Figure 54 - Concentration of iron at ports A1, B1, E1, and J1 during experiment 7 

 

 

 

Figure 55 - Concentration of iron at ports A2, B2, E2, and J2 during experiment 7 
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Figure 56 - Concentration of iron at ports A3, B3, E3, and J3 during experiment 7 

 

 

 

Figure 57 - Concentration of iron at ports E1, E2, and E3, during experiment 7 
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Figure 58 - Concentration of iron at ports J1, J2, and J3, during experiment 7 

 

For the beginning and end of the six-day air sparging period, DO levels in the 

apparatus are shown in Figure 59. Only inlet and outlet DO concentrations were 

measured at the beginning, and as such values at sample ports within the sand 

matrix are the average of the initial measurements at the inlet and outlet (i.e. 0.42 

mg/L). The ending DO measurement for the outlet was mistakenly not taken and 

as such is not shown. 
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Figure 59 - DO levels in the apparatus during experiment 7 

 

As shown in Figure 59, there was effective oxygen transfer to the middle and top 

sampling ports downstream of sparging, but oddly not nearly as much along the 

bottom. It is unknown why this occurred. It is possible that the characteristics of 

the airflow channels changed after a high airflow rate (250 mL/min) was used in 

the previous experiment, but this is not confirmed. 

 

It was noted in this experiment that the height of the outlet hose had to be 

dropped by 4 cm in order to avoid overflowing the inlet, as the inlet screen (i.e. 

the stainless steel mesh containing the sand matrix) had started to become 

clogged with precipitated iron. It was also noted that there was an increasing 

amount of rusty brown iron precipitate accumulating on the peristaltic tubing and 

on the plexiglass in the inlet column as well. This further illustrates the potential 
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for iron precipitation at fairly low DO levels as experienced at the inlet (i.e. at 

approximately 0.50 mg/L or lower), given sufficient time. 

 

The head loss was seen to be mainly across the stainless steel mesh, as a small 

cavity with no sand directly on the downstream side of the screen clearly showed 

the water level, and this was approximately 3 cm lower than the water level on 

the inlet side of the screen. 

 

For iron removal, it is shown in Figure 53 that the outlet concentration is 

consistently slightly below that of the inlet (average of 0.25 mg/L over the course 

of the whole experiment). This matches well with previous experiments. However 

a noted difference in this experiment compared to previous experiments is that 

there was sufficient time for flow to reach the sampling ports at J1 and J2. As 

these are in the low-flow area described in Figure 30, it is likely that the water at 

these points had a contact time in the apparatus much greater than that of the 

HRT. The likely effect of this on iron concentration is shown below in Figures 60 

– 63 with magnified plots of Figures 54, 55, 57, and 58 respectively. 
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Figure 60 - Magnified plot of the concentration of iron at ports A1, B1, E1, and J1 during 
experiment 7 

 

 

 

Figure 61 - Magnified plot of the concentration of iron at ports A2, B2, E2, and J2 during 
experiment 7 
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Figure 62 - Magnified plot of the concentration of iron at ports E1, E2, and E3 during 
experiment 7 
 

 

 

Figure 63 - Magnified plot of the concentration of iron at ports J1, J2, and J3 during 
experiment 7 
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At J1 and J2, it is seen that the iron concentration (up to the end of air sparging) 

is generally slightly below that of the upstream samples at A(1-2) and B(1-2), and 

is comparable to the concentrations at E(1-2). However, after the end of 

sparging, it is seen that that iron concentrations at J1 and J2 exhibit a downward 

trend and drop below that of the corresponding concentrations at E1 and E2 by 

slightly more than 0.2 mg/L, and then recover. This is shown in Figures 60 – 62. 

As J1 and J2 sit in a low-flow zone and there is a lag effect on changing 

conditions upstream, these ports would still have been receiving DO from air 

sparging far past the end of the treatment period, and as such it appears that the 

reaction time was sufficient here to produce iron removal greater than that 

observed at other ports. Notice that this change is not seen at ports E1 and E2 in 

Figure 57, and as such it appears that the low flow before ports J1 and J2 was 

needed to cause the additional removal of iron. 

 

Experimental results for arsenic are shown in Figures 64 – 69. Figures 68 and 69 

show results summarized by sampling port columns E and J, respectively. 
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Figure 64 - Inlet and outlet concentrations of arsenic during experiment 7 

 

 

 

Figure 65 - Concentration of arsenic at ports A1, B1, E1, and J1 during experiment 7 
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Figure 66 - Concentration of arsenic at ports A2, B2, E2, and J2 during experiment 7 

 

 

 

Figure 67 - Concentration of arsenic at ports A3, B3, E3, and J3 during experiment 7 
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Figure 68 - Concentration of arsenic at ports E1, E2, and E3 during experiment 7 

 

 

 

Figure 69 - Concentration of arsenic at ports J1, J2, and J3 during experiment 7 
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All three sets of sampling points (top, bottom, and middle) show a decline in 

arsenic concentrations at ports downstream of air sparging after the start of air 

sparging, but this trend is much more distinct at points E1, E2, J1, and J2. This 

higher removal of arsenic at ports E1, E2, J1, and J2 is likely from a combination 

of two factors. Firstly, DO is transferred very effectively to E1, E2, J1, and J2 as 

all had DO concentrations at 4.0 mg/L or greater at the end of air sparging, 

whereas E3 and J3 had concentrations at 1.3 mg/L or lower. This is likely 

responsible for the higher removal of arsenic at ports E1 and E2. Over the course 

of the experiment, the iron removal at E1 and E2 is greater than that at E3 (with 

mean concentration differences of 90 and 70 µg/L comparing E3 – E1 and E3 – 

E2, respectively). This is reflected in Figure 62. According to a paired t-test, it can 

be said with greater than 99.9% certainty that the difference in iron concentration 

between E3 and E1, as well as E3 and E2, is greater than 0 over the course of 

the entire experiment. 

 

A second reason for the higher removal of arsenic is that J1 and J2 lie in a lower-

flow zone. As previously mentioned, iron is removed at J1 and J2 to a greater 

extent than at other ports, likely because these lie in a lower-flow region and 

reaction times were long enough to allow more iron to precipitate. This likely also 

resulted in much higher arsenic removal (see Table 23). 

 

The recovery of the system is also illustrated as the arsenic concentrations at 

downstream ports eventually exhibit an upward trend after the end of air 
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sparging, and this is shown much more quickly at ports E3 and J3, with ports J1 

and J2 having a much more gradual recovery. Even after nine days of recovery 

time post-sparging, it does not appear that the arsenic concentrations at J1 and 

J2 returned to near original levels.  

 

The estimated percent removal of arsenic for each port downstream of sparging 

is shown below in Table 23 (based on the concentration of arsenic at the end of 

air sparging). The inlet value is still characterized as the average measurement 

up to the end of air sparging. In characterizations of percent removal in previous 

experiments, the removal percentage was based on measurements at the end of 

air sparging as this was often (although not always) the lowest value, and 

experiments could then be compared based on a consistent methodology. This is 

also done here (for sake of consistent methodology in comparing with other 

experiments) but it is also noted that the lowest measurement for arsenic at 

some ports occured at a time lagged from the end of air sparging (one day for E1 

and E2, two days for J3, five days for J1 and J2, seven days for the outlet). 

These values are also shown. 
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Table 23 - Percent removal of arsenic at various ports during experiment 7 

Arithmetic mean 
of inlet arsenic 
concentrations 

(µg/L) 
Port 

Arsenic 
Concentration 
at end of air 

sparging (µg/L) 

% Removal 
(compared 

to inlet 
mean) 

Lowest arsenic 
concentration 

(µg/L) 

Measurement 
period relative 

to end of air 
sparging 

 
158 

E1 57 64 48 + 1 day 
E2 50 68 47 + 1 day 
E3 96 39 96 0 
J1 37 77 19 + 5 days 
J2 33 79 18 + 5 days 
J3 89 44 80 + 2 days 
Out 64 59 51 + 7 days 

 

The percent removal of arsenic at the end of air sparging at downstream ports for 

experiments 4, 5, and 7 are shown below in Table 24 for sake of comparison. 

 

Table 24 - Percent removal of arsenic at the end of air sparging, comparison between 
experiments 4, 5, and 7 

Port 
% Removal (compared to 

inlet mean) 
Exp. 4 Exp. 5 Exp. 7 

E1 61 66 64 
E2 61 63 68 
E3 47 37 39 
J1 NA NA 77 
J2 NA NA 79 
J3 66 66 44 
Out 56 66 59 
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As shown, the removal values for experiment 7 are not drastically different from 

those of experiments 4 and 5 with shorter treatment times, and for J3 removal is 

quite a bit lower (44% compared to 66%, likely due to the lower DO value at this 

port). The removal performance for experiment 3 is superior compared to 

following experiments, including experiment 7, for reasons previously stated (i.e. 

that there was not sufficient breakthrough of arsenic during experimental setup). 

However, the removal values shown at J1 and J2 (77 and 79% respectively) are 

quite a bit higher than those encountered at other ports in experiments 4 and 5, 

likely because of the increased reaction time resulting in higher removal of iron 

and subsequent higher removal of arsenic. 

 

4.8 Experiment 8 - Examination of the removal of arsenic added 
as 100% As(III), with iron as a co-solute 

Experiment 8 was carried out to assess the removal of arsenic added as 100% 

As(III) with iron as a co-solute, in the apparatus, to reexamine findings in regard 

to speciation. It was found in experiment 2 that all As(III) was oxidized to As(V), 

and experiment 8 was carried out to reexamine these findings with iron as a co-

solute. 

 

Air sparging was carried out over a period of two days (as in previous 

experiments) with two days post-sparging recovery. The apparatus was prepared 

in a similar fashion as previous experiments, except arsenic was added as 

approximately 200 µg/L As(III) instead of As(V).  
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Characteristics and operating conditions for experiment 8 were as follows: 

• Total water flow volume of 89 L over 98 hours, so average flow of 15.1 

mL/min 

o Flow was expected to be higher, but it appeared that the peristaltic 

pump was showing some wear and was replaced after this 

experiment. 

• HRT of 16 hours 

• Initial pH of 5.8 at the inlet and 5.4 at the outlet  

• Initial DO readings at the inlet and outlet of 0.43 mg/L and 1.15 mg/L 

respectively 

o  For unknown reasons, it was difficult to get the outlet DO any lower 

than this, so the experiment was carried out with this characteristic 

noted. 

• Air sparging flow rate of 30 ± 5 mL/min, as removal of iron and arsenic 

was not found to increase with higher airflow rates 

 

Since the speciation resin tubes were originally designed to accommodate up to 

3 mg/L iron (not 5.3 as in this experiment), a smaller amount of filtrate was used 

in this experiment (25 mL as opposed to the 40 mL recommended in official 

procedures). This was done to prevent overloading the resin. 

 

In the first sampling set, it was expected that the As(III) reading from the 

reservoir barrel would be approximately 200 µg/L after the speciation procedure 
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was done and the sample was run through the Shimadzu GFAAS (i.e. all As[III] 

would pass through the resin). However, the reading of As(III) was only 35 µg/L. 

This was very unexpected. It was noted that the background matrix adsorbance 

reading in this sample was very high, and this might have been from EDTA 

and/or acetic acid causing interference in the sample reading. The speciation 

procedure calls for treatment of samples with these compounds before doing 

resin separation of As(III) and As(V), and it was noticed in prior verification of the 

speciation procedure that addition of these compounds interfered with GFAAS 

measurement, but this interference was removed after the sample was sent 

through the resin column (presumably from the resin removing one or both of 

EDTA and acetic acid).  

 

Since iron was present in this experiment above the design load of the resin 

columns, it is possible that the resin column for the barrel reservoir sample was 

overloaded and allowed some EDTA and/or acetic acid through and this 

interfered with the reading. The sample from the inlet also had an abnormally 

high matrix background absorbance, but read as BDL when again the expected 

value was 200 µg/L. However, the remaining As(III) samples in the first sample 

set (those taken from within the sand matrix) had lowered matrix background 

absorbance and measured as BDL. Given this fact (i.e. the rest of the samples 

had lowered background matrix absorbance), and the fact that no As(III) was 

detected, it was assumed again that all As(III) was oxidized to As(V). For this 
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reason, all remaining samples were analyzed unspeciated and reported as 

As(total), taken as  As(V). 

 

The DO concentrations at the end of sparging in experiment 8 are shown below 

in Figure 70, compared to the DO concentrations in earlier experiments that also 

used a two-day sparging time. 

 

 

Figure 70 - DO levels in the apparatus at the end of air sparging, comparison between 
experiments 3, 4, 5, and 8 

 

As shown in Figure 70, the DO concentrations at the end of air sparging in 

experiment 8 are, for the most part, distinctly lower than that of experiment 3 that 

had an airflow rate in the same range (16 mL/min vs. 30 mL/min). This may have 

been because of altered airflow channels resulting from matrix disturbance from 

higher airflow sparging rates used in experiments 4 and 5. However, this is 

speculation and as such is unconfirmed. 
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If As(III) was not being oxidized to As(V), it is likely that there would be some 

difference in removal characteristics when comparing experiment 8 to previous 

experiments using only As(V). As(III) and As(V) have a tendency to behave 

differently in adsorption (although as noted in Section 2.6, this is a complex 

phenomenon and it is difficult to generalize effects). Percent removal, for the 

arsenic concentration at the end of air sparging as compared to the mean inlet 

measurement, at ports downstream of air sparging with elevated DO levels, was 

assessed for experiment 8 and is reported in Table 25 below. This is compared 

to percent removal values in experiments 4 and 5. 

 

Table 25 - Percent removal of arsenic at the end of air sparging, comparison between 
experiments 4, 5, and 8 

 

As demonstrated in Table 25, there is no clear trend in removal of arsenic when 

comparing experiment 8 to experiments 4 and 5. When comparing removal 

percentages at various ports, some (E1, E2, and J3) are lower and some (E3, 

and the outlet) are equal or higher. For this reason (as well as for reasons stated 

Experiment 8 
Arithmetic mean 
of inlet arsenic 
concentrations 

(µg/L) 
Port 

Arsenic 
concentration 
at end of air 

sparging (µg/L) 

% Removal (compared to 
inlet mean) 

Exp. 8  Exp. 4 Exp. 5 
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E1 72 53 61 66 
E2 75 51 61 63 
E3 80 48 47 37 
J3 68 56 66 66 
Out 61 60 56 66 
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above in regard to speciation tests) it is considered likely that As(III) indeed was 

oxidized to As(V) in the experiments of this research project.  

 

4.9 Experiment 9 - Jar test examining the removal of arsenic with 
iron and orthophosphate as co-solutes 

Experiment 9 was carried out to assess the removal of arsenic with iron and 

orthophosphate as co-solutes, in a jar test, with treatment taking place over a 

longer period of time than used in previous experiments with the groundwater 

simulation apparatus. This was done to compare results with experiment 6, that 

is, to examine the effects of having orthophosphate as a co-solute as well. The 

procedure employed was identical to that of experiment 6 with the following 

differences:  

• 1.5 mg/L orthophosphate was added as well. This concentration was 

taken from Table 1, as a typical concentration for Bangladeshi 

groundwater high in arsenic. 

• Two 10 mL samples were taken each day. One sample was acid-

preserved and measured for metals, and the other was preserved by 

freezing and later measured for orthophosphate. 

• Experiment 9 was conducted over 8 days instead of 5 days, in order to 

examine experimental behavior over a longer period of time. 
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The orthophosphate solution was prepared as a concentrated solution 

(approximately 10 g/L) from sodium phosphate dibasic powder. This produced a 

solution with a pH of 9, and this was buffered to neutral pH using nitric acid.  

 

Experimental observations were as follows: 

• pH (initial, after nitrogen sparging): 9.05 

• DO (initial, after nitrogen sparging): 0.16 mg/L 

• pH (after iron and arsenic added, before aeration): 7.25 

• DO (after aeration): 8.16 mg/L 

 

Although there was some buffering of pH expected with addition of phosphate 

(as sodium phosphate dibasic), the pH measurement (particularly for the DI 

water solution just after nitrogen sparging) seemed abnormally high. The pH was 

expected to be neutral. The pH probe was re-calibrated, a new solution was 

prepared, and a pH measurement was taken again, with similar results. It is 

possible that there was some unresolved probe malfunction that day, and the pH 

results are considered to be unreliable for this experiment.  

 

Results of experiment 9 are shown in Table 26. Note that there was one missed 

day of sampling at 7 days, due to transportation issues in getting to the 

laboratory. These are compared with the results of experiment 6, which did not 

use phosphate.  
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Table 26 - Results of experiment 9, compared with experiment 6 

Experiment 9  Experiment 6 
Sample time 

(days) 
Fe 

(mg/L) 
As(V) 
(µg/L) 

P 
(mg/L) 

Fe 
(mg/L) 

As(V) 
(µg/L) 

Start 5.50 204 0.56 5.29 204 
1 5.30 212 0.41 5.23 177 
2 3.68 120 0.46 5.21 164 
3 3.16 148 0.49 5.19 121 
4 3.02 148 0.53 5.08 73 
5 2.91 144 0.45 5.05 47 
6 2.87 152 0.47 NA NA 
8 2.78 140 0.47 NA NA 

End mix 5.82 236 0.39 5.28 122 
 

As shown in Table 26, there was much greater iron removal in experiment 9 with 

a drop of 2.59 mg/L (i.e. 5.50 mg/L – 2.91 mg/L) in 5 days, as opposed to a drop 

of only 0.24 mg/L in experiment 6. Although the pH measurements in experiment 

9 were considered unreliable, these iron removal results suggest that there was 

indeed a pH closer to neutral in experiment 9 (from the buffering capacity of 

sodium phosphate dibasic) as opposed to experiment 6. By the reaction kinetics 

illustrated in Figure 44, it is expected that a pH closer to neutral would produce a 

higher removal of iron.  

 

However, the arsenic removal in experiment 9 is much less than that of 

experiment 6. From identical starting concentrations of 204 µg/L of As(V), 

removal percentages for experiments 9 and 6 were 29 and 77% respectively. It 

would be expected that the much greater removal of iron in experiment 9 would 

result in a greater associated removal of arsenic. However, this did not occur, 
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because of the competitive effects of orthophosphate. Although pH could play a 

factor, because a pH of 4 is optimal for adsorption of As(V) to HFO (Pierce & 

Moore, 1982), it is far more likely that the competitive effects of orthophosphate 

have a more prominent effect in this case given its documented effects in other 

studies (see Section 2.6).  

 

The concentration of orthophosphate was added from a neutral solution to an 

expected concentration of 1.5 mg/L; however, the measured concentration was 

only 0.56 mg/L. It was observed that when the stock solution was refrigerated, 

there was some crystallization out of solution. Although the stock solution was 

shaken vigorously to re-dissolve the crystals before use, it is possible that some 

phosphate was still in solid phase. As such this might have affected the amount 

actually dispensed by pipetting. Either way, however, the effects of this smaller 

concentration of phosphate are still dramatic. The removal of arsenic plotted 

against the removal of orthophosphate in experiment 9 is shown in Figure 71. 

Note that this is plotted as solute removed, not as concentration remaining as in 

other figures. 
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Figure 71 - Removal of arsenic and orthophosphate in experiment 9 

 

Given the somewhat erratic results shown in the orthophosphate measurements, 

it is possible that the instrument is not precise for the concentration ranges of this 

experiment. The laboratory technician responsible for processing the 

orthophosphate samples warned against precision of results in this range, but 

this advice was not given until after processing was completed and results were 

being interpreted. Given the short time remaining for experimental work and the 

cost associated with more precise determinations, further analysis was foregone.  

 

However, some general trends may still be deduced with this caution in mind. It 

is apparent from Figure 71 that orthophosphate began to be removed from 

solution beginning at the first day of sampling with the first small amount of iron 

removed (i.e. 0.20 mg/L of iron, see Table 26), whereas arsenic was not. After 

this, arsenic and orthophosphate were removed in roughly comparable amounts 
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(measured in mass concentration of µg/L), with orthophosphate removal being 

slightly higher (approximately 90 µg/L at the end of 8 days, as compared to 

approximately 65 µg/L for arsenic).  

 

In order to test if adsorption to glass made any discernible difference to 

orthophosphate concentrations over the course of experiment 9, the experiment 

was repeated with just DI water and orthophosphate. Results are shown below in 

Table 27. 

 

Table 27 - Experiment 9 test for adsorption of orthophosphate to glass 

Time 
(days) 

P 
(mg/L) 

0 1.74 
1 1.68 
2 1.66 
3 1.68 
4 1.69 
5 1.69 
6 1.69 
8 1.67 

 

There are several points to make note of in regard to Table 27. Firstly, the 

concentrations of orthophosphate are much higher than that of the main 

experiment, despite the fact that the same amount of water and orthophosphate 

stock solution was used. This may have been because the stock solution was 

used at room temperature, with no phosphate crystalizing out at lower 

temperatures. However, accurate notes were not taken regarding this point and 
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as such it remains uncertain. Note that the concentration in this trial was higher 

than the 1.5 mg/L concentration aimed for. This was likely because of 

experimental error in mixing the phosphate solution and adding to the beaker in 

precise amounts, but this is unconfirmed. 

 

Despite this, some conclusions can be made nonetheless in regard to the 

orthophosphate adsorption to glass. It is clear that there is a small initial drop in 

concentration of orthophosphate over the first day from 1.74 mg/L to 1.68 mg/L, 

but after this readings are very stable between 1.67 and 1.69 mg/L. This could 

account for some of the initial drop in orthophosphate concentration in the main 

experiment, but cannot account for all the variability (i.e. from 0.56 mg/L to 0.39 

mg/L, see Table 26. As such, the main general conclusions are considered to 

stand. 

 

4.10 Experiment 10 - Examination of the removal of arsenic (in 
the apparatus) with iron and orthophosphate as co-solutes 

Experiment 10 was carried out to assess the effect of orthophosphate on arsenic 

removal with iron in solution in a full-scale apparatus experiment. Air sparging 

was carried out over a period of two days (as in previous experiments) with two 

days post-sparging recovery. The apparatus was prepared in a similar fashion as 

previous experiments, with arsenic added as approximately 200 µg/L As(V), but 

orthophosphate was also added here to approximately 1.5 mg/L from the same 

stock solution as used in experiment 9.  
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A difference in this experiment was that sampling was carried out every 16 hours 

instead of every 8 hours. This was done to minimize costs of sample processing 

while maintaining a reasonable resolution of sampling in order to observe trends, 

as arsenic samples had to be outsourced to the School of Environmental Science 

due to malfunction of the School of Engineering’s Shimadzu GFAAS. As the 16 

hour sampling resolution incorporated sampling exactly at the beginning and end 

of sparging (from 0 to 48 hours), with two samples in between, it was considered 

that general trends should still be easily apparent.  

 

Characteristics and operating conditions for experiment 8 were as follows: 

• Total water flow volume of 109.5 L over 94.5 hours, so average flow of 

19.3 mL/min 

• HRT of 13 hours 

• Initial pH of 6.4 at the inlet and 6.0 at the outlet 

o This was closer to neutral pH than was measured in previous 

experiments, and illustrates the buffering effect of sodium 

phosphate dibasic. (Note: Given some of the puzzling pH readings 

in experiment 9, and the fact that the pH values here in experiment 

10 seem closer to what would be expected, a pH of 6.4 is likely a 

reasonable estimate for the final solution in experiment 9.) 

• Air sparging flow rate of 30 ± 5 mL/min, as removal of iron and arsenic 

was not found to increase with higher airflow rates 
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• DO at the beginning of experiment 10 was tested at every port, due to the 

fact that there was some initial difficulty in lowering the DO at the outlet. 

This is shown below in Figure 72. As seen, only J1 and the outlet showed 

slightly elevated DO levels of approximately 1 mg/L. 

 

 

Figure 72 - DO in the apparatus at the start of experiment 10 

 

A general observation is that by this experiment, the apparatus inlet was 

becoming noticeably clogged with iron, so much so that a brush was inserted to 

scrub the inlet stainless steel screen to prevent overflow of the inlet. This 

immediately resolved the problem. Rusty brown iron deposits were seen also in 

the first few centimetres of sand, although these were apparently not voluminous 

enough to cause significant clogging on their own. By this time, iron deposits 

were also very visible on the peristaltic tubing and inlet column walls as well. This 

also illustrates the propensity for iron oxidation at the fairly low values 
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encountered in the inlet column (i.e. less than 0.5 mg/L). The inlet column after 

the conclusion of experimental work is shown below in Figure 73 and the iron 

staining is clearly evident. 

 

 

Figure 73 - Iron deposits on the inlet column 

 

Experimental results for iron are summarized below in Figures 74 – 78. The end 

of air sparging is marked by a red highlighted data point on each graph. 
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Figure 74 - Inlet and outlet concentrations of iron during experiment 10 

 

 

 

Figure 75 - Concentration of iron at ports A1, B1, E1, and J1 during experiment 10 
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Figure 76 - Concentration of iron at ports A2, B2, E2, and J2 during experiment 10 

 

 

 

Figure 77 - Concentration of iron at ports A3, B3, E3, and J3 during experiment 10 

 

A magnified view of the bottom sample ports is shown in Figure 78. 
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Figure 78 - Magnified plot of the concentration of iron at ports A3, B3, E3, and J3 during 
experiment 10 

 

The initial and final DO concentrations at each port are shown in Figure 79. 

Because the DO concentration at ports J1 and J2 had not increased significantly 

(i.e. above 1 mg/L), these ports are not considered to have had complete 

throughout from the inlet by the end of air sparging. 

 

 

Figure 79 - DO levels in the apparatus during experiment 10 
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As illustrated in Figures 74 – 78, there is greater iron removal in experiment 10 

as compared to previous experiments under similar conditions. In comparing 

Figure 74 of experiment 10 to Figure 38 of experiment 3, the outlet is nearly 1 

mg/L lower in iron concentration than the inlet in experiment 10, whereas in 

experiment 3 the difference is much smaller (often less than 0.5 mg/L). In 

comparing the average difference in iron concentration between the inlet and 

outlet from the start to the end of air sparging, it is 0.3 mg/L and 0.9 mg/L for 

experiments 3 and 10 respectively. Note that, although breakthrough of arsenic 

did not appear to be complete for experiment 3, breakthrough of iron did appear 

to be complete. As such, experiment 3 can still be used for comparison of iron 

results.  

 

It is difficult to deduce the effect of air sparging. In Figure 74, it appears that the 

iron concentration increases slightly at the outlet after air sparging is 

discontinued, but there are not enough data points to make a statistically 

significant comparison. When comparing the average difference in iron 

concentration at the inlet and the outlet with and without sparging (i.e. with the 

average of the first data point and the last two data points representing the “no 

sparging condition”, and the middle three data points as the “air sparging 

treatment condition”) the averages are 0.84 mg/L and 0.71 mg/L respectively, 

representing a difference of 0.13 mg/L. Thus, it is clear that there is background 

treatment capacity likely due to the small amounts of DO in the system originally, 

and this may be marginally increased by adding additional DO through air 
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sparging. However, more data points would be needed to make a statistically 

significant comparison.  

 

This increased background treatment capacity is illustrated by examining Figures 

80 and 81. Figure 80 is an adjusted version of Figure 77 (from experiment 10) 

with the inlet concentrations added. Figure 81 depicts the same, except from 

experiment 3 (i.e. adjusted Figure 41). 

 

 

Figure 80 - Concentration of iron at the inlet and ports A3, B3, E3, and J3 during 
experiment 10 
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Figure 81 - Concentration of iron at the inlet and ports A3, B3, E3, and J3 during 
experiment 3 

 

As demonstrated in Figure 80, as soon as the solution enters the sand in 

experiment 10, there is an immediate drop in iron concentration from 

approximately 4.0 mg/L at the inlet to 3.7 mg/L at A3. There is no such drop seen 

in experiment 3 (which has a lower pH). This demonstrates the increased 

background treatment capacity in experiment 10, presumably due to the small 

amount of background DO (0.58 mg/L, as an average of the initial DO at sample 

ports A1-J3). 

 

When examining Figure 78, it appears that ports A3, B3, and E3 are quite similar 

in concentration of iron at the experiment start at 3.7 mg/L, with the concentration 

at J3 being 3.4 mg/L. This may indicate some increased background treatment 

effect at higher contact times further along in the apparatus, but more data points 

would be needed for a statistically significant comparison. This trend may also 
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indicate the treatment effect of air sparging as E3 immediately drops in 

concentration 0.2 mg/L below that of A3 and B3 after the start of air sparging. 

Once again, however, more data points would be needed for a statistically 

significant comparison, and conclusions based on single data points are to be 

treated with caution. 

 

The experimental results for concentrations of orthophosphate are shown below 

in Figures 82 – 85.  

 

 

Figure 82 - Inlet and outlet concentrations of orthophosphate during experiment 10 
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Figure 83 - Concentration of orthophosphate at ports A1, B1, E1, and J1 during experiment 
10 
 

 

 

Figure 84 - Concentration of orthophosphate at ports A2, B2, E2, and J2 during experiment 
10 
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Figure 85 - Concentration of orthophosphate at ports A3, B3, E3, and J3 during experiment 
10 
 

Upon examination of Figure 82, there appears to be a general trend that at all 

sample points (with a few exceptions, such as at time 0) the outlet 

orthophosphate concentration is below the inlet. In order to test the statistical 

significance, a paired t-test may be carried out on all data points with the 

difference between inlet and outlet concentrations (including the beginning and 

post-sparging, as the treatment effect may be apparent here as well due to 

background DO). This is shown in Table 28. 

 

Table 28 - Paired t-test examining the significant difference above 0 for orthophosphate 
concentrations at inlet vs. outlet over the duration of experiment 10 

Ports 
compared 

# of paired  
samples 

compared 
! !! Coeff. 

of var. !∗ !! 
Sig. 
level 

Sig. diff. 
above 0? 

In/Out 6 0.052 0.071 1.38 1.77 1.476 90% Yes 
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Although the coefficient of variation is above 1, this test is used anyways as the t-

test is fairly robust to deviations from normality. As demonstrated, it can be said 

with 90% certainty that the difference between the inlet and outlet concentrations 

of orthophosphate is greater than 0. 

 

Upon examination of Figure 85, it is clear that at the ports downstream of air 

sparging (i.e. ports E3 and J3), during air sparging, there is a consistently lower 

concentration of orthophosphate than at the upstream port A3. This same trend 

is seen in Figure 84 when comparing ports A2 and E2 (excluding J2 as it was 

considered that no upstream water had reached this port by the end of the 

experiment, deduced from DO readings). However, these results are to be 

treated with caution given some of the erratic and unexpected results (i.e. 

concentrations at J3 being higher than at E3 near the end of the experiment).  

 

The question remaining in experiment 10 is: given that there was higher removal 

of iron than in previous experiments, and a small (but statistically significant) 

removal of orthophosphate, what effect did this have on the removal 

characteristics of arsenic? Results for arsenic (inlet and outlet) are shown in 

Figure 86. 
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Figure 86 - Inlet and outlet concentrations of arsenic during experiment 10 

  

Upon examination of Figure 86, viewing treatment on the scale of the entire 

apparatus, there is negligible difference between inlet and outlet concentrations 

of arsenic, with all concentrations (with the exception of one data point after the 

end of sparging) being nearly identical.  

 

Although, as previously mentioned, some lowering of adsorption of As(V) could 

be due to slightly higher pH in this experiment (as a pH of 4 is optimal for As[V] 

adsorption, [Pierce & Moore, 1982]), the difference was not unduly large 

compared to previous experiments (inlet pH value of 6.4 in experiment 10, inlet 

pH values of 5.5 and 6.0 in experiments 4 and 5 respectively). Given this small 

difference, it is highly unlikely that it could account for such a dramatic effect, and 

as such the presence of orthophosphate likely contributed the greatest effect.  
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When comparing average inlet to instantaneous outlet concentrations at the end 

of air sparging in experiments 4 and 5, the removals for arsenic were estimated 

at 56% and 66% respectively, and in experiment 10 the removal was determined 

to be negligible. Although it was expected that orthophosphate would have some 

effect in reducing removal of arsenic, it was not expected that the effect would be 

so dramatic. It is interesting to note that these results did not conform 

quantitatively to the results of the jar test experiment 9, in which arsenic was 

removed to 150 µg/L from 204 µg/L after three days (i.e. 26% removal). 

Qualitatively there is some agreement in that the presence of phosphate in both 

experiments dramatically inhibited the removal of arsenic, but it is uncertain as to 

why the results were quantitatively so different. 

 

Although orthophosphate can compete for adsorption sites with arsenic in 

solution, another possible reason for the dramatic effect of orthophosphate on 

this system is that it could have caused leaching of previously adsorbed arsenic. 

Although this was not assessed, this possibility has been documented in other 

adsorption experiments (O’Reilly et al., 2001; Darland & Inskeep, 1997). Given 

the difference in removal of arsenic between experiment 9 and experiment 10, 

with experiment 9 showing some (lowered) removal, and experiment 10 showing 

negligible removal, remobilization of previously adsorbed arsenic in the 

apparatus is likely. 

 

 



	   196 

5. Discussion 

An important aspect to make note of is the effect of the concentration of DO on 

the removal of iron and subsequent removal of arsenic. In experiment 10, which 

had an inlet pH of approximately 6.4 (i.e. the closest to neutral of all experiments 

and thus most representative of Bangladeshi groundwater), it does not appear 

that the introduction of additional DO through air sparging caused a large 

increase in iron removal. Estimated removal during the “air sparging condition” 

was 0.84 mg/L, and in the “no sparging condition” was 0.71 mg/L (see Section 

4.10). This suggests that even fairly low amounts of DO (an estimated 

background of 0.58 mg/L) can have a significant effect on the removal of 

dissolved iron. This result suggests that, in regard to the design of air sparging 

systems, when faced with the choice of having a large volume air sparging 

treatment zone with possible low DO, or having a small volume air sparging zone 

with possible higher DO, it would be preferable to focus on the first option. This is 

supported by conclusions from van Halem et al. (2010a) 

 

Regarding removal of iron in relation to removal of arsenic during co-

precipitation, it is estimated from experiment 6 that the molar ratio is 

approximately 2 (iron/arsenic). As such, when the concentration of iron is many 

times that of arsenic, a relatively small drop in iron concentration can make a 

large impact on arsenic removal. This is demonstrated in apparatus experiments 

(particularly in experiment 7, see Figures 54 and 65 for port J1). 
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In this investigation, it is clear that airflow rates above 16 mL/min did not result in 

higher DO concentrations or increased levels of treatment for arsenic. This may 

have been because of air bubbles rising too quickly and hence not having 

sufficient contact time with solution to cause increased diffusion. However, in a 

field application, behaviour may be qualitatively different due to non-uniformly 

graded soils. There is likely to be a threshold at which higher airflow does not 

result in greater transfer of oxygen, and/or at which significant disturbance of soil 

occurs, but identification of specific characteristics requires field study.  

 

Upon examination of the relationship of orthophosphate to arsenic removal, it is 

clear that the presence of orthophosphate can have a very dramatic effect. In 

experiment 10, orthophosphate lowered arsenic removal from 56 – 66% (as 

observed in experiments 4 and 5, respectively) to practically negligible levels 

when 0.5 mg/L orthophosphate was present. Although, as previously noted, there 

was 26% arsenic removal after three days in the jar test of experiment 9, and the 

negligible removal of arsenic in experiment 10 is likely partly due to mobilization 

of previously adsorbed arsenic. Although greater precision in measurement of 

orthophosphate concentrations in this range would be needed for more exact 

conclusions, it is estimated that only 50 µg/L of orthophosphate was removed 

during experiment 10 (when analyzed over the entire experiment between the 

inlet and outlet, see Table 28). This result, showing the dramatic effect of 

orthophosphate, corroborates the explanation of phosphate contributing to the 
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limited performance of in situ treatment by injection of aerated water, as 

described in van Halem (2010a). 

 

There is some limited evidence from experiment 9 that orthophosphate is 

removed preferentially (i.e. removed before arsenic, see Figure 71), but this 

requires further investigation with more precise orthophosphate measurements. It 

is likely that neutral pH conditions would cause increased iron removal, and this 

could possibly cause associated increased orthophosphate and arsenic removal. 

 

In regard to recovery of concentrations of iron and arsenic post-sparging, it is 

clear from experiment 7 that concentrations don’t recover immediately post 

sparging, as there is a lag effect for water to reach sampling ports, and this 

depends on the flow regime at each sampling port (i.e. location in either a 

preferred-flow or low-flow area).  

 

A possible concern for application of this technique in the field is clogging of the 

air sparging equipment, or clogging of subsurface soil pores. Although clogging 

of the apparatus inlet was an issue in this experimental investigation, it is 

uncertain as to how a system would react in the field. Since the apparatus in this 

investigation had trace background DO, this caused some oxidation of iron 

before air sparging was initiated. Bangladeshi groundwaters high in arsenic 

typically have reducing anaerobic conditions where iron is not spontaneously 
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precipitating out. As such, clogging characteristics in the field are likely to be 

qualitatively different than that experienced in the laboratory. 

 

Although it has been suggested that clogging is not an issue for the method of 

injecting aerated groundwater (Rott & Friedle, 2000), injection of air is a 

qualitatively different method. In injection of aerated water, reducing groundwater 

is displaced and as such the main mechanism of oxidation is heterogeneous 

oxidation (van Halem, 2010a) that adds iron to a solid surface rather than 

precipitating iron in solution (which occurs in homogeneous oxidation). It is likely 

that air sparging would cause both homogeneous and heterogeneous oxidation, 

and it is uncertain if the settling of precipitated HFO onto soil grain surfaces after 

homogeneous oxidation would cause qualitatively different clogging 

characteristics than that which occurs in heterogeneous oxidation. 

 

In regard to microbial mediation of oxidation processes, microbes were not tested 

for in this experimental procedure, and as such it is unknown whether there were 

any iron-reducing, iron-oxidizing, arsenic-reducing, or arsenic-oxidizing bacteria 

present. It is clear from the literature that physicochemical oxidation of iron is 

rapid under neutral pH conditions (Morgan & Lahav, 2007) and as such microbial 

mediation during iron oxidation may be fairly insignificant unless oxidation is 

retarded (Mettler, 2002). Considering the fairly low rate of iron oxidation in this 

investigation (due to pH being below neutral), and the fact that microbial 

mediation could speed up this process (but apparently did not), it is likely that 
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iron reactions were primarily physicochemical. It is unclear whether bacteria had 

any effect in oxidation of As(III) to As(V). 

 

In regard to the effect of pH on iron oxidation and subsequent removal of arsenic, 

it is clear from this investigation that iron oxidation is slow at pH values of 5.5 to 

6.0, but that this increases when pH becomes closer to neutral. This observation 

comes from the fact that iron removal markedly increased in experiment 10 

compared to previous experiments (i.e. iron removal was 0.6 mg/L more in 

experiment 10 than in experiment 3, with pH values of 6.4 and 5.8 respectively). 

Judging by the rate kinetics illustrated in Morgan & Lahav (2007) (see Figure 44), 

a neutral pH would likely cause a further marked increase in iron removal. Given 

the pH-neutral conditions typical in Bangladesh groundwater, this is an 

encouraging aspect.  

 

The performance of treatment in regard to changing pH is an interesting aspect 

to make note of, but given that Bangladeshi groundwater is typically near neutral, 

considering performance of treatment technologies at neutral pH values is of 

most importance. Considering lower pH values is relevant for interpretation of 

results from this investigation because of specific conditions encountered, and 

the fact that performance must be extrapolated to neutral conditions to predict 

field performance.  
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In regard to the effect of contact time on arsenic removal, results from 

experiment 7 suggest that contact (under those specific experimental conditions) 

was important, as allowing sufficient time in that experiment for lowered iron 

levels (i.e. at port J1 in a low-flow zone) resulted in a dramatically lower level of 

arsenic (see Figures 60, 61, 65, and 66). However, it is important to keep in mind 

that this behaviour partly resulted from below-neutral pH causing a depressed 

reaction rate for the oxidation of iron, and may not be applicable to neutral 

conditions. In regard to the effect of time on the adsorption of arsenic to iron 

minerals, some experiments indicate a fairly rapid process (Pierce & Moore, 

1982; Banerjee et al., 2008) with over 93% of adsorption of arsenate occurring in 

24 hours at pH 6 in one study (O’Reilly et al., 2001).  

 

It is important to evaluate this treatment method as compared to others. As such, 

an evaluation of the laboratory trials of this research project against field trials of 

other methods is given here. In examining experiments with arsenic and iron but 

no orthophosphate, evaluations of experiments 4, 5, and 7 (excluding experiment 

3, for reasons previously stated) show estimated removals of arsenic at 56%, 

66%, and 59% respectively as calculated for the outlet at the end of air sparging, 

compared to the average inlet concentration. As calculated for specific sampling 

ports in the apparatus, removal of arsenic was as high as 79% for point J2 in 

experiment 7.  
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These removal values are certainly comparable to some of the less successful 

above-ground techniques reported in the literature, but are inferior to the 

performance of some of the best above-ground techniques. These include 87% 

removal for a setup with an aeration tray, flocculation filter, and roughing filter 

(Brennan, 2010), 87 – 96% removal for a bio-sand filter in Nepal (Ngai & 

Walewijk, 2003), up to 99% removal for a simple filter made of sand and wood 

charcoal (Hussain et al., 2000), and removal to below 10 µg/L for a granular ferric 

hydroxide filter (Pal, 2000). However, it is important to note that performance of 

in situ treatment in experiments of this investigation is likely to be improved with 

pH closer to neutral and subsequent faster oxidation and precipitation of iron. 

 

6. Conclusions and Recommendations 

The main conclusions from this research project are as follows: 

• This project was successful in gaining a sense of performance characteristics, 

as under the given conditions of this investigation, maximum removal of 

arsenic was 79% (down to 33 µg/L from 158 µg/L, see experiment 7). 

• This project was also successful in identifying important findings to keep in 

mind for design: 

o Low amounts of DO (in the range of 0.6 mg/L) still result in significant 

removal of iron, and higher levels of DO have limited effect in 

increasing removal. This is an important finding; as oxidation of iron is 

the basis for removal of arsenic, and as such, focusing on treatment 
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zone volume (to increase contact time) is preferred against focusing 

on treatment zone DO concentration. 

o Iron and arsenic were removed by co-precipitation (in a simple 

solution where only these two solutes are present) at a molar ratio of 

approximately 2 (iron/arsenic). This is an encouraging finding, since 

iron is typically found in higher amounts than arsenic in Bangladeshi 

groundwater. As such, the theoretical treatment capacity for arsenic is 

very high. 

o In these experiments, airflow rates above 16 mL/min did not result in 

higher DO levels or increased levels of treatment for iron or arsenic. 

However, this may not be indicative of field behaviour. 

o The presence of phosphate can be a severe hindrance to arsenic 

removal. While phosphate is a substantial constituent in Bangladeshi 

groundwater, the variation in concentration suggests that some wells 

may be more conducive to in situ treatment than others due to lower 

phosphate concentrations. 

o There is a lag effect post-sparging for iron and arsenic concentrations 

returning to pre-treatment levels. Further experiments could exploit 

this by applying periodic air sparging and investigating effects. 

o Clogging of subsurface media is a possible concern, but requires field 

research, as the conditions experienced in the lab were more 

conducive to clogging (i.e. with background DO causing iron 

precipitation before the air sparging treatment was applied). 
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• In comparison of lab results of in situ treatment by air sparging to field results 

of ex situ treatment methods, in situ treatment by air sparging does not 

perform as well as some of the best ex situ treatment methods. However, field 

experimentation is needed to examine this on a more meaningful level, and in 

situ treatment has potential merit requiring further work. 

• Iron oxidation is significantly retarded at pH values below neutral. If neutral 

conditions were achieved in an experimental solution, and experiments of this 

investigation were repeated, it is likely that there would be even greater 

removal of arsenic because of increased oxidation and precipitation of 

dissolved iron. 

 

Recommendations for further research are as follows. In regard to laboratory-

scale experiments: 

• Using a more complex influent solution that more accurately reflects field 

conditions of groundwater would be beneficial, in regard to constituents such 

as carbonate and silicate, as well as having neutral pH. It is likely that 

carbonate would provide additional buffering capacity enabling the 

achievement of pH very close to neutral. 

• Examine conditions which favour stability of both As(III) and As(V) in order to 

examine the effect of speciation. 

• Use varying flow rates (affecting HRT), and examine effects. 
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• Use a better peristaltic pump and tubing to minimize background DO even 

further, and more extensive flushing of the entire apparatus with nitrogen 

before pumping solution. 

• Investigate different air sparging equipment, perhaps with varying bubble size. 

• Conduct more investigation of the competition effect of orthophosphate, as 

well as other constituents such as carbonate and silicate. Determine 

phosphate concentrations more precisely. 

• Further (and more precisely) examine the “lag effect” of iron and arsenic 

concentrations returning to pre-sparging levels after air sparging is stopped, 

and how this relates to flow rate. 

• Conduct a dye test to examine precise flow regimes and travel times in the 

apparatus. 

 

A field trial is necessary to examine the practicality of this method of treatment, 

especially in regard to: 

• Achievement of arsenic levels below drinking water standards 

• Performance in relation to airflow rate and positioning of sparging points 

relative to the well 

• Effects of treatment zone volume on performance 

• Competition effects of phosphate  

• Possibility of clogging of sparging equipment and/or soil pores 

• Frequency and duration of sparging 
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