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Abstract 
 

Due to natural contamination and increasing anthropogenic activity, such as industrial 

mining processes, arsenic, predominantly in the form of arsenite, has become a prevalent 

environmental contaminant (WHO, 2000; Walker et al. 2011).  The mobility and toxicity of 

arsenite makes ingestion due to contamination of groundwater and soils a major threat to human 

health (WHO, 2000; Stugeron et al, 1989). The objective of this study was to determine whether it 

is possible to remove arsenic from the human gastrointestinal tract through the addition of ferric 

sulfate.  A simulation of the GI system, based on a modified version of the Relative 

Bioaccessibility Leaching Procedure, introduces arsenic trioxide and ferric sulfate together to 

determine if it is possible to form an arsenic bearing iron oxide precipitate as the pH of the 

solution increases.  Through precipitation of arsenic bearing iron oxides, arsenic trioxide would 

successfully be removed from solution through incorporation into the mineral structure or 

adsorption onto the mineral surface.  X-Ray Diffraction and Scanning Electron Microscopy is used 

to confirm the mineralogy of precipitated solids and ICP – OES is used to measure the effective 

removal of arsenic from solution.  X-Ray Diffraction patterns and textural changes identified with 

the secondary electron of the scanning electron microscope indicate the presence of a phase 

change from pH 2.7 to pH 2.99.  Fe: As mole ratios of the residual fluid support the appearance of 

a phase change over this pH range.  Residual fluid analysis indicates arsenic removal of 45 – 55% 

over the range of tooeleite stability and increases to total removal to 85% due to precipitation of 

ferrihydrite.  XRD and decreasing As concentrations in residual solution indicate an increase in 

stability of precipitated ferrihydrite as the solution increases from pH 4.5 – 7.0.  SEM, XRD and 

ICP OES analysis confirm a phase change from tooeleite to amorphous nanocrystalline ferrihydrite 

from pH 2.7 – 2.99 and increasing stability of ferrihydrite with increasing pH.  Overall trends 

indicate an effective removal of arsenic from solution (up to 85%) with increasing pH indicating 

that Fe (III) sulfate acts as an effective therapy in vitro simulation to remove As (III) from gastric 

solution as pH increases.  
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Chapter I 
1.1. Introduction  
 

Historically, there have been numerous health issues directly linked to industrial mining as 

a result of smelting and roasting processes as well as accumulation of mine wastes.  Despite new 

technologies, an increase in resource demand and production means these concerns are still 

prevalent in both developed and developing countries.  As global demand for economic resources 

grows, high-grade deposits are becoming depleted, forcing industry exploration to turn to lower 

grade deposits for extraction of these resources. Extraction of economic minerals from these lower 

grade deposits requires additional processing to separate minerals from waste rock, thereby 

increasing the quantity as well as toxicity of emissions and waste (Walker et al. 2011).  Found in 

association with sedimentary and igneous sulfidic ore deposits, mining techniques involved with 

processing of these ore bodies liberate arsenic from its natural form, releasing arsenic trioxide  into 

the atmosphere and groundwater.  Increased atmospheric emissions has led to higher rates of 

contamination of urban air and drinking water resulting in numerous acute and chronic health 

problems due to occupational and environmental exposure.  Due severity of contamination, the 

World Health Organization has labeled arsenic as one of the naturally occurring metalloids with no 

physiological benefits but harmful to human health if ingested in excess (Plumlee and Ziegler, 

2007).  Those at risk include: the occupationally exposed, those with contaminated drinking water 

and children living near copper and gold smelters (WHO, 2000a).  Due to historical use of arsenic 

trioxide in rat poison and use of fungicides such as Paris green, copper aceto-arsenite, ingestion of 

remnant arsenic trioxide contamination also poses a threat to human health (Reigart and Roberts, 

1999).  

There are various strategies to minimize arsenic exposure in humans, which includes: 

expanding the buffer zones around mine sites, minimizing atmospheric and ground water 

contamination through different processing techniques or in situ remediation of contaminated 

groundwater (Bromstad, 2011; Opio, 2013).  However, once ingested, the arsenic makes its way 

through the gastrointestinal system, making itself available for absorption into the blood stream.  

Absorption rates of vitamins, minerals, nutrients and other dissolved constituents of gastric 

fluidinto the blood stream are highest in the neutral conditions of the duodenum making this 

environment the most susceptible to uptake of arsenic compounds (Johnson et al. 2006). Once 
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ingested and dissolved, there has been limited research of how to successfully decrease 

bioavailability of arsenic in gastrointestinal fluids (WHO, 2000b).   

Through creation of a simplified simulation of the gastrointestinal system based on the 

Relative Bioaccessibility Leaching Procedure (RBLP), an acidic glycine solution that relates 

mathematically with in vivo studies, this project looks to model the actions of arsenic trioxide and 

iron (III) sulfate once ingested and aims propose an in-vitro solution, through precipitation of iron 

oxy-hydroxide compounds, to decrease bioaccessibility of the contaminant and minimize the 

effects of arsenic poisoning.   

 

1.2. Purpose and Hypothesis  
 

Medical geology looks to establish a full understanding of the geological characteristics of 

the prevalent species causing health concerns as well as behavior of the various contaminant 

species as they interact with the human body.  Due to industrial processes, arsenic has become a 

prevalent environmental contaminant and exists in the environment in a multitude of mineralogical 

forms, which influence its risk to human health.  This project will be broken into two components: 

a literature review, to develop a broader understanding of the properties of the element as well as 

risks to human health, and an experimental component, which will look to provide a method of 

decreasing arsenic bioaccessibility upon ingestion into the gastrointestinal tract (GI tract).  The 

literature review will provide a foundation to supplement results found through experimental 

procedures.  The primary routes of mobilization; mechanisms of migration; roots of exposure; 

mineralogical controls on mobility, bioaccessibility and toxicity as well as previous works on in 

vitro bioaccessibility of heavy metals will used to interpret and supplement experimental findings.  

The experimental component of this project will look to model the gastrointestinal system upon 

ingestion of an arsenic (III) compound.  Iron (III) sulfate will be introduced to the system and the 

pH incrementally increased to mimic transition from the stomach to the duodenum.  The aim of 

this experiment is to precipitate out an arsenic-bearing Fe – oxyhydroxide, which will be stable in 

the GI tract, allowing it to adsorb the ingested As (III) and decrease its bioaccessibility.  Solid 

precipitates and residual waters will be analyzed using the Scanning Electron Microscope (SEM), 

X-Ray Diffraction (XRD) and Inductively Coupled Plasma - Optical Emission Spectrometry (ICP 

– OES) to determine the progression of precipitation as well as verify mineralogy of the effluent 

solid.  The objective of this simulation is to mimic the chemical changes as fluids move from the 
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stomach environment to the small intestine in an effort to determine changes in mineralogy of the 

precipitated solids and the effect on As adsorption and bioaccessibility. Through this method I 

hope to determine if it is feasible to create an environment in which introduction of a ferric sulfate 

coupled with increasing pH will result in the adsorption and precipitation of arsenic and therefore 

decreasing levels in the system in an effort to limit the amount taken up into the bloodstream.   

 

  Based on the initial chemistry of the fluid as well as changing stability fields as pH 

increases, ideally this experiment is expected to result in precipitation of amorphous ferrihydrite 

once the stomach contents reaches a pH of 4.0.  At a low pH, crystalline 

tooeleite(Fe6(AsO3)4(SO4)(OH)4·4(H2O)) is expected precipitate out of solution, removing As (III) 

from solution by incorporating it into its mineralogical structure.   With increasing pH, it is 

expected that the precipitate will transition to amorphous ferrihydrite, which will sorb the arsenic 

to its surface and remove it from solution.  Based on work conducted by Nishimura and Robins 

(2008) we expect this phase transition to occur at a pH of 3.0 – 3.5 who report the dissolution of 

tooeleite into ferrihydrite at the pH.  This transition in phases should result in an overall decrease 

in bioaccessibility of As (III) in the GI tract.  As pH rises, the precipitate should become more 

stable therefore enable it to remove more As (III) from solution.  In soils, amorphous iron and pH 

have been determined to be two major controlling factors on the sorption of As from solution 

(Masscheleyn et al. 1991).  From these findings it may then be reasonable to extrapolate that these 

factors would also then regulate As (III) sorption and removal from intestinal fluids.  

 

1.3. Arsenic Contamination and Implications for Human Health 
 

Due to both anthropogenic activities, such as expansion of industrial mine processes and 

increases in vehicle emissions, and naturally increased arsenic concentrations in bedrock, arsenic 

contamination has become a global human health concern.  Contamination and poisoning due to 

both industrially released and naturally occurring arsenic has been reported worldwide, from 

Canadian neighborhoods, in Yellowknife, to Bangladesh and West Bengal (Bromstad, 2011; 

Chowdhury et al. 2000).  Exposure to arsenic through the intake of air, food and water has been 

linked to gastroenteritis, neurological manifestations, vascular changes, diabetes and cancers 

(bladder, lung, liver, kidney and prostate) and in extreme cases, fatality (Abernathy et al 2003).  
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Chapter II - Literature Review and Previous Work 
2.1. Definitions 

2.1.1 Toxicity, Bioavailability and Bioaccessibility  
 

Toxicity is the degree to which a substance is poisonous.  The toxicity of metals is highly 

dependent on their chemical form and oxidation state as these are the factors that dictate the 

compounds bioavailability (Jain and Ali, 2000) (Irgolic, 1992).  In most cases, organometallic 

compounds are more toxic than their inorganic forms, however, arsenic represents an exception to 

this rule (Jain and Ali, 2000).  Arsenic occurs in the environment in a number of different 

chemical forms, each of which has a differing level of toxicity.  Toxicity of these species is 

ranked: arsenite > arsenate > mono-methylarsonate (MMA) > dimethylarsinate (DMA) (Stugeron 

et al, 1989).  Acute and sub-acute toxicity are the two most prevalent forms of arsenic poisoning, 

sub-acute involving the respiratory, gastro-intestinal, cardio-vascular, nervous and haematopoietic 

systems (Jain and Ali, 2000).   

Bioaccessibility is a complex concept and has been defined differently by various disciples, 

leading to confusion about the quantifiable definition of the term.  Toxicologists such as Ruby et 

al. (1999) state that bioavailability is “the fraction of an administered dose of a substance that is 

absorbed via an exposure route, reaches the blood- stream, and is transported in the body to a site 

of toxicological action.”  Ehlers and Luthy (2003) define it as “the extent to which humans and 

ecological receptors are exposed to contaminants in soil or sediment.” In an effort to provide 

continuity throughout disciplines the United States National Research Centrer (2002) defines 

“bioavailability processes” as “the individual physical, chemical, and biological interactions that 

determine the exposure of organisms to chemicals associated with soils or sediment” thereby 

encompassing the definitions used by various disciplines.  The foundation of all provided 

definitions of bioavailability in soils and sediment involve the release of a solid bound 

contaminant through association and dissociation, transport of the contaminant, uptake across a 

physiological membrane and incorporation into a living system (Ehlers and Luthy, 2003).  

Geochemists have further defined this topic by specifying the term “geoavailability”, the 

percentage of a component in an Earth material that can be liberated through mechanical, chemical 

or biological processes (Smith and Huyck, 1999). The Oxford Dictionary of English defines 

available as “capable of being employed; at one’s disposal”.   
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For the purpose of this paper we will use the terms presented in Bromstad (2011) research 

on gastric bioaccessibility of heavy metals, bioaccessible will be defined as the portion of total As 

that would dissolve and be available for absorption into the body and bioavailable as the portion of 

total As that would actually be absorbed by the body (Ruby et al. 1999).  

2.2.2 Adsorption  
 
 Adsorption is a method by which dissolved solids, ions, atoms or molecules are removed 

from solution through adhesion to a solid surface.  Goldberg and Johnston (2001), describe the 

kinetics of As (III) and As (V) sorption to iron oxides: arsenate forms inner – sphere surface 

complexes on amorphous Fe oxide while arsenite forms inner and outer sphere complexes on Fe 

oxides.   

 

2.2. Arsenic 

2.2.1. Element Properties and Occurrence in Nature  
 

Arsenic, As, is a natural element which occurs in many minerals and predominantly found 

in association with sulfides of silver, lead copper, nickel, antimony, cobalt and iron and therefore 

is a major component of industrial mining (WHO, 2000).  This metalloid demonstrates complex 

chemical speciation, which dictates its toxicity and influences mitigation strategies. In natural, 

oxidized systems, arsenic is most commonly found in its trivalent or pentavalent states and is most 

often mobilized in the environment through transportation in water bodies or becomes air borne 

from industrial emissions.  In oxygenated water arsenate, As [V], predominates while in reducing 

conditions, arsenite, As [III] is most prevalent (WHO, 2000), although due to relatively slow redox 

transformations, arsenite and arsenate are often found in both environments (Raven et al. 1998). 

The valance state of the element plays a major role in dictating its behavior and mobility in 

aqueous solutions as this determines sorption ability (Jain and Ali, 2000).  The redox state of the 

local environment likely also plays a role in determining the mobility of arsenic in a water body as 

the solubility of arsenic may be enhanced by the oxidation of various mineral species therefore 

amplifying the release of arsenic into the environment.  Roberston (1989), states that occurrence of 

arsenic in groundwater is dependent on multiple factors including adsorption-desorption, 

precipitation- dissolution, oxidation-reduction, ion-exchange, grain size, organic contents, 

biological activity and aquifer characteristics. Airborne arsenic is most commonly present in its 
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inorganic form, associated with elements other than carbon, and has an estimated atmospheric 

lifetime of nine days (State of California, 1990). After this time period the particles settle out into 

dust, increasing the levels of soil contamination and raising the potential for ingestion.  Arsenic 

(III) is the most common inorganic form found in emissions from combustion and other industrial 

processes, and also the most toxic form of the element (State of California, 1990).    

As (III) was used to conduct this experimental simulation, as it is the most mobile and 

toxic state of the element.   

 

2.2.2. Primary Routes of Mobilization and Exposure 
 

Occupational exposures as well as ingestion of contaminated drinking water and soils pose 

the greatest risks for arsenic poisoning both locally and globally (WHO, 2000). Atmospheric 

transport of emissions, soil and dust as well as flow of contaminated waters into aquifers are 

sources which have all contributed to increases in metal concentrations in urban areas thereby 

increasing the probability of ingestion or inhalation of arsenic.  As resource demand grows and 

sources are depleted, techniques, which result in the emission of poisonous gases and precipitation 

of toxic solids, are becoming more prevalent.  Copper and gold ore deposits are two of the 

resources in which arsenic is liberated into the environment through mining processes.  

Mineralogical byproducts of mining and industrial roasting of refractory gold bearing 

orogenic ore deposits has made this resource production one of the primary contributors to the 

liberation of arsenic compounds into the environment (Walker et al. 2011).  Ore roasting is one of 

the methods liberate the economic minerals from refractory gold deposits, such as those found at 

Giant Mine, NWT, as well as in many other countries around the world such as Nambia, Ghana 

and Chile (Walker et al. 2011).  This process uses an oxidative process that, as a consequence, 

converts arsenopyrite (FeAsS) into Fe oxides and releases As vapors and sulfur dioxide into the 

environment (Jamieson, 2011) (SRK 2002).  This process converts As (I) to As (III) (Equation 

1.0)  resulting in, as Ruby et al. (1999) reported, formation of a highly soluble and toxic compound 

that poses the greatest threats to human health, it has been reported that Giant Mine, NWT was 

producing 7500kgAs/day from 1949 – 1951 as part of their gold extraction processes (Jamieson, 

2013) .   

 

Equation 1.0     2FeAsS + 5O2 = Fe2O3 + As2O3 + SO2       (Bromstad, 2011) 
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 As global demand for copper grows and high-grade deposits become depleted, exploration 

has transitioned to low grade low-grade complex copper sulphide deposits that are associated with 

arsenic-bearing minerals, such as arsenopyrites, for resource production (Smedley and Kinniburgh, 

2002).  As with ore roasting, smelting of these ore bodies to attain economic minerals poses a 

major health concern as this processes releases As – rich gases into the environment, increasing 

risk for occupational exposure (Piret, 1999). 

Accumulation of mine tailings provides another avenue of arsenic liberation.  As a result of 

roasting, smelting and weathering of arsenic bearing sulfides, As may become liberated into 

tailings ponds or groundwater and adsorbed by Fe oxides and carbonates present in the tailings 

ponds and bedrock (Walker et al. 2009).  Exposure of these formed oxides and carbonates to 

reducing conditions, may result in the destabilization of the minerals causing reductive dissolution 

and releasing As into groundwater (Jamieson, 2011).  This alternation to carbonate minerals also 

contributes to the formation of arsenic bearing hardpans, which are cemented dominantly by Fe 

minerals and highly susceptible to aeolian and fluvial weathering thereby increasing As 

mobilization in the environment and risk of ingestion and inhalation (DeSisto et al. 2011).   

Weathering process on the untreated sulphide ore body tailings may also catalyze the breakdown 

of FeAsS into arsenate and arsenite (Walker et al. 2009).  

As rich gases as a result of roasting and leeched As due to reductive dissolution and 

weathering provide mechanisms by which arsenic may be incorporated into our environment and 

thereby pose major threats to human health.   

2.2.3. Routes of Uptake 
 

The primary pathways for toxicants include: gastrointestinal tract (ingestion), respiratory 

tract (inhalation) and skin (percutaneous absorption) (Plumlee and Ziegler, 2007).  Through 

passive or facilitated diffusion, active transport or cellular pinocytosis/phagocytosis substances are 

able to pass through the body’s membranes (Plumlee and Ziegler, 2007).  Ingestion of toxicants, 

although generally inadvertent, is one of the major causes of arsenic poisoning through 

consumption of contaminated soil or water. 
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Figure 1: Potential human exposure routes within the Earth's geochemical cycle (Plumlee and Ziegler, 2007). 

2.2.4. Controls on Bioaccessibility, Uptake and Toxicity  
 

With many routes of potential exposure as well as existing in numerous and variable forms 

within the environment, the risk of arsenic exposure to human health is largely dictated by 

bioavailability as well as bioaccessibility of the ingested concentration which are factors dictated 

by mineralogical structure as well as physical characteristics of the As – bearing particles (Walker 

et al. 2009).    

As defined previously, bioaccessibility describes the fraction of total amount ingested that 

dissolves in the stomach and is available for absorption into the GI tract portion whereas 

bioavailability is the component that is actually absorbed across the membrane (Ruby et al. 1996).  

The mode of occurrence (surface sorbed or integrated within a crystal structure and oxidation 

state) combined with physical characteristics (mineralogy, size, density, shape and surface charge) 

determines the solubility and therefore bioavailability of As in bodily fluids (Walker et al. 2009).    

Studies conducted by Ruby et al. (1996) suggest that there is a significant difference in 

bioavailability depending on form of ingested As-bearing particles, indicating that arsenic present 

in mineral phases will have much more limited bioavailability that soluble As in solution.   These 

studies state that 100% of soluble inorganic As, found in drinking waters, is absorbed into the 

gastrointestinal tract whereas As found in mineral forms, soils and dust particles, will only be 

partially absorbed (Ruby et al. 1996).    
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For the purpose of this paper, we will assume thatthat As – bearing solids, which are 

formed as a byproduct of mining process, have a higher potential rate of bioavailability and 

toxicity than naturally occurring As bearing solids.  This suggestion is based upon mineralogical 

alterations discussed earlier, the alteration of sulfides to Fe/Ca – oxides due to ore body roasting 

which may increase the bioavailability of resulting solids due to increased solubility within acidic 

gastric conditions.   

For the purpose of this simulation we will assume that, t As – bearing solids formed as a 

result of mining processes and free As (III) due to atmospheric emissions or dissolution in 

drinking water, once ingested will completely dissolve within gastric fluid and therefore 100% As 

will be initially available for absorption into the bloodstream,   

 

2.3. Tooeleite  

2.3.1. Characteristics and Chemical Formula 

Nishimura et al. (2008) found experimentally that, from solution mixed with Fe (III), As 

(III) begins to precipitate at pH 1.9 as ferric arsenite, which, when combined with sulfur, hydrogen 

and oxygen, allows for the arrangement with a sulfate hydrate.  

Tooeleite, is a naturally forming iron arsenite, As(III), oxyhydroxy-sulfate mineral 

(Fe6(AsO3)4(SO4)(OH)4·4H2O), which forms under reducing conditions and demonstrates low iron 

demand and high As content at precipitation (Nishimura, 2007; Nishimura and Robins, 2008; 

Filippou and Demopoulos, 1997).  Through laboratory experiment such as those conducted by 

Nishimura (2007) as well as Cesbron and Williams (1992), it had been repeatedly found that when 

precipitated from solution tooeleite exists as a yellowish - orangepowder.  In XRD analysis, Morin 

et al. (2003) found crystalline tooeleite will display peaks at 10.09° and 10.56° but that amorphous 

and nanocrystalline tooeleite resulted in lower intensity peaks SEM characterization of this 

mineral by Morin et al. (2003) described tooeleite as exhibited a reticulated structure consisting of 

nanosized platy crystallites.  Tooeleite has a high As content (25%) and a high removal efficiency, 

and paired with its low stability range makes it an appropriate mineral to use for removal of As 

from gastric solution (Nishimura and Robins, 2008).  Due to the chemical nature of tooeleite, 

consisting of the oxidized form of iron and the reduced form of arsenic, this mineral may prove to 

be efficient at removing arsenic trioxide from intermediate redox environments, such as gastric 

solutions.  
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2.3.2 Stability and Precipitation Kinetics  
 
This mineral is stable in pH ranges from 2.0 – 3.5 at which point it dissolves incongruently to form 

arsenical ferrihydrite (As(III)-Fh) (Nishimura and Robins, 2008).  Tooeleite has a Fe:As mole ratio 

of 1.2 and a As:Fe mole ratio ranging from 0.4 – 0.62 (Morin et al. 2003).  Nishimura and Robins, 

(2008) reported that at pH 4.93, the dissolution of tooeleite results in the release of arsenic into 

solution.  

2.4. Ferrihydrite 

2.4.1. Characteristics, Chemical Formula, Kinetics and Stability 

 
Ferrihydrite is a hydrous ferric oxyhydroxide mineral that demonstrates highly reactive and 

large surface area, small particle size and is the first solid product formed as a result of aqueous 

Fe(III) solutions, or rapid oxidation of aqueous Fe(II) acts, it also acts as a solid phase precursor to 

goethite and hematite (Reddy et al. 2005) (Villalobos and Antelo, 2011).  Ferrihydrite is stable in 

oxic conditions and is found as spherical particles in natural settings (Das et al. 2011). There is 

discussion in the literature as to whether this material should be categorized as amorphous, poorly 

crystalline or nanocrstalline.  Cornell and Rochelle (2003) describe it as unique iron oxide as it 

only exists in nanocrystalline form, 2 – 4nm and 5-6nm for 2-line and 6-line, respectively, Morin 

et al. (2003) classify it as an amorphous, and Das et al. (2011) classify it as poorly crystalline.  Das 

et al. (2011) and Cornell and Rochelle (2003) both discuss that these two crystalline varieties are 

distinguishable in XRD patterns; the finer crystalline (2 – line) exhibits two broad peaks and the 

more crystalline (6 –line) exhibits six broad peaks (Kukkadapu et al. 2003). Because of this 

microscale grain size, ferrihydride offers extensive surface area for the adsorption of protons, 

electrolyte and As (Villalobos and Antelo, 2011).  These properties formulate an ideal adsorption 

surface for many chemical species, dissolved metals and organic molecules.  Due to the 

microscopic and typically indistinguishable grain size as well as the changing hydration potential 

the chemical formula for ferrihydrite is under scrutiny; for the purpose of uniformity with the 

majority of literature we will use the formula presented by Cornell and Schwetmann (2003): 

5Fe2O3 · 9H2O.  Riveros et al. (2001), reported that As(III)-Fh begins to form at pH 2 to 3.  
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2.5. Mechanisms of Arsenic Adsorption 
 

Precipitation of Fe (III) compounds from solution may lead to the incorporation of 

elements, such as arsenic, within their structure or adsorb them to their surface thereby removing 

them from solution and limiting their mobility (Morin et al. 2003).  Due to the oxic state of the 

solution, Fe (III) compounds usually present themselves as Fe – oxyhydroxides, a compound 

consisting of hydroxide (OH-) plus a binary chemical compound of oxygen, iron and other 

elements which tend to begin precipitation from pH 2 – 4, such as tooeleite and ferrihydrite 

(Rodgers, 2012).   These minerals then scavenge elements, such as arsenic, by structural 

incorporation or by adsorption onto their surfaces (Morin et al. 2003).  Due to their microscopic 

grain size, poorly crystalline or amorphous oxyhydroxides present higher adsorption capacities 

than perfectly crystalline ones (Villalobos and Antelo, 2011).   

 

In their studies, Goldberg and Johnston (2001), describe the kinetics of As (III) and As (V) 

sorption to iron oxides: arsenate forms inner – sphere surface complexes on amorphous Fe oxide 

while arsenite forms inner and outer sphere complexes on Fe oxides. Inner and outer sphere 

complexes are two results of electron transfer redox reactions. Inner sphere complexes are formed 

through covalent bonding of ions to a surface without the interference of water molecules where a 

ligand acts as a bridge between the oxidant and the reductant (McNaught and Wilkinson, 1997). 

Sposito et al. (1999), showed that cations with larger charge have a tendency to form inner-sphere 

complexes while smaller cations tend to form outer-sphere complexes.  Outer sphere complexes 

form from long range electrostatic interaction between the anion and cation, these complexes 

typically involve divalent cation and anions, such as HCO3
- and SO4

2- (McNaught and Wilkinson, 

1997).  Due to these electron transfer states, as Goldberg and Johnson, (2001) concluded, arsenate 

is more strongly bound than arsenite.  Goldberg and Johnston (2001), also reported maximum 

arsenate adsorption on amorphous Fe oxides at pH 4 and maximum arsenite adsorption at pH 7 – 

8.5. Nishimura and Umetsu (2000), reported optimal of As(III) adsorption on ferrihydrite at pH 8-

9 relative to lower pH values. It was proposed by Robins et al. (2001) that, adsorption of As(III) 

on ferrihydrite may catalyze oxidation in ferrihydrite structure resulting in the reduction of Fe(III) 

to Fe(II) but these findings were not supported by Greenleaf et al. (2003).  
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Figure 2.1: Adsorption through formation of inner and outer sphere complexes (Skipper et al. 2006) 

 

Adsorption through formation of inner and outer sphere complexes (Skipper et al. 2006 

2.6. Physiology of the Human Gastrointestinal System 
 

Dressman et al. (1990) reported that the median fasting pH for the stomach was 2.0 and 6.1 

in the duodeum (upper small intestine).  For this project, it was predicted that at pH 4.0 the 

precipitated solid would transition from tooeleite to ferric arsenite or amorphous ferrihydrite based 

stability data reported by Opio (2013) andNishimura et al. (2008).  This hypothesis indicates that a 

phase transformation from tooeleite to and iron oxide would occur before the solution has 

completely transitioned from the stomach to the intestinal tract.  

There is concern that with transition from the stomach to the small intestine, a change in 

redox state as well as pH may allow for the liberation of sorbed arsenic back into the GI system.   

There is no conclusive research published to indicate whether the transition from the stomach to 

the intestinal track results in a changing redox state but under the assumption that gastric fluid is 

slightly oxidizing due to ingestion of air while eating, it may be assumed that the intestinal tract, 

isolated from atmospheric interaction, is a reducing environment.  Due to increasing pH and the 

potentially reducing environment of the intestinal system, the stability of ferrihydrite poses a 

concern.  As explained previously, ferrihydrite is a mineral compound which is stable in oxidizing 

conditions therefore transition of fluids into a reducing environment may result in the dissolution 

of the precipitate leading to increased concentrations of arsenic in solution.  , Although, due to the 

relatively short time spans required to pass ingested materials through the gastrointestinal system 

may mean that dissolution does not completely occur and arsenic may stay bound to precipitated 

solids.  
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2.7. Previous Research 

2.7.1. Modeling the Human Gastrointestinal System 
 

There are numerous in vitro models that have been used to simulate the gastric system 

and test absorption rates within the gastrointestinal tract.  Since bioavailability measurements 

require a very costly model of in vivo experimentation, simulations of in vitro bioaccessibility, 

which measure solubility in bodily fluids, were developed (Ruby et al. 1996, Smith et al. 2010).  

Models differ based on purpose for experimentation and desired results.  Some models, such as the 

physiologically based extraction test (PBET) and the in vitro gastrointestinal model (IVG), are 

used to recreate the minutiae of the human digestive system (complete with microbial 

communities, bile, etc) (Bromstad, 2011,(Basta et al. 2007).  Other, more easily reproducible, 

simulations, such as the Relative Bioaccessibility Leaching Procedure (RBALP) and the simplified 

version of PBET (SBET), look to quickly cost effectively estimate bioaccessibility.  Instead of 

attempting to mimic the complex digestive system, these in vitro methods use simple acidic 

glycine solutions that relate mathematically with in vivo studies (Smith et al. 2010) (Bromstad, 

2011).  The glycine RBALP method has been approved by the United States Environmental 

Protection Agency for measuring Pb bioaccessibility (USEPA 2011) and studies by Meunier et al. 

(2011) indicate that the RBALP methods produces more conservative results, making it 

appropriate for accurate gastric simulation.  

 

The purpose of the RBALP is to develop a rapid and reproducible environment to examine 

in vitro relative bioavailability (RBA) of solid materials (Drexler and Brattin, 2007).  Through the 

use of an acidic glycine solution, RBALP provides a simulation that mathematically models in 

vitro studies (Smith et al. 2010).  This simulation provides a manipulative environment in which 

multiple variables can be controlled and changed according to testing parameters.  In the digestive 

process, pH, temperature and agitation are the most critical parameters (Drexler and Brattin, 

2007).  Presently, there is no standard fluid to test As bioaccessibility, but the simplicity, 

repeatability and effectiveness of the Drexler and Brattin fluid makes it the most favorable 

modeling method (2007). Use of this method will also allow us to draw comparisons between 

results of Drexler and Brattin (2007), Bromstad (2011) and Opio (2013).  
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2.7.2. In vitro Metal Bioaccessibility  
 

There has been significant research conducted on the in vitro bioaccessibility and 

bioavailability of heavy metals within the human gastric system.  Generally, it has been found that 

bioavailability studies should in theory be more conservative than bioaccessibility studies, which 

fits with the provided definitions of these terms (Plumlee et al. 2006).  There have been fewer tests 

conducted which look to reduce the bioaccessibility of ingested toxins.  

  

Bromstad, (2011), conducted research to determine the gastro-intestinal and lung 

bioaccessibility of arsenic in soil samples collected from Giant Mine, NWT, produced as a 

byproduct of ore roasting.  These arsenic rich soils, composed predominantly of As2O3 and 

arsenates, demonstrated As levels much  higher than 340 ppm, the industrial cleanup criteria,  In 

this research, it was highlighted that the average As content in soils for all of Canada is 6.6 ppm 

indicating substantial contamination to soils in the Giant Mine area (Reimann et al. 2009).  In 

Bromstad’s study (2011), a glycine PBALP gastric simulation, based on methods used by Drexler 

and Brattin (2007), was used and soil particles of <250 µm were analyzed for gastro-intestinal 

bioaccessibility. Bioaccessibility was determined by calculating the percent of total solid As 

leached by synthetic gastric and lung fluids. This study found average bioaccessibility of As in 

ingested soils to be 35.5%.  Other similar studies, such as those conducted by Meunier et al. 

(2011) and USEPA (2001) show bioavailability rates of 65% and 31% respectively, indicating a 

wide range of results and demonstrating the need for additional studies on the mobility, 

bioavailability and bioaccessibility of arsenic once ingested and dissolved in the human gastric 

system.  

 

Arsenic bioaccessibility research summarized by Plumlee and Morman (2011) found that 

scorodite (FeAsO4·2H2O) and arsenopyrite rich samples demonstrated lowAs bioaccessibility 

(0.62% of As in total sample) whereas Ca–Fe arsenate minerals demonstrated high bioaccessibility 

rates (up to 49% of As in total sample).  Plumlee and Morman (2011) concluded that this 

difference in bioaccessibility once ingested into the human digestive system is likely due to the 

solubility of carbonates in gastric fluids. 
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2.7.2. Arsenic Fixation from Solution 
 

 With increasing resource demand along with greater environmental and human health 

effects, there has been significant research on potentials for fixation of As from mine wastes.  

Removal by co precipitation or adsorption on iron (III) compounds from acid mine drainage has 

been studied extensively with research conducted by Goldberg et al (2001), Raven et al. (1998), 

Morin et al. (2003) and Opio, (2013), to name a select few.  As highlighted in these studies, the 

predominant form of As removal from natural systems is through ferrihydrite co precipitation or 

adsorption on pre precipitated ferrihydrite (Twidwell et al. 2005).  The kinetics of Fe – oxide 

precipitation and arsenic adsorption in natural systems, at varying pHs and concentrations has been 

very thoroughly tested although mechanisms are better understood for As (V) than As (III) despite 

the higher toxicity and risk posed by arsenite (Raven et al. 1998).  The most prevalent concerns 

about removal of As through adsorption on ferrihydrite are: affinity for As (V) over As (III), the 

long term stability of the compound as well as efficiency of removal at lower pHs (Raven et al. 

1998).  

  

 Most recently, Opio (2013) investigated tooeleite, an alternative Fe – oxyhydroxide, as a 

potential disposal option for arsenic from smelter residues.  Dr. Opio hypothesized that as a ferric 

arsenite compound, this mineral may increase the removal and retention of As from natural 

systems. Opio’s research looked to study the As removal efficiency and precipitate characteristics 

of the mineral as well as examine methods of increasing mineral stability.  These studies supported 

findings published by Nishimura and Robins, (2008) demonstrating that tooeleite is stable between 

pH 2 to 3.5 at which point it dissolves incongruently to form a poorly crystalline equimolar ferric 

arsenite phase, which was stable in the pH range 6 to 8. It was also noted that ferric arsenite can 

also be formed by direct precipitation from an equimolar Fe(III):As(III) weak acid solution at pH 4 

to 8.  
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Chapter III - Methodology 
3.0 Modeling the Gastrointestinal Tract  
 

Gastrointestinal simulation was developed and modeled on the Relative Bioaccessibility 

Leaching Procedure (RBALP) utilized by Drexler and Brattin (2007). Modifications to the gastric 

composition were based upon experiments completed by Queen’s University  PhD candidate, Dr. 

Faith Opio (2013).  The intent of this simulation is to model the pH changes experienced during 

transmission of ingested solids from gastric fluid to the small intestine.  In this study, we aimed to 

replicate the gastrointestinal environment following the accidental ingestion of arsenic trioxide and 

treatment through the administration of ferric sulfate to remove the arsenic from solution.   

 

 Three solutions were combined to reach an initial acidic state that resembles the conditions 

of the human stomach after ingesting arsenic trioxide.  Iron(III) sulfate was added to the solution 

to replicate the administration of medication to combat the effects of arsenic trioxide ingestion. 

Once at 37+/- 0.05°C, the pH of the fluid is then gradually raised to mimic the transfer of fluid 

from the stomach to the small intestine.  A 125mL, 0.4M glycine and HCl solution was created by 

dissolving 30.026g glycine in 60mL 1M HCl (Equation 4). Distilled water was then added and this 

solution was then brought to 1L.  Ensuring continuous agitation (stirring speed of 766rpm) this 

solution was brought to 37+/- 0.05°C.  Once at temperature, 360mL HCl was used to reduce the 

pH of the solution to pH 1.50+/- 0.05 (Figure 3.1) .   

  

 
Figure 3.1: Experimental setup - glycine and HCl solution. 

 
 A solution was then created to mimic a sample of potentially ingested arsenic trioxide 

bearing solid. In one beaker, a 0.1M As2O3 solution was created by adding 2.48g arsenic trioxide 

to 50mL 0.2M H2SO4 that was then placed on a hot plate, heated to 90°C and stirred until 
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dissolved (Figure 3.1)  (Equation 1).  The solution was continuously agitated and heated to ensure 

that As(III) would not precipitate out of solution.  Once the solid was dissolved, this solution was 

then brought to 125mL with distilled water.  

 In a separate beaker, a solution was created to mimic the addition of iron sulfate to the 

gastric system as a therapy method to reduce concentrations of ingested arsenic through 

precipitation.  A 0.1M Fe2(SO4)3 ·5H2O solution was created by adding 6.13g Alfa Aesar iron (III) 

sulfate hydrate  (F.W.399.87(anhy)) to 100mL distilled water (Equation 2).  This solution was 

stirred until the solid was dissolved then raised to 125mL with distilled water.   

 The 125mL arsenic trioxide solution and 125mL iron (III) sulfate hydrate solutions were 

then combined and filtered using a 0.45µm membrane filter paper to ensure no solid arsenic 

trioxide would be added to the solution.  On a separate hot plate the arsenic trioxide + iron (III) 

sulfate hydrate solution was brought to 37°C.  Once at temperature, the arsenic trioxide + iron (III) 

sulfate hydrate solution was added to the glycine + HCl solution.  This solution was continuously 

stirred and brought back to 36.5+/- 0.05°C.  

 To model the movement of the fluid from the stomach to the small intestine the pH of the 

solution was incrementally increased by the addition of 2M NaOH (Equation 3).  As pH increased 

35mL samples were taken at 16 selected intervals for analysis of the precipitate and residual water 

(Figure 3.2).  Intervals were selected based on the hypothesized progression of precipitation of 

stable ferric arsenic compounds.  Duplicates were taken for samples 14, 15 and 16 to ensure 

enough precipitate was available for analysis. Samples were filtered using a 0.45µm membrane 

filter, separating residual water and precipitated solids. The residual water was placed back in vials 

and the solids were left to dry at room temperature.                                 
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Figure 3.2: Progression of gastric simulation as pH is increased. 

 

 

 
Figure 3.3: Solution samples (pH 1.5-2.9). 

 

3.1. Residual Water Samples 
 
 10-35mL and 6-40mL residual water samples were analyzed using inductively coupled 

plasma optical emission spectrometry (ICP –OES), an analytical technique for the detection of 

trace metals.  The elements selected for analysis were As, Fe, Na and S. The experimental design 

suggests that these elements may provide important roles in the precipitation and sorption of 

arsenic.   

The residual water analysis was completed to provide a basis for determining the total As 

removed from solution with increasing pH as well as to determine the chemical compositions of 

the precipitated solids.    
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3.1.1. Mole Ratios  
 

Fe:As mole ratios were calculated for each of the solutions and compared to values 

published in literature to further determine mineralogy of the precipitates as well as locate points 

of phase transformations (Sample Calculation 1).  

 

3.1.3. Residual Solution Element Concentrations 
 

The As, Fe and S data was plotted in mol/L against increasing pH in order to analyze the 

effects of changing pH on solution composition due to the precipitation and/or dissolution as well 

as to supplement SEM and XRD precipitate analysis in determining mineral characterization and 

As sorption rates of solids (Sample Calculation 2).  These trends will be analyzed for potential 

impacts on As sorption.   

3.1.2. Bioaccessibility 
 

As defined previously, bioaccessibility as the portion of total As that would dissolve and be 

available for absorption into the body (Ruby et al. 1999).  For the purpose of this analysis, 

bioaccessibility was calculated as a percentage based on arsenic concentrations in the residual 

fluids compared to initial amount in the system as well as percentage of As removed at each pH 

increment. This calculation will illustrate removal of As by each mineral phase, highlight 

decreases in adsorption due to phase changes, overall successfulness of As removal from the 

system with increasing pH as well as indicate percentage remaining which is available for uptake 

by the intestinal system.  

3.2. Precipitate Samples 

3.2.1. X-Ray Diffraction 
 

X-Ray diffraction is used for the investigation of the atomic and molecular structure of a 

crystalline solid.  As Hull (1919) explained, “...every crystalline substance gives a pattern; the 

same substance always gives the same pattern; and in a mixture of substances each produces its 

pattern independently of the others.” For this reason, this fingerprinting allows for the 

identification of crystalline solids through comparison to extensively developed databases, which 

are continuously being updated.  
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We followed the basic sample preparation parameters outlined by Scintag, Inc (1999), in 

their standards for sample preparation section.  As we precipitated powder and, likely, 

polycrystalline solids the samples were ground using a mortar and pestle as Scintag, Inc (1999) 

highlights that diffraction produces the most favourable results when the sample is ground to 

0.002mm – 0.005mm cross section.  These samples were then pressed onto a flat sample slide and 

inserted into the sample tower.  

Using the x-ray generator the copper tube was set to tension: 45kV and current: 40mA for 

all samples.  The Cu changeable was sent to absolute scan (start angle: 7, end angle: 70, step size: 

0.02, time per step: 20min) with parameters set within the ranges of hypothesized precipitates. The 

diffraction patterns for each sample were then were analyzed using Xpert Data Collector and the 

International Center for Diffraction Data (ICDD) database accessed through the peak-search-

match program HighScore.  

 

3.2.2. Scanning Electron Microscope 
 
 The Scanning Electron Microscope uses electron interactions to render an intensely 

magnified, high definition image of the solid sample allowing for investigation of the topography 

and chemical composition.  The secondary electrons provide information on topography and 

textures while the backscatter image provides information on the presence and distribution of 

elements based on atomic number. Elements present in the sample were determined through the 

use of an Energy dispersive detector (EDS). 

 Six samples were selected based on XRD analysis results, observations of solid precipitate 

and hypothesized precipitation succession (pH 2.7, 2.9, 3.5, 4.0, 5.0, 6.9). The samples were 

carbon coated in preparation for SEM analysis. This procedure uses an instrument that vaporizes a 

thin carbon coater, which is placed under the powdered sample, placing a charged surface on the 

samples. Carbon coating helps to eliminate electron charging, the buildup of negative charges on a 

sample due to poor electrical conductivity.  

SEM analysis was performed under 15.0kV (4.0) and Quantax was used for chemical 

analysis.   
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Chapter IV - Results 
 

4.1. Residual Fluid Analysis  
 

4.1.3. Residual Solution Element Concentrations 
 

Graphical analysis of residual arsenic and iron in solution in g/L with increasing pH 

demonstrates a general trend of decreasing concentrations and therefore increased precipitation of 

these elements.  Stable concentrations are observed from pH 1.5 to pH 2.3, followed by a major 

decrease in concentration in both elements between pH 2.3 – 2.9.  At pH 3.5, residual Fe 

concentrations reach a steady state while As concentrations continue to decline.  

 
Figure 4.1: Residual As in solution with increasing pH (mol/L)  

 

 
Figure 4.2: Residual Fe in solution with increasing pH (mol/L). 
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4.1.1 Mole Ratios 
 

Fe:As mole ratios were plotted against varying pH ranges in an effort to confirm 

mineralogy of precipitates formed with increasing pH, highlight points of phase changes and 

identify pH ranges which pose threats to As liberation into solution. The stability of the Fe:As 

ratio will be used to indicate the precipitation of a stable mineral and changes in ratios will be used 

to indicate the potential locations of phase changes.  

Figure 4.3 shows the trend of Fe:As mole ratios for the entirety of  the simulation.  A 

steady mole ratio from 0.9 – 1.01 over a pH range from 1.99 – 2.7 can be seen, with a gradual 

increase from pH 2.1 – 2.5. This trend is followed by a gradual decrease is seen from pH 2.5 – 4.0. 

From pH 4.0 to pH 6.99 a stabilization of Fe:As mole ratio is seen. The highlighted field indicates 

the range over which mole ratios correlate to those found by Nishimura (2008), which he reported 

as characteristic of tooeleite.  

 
Figure 4.3: Mole ratios of residual iron and arsenic in solution. 

 
Figure 4.4 and 4.5 show the mole ratios over the expected pH stability range for tooeleite 

and ferrihydrite (Nishimura and Robins, 2008; Opio, 2013) to determine if mole ratios indicate the 

precipitation of a single, stable mineral.  Figure 4.2 indicates a mole ratio from 0.9 – 1.01 over a 

pH range from 1.996 – 2.7 (Appendix III). Mole ratios calculated from residual waters were 

plotted against ratios published by Nishimura and Robins (2008) to determine whether the 

precipitate formed over this range was tooeleite (Figure 4.3).  Figure 4.3 indicates a drop in mole 

ratio of the precipitate as pH increases.  Figure 4.4 shows a stabilization of the Fe:As mole ratio as 

pH reaches  
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Figure 4.4: Fe:As mole ratios over expected tooeleite stability range. 

 
Figure 4.5: Fe:As mole ratio plotted over expected ferrihydrite stability range. 

 

Figure 4.6 shows the mole ratio of S:As as pH of the solution increases.  The mole ratio 

remains consistent from pH 1.504 – 2.702 where it then increases continuously until pH 7.0.   

 

 
Figure 4.6: S:As mole ratio in residual solution with increasing pH. 
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4.1.2. Bioaccessibility  
 

Overall trends of bioaccessibility with increasing pH are illustrated by Figure 4.7. 

Significant increase in As removal, seen at pH 2.5 – 2.7, correspond with initial precipitation from 

solution. From pH 2.1 – 3.3, the expected stability range for tooeleite (Nishimura and Robins, 

2008) average of total arsenic removed is 57.62% (Appendix IV).  Over the tooeleite stability 

range indicated by our mole ratios, pH 1.9 – 2.5 (Figure 4.4), average of total arsenic removed was 

47.09%.  From pH 4.5 – 7 average of total arsenic removed was 85.45%.  Total arsenic removed 

by pH 7 was 89.55% of total arsenic trioxide ingested.  

 

 
Figure 4.7: Total As removed from solution with increasing pH. 

 
Figure 4.8 shows the amount of As removed at each pH increment. This calculation 

involved comparing total arsenic remaining in solution from prior increment compared to As 

remaining in the residual solution sample at the given pH.  Decreases in As removal are seen from 

pH 1.7 – 2.4 prior to initial precipitation as well as at pH 2.99 – 3.5.  From pH 2.1 – 3.3, the 

expected stability range for tooeleite (Nishimura and Robins, 2008) average of arsenic removed 

was 12.82%.  Over the tooeleite stability range indicated by our mole ratios, pH 1.9 – 2.5 (Figure 

4.3), average arsenic removed was 2.7%.  From pH 4.5 – 7.0 average arsenic removed was 

19.74%.  
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Figure 4.8: As removed at individual pH increments. 

 

4.2. Precipitate Analysis 
 
Precipitate began to form at pH 2.7 and was collected at regular intervals up to pH 6.996. XRD 

and SEM analysis were used to characterize the precipitated material.   

4.2.1. Mineralogical Characterization of Solids 
 

Mineral identification was confirmed by comparing XRD patterns to standards in the 

International Centre for Diffraction Data (ICDD).  Due to the fine grain size and non-perfectly 

crystalline form of the precipitated solids, XRD patterns for the collected samples are noisy and do 

not illustrate numerous definite peaks therefore may not provide conclusive evidence of the 

mineralogy of the solids.  

The low pH XRD patterns reveal that tooeleite is stable and forms crystalline solids starting at a 

pH of 2.7.  Peaks that characterize tooeleite were found within the database.  The most defined 

peaks of occur at 2θ of ~9° and ~28°(Figure 4.9).  The XRD pattern was matched to the pattern of 

tooeleite provided by the ICDD.  
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Figure 4.9: XRD pattern of the precipitate at pH 2.7 matched with ICDD tooeleite pattern. 

  

Figure 4.10 shows that at pH 3.3 distinct peaks disappear and there is no apparent 

crystalline structure.   At pH 4.5 the sharp intensities in the peaks subsided and there is evidence of 

the gradual development of broader peaks.  From pH 4.5 to 6.0 the broad peaks at 2θ of 11° and 

34° become slightly more defined.  SEM imagery must be used to more accurately identify 

mineral structure and locations of phase changes. 

 

 
Figure 4.10: XRD patterns for precipitates from pH 3.5 - 5.0 (3.5, 3.7, 4.0, 4.5, 5.0). 
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4.2.2. SEM Characterization 
 

Six samples, over a range of pH values, from the nine precipitated solids were selected for 

SEM analysis in order to supplement XRD patterns and further verify the mineralogical 

composition and structure of the precipitated solids with increasing pH.  Textural observations and 

analysis of chemical spectra were used to investigate the presence of phase changes with 

increasing pH.  Textures and topography of the solid were analyzed with through secondary 

electron images. Samples exhibited similar chemical compositions but textures appeared to vary 

greatly.  Four different nanosized textures were observed from pH 2.70 – 6.99: amalgamated 

spicules with reticulated structure (Figure 4.11); coalescing, bulbous spheres (4.13); prismatic, 

elongated structures (4.15);  and platelike homogenous structures (4.18).   

Secondary electron images along with chemical composition were used to examine the 

changing textures with increasing pH in order to characterize mineral structure and identify phase 

changes.  At pH 2.70, the first solution to produce precipitate, the dominant mineral is 

characterized by a reticulated structure composed of amalgamated spicules that radiate from a 

central point.  These micro spicules range in size from 0.25 – 1.0µm (Figure 4.11). At a larger 

scale, these amalgamated structures form collections of spherical nodules 0.5 – 2µm in diameter, 

exhibiting a weblike structure (Figure 4.12).  The platy mineral seen in Figure 4.12, within the 

amalgamated spheres, is an iron precipitate. 

 
Figure 4.11: (a) SEM images (secondary electron) at 2um of precipitate at pH 2.7.  (b) Chemical spectra of precipitated 
solid. 
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Figure 4.12: SEM image (secondary electron) at 20um of precipitate at pH 2.7. 

 
The next precipitate formed, at pH 2.99, appears to have three dominant textures present.  

The dominant texture is similar is similar in structure and chemical composition to that described 

at pH 2.702 while the secondary structures vary significantly in both texture and chemical 

composition.  This precipitate is characterized by the appearance of clusters of bulbous spheres 

with little internal structure, collections of prismatic, elongated structures as well as displaying 

irregular fracturing through the mineral, (Figure 4.14). The weblike structure of amalgamated 

spicules formed at pH 2.7 and structureless bulbous spheres are also displayed (Figure 4.15, 4.16).  

The structureless bulbous spheres range in size from 0.5 – 3.0µm collecting in clusters of 6 – 10 

spheres (Figure 4.13, 4.16). These clusters have lower ratios arsenic to iron than the amalgamated 

spicules, described previously (Figure 4.13).  The clusters tend to sit atop the web like structure 

formed of the amalgamated spicules.  The prismatic structures are comprised dominantly of iron 

with small amounts of arsenic and sulfur (Figure 4.15).   

 

 
Figure 4.13: (a) SEM image (secondary electron) at 10um of precipitate formed at pH 2.99. (b) Chemical spectra of 

precipitated solid. 
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Figure 4.14: SEM image (secondary electron) at 5um of precipitate formed at pH 2.99. 

 

 
Figure 4.15: (a) SEM images (secondary electron) at 5um of texture formed at pH 2.99. (b) Chemical spectra of precipitated 

solid. 

 

 
Figure 4.16: SEM image (secondary electron) of precipitate at pH 2.9. Displays weblike texture formed at pH 2.7 and 

bulbous spheres formed at pH 2.9. (b) Chemical spectra of bulbous spheres. 
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Increase in pH to 3.5 shows a decrease in Fe:As ratio compared to solid precipitates formed 

at pH 2.702.  The texture resembles the amalgamated spicules and structureless, bulbous material 

seen at the lower pH’s but the spicules are smaller in size, <0.5µm, while the spheres are larger, 

0.5 – 1.0µm (Figure 4.17).  The weblike texture precipitated at pH 2.7 is still present at pH 3.5 but 

has less structural definition (Figure 4.17).  This pH includes the development of one additional 

texture, a more planar material, although chemical composition does not change (Figure 4.18).  At 

this pH, the overall structure of the precipitated grains can be seen forming a layered structure with 

amalgamated spicules and bulbous material sitting on top (Figure 4.19).   

 

 
Figure 4.17: SEM image (secondary electron) at 3um of precipitate formed at pH 3.5. 

 
Figure 4.18: (a) SEM image (secondary electron) at 3um of planar texture formed at pH 3.5. (b) Chemical spectra of 

precipitate. 
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Figure 4.19: SEM image (secondary electron) at 4um of precipitate at pH 3.5. 

 

An increase in number of the bulbous spheres is seen as pH increases to pH 4.0 and a 

decrease in size and quantity of the weblike texture which was first precipitated at pH 2.7 (Figure 

4.20).  A continued decrease in Fe:As ratio of the bulbous spheres is observed (Figure 4.20).  

 

 
Figure 4.20: (a) SEM image (secondary electron) at 3um of solid precipitated at pH 4.0. (b) Chemical spectra of bulbous 
spheres. 

 
Figure 4.21 shows the amorphous nature of the precipitate which is still present at neutral 

pH. The chemical spectra indicates a decrease in Fe:As mole ratio of the precipitated solid, which 

is consistent with the decrease in mole ratio seen beginning at pH 3.5.   
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Figure 4.21: (a) SEM image of solid precipitated at pH 6.9. (b) Chemical spectra of precipitated solid. 

 
An overall increase in number and size of precipitated bulbous spheres can be seen as pH 

increases.  With increasing pH Fe:As ratios of the bulbous spheres decreases.  

 

 
Figure 4.22: SEM images (secondary electron) of bulbous sphere texture precipitated at pH 2.9 (10um), 2.9 (5um), 3.5 
(3um), 5.0 (3um) and 6.99 (5um) showing a gradual increase in size and number of bulbous spheres in the precipitate.  
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Backscatter images and EDS spectra were used to highlight chemical anomalies in the 

precipitates. At pH 2.7, individual particles, 20µm in diameter, composed dominantly of iron and 

exhibiting a layered texture were observed buried within the amalgamated spicules (Figure 4.12), 

these findings correspond with significant decreases in iron concentrations in residual water.   

Images at pH 2.9 demonstrated collections of prismatic, elongated structures.  These prismatic 

structures exhibited slightly different ratios in their chemical makeup, constituting of more iron 

and less sulfur and arsenic than surrounding material (Figure 4.15). At pH 3.51 individual nano 

particles of predominantly pure sulfur were found (Figure 4.23).   

 

 
Figure 4.23: (a) SEM image (backscatter) at 5um of sulfur particle formed at pH 3.5 (b) Chemical spectra of particle.  

 
 
Chapter V - Discussion  
 

Overall trends indicate an effective removal of arsenic from solution and a corresponding 

increase in stability of the precipitated mineral with increasing pH.  XRD patterns, SEM textures 

and residual fluid mole ratios indicate a distinct phase transition from pH 2.7 – 2.9 and the 

development of an increasingly stable phase from pH 4.5 – 7.0.  From pH 3.0 – 4.0, due to the 

amorphous nature of the solids, definitive mineral characterization was not possible.  As pH 

increases, SEM indicates that there appears to be a corresponding gradual increase in size and 

number or bulbous spheres precipitated and a decreasing Fe:As ratio of this texture indicating 

increased adsorption of arsenic trioxide with increasing pH.  
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Results at low pHs correspond to hypothesized formation of tooeleite although, chemical 

and physical analysis indicate the formation of a amorphous or nanocrystalline phase as opposed 

to a crystalline one.  Hypothesized transition to a Fe – oxyhyroxide, and increased sorption of As 

with increasing pH was confirmed although this transition was catalyzed at a pH lower than 

expected based on previous research by Opio, (2013) and Nirmurish and Robins (2008).  It was 

hypothesized that this transition would result in formation of ferrihydrite but due to the amorphous 

nature, the potential for oxidation of As (III) to As (V), and the low molar ratios it can only be 

concluded that the transition resulted in formation of a As (III)/As(V) – Fe (III) oxyhydroxide, 

which, although does not validate our hypotheses, corresponds to results found by Morin et al. 

(2003).   

Due to the nature of the experiment, bioavailable concentrations were unable to be 

calculated but more conservative bioaccessible percentages showed decreasing trends with 

increasing pH, indicating successful sorption of As over pH ranges which are experienced by 

fluids in the human gastrointestinal system.  

 

5.1. Precipitate Analysis 
 

Due to the micro-scale, poorly crystalline nature of our precipitates SEM images provide 

an integral supplement to XRD analysis in the determination of the mineral structure of the solids.  

The textural and chemical compositions changes determined by SEM analysis as well as the XRD 

patterns may locate phase changes occurring the precipitate formed as pH increases.   

At pH 2.7, the lowest pH solution to form precipitate, the dominant texture of the solids 

was described as one of amalgamated spicules with reticulated structure and chemical composition 

was dominantly comprised of iron and arsenic with smaller amounts of sulfur.  Morin et al. (2003), 

reported that this reticulated structure consisting of nanosized platy crystallites is characteristic of 

tooeleite.  This SEM characterization supports XRD patterns, which illustrate two dominate peaks 

at 2θ of ~9° and ~28°. The peaks in the XRD pattern matches that of tooeleite provided by the 

ICDD.  The broad trend illustrated in the XRD data along with a low Fe:As molar ratio in the 

residual solution is supported  by Morin et al. (2003),  suggesting that the broad peaks and low 

ratio are due to the formation of a nanocrystalline or amorphous tooeleite phase.  Morin et al. 

(2003) found that amorphous and nanocrystalline tooeleite resulted in lower 2θ angles than those 

of crystalline tooeleite.  The precipitation of tooeleite from our iron and arsenic bearing gastric 
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simulation at this low pH indicates the initial conditions for stability of this mineral and indicates 

the success in removing arsenic from solution.  As the average pH of adult gastric fluids is 2.0 

while fasting and 4.0-5.0 after ingestion of a meal and slightly lower in children, precipitation of 

tooeleite at pH 2.7 indicates that it is possible to bind ingested arsenic within the stomach before it 

is transported to the small intestines (Ruby et al., 2006).  

The appearance of clusters of bulbous, structureless solids at pH 2.99 may indicate the 

formation of nanocrystalline ferrihydrite or the precipitation of amorphous As (V)-Fe (III) solids.  

Fracturing seen in the solids formed at this pH may also indicate a phase change to the formation 

of ferrihydrite.   Moon and Peacock (2003) published images characterized as nanocrystalline 

ferrihydrite, which resemble bulbous, structureless textures seen in our solid precipitate.  SEM 

images published by Morin et al. (2003) suggest that these textures may be indicative of tooelite 

associated with am – As(V)-Fe(III) oxyhydroxides.  Das et al. (2011) attribute the development of 

fractures and aggregated texture in the mineral structure to the development of 2-line ferrihydrite, 

which presents conchoidal fracture due to its micrograin size.   The chemical composition of these 

bulbous structures indicate that they have a higher Fe:As ratio than the surrounding material of 

amalgamated spicules indicating the presence of a phase change.  The formation of a solid with a 

higher Fe:As ratio corresponds to the drop in Fe:As mole ratio observed in the residual solution at 

pH 2.99 (Figure 4.3).   This increase in Fe:As ratio in the precipitated solid and corresponding 

drop in Fe:As mole ratio in residual solution to 0.336 (Appendix III) may indicate the beginning of 

transformation from tooeleite to a Fe-oxyhydroxide with sorbed As.  The occurrence of a phase 

change beginning at pH 2.99 is lower than expected for the dissolution of tooeleite, which was 

reported by Nishimura and Robins (2008) who stated that pH 3.5 tooeleite will dissolves 

incongruently to form arsenical ferrihydrite (As(III)-Fh).   Opio (2013) also reported that tooeleite 

will be stable under pH 5.  A phase change to an amorphous iron oxyhydroxide at pH 2.9 is lower 

than predicted by the stability field, published by Majzlan et al. (2004), and data published by Das 

et al (2012) of a stability range of ferrihydrite from 3.5 – 9.5 (Figure 5.1).  
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Figure 5.1: pH - pE diagram for the estimated stability range for 2 - line ferrihydrite and schwertmannite (Majzlan et al. 

2004) 

 

This change in texture and chemical composition, from pH 2.7 to pH 2.9, may also suggest 

the presence of another mineral.  Majzlan et al. (2004) and Egal et al. (2008) suggest that over a 

pH range of 2.0 – 7.5, during fast oxidation of Fe (II) and a mean As/Fe ratio of 0.15 that 

precipitation favours formation of schwertmannite over tooeleite or ferrihydrite (Figure 5.1).   

 

The increase in size of the bulbous, structureless material at pH 3.51 may be due to an 

increase in stability of amorphous As (III)/As(V)-Fe(III) oxy-hydroxide compounds.  Even with 

increasing size, these precipitates show little internal structure; this may be attributed to the 

nanocrystalline properties of the mineral.  Jambor and Dutrizac (1998) report that particle size of 

aggregated ferrihydrite is from 3 - 10µm, which supports our observations of 1.5µm aggregated 

particles.  An increase in Fe:As ratio of the precipitated solid, which corresponds to a decrease in 

Fe:As ratio in the residual waters (0.083 at pH 3.51), may also be attributed to this increase in 

stability allowing more As to sorb to the ferrihydrite surface.  As reported by Raven et al (1998), 

arsenite precludes its retention only as a surface adsorbed species, which was verified through 

SEM analysis showing the preference of arsenic rich ferrihydrite compounds to form clusters and 

velcro themselves to a stable, iron rich, substrate.  The development of broad XRD peaks at pH 4.0 

- 4.5 also indicates an increasing stability of the precipitated compound (Figure 4.10).  

 

As pH increases, the weblike texture of reticulated spicules, identified as tooeleite, 

decreases in density and texture.  This texture first appears at pH 2.7, where it is the predominant 

form of precipitate, and is still present until pH 6.99 (Figure 4.22).  The decreasing abundance of 

this texture as well as the increasing lack of defined structure may indicate gradual dissolution of 
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tooeleite and transformation into nano crystalline ferrihydrite.  This trend is supported by 

Nishimura and Robins (2008) who reported that a pH of 3.5 tooeleite undergoes incongruent 

dissolution leading to the formation of ferrihydrite.  

Das et al (2011) and Kukkadapu et al. (2003) report that ferrihydrite is thermodynamically 

metastable to unstable in oxic conditions and that poorly crystalline Fe3+-oxides (ferrihydrites) will 

gradually convert to a more crystalline phase at neutral pH.  These characteristics could explain 

the presence of a gradual phase change from tooeleite to amorphous Fe/As – oxides to ferrihydrite, 

observed from XRD analysis.   The textural changes seen at from pH 2.9 – 6.9 indicate increasing 

number and size of precipitated bulbous spheres (Figure 4.22).  This textural development is 

supported by Morin et al. (2003) who report that ferrihydrite is and is found as spherical particles 

in natural settings.  Increased development of broad, low intensity peaks with increasing pH 

(Figure 4.10) also indicates the gradual transition from an amorphous, nanocrystalline precipitate 

to a finer crystalline (2 – line) ferrihydrite.  These XRD findings are supported by and 

Schwertmann and Cornell (1991) who reported that the XRD pattern for two-line ferrihydrite 

shows two characteristic broad peaks at 2θ of ∼34° and∼61°.   

At pH 2.99 green banding of the solid was observed, presenting an abnormality in the solid 

precipitate. The presence of this green banding did not appear to cause any significant deviations 

in our data or trends.  Given the experimental conditions, the appearance of green banding may be 

explained by results published by Majzlan et al. (2004).  Majzlan et al. (2004) reported that green 

rusts “GR” are a mixed valence layered Fe(II)/Fe(III) hydroxide [Fe3(OH7] that belongs to the 

sjṏgrenite-pyroaurite mineral class and forms at pH 2.7.  This may indicate the presence of a 

momentary reducing environment or pockets of reduced oxygen in the solution, likely due to 

inconstancies in stirring.  The fact that only part of the sample precipitated as a green solid points 

towards extraction of part of the sample from a deeper, anoxic pocket rather than an error due to 

storage or filtering of the sample. 

5.2. Residual Solution Analysis 
 

Graphical analysis of residual iron and arsenic in solution in mol/L with increasing pH 

demonstrates a general trend of decreasing concentrations and therefore increased precipitation of 

these elements with increasing pH (Figure 4.1, 4.2).  Major decreases in concentration in both 

elements are seen between pH 2.3 – 2.9 but at pH 3.5, residual Fe concentrations reach a steady 

state while As concentrations continue to decline. This trend may be due to an increase in stability 
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of the Fe – oxyhydroxide compound at this pH allowing for greater sorption of As from solution as 

well as the incongruent dissolution of tooeleite at pH 3.5, as predicted by Nishimura and Robins 

(2008).  The major decrease in concentrations observed from pH 2.3 – 2.9 corresponds to 

appearance of clusters of bulbous, structureless solids in the precipitated solids, which was 

concluded to be indicative of the precipitation of ferrihydrite.  The residual water analysis further 

supports the concluded that this transition may indicate the formation of nanocrystalline 

ferrihydrite or the precipitation of amorphous As (V)-Fe (III) solids.  Although, as stated 

previously, the occurrence of a phase change beginning at pH 2.99 is lower than expected based on 

literature reviews.  

 

Overall, mole ratios calculated from residual solution correspond with, and will be used to 

supplement, mole ratios derived from EDS analysis.  Mole ratio calculations indicate a general 

trend of decreasing Fe:As ratios and increasing S:As mole ratios with increasing pH.   

From pH Fe:As 1.5 – 2.5 mole ratios remain stable at an average of 0.96 (Figure 4.3).  This 

steady mole ratio may indicate the stability of the precipitated solid.  Literature indicates that 

tooeleite displays a mole ratio of 1.2 (Morin et al. 2003) but due to the amorphous/nanocrystalline 

nature of our precipitate this may influence molar ratios due to the increased surface area allowing 

for increased sorption of As.  Figure 4.4 illustrates that from pH 1.996 – 2.7 the mole ratio 

corresponds to ratios published by Nishimura and Robins (2008).  From pH 3.3 to pH 4.0, a major 

decrease in Fe:As molar ratio was observed.  This decrease may indicate a phase change from 

tooeleite to a Fe – oxyhyroxide or ferric arsenite.   

S:As ratios remain consistent from pH 1.504 – 2.702 where it then increases continuously 

until pH 7.0 (Figure 4.2). This trend may indicate the precipitation of tooeleite at a low pH, which 

requires sulfur for formation of it mineral structure, and indicate a phase change where sulfur 

levels begin to increase.  This increase in S:As ratio may be due to the dissolution of tooeleite and 

the formation of ferrihydrite, resulting in the release of sulfur back into solution.  This phase 

change is supported by research published Nishimura and Robins (2008),who found that at pH 3.5 

tooeleite dissolves incongruently to form a poorly crystalline equimolar ferric arsenite phase and  

Riveros et al. (2001), who reported that As(III)-Fh begins to form at pH 2 to 3.   

The absence of a stable trend in mole ratio over the expected stability range for ferrihydrite 

may indicate that more than one phase precipitated or that a change in phase occurred, leading to a 

change in Fe:As mole ratio (Figure 4.5). The mole ratio begins to even out around pH 4.0-4.5 
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which may indicate an increasing stability of the precipitated compound as pH increases.  The 

increased stability in the Fe:As mole ratio in solution after a pH of 4.0 may also indicate an 

increased stability of the precipitated Fe – oxide, increasing stability is also supported by 

decreasing arsenic levels in the water after pH 4.0 indicating a higher rate of sorbtion onto the 

solid.  

 

Bioaccessibility calculations of residual solutions indicate an overall trend of increasing As 

removal with increasing pH.  Total arsenic removed by pH 7 was 89.55% of total arsenic trioxide 

ingested (Figure 4.7) (Appendix IV).  Increases in total As removal are seen from pH 2.5 – 2.7 

which correspond to initial precipitation and formation of tooeleite. This spike suggests the 

incorporation of As into the mineral structure and successful removal from the gastric system over 

the stability range of this mineral.  From pH 2.1 – 3.3, the expected stability range for tooeleite 

(Nishimura and Robins, 2008) average of total arsenic removed is 57.62% (Appendix IV).  Over 

the tooeleite stability range indicated by our mole ratios, pH 1.9 – 2.5 (Figure 4.4), average of total 

arsenic removed was 47.09%.  The lower percentage of arsenic removed from solution over this 

range was expected based on the stability range of our precipitated tooeleite.  Bioaccessibility 

calculations for individual pH stages accounted for As removed at each increment (Figure 4.8)..  

This calculation involved comparing total arsenic remaining in solution from prior increment 

compared to As remaining in the residual solution sample at the given pH (Appendix IV).  

Calculations indicate an initial spike in As removal in the residual waters of the first sample, 

71.03% removal at pH 1.54.  As precipitation of a solid did not begin until 2.7, this decrease in As 

does not correspond to a precipitate sample that we were able to analyze but may be due to initial 

formation of suspended solids which successfully removed arsenic from the solution.  Presence of 

these colloids can be seen in original samples as an increase in opaqueness with increasing pH 

(Figure 3.3). These colloids may have been smaller than 0.45µm and therefore not collected by the 

membrane filter paper.  Over our tooeleite stability range (pH 1.9 – 2.5) (Figure 4.4), average 

arsenic removed was 2.7% (Figure 4.8).  From pH 4.5 – 7.0, where XRD and SEM analysis 

indicate increasing stability of the precipitated amorphous/nanocrystalline solid to ferrihydrite, 

average arsenic removed was 19.74% (Figure 4.8).  This increase in arsenic trioxide removed from 

solution over pH ranges of stable precipitates, which we determined through XRD and SEM 

analysis, indicate that ferrihydrite was more effective at removing As (III) from solution than 

tooeleite.  This increased removal may be due to the larger surface area of ferrihydrite as well as 
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its nanocrystalline texture, allowing it to adsorb large amounts of As (III) out of solution.  

Increased removal with increasing pH may also be due to the increasing volume of precipitate 

formed with increasing pH, which may be related to the increasing stability of the precipitated Fe 

– oxyhydroxide mineral.  Due to the short range of pH stability displayed by our precipitated 

tooeleite, due to continued incremental pH of our solution, this mineral may not have had 

sufficient time to incorporate arsenic into solution and form a completely stable mineral.  The 

precipitated Fe – oxyhydroxide in amorphous and nano crystalline form indicated stability from 

pH 2.9 – 7.0, giving it a larger range and period of time in which to adsorb arsenic from solution.   

 

5.3. In vivo Application 
 

Although this simulated gastric system provides a simplified environment for examining 

the in vitro bioaccessibility of solid materials, it is an incomplete system and does not fully 

represent the multiple variables which act in the digestive process.  A major source of error may 

lie in the degree and method of agitation as this can influence the rate and extent of solubilization 

of the solid (Drexler and Brattin, 2007).  In our simulation a magnetic stir wand was used at 

766rpm but the absence of peristaltic contractions may greatly affect the agitation of the system.  

Another significant variable which this system is unable to account for is the varying pH in the 

human stomach based on amount of food consumed, this factor can vary the pH from 1- 4 (Drexler 

and Brattin, 2007).  Additionally, in adult humans, complete stomach emptying takes up to two 

hours while it requires 3 to 5 hours for the chyme to move along the intestine (Ruby et al. 1996). 

This timeline as well as agitation from peristaltic waves may alter mineralogical states of 

precipitated minerals and causing dissolution and potential liberation of bound arsenic.  This 

simplified model does not directly mimic using ferric sulfate as a therapy to reduce concentrations 

of ingested arsenic trioxide but it will be assume that to at pH 1.5 will be the condition in which 

both ingested arsenic trioxide and ferric sulfate are present in the gastrointestinal system.  This in 

vitro system will be used as a test to identify the solid precipitate formed as pH increases and to 

measure effective removal of As(III) from solution.   
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5.4. Future Applications and Research 
 

 Golder Associates (2012) published “The Relative Bioaccessibility Leaching Protocol 

(RBALP) was developed specifically to estimate arsenic and lead bioavailability in soils. The 

USEPA has validated RBALP for both elements and approved it for use in health risk 

assessments.”  This statement indicates that despite the simplification of the system, results 

obtained through this method of in vitro experimentation are accepted as effectively applicable to 

in vivo studies.  Results obtained through this inexpensive method may then be used to more 

accurately model the physiology of the human gastrointestinal system, including variables 

mentioned earlier such as: peristaltic contractions and addition of organic material, in order to 

better estimate the kinetics of precipitation and adsorption in gastric fluids.  It has been suggested 

by Morin et al. (2003) that in acid mine drainage, the metabolic activity of bacteria strains may 

catalyze and enhance the co precipitation of As (III)-Fe(III) oxyhydroxide compounds, increasing 

the removal of arsenic from solution.  This may indicate that introduction or presence of micro 

bacteria in the gastrointestinal system may provide a potential method of promoting precipitation 

of Fe – oxyhydroxides and removal of arsenic.   

To better estimate arsenic trioxide bioaccessibility in gastrointestinal fluids, the dissolution 

rates of arsenic bearing minerals and redox environments of the gastrointestinal system must be 

further studied.  As ferrihydrite is only stable within oxidizing conditions, the possibility of 

reducing conditions within the GI tract must be considered (Das et al. 2011).  Transition of fluids 

from the oxidizing environment of the stomach to potentially reducing conditions of the intestines 

may lead to the dissolution of the stable compound leading to the release of sorbed As (III) into 

solution.  

Conclusions 
 
 There are several conclusions that can be drawn from this experimental simulation.  

Overall trends in precipitate and residual fluid analysis indicate the presence of a phase change 

from tooeleite to an amorphous iron oxyhydroxide at pH 2.7 – 2.9, increasing stability of the 

precipitated Fe – oxyhydroxide mineral with pH and corresponding reduced concentrations of As 

(III) in residual solution as fluids reach a neutral state.  These findings indicate that in this in vitro 
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simulation, ferric sulfide acts as an effective therapy for reducing concentrations of ingested of 

arsenic trioxide in the gastrointestinal fluids before reaching the intestinal environment.   

 

 A combination of XRD and SEM analysis of precipitated solids indicate the presence of a 

drastic phase change from tooeleite to amorphous iron oxyhydroxide followed by a gradual 

increase in stability resulting in the formation of ferrihydrite at circumneutral pHs.  The secondary 

electron of the scanning electron microscope indicates the transition in dominant textural form of 

the precipitated solid from amalgamated spicules to structureless bulbous spheres from pH 2.7 – 

2.99.  These textures were characterized as tooeleite and ferrihydrite, respectively, and the 

transition indicates the location of a phase change.  The characterization of these textures is 

supported by Morin et al. (2003). SEM textural and chemical analysis illustrates the development 

of structureless bulbous spheres at pH 2.99 which display an increase in size and abundance and a 

decrease in Fe:As ratio with increasing pH.  The development of this texture with increasing pH is 

supported by Morin et al. (2003), who report that ferrihydrite and is found as spherical particles in 

natural settings.  The phase change and increasing stability of the precipitate is supported by XRD 

analysis which demonstrates the precipitation of tooeilete at pH 2.7 followed by a phase change to 

an amorphous solid at pH 2.99 and the gradual stabilization into nano crystalline ferrihydrite 

(Figure 4.9, 4.10).  These XRD findings are supported by Morin et al. (2003), who found that 

crystalline tooeleite will display peaks at 10.09° and 10.56° but that amorphous and 

nanocrystalline tooeleite resulted in lower intensity peaks.  Findings are also supported by 

Schwertmann and Cornell (1991) who reported that the XRD pattern for two-line ferrihydrite 

shows two characteristic broad peaks at 2θ of ∼34° and∼61°.  The phase change from tooeleite to 

ferrihydrite supports our hypothesis that mineralogy of the precipitated solid will change as pH 

increases but the transition occurs at a lower pH than hypothesized based on previous experimental 

results by Nishimura and Robins (2008) who published the stability range of tooeleite as pH 2.0 – 

3.5.  

  

Analysis of residual fluids corresponds to phase transitions found through XRD and SEM 

analysis.  Mole ratios calculated from residual solution correspond with mole ratios derived from 

EDS analysis and indicate a general trend of decreasing Fe:As and increasing S:As ratios with 

increasing pH.  Calculated Fe:As and S:As mole ratios indicate the probably precipitation of two 
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stable minerals, the first from pH 1.99 – 2.7 and the second from pH 4.5 – 6.9, tooeleite and  iron – 

oxyhydroxide (Figure 4.3, 4.6).  These findings agree with Das et al (2011) and Kukkadapu et al. 

(2003) who report that ferrihydrite is thermodynamically metastable to unstable in oxic conditions 

and that poorly crystalline Fe3+-oxides (ferrihydrites) will gradually convert to a more crystalline 

phase at neutral pH.  Total arsenic removed from solution suggests a decreasing bioaccessibility as 

gastrointestinal fluid moves into the small intestine (Figure 4.7).  The trend of increasing arsenic 

removal with increasing pH corresponds to the increasing stability of the precipitated solid, 

determined through XRD and SEM analysis.  The increase in efficiency of arsenic removal by 

ferrihydrite compared to tooeleite is attributed to the large surface area, nano crystalline structure 

and larger stability range of the iron oxyhydroxide.  

 

 Overall, analysis of solid precipitate and residual fluids formed in the simulated 

gastrointestinal system suggests an effective reduction of arsenic concentrations in gastric solution 

due to the precipitation of tooeleite at pH 2.7 and nanocrystalline Fe - oxyhydroxide from pH 2.99 

– 7.0.  This removal from gastrointestinal fluid indicates 47.09% reduction of total arsenic from 

gastric fluid through the precipitation of tooeleite (pH 2.0-2.5) (Figure 4.4) leading to a 89.55% 

total reduction of arsenic due to precipitation of ferrihydrite as pH reaches the neutral conditions 

of the small intestine.  These results demonstrate that reduction of arsenic concentrations in 

gastrointestinal fluids, through administration of ferric sulfate, before fluids reach the small 

intestine is possible in vitro.   

 

As stated in the introduction to this project, once ingested and dissolved, there has been 

limited research of how to successfully decrease bioavailability of arsenic in gastrointestinal fluids 

(WHO, 2000b).  Through simulation of the human gastrointestinal system this experimental 

simulation determined that, in vitro, it is feasible to create an environment in which introduction of 

a ferric sulfate coupled with increasing pH can result in the removal of arsenic through 

precipitation of arsenic bearing iron oxyhydroxide minerals.  Through incorporation into mineral 

structure and adsorption onto solid precipitate, this in vitro therapeutic method, leads to effective 

reduction of arsenic concentrations in gastric solutions, therefore limiting the amount of toxin 

taken up into the bloodstream.   
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Appendix I – Bulk Residual Water ICP – OES Results 
 
The following tables contain Queen’s University’s Analytical Services bulk chemistry ICP-OES 

results for 45µm, vacuum filtered residual water samples.  Laboratory QAQC data is included.   

Detection limits were raised due to dilutions required. All results are in ug/ml.  

 
   CM1 CM2 CM3 CM4 CM5 CM6 CM7 CM8 

As 1060 547 485 687 424 382 311 207 
Fe 773 137 30 340 <10 <10 <10 <10 
Na 3380 3930 4390 3570 4400 4470 4350 4510 
S 825 642 662 679 651 670 657 709 

  CM9 CM10 * CM11 CM12 CM13 CM14 CM15 CM16 
As 1090 1080 1160 1090 492 958 1050 252 
Fe 779 719 805 785 54.1 722 763 <10 
Na 2040 2180 520 1580 4290 3420 3190 4580 
S 835 776 862 915 645 771 819 706 

 

ASU Label Sample Label 
Sample 
Number 

CM11 pH 1.504 Temp 36.5 1 
CM12 pH  1.795 Temp 36.6 2 
CM9 pH 1.996 Temp 36.4 3 

CM10 pH 2.101 Temp 36.2 4 
CM15 pH 2.305 Temp 35.8 5 
CM1 pH 2.401 Temp 35.7 6 

CM14 pH 2.502 Temp 35.6 7 

CM4 pH 2.702 Temp 35.8 8 

CM2 pH 2.990 Temp 35.8 9 

CM13 pH 3.307 Temp 36.0 10 
CM3 pH 3.510 Temp 35.7 11 
CM5 pH 4.008 Temp 35.4 12 

CM6 pH 4.495 Temp 35.3 13 
CM7 pH 5.001 Temp 35.1 14 

CM16 pH 6.037 Temp 35.2 15 
CM8 pH 6.996 Temp 35.9 16 
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Laboratory QAQC:  
 

Sample 
Blank 

** 
Control 
Target Control 

EUH4 
Expected 

EUH4 
Found CM10 CM10 

As <10 4 4 0.779 0.827 1130 1020 
Fe <10 16 15.4 0.577 0.611 677 761 
Na <100 500 437 46.3 42.6 2090 2260 
S <20 30 32.5 -   - 738 814 
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Appendix II – Experimental Design Calculations 
 

Sample Calculation 1: 

 
Sample Calculation 2: 

 

Sample Calculation 3: 

 

Sample Calculation 4: 
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Appendix III – Mole Ratios 
 

Sample Calculation 1: 
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Appendix IV – Arsenic Removed from Solution 
 
 
As0(g/L) As (g/L) As Removed %As Removed %As Left 
1.984 1.16 0.82 41.414 58.586 
 1.09 0.89 44.949 55.051 
 1.09 0.89 44.949 55.051 
 1.08 0.9 45.455 54.545 
 1.05 0.93 46.97 53.03 
 1.06 0.92 46.465 53.535 
 0.958 1.022 51.616 48.384 
 0.687 1.293 65.303 34.697 
 0.547 1.433 72.374 27.626 
 0.492 1.488 75.152 24.848 
 
 

pH %As Removed 

1.504 41.4141414 

1.795 44.9494949 

1.996 44.9494949 

2.101 45.4545455 

2.305 46.969697 

2.401 46.4646465 

2.502 51.6161616 

2.702 65.3030303 

2.99 72.3737374 

3.307 75.1515152 

3.51 75.5050505 

4.008 78.5858586 
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