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Abstract  

Contamination from legacy sulfide mine tailings is a persistent problem due to elevated 

concentrations of toxic metal(loid)s, e.g., arsenic. In semi-arid regions, such as the Southwestern 

US, dry climate and lack of vegetative cover create conditions for off-site transport of tailings as 

fugitive dusts. This poses a considerable risk to proximal communities who can experience 

exposure through incidental inhalation and ingestion of particulate matter. Generally, 

arsenopyrite (FeAsS) is the parent rock mineral for arsenic at many sulfide ore derived mine 

tailings sites. Initial in vitro bioaccessibility (IVBA) experiments – conducted under anoxic 

conditions, with rigorous cleaning of oxidized surficial precipitates, and utilizing HPLC-ICP-MS 

for aqueous speciation analyses – suggested that arsenopyrite reacted in synthetic gastric fluid to 

release arsenate (AsV) to solution. The apparent oxidation of As during FeAsS dissolution was 

unexpected, and could reflect the co-elution of thioarsenicals with pentavalent arsenate in HPLC-

ICP-MS. Thus, a new set of experiments were conducted using synthetic thioarsenical standards, 

testing their stability in the development of new HPLC-ESI-MS/MS and HPLC-ICP-MS 

methods. Relevance of this work is supported by the fact that there is little known about the 

aqueous stability of thioarsenical compounds during FeAsS dissolution, despite their high 

toxicity. 
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1.  Introduction 

 

1.1 Sulfidic Mine Tailings and Toxic Metal(loid) Contamination 

1.1.1 Environmental Impacts of Mine Tailings and Implications for Semi-arid Environments 

Mining and smelting activities are significant contributors to environmental 

contamination, impacting air, water, and land quality (Jain et al., 2016). Unfortunately, these 

associated activities not only produce acute short-term deleterious health issues, but often 

produce long-term issues as well. Even after operations at a mine have ceased, contamination can 

still spread from incurred waste that is left behind. This waste is the fine-grained uneconomical 

byproducts of ore processing, known as mine tailings (Hayes et al., 2014). Mine tailings are 

characterized by poor soil structure, increased levels of soluble salts, high levels of phytotoxic 

elements, and low pH (Root et al., 2015). They are regularly deposited in large piles and are 

laden with elevated concentrations of toxic metal(loid)s (Hayes et al., 2012). Left uncapped, 

mine tailings are vulnerable to offsite transport by wind and water erosion (Root et al., 2015). 

In semi-arid regions such as the southwestern United States, offsite transport of mine 

tailings is potentially exacerbated by conditions created by dry climate, including low humidity, 

high rates of evaporation, and lack of a vegetative cover (Gonzales et al., 2014). These 

conditions support the occurrence of near-surface pedogenic weathering processes, producing 

fine particulate secondary minerals that can easily be transported over regional scales as geodusts 

(Thomas et al., 2018). Previous research has shown an inverse relationship between contaminant 

concentrations and particle size, in which concentrations of toxins increases with decreasing 

particle size (Gonzales et al., 2014). One study conducted in Arizona has demonstrated that in 

sulfide-bearing mine tailings, up to 80% of toxic metals can be present in the <40 µm size 
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fraction (ref?). This relationship was found to be related to the climatic conditions characteristic 

to semi-arid regions, with high rates of evaporation leading to the accumulation of soluble 

efflorescent salts containing toxic metals in surficial mine tailings (Root et al., 2015). Fine 

particles are also more reactive due to their high specific surface area, making any present 

contaminants more likely to be soluble and bioavailable (Gonzales et al., 2014).  

The discovery of this trend is particularly concerning, because the tailings particles that 

may have the greatest toxic load can be the most vulnerable to offsite transport. In semi-arid 

regions like the Southwest, wind is the key mechanism of dispersion, although biannual rains can 

also result in surface water transportation of particles (Root et al., 2015). This offsite 

transportation of mine tailings results in further contamination of the surrounding environment 

and poses considerable risk to nearby communities who can experience toxic exposures through 

incidental inhalation and ingestion of particulate matter (Thomas et al., 2018). 

 

1.2.1 Occurrence of Toxic Arsenic in Sulfide-bearing Mineral Deposits 

Sulfide ore deposits are generally associated with elevated levels of chalcophile toxic 

metal(loid)s, such as arsenic, lead, zinc, and cadmium. A chalcophile is a chemical substance 

that preferentially reacts with sulfur instead of oxygen. Thus, chalcophiles are commonly found 

as sulfides (Thomas et al., 2018). Arsenic is a common constituent of sulfide-bearing mineral 

deposits, originating from ore sources like pyrite, galena, chalcopyrite, sphalerite, and most 

prevalently, arsenopyrite (Lindsay et al., 2015; Bradham et al., 2018). 

 

1.2 Health Impacts of Arsenic Exposure  
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Arsenic is a significant element of interest and has been classified as a potent human 

carcinogen linked to various negative health effects including diabetes, hyperkeratosis, and 

immunological, respiratory, cardiac and renal diseases (Thomas et al., 2018). Exposure to arsenic 

is associated with the development of skin, liver, lung, kidney, and bladder cancers (Van de 

Wiele et al., 2010). It is listed as the number one substance on the Agency for Toxic Substances 

and Disease Registry priority list of hazardous substances (ATSDR, 2019).  

The broad range of arsenic toxicity at organ targets is connected to its mechanism of cellular 

toxicity. This toxicity is generic to all tissues, and wide distribution occurs following absorption 

in the body (Bradham et al., 2018). Arsenic’s cellular toxicity is potentially related to its activity 

as a thiol reagent. This allows it to interact with various thiol-dependent enzymes, one being 

pyruvate dehydrogenase, which plays a vital role in mitochondrial respiration. Disruption of this 

process leads to compounding effects at the cellular level, bringing about the production of 

reactive oxygen species and stress proteins, and inhibition of numerous cell signaling pathways 

(Bradham et al., 2018). 

 

1.3 Impacts of Oxidative Weathering on the Lability, Speciation, and Bioaccessibility of Toxic 

Metal(loid)s 

 

Sulfide mine tailings undergo oxidative weathering that can alter the lability, speciation and 

bioaccessibility of toxic metal(loid)s like arsenic (Root et al., 2015; Thomas et al., 2018). 

Weathering influences the lability of sulfide mine tailings, as oxidative dissolution results in the 

release of toxic metal(loid)s to the aqueous phase or to secondary solid phases. This 

transformation of contaminants to more labile forms, as previously mentioned, allows for 

transport through air as fugitive dusts (e.g., PM10), that can potentially be ingested or inhaled 

(Thomas et al., 2018). 
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Tailings that undergo weathering in arid and semi-arid environments are subjected to very 

little water flow-through and irregular wet-dry cycles. This results in the prevalence of low pH 

and the formation of sulfates, which can leach through the tailings profile with acid mine 

drainage, along with instances of higher pore volume water flux associated with monsoon season 

(Hayes et al., 2014). Additionally, weathering that occurs under semi-arid conditions also leads 

to near surface accumulation of oxide and sulfate minerals such as ferrihydrite and 

schwertmannite, that would potentially be less stable at higher relative humidity. This 

encourages the formation of a steep reaction front at a very shallow depth from the surface, 

promoting the vulnerability of surficial tailings to erosion and consequent contaminant 

dispersion (Hayes et al., 2014). 

Weathering of sulfide tailings is initiated with the oxidative dissolution of pyrite-rich wastes 

and concurrent releases of sulfates, metals (Fe2+), and protons (H+) to solution (Hayes et al., 

2014). During this process, arsenic, lead, and zinc are released from parent mineral sulfides such 

as arsenopyrite, galena, sphalerite (Root et al., 2015). This can result in the formation of 

metastable secondary phases such as melanerite, copiapite, coquimbite, gypsum, anglesite, and 

goslarite (Jambor et al., 2000). The occurrence of further oxidation and acidification can then 

result in the formation of tertiary Fe(II) and Fe(III) (hydr)oxides and (oxy)hydroxysulfates, 

including goethite, ferrihydrite, hematite, schwertmannite, and jarosite. Concurrently, this results 

in increased acidity as pH decreases, and (oxy)hydroxysulfates like schwertmannite and jarosite 

become more stable (Thomas et al., 2018). The reaction trajectory of sulfide mine tailings at the 

Iron King Mine Humboldt Smelter Superfund (IKMHSS) site, a legacy site located in Dewey-

Humboldt, AZ, was found to be: pyrite, silicate minerals and carbonates → ferrihydrite and 

gypsum → schwertmannite → jarosite-group minerals (Hayes et al., 2014).  
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Oxidative weathering, climatic conditions, and initial mineral assemblage influence changes 

in speciation, or the molecular form, of metal(loid)s present in mine tailings (Root et al., 2015). 

Speciation, which is related to oxidation state, has been shown to directly influence the 

solubility, toxicity, and bioaccessibility of metal(loid)s (Hayes et al., 2019). The term 

bioaccessibility refers to an in vitro measure of the physiological solubility of the metal that may 

be available for absorption into the body (EPA, 2017). Changes in speciation brought on by 

weathering have been demonstrated to increase the bioaccessibility of metal(loid)s in some 

cases.  

A study focusing on tellurium in mine tailings found that oxidation state directly controlled 

the mobility and bioaccessibility in the surficial tailings environment, and that higher 

bioaccessibility was associated with increased weathering of tailings (Hayes et al., 2019). Aside 

from weathering occurring in natural environments, one study has shown that simulated 

weathering, in which mine tailings were pulverized in a mechanical shatterbox, also has an 

influence on mineral bioaccessibility, specifically arsenic, following mechanical grinding (Hok 

et al., 2016). In addition to speciation, site specific conditions also play an important role in 

determining bioaccessibility, so it is best not to utilize generalized models to assess human health 

based solely on mineral deposit type (Palumbo-Roe et al., 2013).  

 

1.3.1 Bioaccessibility vs. Bioavailability 

The terms bioaccessibility and bioavailability are often used in association with 

contaminant exposure studies. Bioaccessibility refers to the fraction of a total solid phase 

contaminant concentration released into a biofluid in a given time, that becomes available for 

interaction with a target organ (Thomas et al., 2018). This differs from bioavailability, which 
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refers to the fraction of an ingested dose (i.e., in vivo) that crosses biological membranes (e.g. the 

gastrointestinal epithelium) and can become available for distribution to internal target tissues 

and organs (EPA, 2017). Bioavailability is used as an in vivo measurement of exposure, which is 

conducted inside the body of a living organisms. Bioaccessibility is an in vitro measurement, 

which is conducted outside the living body in an artificial environment, typically using a 

synthetic biofluid (EPA, 2017).  

Bioaccessibility is commonly analyzed using in vitro bioaccessibility (IVBA) assays, 

which provide an indicative measurement of the amount of a contaminant potentially available 

for absorption into the systemic circulation (Bradham et al., 2018). Gastric IVBA methods have 

been developed to mimic key biochemical parameters that influence the release of ingested 

contaminants like arsenic from soil. These parameters include the chemical composition of 

gastrointestinal solutions, presence or absence of food additions to represent a fed or unfed state, 

pH, solid to solution ratios, and extraction times representing the rate of stomach emptying and 

small intestine transit time (Bradham et al., 2018). Gastric IVBA assays offer a rapid, 

inexpensive, and ethical alternative to in vivo research utilizing animal models. However, they 

rely on the assumption that there is a strong relationship between the concentration of a 

contaminant solubilized in vitro and the concentration of a contaminant that may cross the 

gastrointestinal tract barrier in vivo (Bradham et al., 2018). 

 

1.3.2 IVBA Methodologies 

In general, IVBA assay methodologies may involve a single-phase extraction system, 

such as a sole gastric phase, or may incorporate a multi-phase extraction system more 

representative of the gastrointestinal system (Bradham, 2018). The Simulator of the Human 
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Intestinal Microbial Ecosystem (SHIME) is one such multi-phase model that includes gastric, 

intestinal, and colon phases (Van de Wiele et al., 2015). In addition to this, some studies have 

proposed the inclusion of an initial saliva phase conducted before a gastric phase extraction, in 

order to represent any processes that may take place before ingestion (Juhasz et al., 2011). 

Gastric phase extraction solutions differ between simple acidified solutions with limited 

components, and complex solutions involving multiple inorganic and organic components 

(Bradham et al., 2018).  

EPA Method 1340 describes procedures for conducting IVBA assay experiments on lead 

and arsenic in soil (EPA, 2017). This method measures the extent of metal solubilization in an 

extraction solvent similar to gastric fluid, and is based on the concept that solubilization of 

metals in gastrointestinal fluid is likely to be an important determinant of bioavailability in vivo. 

It has been shown to be a reliable predictor of in vivo relative bioavailability (RBA) of arsenic 

and lead in a wide range of soil types and phases from a variety of different sites (EPA, 2017). 

In summary, this method involves drying and sieving samples to 150 µm, then 1 g of a 

sample is combined with 100 mL of a 0.4 M glycine buffered extraction fluid (pH adjusted to 

1.50) and rotated at 37°C for 1 hour. Following this, the supernatant is separated by filtration and 

analyzed for lead or arsenic using inductively coupled plasma-optical emission spectrometry 

(ICP-OES) or inductively coupled plasma- mass spectrometry (ICP-MS) (EPA, 2017). The solid 

solution ratio of 1/100 is used to minimize the effects of metal dissolution at lower ratios. 

Although previous IVBA systems have utilized more complex extraction fluids containing 

multiple enzymes and metabolic acids, it was shown that use of this simplified buffered glycine 

solution yielded no significant differences in final results. In vivo gastric pH ranges between 1 

and 4 during a fasted state, but a pH of 1.5 is applied in this method because it has been 
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confirmed that highest amounts of lead and arsenic are extracted at this pH value. The sample 

and extraction fluid are reacted at a temperature of 37°C to represent the temperature of gastric 

fluid in vivo in humans. Rotation of the reaction vessel is used to mitigate accumulation of the 

sample at the bottom of the vessel, which can reduce the surface area of contact between the 

extraction fluid and the sample, thereby affecting the extent of contaminant solubilization. An 

extraction time of 1 hour is representative of the amount of time an ingested material is present 

in the stomach for a child, assuming a fasted state (EPA, 2017).  

 

1.3.3 Iron King Mine Humboldt Smelter Superfund Site as a Model for the Effect of Oxidative 

Weathering on the Gastric Bioaccessibility of Arsenic in Mine Tailings 

 

A recent study of the Iron King Mine Humboldt Smelter Superfund (IKMHSS) site (a 

legacy sulfide mine site) in Dewey-Humboldt, AZ found that gastric bioaccessibility of arsenic 

in sulfide mine tailings fine particulate matter (PM10) decreases with increasing weathering. This 

study was conducted by sampling a profile of the mine tailings pile at different depth intervals, 

from the surface to 1.1 m below the surface of the tailings. By combining in vitro bioassays with 

synchrotron-based X-ray spectroscopy, the results showed that the highest gastric 

bioaccessibility of arsenic occurred in the deeper, unweathered tailings (80-100 cm) (Thomas et 

al., 2018).  

A profile of the tailings pile at the site was collected by sampling from different depth 

intervals, beginning at the surface and extending to 1.1 m below the surface of the tailings. These 

depth intervals were distinguished based on physical and morphological features. The samples 

from each boundary were mixed and sieved to 2mm on site, and stored at 4°C. Samples 

originating from the surface to 20 cm below the surface were air dried, while samples originating 

from 20 cm below the surface to 110 cm (1.1 m) were dried in an anoxic glove box to maintain 
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anoxic conditions and avoid any potential oxidation. The respirable fraction (PM10) of each 

sample was obtained using a laboratory dust fractionator (Thomas et al., 2018).  

Gastric IVBA of the tailings samples was tested using adapted standard operating 

procedures of the Solubility/Bioavailability Research Consortium. Samples were reacted in a 

synthetic gastric fluid (SGF) composed of a 0.4 M glycine solution, with pH adjusted to 1.8 

using HCl. The samples were reacted with the SGF at a 1/100 solid to solution ratio at 37°C and 

rotated by a shaker incubator under anoxic conditions for 1 hour. Following this reaction, the 

solids were separated from solution by centrifugation and the supernatant was diluted with 0.01 

M HCl. Subsequently, the samples were filtered and further diluted with HNO3 for acid 

preservation before elemental analysis by ICP-MS and sulfate analysis by ion chromatography. 

This study measured the bioaccessible fraction as the element of interest concentration in a 

synthetic biofluid divided by the total concentration (Gonzales et al., 2014; Thomas et al., 2018).  

Additionally, unreacted and reacted tailings samples were characterized by synchrotron 

X-ray diffraction and X-ray absorption spectroscopy for mineralogy and Fe and As speciation 

(Thomas et al., 2018). A previous study conducted on the site had determined the trajectory of 

oxidative weathering reactions of the deposited tailings to be: pyrite, silicate minerals and 

carbonates → ferrihydrite and gypsum → schwertmannite → jarosite-group minerals (Hayes et 

al., 2014).  

The results of this study indicated that the inverse relationship between degree of 

weathering and gastric bioaccessibility of arsenic in the tailings samples is influenced by 

multiple factors. In the oxidized surficial zone of the tailings, low solubility of Fe(III)-bearing 

solids limited the bioaccessibility of arsenic. This is due to Fe(III) (oxy)hydroxides and 

oxyhydroxysulfates, dominant byproducts of sulfide mineral oxidation, being significant sinks 
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for trace elements, particularly arsenic (Thomas et al., 2018). The deeper unweathered PM10 

tailings that displayed higher arsenic bioaccessibility are mostly composed of ferrous sulfides 

and carbonates, which are more soluble than ferric solids (Thomas et al., 2018). 

Below the oxidized surficial tailings, the suboxic transition zone was also found to have 

low arsenic bioaccessibility. This was associated with an increase in poorly crystalline ferric 

oxides and oxyhydroxysulfates, such as ferrihydrite and schwertmannite, which are high affinity 

adsorbents of arsenate, the primary weathering product of the initial parent mineral arsenopyrite 

(Root, 2015; Thomas, 2018). Ferrihydrite and schwertmannite with coprecipitated and/or 

adsorbed arsenate has been shown to have slower dissolution rates than the pure minerals alone. 

The formation of arsenate bidentate binuclear complexes on the surface of these minerals shields 

Fe(III) centers against proton- and ligand-promoted dissolution (Thomas et al., 2018).  

The suboxic transition zone was also found to contain an aggregation of sulfate salts, 

such as gypsum, which limited arsenic bioaccessibility in the SGF as well. Reaction with SGF 

yielded a release of sulfate and ferric iron to solution, which prompted precipitation of jarosite 

and similar sulfate minerals. Arsenate incorporation into the newly precipitated jarosite 

decreased arsenic bioaccessibility in these samples with higher amounts of sulfate salts, in 

comparison to deeper tailings which had lower levels of sulfate salts due to being unoxidized 

(Thomas et al., 2018). 

 

1.3.4 Implications of High Arsenic Bioaccessibility in the Deeper Tailings at the IKMHSS Site 

Although the highest gastric bioaccessibility of arsenic was found in the deeper tailings at 

the IKMHSS site, there is still concern surrounding potential exposure of these deeper tailings to 

the surrounding community of Dewey-Humboldt, AZ. The tailings that showed the highest 
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fraction of bioaccessible arsenic were located 80-110 cm below the ground surface. Considering 

the climatic conditions of the Southwest, wind erosion and periodic water erosion events 

associated with monsoon season could possibly remove the oxidized surficial layer of the tailings 

and expose this deeper zone. This points to the fact that the entire weathering profile of the 

tailings is vulnerable to offsite transport, with the nearby population facing potential exposure 

through incidental inhalation or ingestion of particulate matter (Thomas et al., 2018).  

 

1.4 Importance of Arsenic Speciation Analysis 

The research conducted on the IKMHSS site focused primarily on the total gastric 

bioaccessible fraction of arsenic. Measuring the total bioaccessible fraction of a contaminant of 

interest in potential exposure scenarios, such as offsite transport of mine tailings, is an important 

initial step in assessing environmental hazards and ensuring public safety. However, it is equally 

important to determine molecular speciation of contaminants as well. The toxicity and 

bioavailability of heavy metals and metal(loid)s is dependent on reactivity and solubility, which 

are in turn governed by speciation, or the chemical form of an element (Brown et al., 1999). 

Many remediation efforts, along with regulatory actions, have solely focused on total 

contaminant element concentration, while failing to recognize the importance of speciation or the 

differences in relative toxicity and bioavailability or bioaccessibility of individual species 

(Brown et al., 1999). Studies conducted on lead exposure in mining impacted communities have 

shown weak correlations between total lead exposure and blood lead levels. This supports the 

theory that the speciation of heavy metals like lead influence their bioavailability in the human 

body, and points to the fact that total exposure is an incomplete predictor of potential health 

effects (Hayes et al., 2012).  



 27 

 

1.4.1 Differences in Bioavailability/Bioaccessibility and Toxicity Between Common 

Environmental Arsenic Species 

 

The toxicity and bioavailability of arsenic is highly dependent on oxidation state and 

speciation (Sun et al., 2016). Arsenic has four possible oxidation states: arsenide (As3-), 

elemental arsenic (As0), arsenite (As3+), and arsenate (As5+), with arsenite and arsenate being the 

most common environmentally relevant forms in soils, sediments, and water over a broad range 

of pH and Eh conditions (Bradham et al., 2018). Thermodynamic predictions of arsenic in pore 

water demonstrate that arsenate is the dominant species in conditions more oxidized than 

pe+pH>9, while arsenite has been shown to form at relatively anoxic conditions of pe+pH<7 

(Bradham et al., 2018). Multiple studies have confirmed that trivalent arsenic (As(III), arsenite) is 

two to three times more toxic than pentavalent arsenic (As(V), arsenate) (Brown et al., 1999). 

Both arsenite and arsenate exist as anionic species when dissolved in aqueous solutions, 

adsorbed to mineral surfaces, or incorporated into precipitates. Yet, arsenate is capable of 

stronger adsorption to mineral surfaces than arsenite, and is therefore thought to be less mobile 

and less bioavailable (Brown et al., 1999).  

Arsenate’s toxicity is related to its structural similarity to phosphate, allowing for uptake in 

the body through a process of molecular mimicry, where it can disrupt glycolysis, a series of 

reactions that extract energy from glucose in both anaerobic and aerobic pathways. The uptake of 

arsenite is also facilitated by molecular mimicry. It is considered more toxic than arsenate due to 

its ability to react with thiol and sulfhydryl groups, resulting in dysregulation and inhibition of 

many important proteins and enzymes in the body. An important enzyme affected by this is 

pyruvate dehydrogenase, which when disrupted can impair cellular respiration and ATP 

formation (Kuivenhoven & Mason, 2019).  
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1.5 Biological Interactions and Metabolism of Arsenic  

 

The human gut is a highly reducing environment that contains a vast and complex microbial 

community, which may play a role in presystemic biotransformation of ingested arsenic (Van de 

Wiele et al., 2010). Systemic metabolism describes metabolic reactions carried out by human 

cells, while presystemic metabolism refers to any metabolism that occurs prior to systemic 

circulation (Pereira de Sousa, 2014). Presystemic biotransformation is an essential component in 

understanding the effects of arsenic exposure, because it affects speciation and toxicity (Van de 

Wiele et al., 2010).  

Inorganic arsenic uptake is facilitated by cell membranes through a form of molecular 

mimicry, in which toxic metals or metal(loid)s are transported by a pathway that normally aids in 

the transport of an essential nutrient. Arsenate is structurally similar to phosphate, and so it is 

challenging to discriminate between the two during cell membrane transport. Arsenite is 

transported across cell membranes due to its similarity to nonpolar solutes. Following ingestion, 

inorganic arsenic crosses the gastrointestinal barrier and initiates processes that result in the 

systemic distribution, metabolism, and excretion of inorganic arsenic and its methylated 

metabolites (Bradham, 2018).  

Arsenic metabolism is controlled by the arsenic species introduced to the body, route of 

exposure, and the types of cells involved in arsenic elimination (Stice et al., 2016). Upon 

exposure, the metabolism of inorganic arsenic produces a variety of metabolites with varying 

toxicities, such as methylated oxoarsenicals dimethylarsinic acid (DMAV), monomethylarsonic 

acid (MMAV), dimethylarsinous acid (DMAIII), monomethylarsonous acid (MMAIII), and 

arsenic-glutathione (GSH) conjugates.  Inorganic arsenic and its methylated products, 
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collectively known as arsenicals, can produce a broad spectrum of toxic effects, cancerous and 

non-cancerous, in a variety of organ systems, including the cardiovascular system, nervous 

system, gastrointestinal tract, kidney, liver, pancreas, and skin (Bradham et al., 2018). 

 

1.5.1 Formation of Methylated Oxoarsenicals 

Biomethylation is an important process in arsenic metabolism and toxicity. The 

methylation of arsenic is enzymatically catalyzed by members of the arsenic methyltransferase 

family of proteins, and is mediated by microbiota (Naranmandura et al., 2013; Sun et al., 2016). 

The formation pathway of methylated oxoarsenicals (oxoarsenical refers to arsenic bound to one 

or more oxygen atoms) has been described by the Challenger scheme, which is a sequence of 

alternating reactions in microorganisms that reduce pentavalent arsenic to trivalency and 

oxidatively methylate the trivalent arsenical (Wang et al., 2015). The steps in this pathway begin 

with arsenate being taken up into a cell through the phosphate transport system, and being 

reduced to arsenite, which is then oxidatively methylated to MMAV (Cullen, 2014). Then MMAV 

is reduced to MMAIII, which is oxidatively methylated to DMAV. Following this, DMAV is 

reduced to DMAIII, which is then oxidatively methylated to trimethylarsine oxide (TMAO) 

(Wang et al., 2015). S-adenosylmethionine (SAM), a common co-substrate, acts as a donor of 

CH3+ for methylation (Cullen, 2014). 

 

1.5.2 Methylated Oxoarsenical Toxicities 

In general, pentavalent arsenicals are less toxic than trivalent arsenicals. This is due to their 

less efficient uptake by cells, tissues, and organs, thus resulting in lower accumulation rates and 

bioavailability than trivalent species (Sun etal., 2016). Methylated pentavalent arsenic species, 
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including MMAV and DMAV, are 10 times less cytotoxic than pentavalent arsenic acid (iAsV), 

and methylated trivalent arsenic species MMAIII and DMAIII, along with arsenous acid (iAsIII), 

have been determined to be two orders of magnitude more cytotoxic than inorganic pentavalent 

arsenic acid (iAsV) (Van de Wiele et al., 2010). The high toxicity of trivalent methylated 

arsenicals is due to their high affinity to bind to specific cellular proteins and the fact that they 

are strong enzyme inhibitors (Styblo et al., 2000).  

One study has demonstrated that these trivalent arsenicals were significantly more toxic 

towards normal human hepatocytes, epidermal keratinocytes, bronchial epithelial cells, and 

urinary bladder cells than their pentavalent analogs (Styblo et al., 2000). In humans, the bladder 

is a major target organ for arsenic induced carcinogenicity (Naranmandura et al., 2009). MMAIII, 

the most toxic trivalent species, has been observed to be more toxic than iAsIII, potentially due to 

a stronger affinity for sulfur ligands (Sun et al., 2016; Styblo et al., 2000). DMAIII toxicity was 

shown to be comparable to that of iAsIII (Styblo et al., 2000).  

It has been established that subsequent to ingestion, inorganic arsenic is methylated and 

excreted in the urine mostly as dimethylarsinic acid (DMAV), and to a lesser degree as 

monomethylarsonic acid (MMAV). This methylation process was initially viewed as a 

detoxification process, due to the fact that the pentavalent species DMAV and MMAV are less 

toxic than inorganic arsenic (Alava et al., 2011). However, the discovery of trivalent reaction 

intermediates monomethylarsonous acid (MMAIII) and dimethylarsinous acid (DMAIII) has 

prompted methylation to instead be viewed as an activation process, as a result of these species 

higher toxicities (Van de Wiele et al., 2010).  

 

1.6 Discovery of Novel Thioarsenicals  
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Aside from methylated oxoarsenicals DMAV, MMAV, DMAIII, and MMAIII, recent studies 

have identified a novel class of sulfur-containing methylated arsenic metabolites, known as 

thioarsenicals. These thioarsenicals are structural homologues of oxoarsenicals in which one or 

more oxygens atoms bound to an arsenic atom is substituted with a sulfur atom, yet their 

distribution, fate, and toxicities are distinct from their oxoarsenical counterparts. (Wang et al., 

2015). The most commonly observed thioarsenicals in biological systems include 

monomethylmonothioarsonic acid (MMMTAV), dimethylmonothioarsinic acid (DMMTAV) and 

dimethyldithioarsonic acid (DMDTAV) (Figure 1-1).  

 
Figure 1-1. Oxoarsenical and thioarsenical compounds. 
 
1.6.1 Thioarsenical Formation In Vivo and In Vitro Simulated Biological Conditions 

 

In general, the formation of thioarsenicals occurs by the substitution of an oxygen atom 

for a sulfur atom in methylated oxoarsenicals (Naranmandura et al., 2013). These processes are 

dependent on the production of hydrogen sulfide, which is the source of sulfur in thiolation 
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reactions. Hydrogen sulfide can be produced by gastrointestinal microbiota and via cellular 

metabolism in mammalian cells (Naranmandura et al., 2013; Wang, 2015). This can occur as a 

product of preabsorptive and postabsorptive metabolism of arsenic (Wang et al., 2015).   

Preabsorptive (or presystemic) metabolism involves gastrointestinal microbiota mediated 

molecular transformations that occur prior to transport across the gastrointestinal barrier, the 

epithelial cells and mucosa secretions that forms a barrier between the body and the lumen 

environment. In vitro studies have shown that human gastrointestinal and fecal microbiota were 

capable of converting iAsV to thioarsenicals in an anaerobic reactor system, and anaerobic 

microbiota from mouse cecum demonstrated rapid conversion of oxoarsenicals to thioarsenicals 

(Bu et al., 2011; Naranmandura et al., 2013; Wang et al., 2015). Further, thioarsenicals may also 

form during enterohepatic circulation, which refers to the movement of bile acid molecules from 

the liver to the small intestines and back to the liver (Bu et al., 2011; Cai & Chen, 2014). 

Following an oral dose of iAsIII in rats, MMAIII excreted into bile was converted to MMMTAV 

and DMMTAV, which were then absorbed into the bloodstream and excreted in urine (Bu et al., 

2011). 

Postabsorptive metabolism occurs after transport across the gastrointestinal barrier, via 

hydrogen sulfide formed in tissues, which can convert oxoarsenicals to thioarsenicals 

(Naranmandura et al., 2013). An example of this is an in vitro study in which DMAIII was added 

to rat liver supernatant and was converted to DMMTAV and DMDTAV in the presence of sulfide 

ions (Sun et al., 2016). The conversion of DMAIII to DMMTAV and DMDTAV by human blood 

cells in vitro has also been observed (Naranmandura & Suzuki, 2008; Wang et al., 2015).  This 

process (the conversion of DMAIII to DMMTAV and DMDTAV) was also carried out by 

mammalian cells in vivo, following the injection of rats with DMAIII (Kuroda et al., 2004). 
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Additionally, thioarsenicals were detected in the saliva of leukemia patients following treatment 

by intravenous injection of arsenic trioxide, indicating thioarsenical formation by mammalian 

cells (Chen et al., 2016). In an in vivo study where rats received an oral dose of arsenite, 

thioarsenicals were observed in biliary excretion before being excreted in urine. This finding 

indicates that both preabsorptive and postabsorptive metabolism could play a coordinated role in 

thioarsenical formation (Wang et al., 2015). 

The exact formation pathways of DMMTAV and DMDTAV from DMAIII remain unclear, 

however, several studies have proposed reactions with free sulfide ions (e.g. S2-, HS-) or 

polysulfide sulfane sulfur (e.g. S8, RSSSR), perhaps catalyzed by a sulfur transferase enzyme 

(Sun et al., 2016). Aside from the formation of thioarsenicals from trivalent methylated 

oxoarsenicals, formation from DMAV and MMAV have been reported as well. Formation of 

DMMTAV was observed following the in vitro incubation of DMAV in mouse cecal content, 

containing anaerobic microbiota. Further, the in vitro transformation of MMAV into MMMTAV 

by human colon microbiota using the SHIME system and the formation of MMMTAV from 

pentavalent arsenicals in vivo has been reported (Van de Wiele et al., 2010; Sun et al., 2016). The 

formation of thioarsenicals from pentavalent methylated oxoarsenicals may occur by reactions 

with sulfides without the production of trivalent intermediates, or as a result of interactions with 

gastrointestinal flora (Sun et al., 2016). The sulfide source may be from microbial sulfate 

reduction to hydrogen sulfide, which is a common process in the colon (Van de Wiele et al., 

2010; Bu et al., 2011).  

 

1.6.2 Thioarsenical Toxicities 
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Numerous studies have found that these thioarsenicals exhibit higher toxicities than their 

pentavalent methylated oxoarsenical counterparts (Chen et al., 2013). This may in part be due to 

their ability to bind to thiol groups, in the same way that MMAIII is considered one of the more 

toxic trivalent methylated oxoarsenical for this same reason (Sun et al., 2016). The toxicity of 

pentavalent thioarsenicals also appears to be related to their ready transport into cells and rapid 

conversion to the trivalent oxygen-containing analogs (Chen et al., 2016). The toxicities of the 

three common biological formed thioarsenicals are ranked as: DMMTAV > MMMTAV > 

DMDTAV (Bu et al., 2011).  

DMMTAV has a much higher toxicity compared with other pentavalent arsenicals and is 

more toxic than its non-thiolated analog DMAV, displaying toxicity similar to trivalent arsenicals 

(Naranmandura et al., 2010; Sun et al., 2016). The high toxicity of DMMTAV is attributed to its 

ability to bind to sulfur groups, which allows for more efficient cellular uptake. In fact, it is taken 

up as efficiently as trivalent arsenicals (Sun et al., 2016). Its toxicity is also thought to be a result 

of its ability to disrupt cell cycles and induce the production of reactive oxygen species within 

cells to a greater degree than trivalent arsenicals (Naranmandura et al., 2007; 2009; 2010). 

DMMTAV is hydrolyzed to DMAV following cell uptake, and although DMAV is less toxic 

towards cells, intracellular DMAV is still considered very toxic due to the production of reactive 

oxygen species (Naranmandura et al., 2009). Additionally, DMMTAV can cause various levels of 

toxicity, which suggests that it may be one of the most potent urinary arsenic metabolites 

(Naranmandura et al., 2010) 

The high cytotoxicity of DMMTAV has been observed in many human cells (Sun et al., 

2016). In an in vitro study, DMMTAV was more toxic towards cultured human epidermoid 

carcinoma cells than its oxoarsenical counterpart DMAV. In this instance, its toxicity was found 
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to be comparable to that of iAsIII and DMAIII (Naranmandura et al., 2007, 2008; Sun et al., 

2016). A study focusing on the toxic effects of thioarsenicals towards human lung 

adenocarcinoma epithelial cells also noted the similarity between the cytotoxicities of both 

DMMTAV and DMAIII(GS) (a glutathione conjugate). The similarities between the toxicities of 

DMMTAV, iAsIII, DMAIII, and DMAIII(GS) seem to indicate similar cellular accumulation 

kinetics (Wang et al., 2015).  

However, other studies have reported DMMTAV’s toxicity to be greater than both iAsIII 

and DMAIII. It has been shown to be more cytotoxic than trivalent arsenicals against human 

epidermoid carcinoma cells and human bladder cancer cells (Naranmandura et al., 2009; 2010). 

Additionally, an in vitro study on DMMTAV toxicity towards human urinary bladder carcinoma 

cells demonstrated its toxicity to be 7-fold higher than iAsIII (Naranmandura et al., 2007 & 2009; 

Sun et al., 2016). This study investigated multiple thio- and methylated oxo-arsenicals and found 

the order of cytotoxicity to be: DMAIII, DMMTAV > iAsIII ≫ iAsV > MMMTAV > MMAV > 

DMAV and DMDTAV (Sun et al., 2016).  

Two studies, one in which cultured human hepatocarcinoma cells were incubated with 

thioarsenicals and one conducting urine analysis following an oral dose of sodium arsenite in 

rats, found that the further thiolation of DMMTAV to DMDTAV led to a significant decrease in 

toxicity (Ochi et al., 2007; Chen et al., 2016). This may point to a second thiolation for both 

mono- and di-methylated arsenicals being a potential detoxification process, thus explaining the 

relatively low toxicity of DMDTAV (Chen et al., 2016).  

Aside from cytotoxicity, DMMTAV has also demonstrated high genotoxicity. DMMTAV, 

along with DMAIII, have been shown to cause oxidative stress and DNA damage in multiple 

human and animal cell lines (Wang et al., 2015). In both human hepatocarcinoma and hamster 
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embryo cells, DMMTAV has caused chromosomal mutations resulting in apoptosis (Kuroda et 

al., 2004; Sun et al., 2016).  Both DMMTAV and DMDTAV were shown to cause chromosomal 

abnormalities in hamster embryo cells, but DMMTAV had a greater effect on cell cycle 

progression, induction of apoptosis, and response to oxidative stress than DMDTAV, when 

measuring against equimolar concentrations of arsenite. This reflects higher cellular arsenic 

accumulation following exposure to DMMTAV, than after exposure to DMDTAV and arsenite 

(Wang et al., 2015). 

MMMTAV has generally displayed a higher toxicity than its non-thiolated counterpart, 

MMAV (Naranmandura et al., 2010). In an in vivo study comparing their toxicities, MMMTAV 

showed more efficient cell uptake than MMAV (and presumably DMAV as well), following 

intravenous injection and urine analysis in rats (Naranmandura et al., 2010). However, it was 

discovered that MMMTAV is unstable in cells following uptake. This differs from DMMTAV, 

which is hydrolyzed into DMAV after uptake, explaining its higher toxicity (Naranmandura et al., 

2010). 

 

1.6.3 Occurrence and Formation of Thioarsenicals in the Environment 

Aside from occurrence in humans and animal models in vivo and in simulated in vitro 

biological conditions, thioarsenicals have also been observed to form in the environment. 

Thioarsenicals have been detected in groundwater, geothermal water, and landfill leachate (Kim 

et al., 2016). The most common inorganic thioarsenicals found in the environment include 

monothioarsenate (AsO3S3−), dithioarsenate (AsO2S23−), trithioarsenate (AsOS33−), and 

tetrathioarsenate (AsS4 3−), which form under sulfidic or sulfate-reducing conditions (Figure 1-2) 

(Wallschläger & Stadey, 2007; Wang et al., 2015; Kim et al., 2016). The highly toxic DMMTAV 
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was also discovered to form under environmental conditions (Kim et al., 2016). 

Monothioarsenate was detected in Moira Lake in Ontario, Canada, and mono-, di-, tri-, and 

tetrathioarsenates, along with methylated oxo- and thioarsenicals were found in sulfidic 

geothermal springs in Yellowstone National Park (Sun et al., 2016). In one study, methylated 

thioarsenicals were also observed in groundwater from reducing aquifers, which were 

contaminated by methylated arsenic biocides (Wallschläger & London, 2008).  

 
Figure 1-2. Common inorganic thioarsenicals found in the environment. 
 
 

Besides the production of thioarsenicals in vivo, the reaction that results in oxygen-sulfur 

exchange also occurs when inorganic arsenic is present in acid-preserved sulfidic waters 

(Conklin et al., 2008). Inorganic arsenic in groundwater exists as oxyanions arsenite or arsenate, 

and in soils and sediments it exists in combination with sulfides, hydroxides, aluminum, iron, 

and manganese (Wang et al., 2015). In groundwater, arsenate is dominant in oxic conditions in 

the presence of dissolved oxygen, while arsenite is dominant in suboxic or anoxic conditions in 

the presence of electron donors (Wilkin et al., 2019). In systems where free sulfide is present in 

solution, sulfur can displace oxygen in the immediate coordinate sphere around arsenic, forming 

thioarsenic species (Wilkin et al., 2019). This substitution reaction can proceed to completion for 

both arsenic oxyanions, and result in the displacement of all oxygen ligands and the formation of 

thioarsenite or thioarsenate (Wilkin et al., 2019). Thioarsenites form directly from arsenite via 
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ligand exchange of oxyanions for thioanions. Thioarsenates can form from arsenite or 

thioarsenites via oxidative addition of elemental sulfur (Guo et al., 2017).  

The formation of thioarsenicals in the environment is dependent on pH, redox conditions 

influenced by oxidizers such as FeIII, and the presence of sulfides (Wang et al., 2015; Kim et al., 

2016). Formation has been reported at pH ≤ 7 (Conklin et al., 2008). This process has been 

suggested to be mediated by sulfate reducing bacteria, due to their ability to reduce sulfates and 

organic sulfur compounds in groundwater to produce sulfide that converts oxoarsenicals to 

thioarsenicals (Wang et al., 2015; Sun et al., 2016). Sulfate reducing bacteria have also been 

shown to play a role in the thiolation of MMAV in the human gastrointestinal tract (Sun et al., 

2016). Methylated arsenicals, which are used as biocides and are produced by microbial 

methylation, are also thought of as a potential source for thioarsenical formation (Kim et al., 

2016). Living organisms that are exposed to arsenic, for example algae or humans, also produce 

methylated arsenicals via metabolism and can release them to the environment by excretion or 

decomposition (Kim et al., 2016). An example of this is the conversion of inorganic arsenic into 

both methylated oxo- and thioarsenicals by thermophilic algae in geothermal hot springs (Wang 

et al., 2015). 

 

1.6.4 Prevalence of Thioarsenicals as Major Metabolites both In Vivo and In Vitro 

The emergence and prevalence of thioarsenicals as major arsenic metabolites both in vivo 

and in vitro, their presence in the environment, and the uncertainty surrounding their formation 

mechanisms, metabolic pathways, and toxic effects, emphasizes the need for further research in 

this area. The occurrence of thioarsenicals has been reported in a variety of environmental and 

biological systems. Mono-, di-, tri-, and tetra-thioarsenate has been identified in geothermal 
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springs; MMDTAV, DMMTAV, and DMDTAV have been identified in groundwater 

contaminated by methylated arsenic pesticides; MMMTAV, DMMTAV, and DMDTAV have all 

been identified in human urine, blood serum, red blood cells, and nails, and in cabbages, marine 

mollusks, and algae (Herath et al., 2018).  

Urine has been identified as one of the major routes of arsenic excretion in biological 

systems, and is used as an important biological indicator of arsenic speciation in vivo (Herath et 

al., 2018). Multiple studies conducting urine analysis following arsenic exposure have detected 

the presence of thioarsenicals in animal and human urine. In one study, nine arsenic species: 

AsIII, AsV MMAV, DMAV, trimethylarsine oxide (TMAOV), MMMTAV and DMMTAV, 

DMDTAV, monomethyldithioarsonic acid (MMDTAV) were detected in the urine of rats after 

exposure to an oral dose of iAsIII. The concentrations of these species in the urine revealed a 

dose-dependent relationship (Chen et al., 2016). DMMTAV, DMDTAV and MMMTAV have 

likewise been found in the urine of hamsters after receiving an oral dose of iAsIII (Naranmandura 

et al., 2007; Sunet al., 2016). Additionally, thioarsenicals have been seen in the urine of wild 

sheep feeding on algae with high concentrations of arsenosugars (Sun et al., 2016).   

The presence of methylated thioarsenicals has been observed in human urine following 

extended consumption of arsenic contaminated drinking water. Specifically, DMMTAV and 

DMDTAV have been seen in human urine after long-term exposure to arsenic contamination in 

an area of Bangladesh (Sun et al., 2016). DMMTAV has also been seen as a metabolite in human 

urine after ingestion of common arsenosugars (Raml et al., 2005). Besides the occurrence of 

thioarsenicals in urine, these compounds have also been detected in blood samples of humans 

and animals (Herath et al., 2018). DMMTAV and MMMTAV were found in red blood cells and 

plasma of rats exposed to iAsIII supplemented diets (Chen et al., 2013). 
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Thioarsenicals have also been detected in saliva, nail, and hair samples (Sun et al., 2016). 

A study exploring arsenic speciation in the saliva of leukemia patients being treated 

intravenously with arsenic trioxide discovered the presence of AsIII, MMAIII, DMAV, MMAV, 

AsV and MMMTAV (Chen et al., 2013). The formation of thioarsenicals in saliva is likely due to 

hydrogen sulfide produced from enzymatically catalyzed reactions in mammalian cells (Chen et 

al., 2013). In another study, DMMTAV and DMDTAV were intravenously injected into rats, and 

resulted in the distribution of dimethylthioarsenicals in major organs, tissues, and body fluids 

(Suzuki et al., 2008).  

The occurrence of thioarsenicals has additionally been reported in vitro. A study found 

that the incubation of DMAV with anaerobic microbiota of mouse cecum contents in vitro 

resulted in the formation of DMMTAV, DMDTAV and trimethylarsine sulfide (TMAS) 

(Kubachka et al., 2009). A study utilizing SHIME demonstrated for the first time that the 

production of MMMTAV from iAsV could arise from the incubation of arsenic with human colon 

microbiota (Van de Wiele et al., 2010). The production of MMMTAV observed in the colon 

suspension samples from the SHIME resembled methylation and thiolation processes observed 

in mouse cecal microbiota and rat intestinal microbiota and it was suggested that the MMMTAV 

observed in the colon samples resulted from the thiolation of MMAV (Van de Wiele et al., 2010). 

An additional in vitro study showed that the incubation of iAsV with the anaerobic microbiota of 

mouse cecum yielded MMAV and DMDTAV, along with unique thioarsenic metabolites 

monothio-arsenic acid (iAsV S1), dithio-arsenic acid (iAsV S2), trithio-arsenic acid (iAsV S3), 

monomethyldithioarsonic acid (MMDTAV), and monomethyltrithioarsonic acid (MMTTAV) 

(Pinyayev et al., 2011). 
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1.6.5 Importance of Future Research into Thioarsenicals 

The occurrence, formation mechanisms, metabolism, toxic effects, and stability of 

thioarsenicals in environmental, geological, and biological systems is not completely understood 

(Herath et al., 2018). In general, arsenic is an important contaminant of concern from both an 

environmental standpoint and in the scope of public health. It is classified as a human carcinogen 

and exposure can cause a variety of cancers, including lung, skin, and urinary bladder cancers. 

These diseases are increasing as many populations are impacted by arsenic contamination. 

Despite this, mechanisms of arsenic-induced diseases are not fully understood, nor are the 

mechanisms of formation, metabolism, and toxic effects of the arsenicals that induce them 

(Naranmandura et al., 2007). Previously, oxoarsenicals have been the focus of arsenic 

metabolism and exposure assessment studies. However, the emergence and prevalence of 

thioarsenicals in the environment and in biological samples demonstrates the need to include 

these species in the study of arsenic metabolism, and examine them as potential sources of 

arsenic exposure (Kubachka et al., 2009). 

The detection of thioarsenicals in recent studies indicates that arsenic metabolism is more 

complex, and beyond the scope of the classical pathway used to explain the formation of 

methylated oxoarsenicals (Sun et al., 2016). Yet, the metabolic pathways and formation 

mechanisms of specific thioarsenic metabolites are not well understood, and there is a need for 

more research into the pathways that transform oxoarsenicals to thioarsenicals, specifically 

focusing on the sequence of methylation and thiolation reactions (Bu et al., 2011; Pinyayev et al., 

2011; Wang et al, 2015). Connections between the formation of methylated oxoarsenical species 

and their thioarsenical analogs may be important determinants of the distribution, uptake, and 

biological activity of arsenic and should be the focus of future research (Kubachka et al., 2009). 
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The transformation of arsenic species throughout gastrointestinal transit is also not well 

characterized (Van de Wiele et al., 2010). The metabolism of ingested arsenic to oxo- and 

thioarsenicals prior to absorption and transport across the gastrointestinal barrier could 

potentially affect their bioavailability/bioaccessibility, systemic distribution, and resulting 

toxicity (Pinyayev et al., 2011). Thus, ascertaining the exact mechanism of methylation and 

thiolation of arsenicals via the microbiota of the gastrointestinal tract before systemic distribution 

should be further investigated (Kubachka et al., 2009). Understanding the chemical basis of 

thioarsenical formation and connections between pathways that produce methylated 

oxoarsenicals and thioarsenicals would contribute to understanding arsenic’s impacts at the 

molecular, cellular, and organismic levels, as well as aid in setting regulatory standards and 

strengthening risk analysis efforts (Wang et al., 2015).  

The toxicological effects of thioarsenicals towards the environment and human health 

have not been sufficiently studied (Van de Wiele et al., 2010; Herath et al., 2018). Globally, 

there is an urgent need to further investigate the direct and indirect toxic effects of thioarsenical 

exposure resulting from consuming arsenic contaminated drinking water (Herath et al., 2018). 

Information on the occurrence, formation, and toxic effects of thioarsenicals in arsenic 

contaminated soils is also needed (Herath et al., 2018). More studies on the kinetics of 

thioarsenicals in in vitro and in vivo systems would help to provide a basis on how dosage affects 

the biological effects of thioarsenicals (Wang et al., 2015). 

Multiple studies have confirmed the high toxicities of DMMTAV and MMMTAV relative 

to other oxoarsenicals and thioarsenicals. However, there is little known about how they are 

metabolized or about their toxic effects in humans and animals (Naranmandura et al., 2010; Sun 

et al., 2016). Due to their discovery as urinary metabolites, there is a need for further in vivo 
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research in order to understand potential implications for human health (Naranmandura et al., 

2010).  

The exact chemical nature of most thioarsenicals is still debated, highlighting the 

necessity to develop accurate analytical protocols to understand the mechanisms of arsenic 

speciation, geochemistry, and mobility in sulfur rich environments, as well as in biological 

systems (Herath et al., 2018). This will require improved collection methods and processing of 

samples in order to preserve both oxoarsenicals and thioarsenicals in their original state, along 

with improved analytical methods for identification and quantification (Wang et al., 2015). 

Accurate analysis of thioarsenicals is difficult due their stability, which is impacted by factors 

such as pH, temperature, redox potential, oxygen concentration, and sulfur and metal impurities 

like iron (Herath et al, 2018). So, the preservation of thioarsenical samples is an essential step to 

understand their fate in natural systems' (Herath et al., 2018).  

Most research conducted thus far has focused on qualitative identification of thioarsenicals, 

while there is more effort needed in the direction of quantitative analysis. This necessitates 

further experimentation to determine precise methods of separation and identification of 

thioarsenicals (Herath et al., 2018). New approaches combined with existing technologies would 

help to overcome critical challenges of thioarsenic speciation analysis, such as synthesis of 

standards, structural determination, quantification and sample preservation in future research 

(Herath et al., 2018). More research is needed to completely elucidate the formation mechanisms 

and toxicological effects of thioarsenicals, develop accurate analytical approaches, and improve 

collection and preservation methods, in order to support arsenic mitigation globally.  

 

1.7 Initial In Vitro Bioaccessibility Experiment  
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Recalling that the gastric IVBA of arsenic in the IKMHSS mine tailings was highest in the 

deeper unweathered tailings, additional research was conducted to explore the arsenic speciation 

of finely-ground arsenopyrite, following a gastric in vitro bioassay experiment under strict 

anaerobic conditions. Arsenopyrite was selected as a representative mineral for further study, due 

to previous research determining it as the sole source of arsenic in the initial unweathered sulfide 

tailings at the IKMHSS site (Root et al., 2015). Generally, arsenopyrite is a common parent rock 

mineral for arsenic at many sulfide ore derived mine tailings sites as well (Thomas et al., 2018). 

The results of this experiment were determined by High Performance Liquid Chromatography-

Inductively Coupled Plasma-Mass Spectrometry (HPLC-ICP-MS), and demonstrated an 

unexpected distribution of arsenite (As(III)) and arsenate (As(V)) in the reacted synthetic gastric 

fluid (SGF). Arsenate was found to be the dominant species despite the lower oxidation state of 

arsenic in arsenopyrite and the preservation of anoxic conditions throughout the IVBA 

experiment.  

 

1.7.1 Arsenopyrite Dissolution 

Under oxidizing conditions, arsenopyrite (FeAsS) dissolution results in the release of 

arsenic and sulfur into solution and secondary solid phase forms. X-ray photoelectron 

spectroscopy (XPS) has determined common oxidation products to be Fe(III) oxides, As(III), 

As(V), SO32- (sulfite), and SO42- (sulfate) (Corkhill & Vaughan, 2009). Kinetic studies have 

concluded that O2 and Fe3+ are the dominant oxidizing agents that induce arsenopyrite 

dissolution in natural acidic solutions (McKibben et al., 2008). 

 
Oxidation by O2(aq) is described by the generalized equation:  
 
FeAsS + 

!!
" O2(aq) + 

#
$H2O → Fe2+ + H2AsO3- + H+ + SO42- (Walker et al., 2006).   
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Oxidation by Fe3+ occurs as:  
 
FeAsS + 11Fe3+ + 7H2O → 12Fe2+ + H3AsO3 + 11H+ + SO42- (Corkhill & Vaughan, 2009). 
 
 

The concentration and type of oxidant have been shown to control the speciation and rate 

of arsenic oxidation during the dissolution of arsenic-bearing minerals (Walker et al., 2006). 

Under oxic conditions, the oxidation of arsenic in arsenopyrite proceeds from its reduced forms, 

As-I and As0, to increasingly oxidized forms AsI, AsIII and AsV being released to solution. Higher 

O2(aq) concentrations promote increased oxidation of As(III) to As(V) (Corkhill & Vaughan, 2009). 

A kinetic study on the oxidation of arsenopyrite found that under anoxic conditions, in which 

Fe(III) acts as the primary oxidizing agent, As(III) is the dominant species released to solution. 

Small amounts of As(V) were detected, but this was thought to be due to prior arsenopyrite 

surface oxidation. However, as the concentration of Fe(III) was increased, As(III) was 

increasingly oxidized to As(V) (Yunmei et al., 2004).  

 

1.7.2 Experimental Design and Results 

The gastric in vitro bioassay experiment on arsenopyrite was conducted within an anoxic 

chamber to mimic the low oxygen environment of the human gastrointestinal (GI) system. Since 

the arsenopyrite was reacted in the SGF in an anoxic environment, there was uncertainty as to 

why the dominant arsenic species present in the reacted SGF was As(V), which is known to be 

associated with oxic conditions. The expectation was that the dominant species in the reacted 

SGF would be As(III), the species associated with anoxic conditions. Adding to this confusion, the 

arsenic present in arsenopyrite, prior to oxidation, exists at a relatively low oxidation state (As(-I) 
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or As(0)). So, a further question remained as to how is it that under anoxic conditions, arsenic 

oxidation proceeded to reach As5+ oxidation state to such a high degree. 

One thought was the potential for arsenic oxidation to be occurring via interactions with 

the oxidized surface layer on arsenopyrite particles. Proposed mechanisms for the formation of 

an oxidized surface layer on arsenopyrite are varied, mostly describing the diffusion of arsenic 

and iron to the surface of particles and reactions with surficial reduced oxides. Studies have 

suggested that this layer may be composed of Fe(III)-sulfate, Fe(III)-arsenite, Fe(III)-arsenate, 

and FeOOH, but there is no definite consensus on the composition of the oxidized surface layer 

(Corkhill & Vaughan, 2009). Thus, a continuation of the initial gastric in vitro bioassay 

experiment on arsenopyrite was pursued, with the addition of testing the effects of a preliminary 

surface pre-cleaning step. 

The goal of this was to evaluate the potential impact of arsenopyrite pre-cleaning on the 

apparent oxidation of arsenic under anoxic conditions, by attempting to ‘wash away’ any 

oxidized surficial precipitates which could impact the distribution of As(III) and As(V) in the 

reacted SGF. Ground arsenopyrite particles were boiled in 6 M HCl for 15 minutes, then washed 

twice with deoxygenated deionized (DI) water. The particles were then cleaned in warm acetone 

in an ultrasonic bath with a frequency of 38 kHz in 15-minute cycles. 100 mL of acetone was 

used in the first two cycles, and 50 mL was used in the following 10 cycles. This procedure was 

adapted from Mirzoyan et al. (2014). Three arsenopyrite sample treatments were utilized in 

following experiments: ground, ground and cleaned, and ground and cleaned fines, which were 

the small particles trapped in the meniscus of the acetone. 

After this pre-cleaning step, gastric in vitro bioassay experiments were carried out in 

triplicate for each of the three sample treatments. This was done by reacting the arsenopyrite 
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with SGF in an anoxic chamber, to represent the low oxygen conditions of the GI system. The 

SGF was composed of a 0.4 M glycine solution purged of oxygen, with the pH adjusted to 1.5, 

also to mimic GI conditions. The samples were incubated at 37.2°C, to reflect internal human 

body temperature, and rotated for one hour, to represent the average rate of stomach emptying 

(EPA, 2017). The reaction was then terminated, and the samples were prepared for HPLC-ICP-

MS arsenic speciation analysis. The results from this experiment (Figure 1-3) demonstrated that 

despite the addition of the pre-cleaning step, the arsenopyrite still reacted with the SGF to release 

mostly As(V) into solution under the anoxic conditions of the gastric IVBA experiment. The 

higher concentrations of As(III) and As(V) released from the ground & cleaned fines was thought 

to be due to the higher surface area, and thus higher reactivity, of the smaller particles.  

 
Figure 1-3. HPLC-ICP-MS Arsenic species concentrations for Ground FeAsS, Ground & 
Cleaned FeAsS, and Ground & Cleaned FeAsS fines. Standard deviation was calculated from 
averaged quadruplicate (n=4) values for arsenic concentrations for all three FeAsS treatments. 
Different letters indicate statistically significant (alpha = 0.05) differences between the three 
FeAsS treatments for AsIII and AsV. 
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The apparent oxidation of arsenic during arsenopyrite dissolution under anoxic 

conditions, despite pre-cleaning of oxidized surficial precipitates, was unexpected. Alternatively, 

this finding could potentially reflect the co-elution of thioarsenicals, a novel class of sulfur-

containing arsenic compounds, with As(V) during LC-ICP-MS analysis. Occurrence of this could 

skew the LC-ICP-MS arsenic speciation results, making it appear that there is more As(V) present 

in the reacted SGF solution than there actually is.  

Thioarsenicals are formed as a result of geochemical interactions between As and sulfur-

containing compounds (sulfides; S2-/HS-) in favorably reducing or anoxic environments (Herath 

et al., 2018). It is known that arsenopyrite dissolution results in the release of arsenic and sulfur 

into solution. So, perhaps the reaction of arsenopyrite with SGF in the gastric in vitro bioassay 

experiment is generating the formation of thioarsenicals. This hypothesis is further supported by 

the fact that the experiment is conducted under anoxic conditions. Additionally, previous 

research has established that arsenopyrite dissolution is considered a significant source for the 

formation and release of thioarsenicals in aqueous sulfidic systems in the environment (Herath et 

al., 2018). 

A variety of arsenic species may be present in biological and environmental samples, 

each with distinct characteristics (Stice et al., 2016; Sun et al., 2016). Most analytical techniques 

are only able to separate and detect limited species per run, so co-elution of multiple arsenic 

species can often go unnoticed. This results in inaccurate arsenic speciation analysis, and thus, 

inaccurate determination of arsenic toxicity (Stice et al., 2016). It is difficult to discern a “full-

spectrum” analytical technique able to resolve all arsenic species, therefore, a combination of 

multiple separation and detection methods may be necessary, each targeting a specific group of 

arsenic species (Sun et al., 2016). Beyond the possibility for co-elution of thioarsenicals with 
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As(V) to be occurring, it is challenging to detect, identify, and quantify thioarsenicals overall. 

This is due to their high instability, the lack of commercially available reference standards, and 

the lack of comprehensive collection, preservation, and detection protocols.  

 

1.8 Relevance of the Present Study 

1.8.1 Occurrence and Formation of Thioarsenicals 

Recent studies have identified thioarsenicals as a novel class of highly toxic sulfur-

containing arsenic compounds. Generally, thioarsenicals are a group of arsenic species in which 

oxygen-bonded arsenic is substituted by sulfur, thereby forming As-SH and/or As=S structures 

(Herath et al., 2018). Methylated pentavalent thioarsenicals, including 

monomethylmonothioarsonic acid (MMMTAV), dimethylmonothioarsinic acid (DMMTAV) and 

dimethyldithioarsonic acid (DMDTAV), are the most commonly thioarsenicals observed in 

humans and animal models in vivo, and in simulated in vitro biological conditions. Aside from 

occurrence in vivo and in vitro, thioarsenical formation has also been observed in the 

environment, under sulfidic, or sulfate-reducing conditions. Common thioarsenicals found in the 

environment include monothioarsenate (AsO3S 3−), dithioarsenate (AsO2S2 3−), trithioarsenate 

(AsOS3 3−), and tetrathioarsenate (AsS4 3−) (Wallschläger & Stadey, 2007; Wang et al., 2015; 

Kim et al., 2016). 

Thioarsenical formation in vivo or in in vitro simulated biological conditions can occur 

via preabsorptive and postabsorptive metabolism of arsenic. These processes are dependent on 

the production of hydrogen sulfide (H2S), which is the source of sulfur in thiolation reactions. 

Under these conditions, H2S is produced by GI microbiota and by cellular metabolism in 

mammalian cells (Naranmandura et al., 2013; Wang et al., 2015). Preabsorptive (or presystemic) 
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metabolism of arsenic involves GI microbiota mediated molecular transformations that take 

place prior to transport across the GI barrier, and postabsorptive metabolism occurs after 

transport across the GI barrier, by H2S formed in tissues. Studies have shown that pre- and post-

absorptive metabolism of arsenic may play a coordinated role in thioarsenical formation in vivo 

or in vitro (Wang et al., 2015). Despite this knowledge, the direct formation mechanisms of 

thioarsenical under these conditions are not well understood.  

Thioarsenical formation in the environment can occur in systems where inorganic arsenic 

and free sulfide are present in solution (Conklin et al., 2008; Wilkin et al., 2019). In 

groundwater, inorganic arsenic is mostly present as the oxyanions arsenite (suboxic and anoxic 

conditions) and arsenate (oxic conditions), while in soil and sediments it exists in combination 

with hydroxides, sulfides, iron and manganese (Wang et al., 2015). Both oxyanions can undergo 

thiolation reactions, resulting in displacement of all oxygen ligands and formation of thioarsenite 

or thioarsenate (Wilkin et al., 2019). Thioarsenites can form directly from arsenite via ligand 

exchange of oxyanions for thioanions and thioarsenates can form from arsenite or thioarsenites 

via oxidative addition of elemental sulfur (Guo et al., 2017).  

It has been suggested that this thiolation process is mediated by sulfate reducing bacteria, 

similar to thioarsenical formation in vivo and in vitro, due to their ability to reduce sulfates and 

organic sulfur compounds in groundwater to produce sulfide which converts oxoarsenicals to 

thioarsenicals (Wang et al., 2015; Sun et al., 2016). Under environmental conditions, 

thioarsenical formation is controlled by pH, redox conditions influenced by oxidizers such as 

Fe3+, and the presence of sulfides (Wang et al., 2015; Kim et al., 2016). Like thioarsenicals 

formed in vivo and in vitro, there is still uncertainty surrounding the formation mechanisms of 

these compounds in the environment as well.  
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1.8.2 Thioarsenical Toxicities 

Multiple studies have demonstrated the high toxicity of thioarsenicals relative to non-

thiolated arsenic species (Chen et al., 2013). Toxicities of the common methylated pentavalent 

thioarsenicals formed in vivo and in vitro are ranked as: DMMTAV > MMMTAV > DMDTAV 

(Bu, 2011). The high toxicity of these arsenic species is potentially related to their ready 

transport into cells and rapid conversion to the trivalent oxoarsenical analogs, dimethylarsinous 

acid (DMAIII) and monomethylarsonous acid (MMAIII), which have also been classified as 

highly toxic (Chen et al., 2016). The toxicity of DMMTAV has been shown to be even higher 

than that of inorganic trivalent arsenic (iAsIII) (Sun et al., 2016).  

The toxicity of thioarsenicals formed in the environment has been less extensively 

studied. One study has determined that monothioarsenate is less phytotoxic than As(III) but more 

toxic than As(V),  using Arabidopsis thaliana as a model organism. In this study it was suggested 

that an increasing degree of thiolation (mono- → di- → tri- → tetrathioarsenate) may lead to an 

increase in toxicity, based on the theory that this would lead to a more rapid transformation to 

highly toxic As(III) (Planer-Friedrich et al., 2017). An in vitro study also found that inorganic 

thioarsenates (mono- and trithioarsenate) were less cytotoxic than As(III) but more toxic than 

As(V) towards cultured human hepatocytes and urothelial cells. This study also implemented 

simulated intestinal transport experiments and found that the intestinal transport of both mono- 

and trithioarsenate were higher than arsenate, and for trithioarsenate it was almost as high as 

As(III), again pointing to the possibility that a higher degree of thiolation may be related to an 

increase in toxicity. However, accurately analyzing the influence of the number of thiol groups 
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on thioarsenate toxicity would require further study including mono-, di-, tri-, and 

tetrathioarsenate (Hinrichsen et al., 2014 & 2015). 

 

1.8.3 Prevalence of Thioarsenicals 

The prevalence of methylated and inorganic thioarsenicals has been reported in a variety 

of biological and environmental systems. Arsenic species DMMTAV, DMDTAV, and MMMTAV 

have been detected in vivo in rat, hamster, and sheep urine, DMMTAV and DMDTAV have been 

detected in human urine, and DMMTAV and MMMTAV have been detected in human and 

animal blood samples, following exposure to arsenic (Chen et al., 2013 & 2016; Herath et al., 

2018; Naranmandura et al., 2007; Raml et al., 2005; Sun et al., 2016). Thioarsenicals have also 

been detected in human saliva, nail, and hair samples after arsenic exposure (Chen et al., 2013; 

Sun et al., 2016).  

In vitro, the formation of MMMTAV from iAsV was observed utilizing the Simulator of 

the Human Intestinal Microbial Ecosystem (SHIME) gut model (Van de Wiele et al., 2010). The 

formation of DMMTAV and DMDTAV was detected following incubation of anaerobic 

microbiota mouse cecum contents with the oxoarsenical analog dimethylarsinic acid (DMAV) 

(Kubachka et al., 2009). Additionally, the incubation of anaerobic microbiota mouse cecum 

contents with iAsV resulted in the formation of DMDTAV, monothio-arsenic acid (iAsV S1), 

dithio-arsenic acid (iAsV S2), trithio-arsenic acid (iAsV S3), monomethyldithioarsonic acid 

(MMDTAV), and monomethyltrithioarsonic acid (MMTTAV) (Pinyayev et al., 2011). 

In the environment, thioarsenicals have been detected in surface water, groundwater, 

geothermal water, and landfill leachate (Kim et al., 2016). Monothioarsenate was detected in 

Moira Lake, a popular recreational lake in Canada (Wallschläger & Stadey, 2007). Mono-, di-, 
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tri-, and tetrathioarsenate, along with methylated oxo- and thioarsenicals have been found in 

geothermal springs, such as those located in Yellowstone National Park (Herath et al., 2018; Sun 

et al., 2016). Methylated thioarsenicals, MMDTAV, DMMTAV, and DMDTAV have also been 

identified in groundwater contaminated by methylated arsenic pesticides (Herath et al., 2018).  

 

1.8.4 Future Research Directions 

Despite their high toxicity and prevalence in biological (in vivo and in vitro) and 

environmental systems, the formation mechanisms, toxic effects, and stability of thioarsenicals 

have not been completely determined (Herath et al., 2018). There is a need for further research to 

increase knowledge on the metabolic pathways and formation mechanisms of specific 

thioarsenicals, the transformation of these species throughout GI transit, and their toxicological 

effects towards the environment and human health (Bu et al., 2011; Herath et al., 2018; Pinyayev 

et al., 2011; Van de Wiele et al., 2010; Wang et al., 2015). Achieving this will require the 

development of accurate analytical protocols, such as improved sample collection, preservation, 

and processing methods (Herath et al., 2018; Wang et al., 2015). Accurate analysis of 

thioarsenical is difficult due to issues with stability, which is impacted by factors such as pH, 

temperature, redox potential, oxygen concentration, and the presence of sulfur and iron, 

highlighting the extreme importance of sample preservation (Herath et al., 2018).  

So far, most research in this area has been focused on qualitative identification of 

thioarsenicals. However, the ability to conduct comprehensive studies on the distribution and 

toxicological effects of these species in biological and environmental systems will demand more 

effort into solidifying methods of quantitative analysis (Wang et al., 2015). This encompasses 
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synthesis of reference standards, structural determination, sample preservation, and determining 

precise methods to separate and identify multiple thioarsenical species (Herath et al., 2018).  

 

1.9 Prior Research on Thioarsenites and Thioarsenates 

1.9.1 Thioarsenite and Thioarsenate Formation 

With respect to prior research on thioarsenical formation, it is necessary to recall the 

parameters of the initial arsenopyrite gastric in vitro bioassay experiment (per EPA Method 

1340). This was conducted in a 1:100 solid to solution ratio, with 0.010 g of arsenopyrite reacted 

with 1 g SGF in a microcentrifuge tube within an anoxic chamber to represent the low oxygen 

environment of the GI system. The SGF was composed of a solution of 0.4 M glycine, pH 

adjusted to 1.5 to represent acidic gastric conditions. The samples were incubated at 37.2°C and 

rotated at 18 rpm for 1 hr, to represent internal body temperature and the average stomach 

emptying rate, and subsequently centrifuged at 5000x RCF for 10 min. They were prepared for 

ICP-MS arsenic speciation analysis by dilution in a preservative/buffer (EDTA + (NH4)2CO3) 

solution and deionized (DI) water. Considering how this procedure lacks a biotic component, 

such as the addition of microbes that have been determined to facilitate the formation of 

methylated thioarsenical in in vivo and in some in vitro studies, it was determined best to proceed 

in the direction of analyzing thioarsenical formation from arsenopyrite dissolution under abiotic 

environmental conditions, without emphasizing the contribution of a human or animal microbial 

component.  

Non-methylated thioarsenites and thioarsenates are the most plausible thioarsenicals to form 

under environmental conditions. The formation of thioarsenites in the environment can occur in 

aqueous solutions via reaction between As(III) and excess sulfide under reducing conditions. 
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Thioarsenites are thought to be the main product of this reaction under anoxic conditions 

(Wallschläger & Stadey, 2007). It has been proposed that the first reaction product of this 

process is trithioarsenite (equation 1) (Herath et al, 2018). However, oxygen-rich environments 

promote the oxidation of trivalent arsenic species to pentavalency (Wang et al., 2015). Under 

oxic conditions, thioarsenites can rapidly convert to thioarsenates (dithioarsenate equation 2; 

trithioarsenate equation 3) (Herath et al., 2018). 

 

H3As(III)O3(aq) + 3H2S(aq) → H3As(III)S3(aq) + 3H2O(l)     Eq. 1 

 

H3As(III)S3(aq) + O2(g) → H3As(V)O2S2(aq) + S(s)     Eq. 2 

 

2H3As(III)S3(aq) + 2O2(g) → 2H3As(V)OS3(aq) + O2(aq)     Eq. 3  

 

Thioarsenates have been suggested to be the dominant species formed in aqueous sulfidic 

environments (Stauder et al., 2005). But in anoxic arsenic-sulfide systems, it’s been reported that 

thioarsenates may only form in the presence of excess sulfide (Suess, 2011). Thioarsenates can 

form via the deprotonation of As(III) in the presence of aqueous sulfide (H2S), in which arsenite is 

partially oxidized to monothioarsenate while sulfide is simultaneously reduced (equation 4). This 

process occurs due to the presence of electron acceptors like sulfate and sulfur which are 

produced from H2S by bacterial activities (Herath et al., 2018).  

 

5H3As(III)O3(aq)+ 3H2S(aq) → 2As(s) + 3H2As(V)O3S-(aq) + 6H2O(l) +3H+(aq)   Eq. 4 
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Sulfate reducing bacteria can oxidize As(III) to As(V), which can react with sulfides and 

produce mono-, di-, tri-, and tetrathioarsenates, although the dominant species formed by this 

mechanism are mono-, di-, and trithioarsenate (Herath et al., 2018). Monothioarsenate has been 

shown to be relatively unstable at high pH (Couture et al., 2011). In the presence of excess 

sulfide, it can be further thiolated to di-, tri-, and tetrathioarsenate (equation 5) (Herath et al., 

2018). Monothioarsenate can also undergo hydrolysis to As(V), or decomposition to As(III) and 

sulfur (Stauder et al., 2005). 

 

H2As(V)O3S-(aq)+ H2S(aq) → H2As(V)O2S-2(aq) + H2O(l)       Eq. 5 

 

It has been determined that thioarsenates can also form via the oxidation of As(III), or 

thioarsenite, by elemental sulfur (S0) (equation 6) (Couture et al., 2011; Hug et al., 2017; Herath 

et al., 2018). In reducing sulfur rich environments, thioarsenate can be produced by the oxidation 

of As(III) to As(V) due to high affinity between As(III) and sulfur. This occurs through a process of 

disproportionation, in which a part of As(III) is oxidized to monothioarsenate with arsenic in the 

As(V) oxidation state and the other is reduced to As(0) (equation 7) (Stauder et al., 2005). 

 

H3As(III)O3(aq) + S0(s) → H2As(V)O3S-(aq) + H+(aq)        Eq. 6 

 

5H3As(III)O3 + 3H2S → 2As + 3H2As(V)O3S- + 6H2O + 3H+      Eq. 7 

 

Thioarsenical Formation Upon Arsenopyrite Dissolution  
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Mineral dissolution of arsenic-bearing sulfide minerals, such as arsenopyrite, is a large 

source for thioarsenical formation and release in the environment. Besides the release of arsenic 

as As(-I) and sulfur as S(-II), arsenopyrite dissolution also results in the release of iron as Fe(II), 

which can influence arsenic mobility and thioarsenical formation. Fe(II) is rapidly oxidized to 

Fe(III) above pH 5-6, resulting in the formation of ferric-arsenate surficial coatings and iron 

hydroxides at alkaline pH, which can inhibit arsenic release by resorption. Sulfide is transformed 

to sulfate and elemental sulfur under acidic conditions, with sulfate becoming the dominant form 

at neutral pH. A recent study examined this process for arsenopyrite under varying pH conditions 

and in the presence and absence of oxygen (Suess & Planer-Freidrich, 2012).  

Oxic dissolution experiments conducted in open vessels showed that minimal arsenic 

leaching was observed for both acidic (pH 2) and neutral (pH 7) conditions, but significantly 

increased at alkaline conditions (pH 12). Speciation analysis demonstrated that under acidic 

conditions As(V) was the dominant species present, although limited monothioarsenate formation 

did occur (<1% of total As concentration). At neutral pH As(III) became the dominant species, 

and monothioarsenate formation increased to 4%. At high pH As(V) again was the dominant 

species and monothioarsenate formation increased to around 30% (Suess & Planer-Friedrich, 

2012).  

Suboxic dissolution experiments were performed in capped vials leaving a headspace, 

which exposed the samples to a limited amount of oxygen throughout the experiment. Arsenic 

leaching was minimum at neutral pH, but increased under acidic and alkaline conditions. At high 

pH As(V) was the dominant species, with As(III) decreasing with increasing pH. At low and 

neutral pH 2% formation of monothioarsenate occurred. At high pH monothioarsenate and 
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dithioarsenate were both present, reaching 15% and 2%, respectively (Suess & Planer-Friedrich, 

2012).  

Anoxic dissolution experiments performed in an anoxic glovebox yielded significantly 

less arsenopyrite mineral dissolution vs oxic dissolution, which released 13 times more arsenic. 

Similar results were reported by an earlier study, which also noted limited arsenopyrite 

dissolution under anoxic conditions (Suess, 2011). At low pH, no significant thioarsenate 

formation occurred. At neutral pH, As(V) was the dominant species present and minimal 

formation of monothioarsenate occurred (<5%). However, at high pH monothioarsenate 

formation exceeded that of both oxic and suboxic alkaline conditions, reaching 43% (Suess & 

Planer-Friedrich, 2012).  

Overall, very little thioarsenicals formation occurred under acidic conditions. This may 

be due to prior observations of thioarsenicals converting to As(III) at low pH. Specific to acidic 

anoxic conditions, minimal thioarsenate formation could be due to the precipitation of 

thioarsenicals as amorphous arsenic-sulfide minerals. Iron-sulfides and iron hydroxides are also 

known to form in Fe-As-S systems, which have the potential to absorb or bind arsenic in arsenic-

iron and arsenic-sulfur solid phase complexes and deplete excess sulfur, therefore limiting 

dissolved arsenic-sulfide complexation (O’Day et al., 2004; Root et al., 2009). However, it has 

been previously demonstrated that thioarsenates can form in iron-rich waters (Suess & Planer-

Freidrich, 2012).  

Monothioarsenate was determined to be the dominant thioarsenical to form upon 

arsenopyrite dissolution. This is likely due to the fact that it has the lowest S/As ratio, making it 

the most feasible thioarsenical to form in a system with limited excess sulfide, and it is more 

stable towards oxidation and pH changes in comparison with other thioarsenicals (di-, tri-, and 
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tetrathioarsenate). It was proposed that monothioarsenate formation occurs at the mineral 

sorption sites and is initiated by physical adsorption of hydroxyl groups as a result of the 

transposition of hydroxyl anions to arsenic or iron sites, summarized by equation 8 (Suess & 

Planer-Friedrich, 2012).  

 

FeAsS + 6OH- → Fe(OH)3 + H3As(V)O3S(aq/s) + 6e-       Eq. 8 

 

 

1.9.2 Potential for Thioarsenical Co-elution 

As previously mentioned, current analytical methods are only able to detect a limited 

number of arsenic species in a sample during one run, due to their distinct natures. This allows 

for the potential for co-elution of thioarsenicals to go unnoticed, leading to incomplete and 

inaccurate toxicity assessments (Stice et al., 2016). Some common methods used for arsenic 

speciation include reverse phase high performance liquid chromatography (HPLC) or ion 

exchange column, coupled to element specific detectors like inductively coupled plasma-mass 

spectrometry (ICP-MS), atomic fluorescence spectrometer (AFS), or atomic absorption 

spectrometer (AAS). However, these methods are unable to cover the full spectrum needs of 

arsenic speciation analysis (Stice et al., 2016).  

Ion chromatography has been found to decompose arsenic glutathione (GSH) complexes, 

which results in the inability to detect As-GSH species. These species play an important role in 

arsenic metabolism because they are thought to be intermediates for in vivo arsenic methylation 

(Stice et al., 2016). Many arsenic speciation methods are unable to detect thioarsenicals, and also 

cannot simultaneously detect trivalent and pentavalent methylated species, or their sulfur-
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containing analogs, despite their important role in arsenic metabolism and toxicity (Stice et al., 

2016).  

A specific example of co-elution is the observation that many methods utilizing anion 

exchange columns are unable to distinguish between the methylated oxoarsenicals MMAIII and 

monomethylarsonic acid (MMAV), and DMAIII and DMAV (Stice et al., 2016). Another example 

of this occurred in a study comparing arsenic speciation methods, in which trimethylarsine 

(TMAsVO) and arsenobetaine (AsB) co-eluted with AsIII (Currier et al., 2013). A study 

attempting to understand the in vitro biotransformation of arsenic using the SHIME gut model 

saw the co-elution of multiple arsenic species within a single peak, including AsIII, AsV, DMAV, 

MMAV, DMAIII, MMAIII, and the methylated thioarsenical MMMTAV. Two different separation 

methods had to be developed and optimized in order to resolve all the target analytes (Alava et 

al., 2011).  

 

1.9.3 Thioarsenical Stability 

Aside from the potential for co-elution of thioarsenicals with AsV, it is difficult to 

separate, identify, and quantify thioarsenicals due to their stability, which is impacted by factors 

such as pH, temperature, redox potential, oxygen concentration, and iron speciation (Herath et 

al., 2018). Even sample preparation prior to analysis proves difficult, as thioarsenical instability 

can result in degradation within the time from preparation to analysis (Conklin et al., 2008). 

Thus, it is important to utilize appropriate collection, processing, storage and analytical methods 

to preserve their natural state (Wang et al., 2015). Labs often have to synthesize their own 

thioarsenical standards due to lack of commercial availability, which again, is difficult due to 

these compounds being highly unstable (Sun et al., 2016). The difficulty in achieving accurate 
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thioarsenical analysis for both environmental and biological samples is exacerbated by a non-

consensus of well-defined collection, preservation, and detection methods (Herath et al., 2018).  

 

1.9.3.1 Oxygen 

Thioarsenites have been suggested to form exclusively under anoxic conditions, and are 

considered to be important intermediates for the formation of thioarsenates. They are extremely 

labile, are known to degrade over time, and can be rapidly oxidized to thioarsenates in the 

presence of oxygen. One study reported that thioarsenite could oxidize to thioarsenate in an 

anoxic glove bag after just 24 hours (Suess, 2011). Exposure to even trace amounts of oxygen 

during storage or analysis can result in this conversion, leading to thioarsenites being falsely 

identified as thioarsenates if oxygen is not totally excluded from the system (Herath et al., 2018). 

Thus, it is important to be vigilant in excluding oxygen at every step of the analytical process. 

Thioarsenate formation has been reported under both oxic and anoxic conditions. 

Although they are considered to be more stable than thioarsenites, thioarsenates are also unstable 

in the presence of oxygen (Suess, 2011). Thioarsenates can be converted to As(V) and As(III) due 

to oxygen contamination during sample storage, especially if stored under these conditions for 

long periods of time (Stauder et al., 2005; Wallschläger & Stadey, 2007). One study has 

demonstrated that thioarsenates can oxidize to As(III) after just 12 hours of storage in a vessel 

with an air-filled headspace. Under these conditions, further oxidation to As(V) can occur within 

5 days (Suess, 2011).  

 

1.9.3.2 pH 
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Thioarsenite formation and stability is limited by excess hydroxide (via SH-/OH- 

competition), due to high pH. Thus, thioarsenite can convert to As(III) under alkaline conditions 

(Suess, 2011). Thioarsenates have been observed to convert to As(III) and arsenic precipitates 

under acidic conditions (Suess, 2011). More specifically, under acidic conditions thioarsenates 

can convert to thioarsenites or decompose to As(III) (equation 9) in anoxic or oxic environments, 

respectively. Thioarsenates can also convert to As(V) by ligand exchange at high pH, in which the 

HS- group is replaced by OH- ions (equation 10) (Herath et al., 2018). 

 

HAs(V)O3S2-(aq) + H+(aq) → H2AsO3-(aq) + S0(s)       Eq.9 

 

HAs(V)O3S2−(aq) + OH-(aq)→ HAs(V)O42−(aq) + HS-(aq)       Eq.10 

 

Tetrathioarsenate in particular is sensitive towards pH changes, in comparison with thioarsenates 

with a lesser degree of thiolation (mono- and dithioarsenate). It becomes unstable as pH 

decreases, and can oxidize to trithioarsenate under anoxic acidic conditions (Suess, 2011). 

 

1.9.3.3 Dilution 

Dilution is a common practice for sample preparation prior to chromatographic analysis. 

Thioarsenite stability in particular is highly sensitive to dilution. Diluting thioarsenic samples 

can alter the pH, which tends to rearrange the equilibrium between individual As-sulfur species 

because of their distinct stability regions depending on the pH range (Herath et al., 2018). 

Thioarsenites can convert to As(III) due to excess OH- caused by dilution (Suess, 2011).  
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1.9.3.4 Temperature 

Thioarsenates are quite sensitive to high temperatures. Heating (80°C) has been observed 

to promote a significant decay of thioarsenates to As(III) (Suess, 2011). Storage temperature can 

affect thioarsenical stability (Wang et al., 2015). One study found that storage temperature was 

more significant than pH, in respect to the preservation of thioarsenicals (Conklin et al., 2008). 

Higher temperatures (25°C and 60°C) promoted the conversion of thioarsenicals to their 

oxoarsenical counterparts over time (10% per week), while refrigeration at 4°C slowed this 

process. Conversion rates of <0.1 to 0.34% per week at 4°C indicated that under low-oxygen 

conditions, samples containing thioarsenicals may be stored for seven weeks without losing more 

than 2.5% of the original thioarsenical concentration (Conklin et al., 2008). Based on these 

findings, higher storage temperatures should be avoided to minimize unintended alteration of the 

oxide/sulfide ratio, and refrigeration at 4°C or lower should be implemented for thioarsenical 

preservation (Conklin et al., 2008). 

 

1.9.3.5 Iron 

Iron can considerably impact the stability of thioarsenicals in aqueous samples, making 

thioarsenical preservation very difficult in its presence (Suess et al., 2015; Wang et al., 2015). 

High levels of iron in sulfidic aqueous samples can limit the formation of thioarsenates from 

As(V) and sulfide, due to precipitation of excess sulfide and iron-sulfide minerals (Suess et al., 

2015; Herath et al., 2018). As(III) and As(V) can also precipitate with, or adsorb to iron oxy-

hydroxides that may be present in sulfur-rich waters, which can result in a loss of total arsenic 

available for analysis (Herath et al., 2018). Under anoxic conditions, thioarsenates can convert to 

As(III) in the presence of Fe(II) (Suess, 2011).  
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1.9.4 Lack of Thioarsenical Standards 

Due to the inherent instability of thioarsenicals, there is a lack of commercially available 

reference standards. This makes it difficult to verify their presence and quantify them during 

arsenic speciation analysis (Wallschläger & Stadey 2007). A study investigating the effects of 

pH and temperature on thioarsenical formation and stability tentatively noted the formation of 

the thioarsenical monomethyldithioarsonic acid (MMDTAV), however they were unable to verify 

this finding due to the lack of a synthetic standard for this species (Conklin et al., 2008). As a 

solution to this problem, many labs must synthesize their own thioarsenical standards, which can 

also be challenging due to the instability of these compounds (Sun et al., 2016).  

 

1.9.5 Thioarsenical Preservation 

Due to the instability of thioarsenicals towards the previously mentioned factors, the 

preservation of sample prior to chemical analysis is crucial in order to achieve an accurate 

measurement of thioarsenic species (Herath et al., 2018). Several methods have been regularly 

utilized to preserve these species in their natural state.  

 

1.9.5.1 Acidification 

Acidification using acids such as HNO3, HCl, H2SO4, etc., are common practice used to 

stabilize arsenic-containing samples in iron-rich matrices, and prepare them for chromatographic 

analysis (Herath et al., 2018; Guo et al., 2019). Acidification has been used to preserve arsenic 

species in the presences of Fe(III), however, it may not be the best method for sulfidic aqueous 

samples because it can lead to a loss of total arsenic by promoting precipitation of arsenic 
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sulfides (As2S3, or amorphous arsenic sulfides) (Stauder et al., 2005; Suess, 2011; Wang et al., 

2015; Herath et al., 2018; Guo et al., 2019). This has been specifically noted for acidification 

using HCl (Herath, 2018). Acidification with strong acids like HNO3 and HCl has been shown to 

cause the oxidation of As(III) to As(V) (Herath et al., 2018). 

Thioarsenicals, especially, are not stable upon acidification. This practice has induced the 

conversion of thioarsenates to thioarsenites under anoxic conditions, and the conversion to As(III) 

under oxic conditions (Suess, 2011). Thioarsenates can also decompose to arsenic-sulfur 

precipitates under anoxic conditions due to acidification (Suess, 2011). One study has 

demonstrated the conversion of tetra-, tri-, and dithioarsenate to As(III) due to acidification prior 

to analysis (Guo et al., 2019). In another study, acidifying samples to pH 4-6 resulted in the 

conversion of thioarsenate to As(V) and As(III) (Stauder et al., 2005). Thioarsenites have been 

observed to degrade to arsenic-sulfur precipitates via acidification (Suess, 2011). 

Due to the potential for acidification to promote arsenic sulfide precipitation and 

thioarsenical degradation, it should be reconsidered as a preservation method for sulfidic samples 

prior to analysis. For total arsenic analysis, it has been proposed that samples should be made 

alkaline, treated with hydrogen peroxide (H2O2) to convert As(III) to As(V), and preserved by 

acidification to pH < 2 (Smieja & Wilkin, 2003). For arsenic speciation analysis, acidification is 

not recommended at all, and another preservation method such as quick-freezing samples is 

suggested (Smieja & Wilkin, 2003).  

 

1.9.5.2 EDTA Addition 

Ethylenediaminetetraacetic acid (EDTA) is often used as a metal chelating agent to 

prevent co-precipitation of arsenic with iron and manganese hydroxides, and arsenic speciation 
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changes due to iron induced photochemical oxidation from pH buffering, iron-complexation and 

ligand exclusion (Herath et al., 2018). However, the use of EDTA may not be appropriate for 

samples with high levels of iron and lower amounts of total arsenic, because it can cause changes 

in the oxidation state of iron, and thus impact arsenic speciation as well (Herath et al., 2018). The 

use of EDTA to complex iron can lead to the oxidation of As(III)  to As(V) in synthetic solutions. 

Additionally, it can result in artificial formation of thioarsenates in natural samples, due to the 

proposed reaction of excess sulfide with Fe-EDTA complexes (Suess et al., 2015). 

 

1.9.5.3 Flash Freezing and Cryo-preservation 

Flash freezing and cryo-preservation have been utilized as successful methods for the 

preservation of arsenic species in sulfidic waters (Planer-Friedrich et al., 2007). However, these 

methods are not appropriate for iron-rich sulfidic systems, because they can encourage iron 

oxidation and the coprecipitation of arsenic with iron hydroxides, which can result in a loss of 

total arsenic (Herath et al., 2018). In the presence of iron, cryo-preservation can promote the 

conversion of thioarsenates to As(III), and further oxidation to As(V) (Suess et al., 2015). 

 

1.9.5.4 Solid Phase Extraction 

 

Solid phase extraction (SPE) has proven to be one of the best methods for preserving 

thioarsenic species in iron-rich sulfidic systems. Thioarsenic species usually exist in the anionic 

form in the environment, so they can be retained in the anion exchange resin while eluting 

positively charged iron without absorbing on the resin (Herath et al., 2018). This prevents 

speciation changes of thioarsenicals in the presence of iron. But, this requires the selection of an 

appropriate eluting agent to remove the retained thioarsenic species from the exchange column 
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without altering their speciation until analysis is performed. Common eluting agents like HCl 

and HNO3 can cause changes in speciation and arsenic sulfide precipitation (Herath et al., 2018).  

A recent study was able to develop an effective SPE procedure for As(V), 

monothioarsenate, and trithioarsenate using AG2-X8 anion exchange resin. After elution, 0.5 M 

sodium salicylate was used to wash the resin, and this resulted in nearly 100% retention of each 

arsenic species. This method was also able to achieve nearly 100% elution of iron through the 

resin. The species retained on the resin were able to be washed and eluted with 0.5 and 3 M of 

KCl and 0.5 M sodium citrate (Ulrich et al., 2016; Herath et al., 2018). 

 

1.9.5.5 Anoxic Cool Storage 

Another successful preservation method for thioarsenicals in iron-rich systems is anoxic 

cool storage in N2 purged septum vials (Suess, 2015). This method has been shown to be more 

effective than cryo-storage. Previous studies have observed thioarsenical degradation even when 

stored under anoxic conditions. This is thought to be due to oxygen remaining in the headspace 

of commonly used storage containers, such as standard polypropylene sample vials. It has been 

determined that using N2 purged septum vials perform better for thioarsenical preservation than 

trying to purge the headspace of other non-septum vials (Suess et al., 2015).  

In this study, anoxic septum vials were prepared by filling them with a 95% N2-5% H2 

gas mixture, sealing them with gas tight lids, and externally pressurizing them with N2 to an 

overpressure of 1.5 bar. Samples were then injected into the anoxic vials with a syringe and 

stored at 4°C in the dark. The overpressure in the remaining headspace of the vials is an effective 

way of excluding the entry of oxygen (Suess et al., 2015). If the overpressure is maintained until 

the samples are analyzed, this is a good indication that no oxidation has occurred. 
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This method was proven to maintain thioarsenical preservation up to 24 hours, and is 

effective for both synthetic and natural aqueous samples, in the presence and absence of iron and 

excess sulfide. It is best to perform thioarsenical analysis as quickly as possible, however, the 

addition of 1% ethanol was shown to prevent any remaining oxygen from reacting in arsenic 

species and preserve thioarsenical samples for up to 1 week (Suess et al., 2015). 

 

1.9.6 Thioarsenical Speciation Analysis Methods 

Thioarsenical speciation analysis is a process comprised of multiple steps, including 

extraction, separation, identification and quantification (Herath et al., 2018). Common methods 

of extracting arsenic species from sample matrix in environmental, biological and geochemical 

samples are solvent extraction, accelerated solvent extraction, liquid phase micro-extraction, 

high pressure liquid extraction, and solid phase micro-extraction. Successful separation 

techniques for thioarsenical speciation in these samples include ion chromatography (IC) and 

high performance liquid chromatography (HPLC). Ion exchange, reverse-phase, and ion-pairing 

modes of HPLC have been effective for thioarsenical separation (Herath et al., 2018).  

Detection and quantification methods for thioarsenicals in environmental, geological, and 

biological samples include atomic absorption spectrometry (AAS), atomic fluorescence 

spectrometry (AFS), inductively coupled plasma-mass spectrometry (ICP-MS), and electrospray 

ionization mass spectrometry (ES-MS). ICP-MS coupled to HPLC or IC is seen as the best 

detection method for thioarsenicals due to an excellent detection limit and a wide linear range 

(ng/L-mg/L) (Herath et al., 2018). In addition to quantification, characterization of thioarsenicals 

is vital to confirm their molecular structure. Common characterization techniques include 

Raman, electrospray ionization mass spectrometry (ESI-MS) and X-ray absorption spectroscopy 
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(XAS). Raman is used to determine the chemical nature of As-S bonds in thioarsenicals, HPLC-

ICP-MS coupled to ES-MS has been a useful means of characterization for biological samples, 

and XAS techniques have been used to determine As-S bond lengths (Herath et al., 2018).  

Although ICP-MS has low detection limits and is highly selective, allowing for 

determination of arsenic species at concentrations varying by orders of magnitude, this method is 

unable to determine structural information. However, ESI-MS can be used to determine 

structural information of unidentified peaks, and it is often coupled with ICP-MS after HPLC 

separation to help with peak resolution and identification (Sun et al., 2016).  

 

1.10 Research Approach 

1.10.1 Thioarsenical Synthesis 

Considering that the current FeAsS IVBA procedure utilized lacks a biotic component, it 

was determined that any potential thioarsenicals forming would be those that are more relevant 

to environmental conditions (non-methylated thioarsenites and thioarsenates) vs. those that are 

associated with biological conditions (methylated pentavalent thioarsenicals). It is more likely 

that thioarsenates would form upon FeAsS dissolution in the IVBA experiments, because a 

recent study examining thioarsenical formation from FeAsS under varying pH conditions and in 

the presence and absence of oxygen found that the dominant thioarsenical formed was 

monothioarsenate. This was thought to be due to its low S/As ratio, which would make it the 

most likely thioarsenicals to form in a system with limited excess sulfide, and its stability 

towards oxidation and pH changes in comparison with other thioarsenates (Suess & Planer-

Friedrich, 2012). The most commonly referenced synthesis procedures for thioarsenates (mono-, 
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di-, and tetrathioarsenate) come from Schwedt & Rieckhoff’s 1996 paper: Separation of thio- and 

oxothioarsenates by capillary zone electrophoresis and ion chromatography. 

 

1.10.2 Thioarsenical Preservation and Characterization 

The best method to preserve the non-methylated thioarsenicals seems to be Suess’s 

recommendation of anoxic cool storage in N2 purged septum vials, without the use of 

acidification or dilution, which has been shown to negatively impact the stability of these 

compounds (Suess et al., 2015). Briefly, this entails preparing septum vials by filling them with a 

95% N2-5% H2 gas mixture, sealing them with gas tight lids, and externally pressurizing them 

with N2 to an overpressure of 1.5 bar. Samples can then be injected into the vials and stored at 

4°C in the dark. This method was shown to maintain thioarsenical preservation up to 24 hours, 

although the addition of 1% ethanol was shown to preserve thioarsenical samples for up to 1 

week (Suess et al., 2015).The methylated pentavalent thioarsenical seems to be more stable than 

their non-methylated counterparts, so Lee’s suggestion of storage at 4°C in the dark appears to be 

a sufficient method of preservation, as it was shown to preserve them for up 13 weeks without 

significant transformations occurring (Lee et al., 2018). 

Solid samples can be characterized using synchrotron methods such as X-ray Absorptions 

Spectroscopy (XAS), Scanning Electron Microscopy (SEM), or Infrared Spectroscopy (Suess, 

2011; Cullen, 2016). Aqueous samples can be characterized by Electrospray ionization Mass 

Spectrometry (ESI-MS) coupled with High Performance Liquid Chromatography-Inductively 

Coupled-Mass Spectrometry (HPLC-ICP-MS) (Lee et al., 2018).  

 

1.10.3 Repeated Arsenopyrite IVBA Experiment 
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1.10.3.1 Rationale 

Once the thioarsenical standards have been successfully synthesized and characterized, 

and an HPLC-ICP-MS method that is efficient for separating, identifying, and quantifying 

thioarsenicals has been confirmed, repeating the FeAsS IVBA experiments would determine if 

the hypothesis that co-elution of thioarsenicals with AsV may be occurring is correct. If this 

hypothesis is correct, it would explain why in the initial IVBA experiments, As(V) rather than 

As(IIII) was the dominant arsenic species detected upon FeAsS dissolution, despite the lower 

oxidation state of arsenic in FeAsS, the exclusion of oxygen throughout the experiment, and the 

implementation of the FeAsS pre-cleaning treatment to remove oxidized surficial precipitates. If 

in fact thioarsenical formation is occurring as a result of FeAsS dissolution during the IVBA 

experiments, it seems likely that monothioarsenate might be the sole thioarsenic species forming.  

This idea is based on the results of the 2012 Suess & Planer-Friedrich study, which 

examined thioarsenical formation upon orpiment and arsenopyrite dissolution under varying pH 

and oxygen concentrations. Overall, only significant amounts of monothioarsenate were 

detected, and under acidic (pH 2) and anoxic conditions, similar to those present in the IVBA 

procedure (FeAsS reacted in SGF adjusted to pH 1.5), no significant thioarsenate formation was 

detected. This was thought to be due thioarsenic species rapidly converting to As(III) at low pH, or 

to amorphous arsenic-sulfide precipitates due to the anoxic conditions (Suess & Planer-Friedrich, 

2012). Thus the results of this study challenge the possibility of significant thioarsenical 

formation from FeAsS dissolution in the IVBA experiments.  

Additionally, the formation of thioarsenates during the IVBA experiment could be 

limited due to their instability towards multiple factors. Thioarsenates can convert to As(III) and 

As(V) due to oxygen contamination (Stauder et al., 2005; Wallschläger & Stadey, 2007). Perhaps 
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oxygen is not totally excluded during the IVBA experiment. There could be oxygen in the 

headspace of sample vials or the SGF may not be completely deoxygenated prior to the reaction 

with FeAsS. Thioarsenates are known to be sensitive to acidic conditions, and can convert to 

As(III), thioarsenites, and arsenic precipitates at low pH (Herath et al., 2018). The low pH of the 

SGF used in the IVBA procedure could be promoting this conversion.  

They have also been shown to be unstable at higher temperatures, with heating to 80°C 

causing decay to As(III) and storage at temperatures ranging from 25-60°C also resulting in the 

conversion to As(III) and As(V) over time (Conklin et al., 2008; Suess, 2011). The IVBA procedure 

calls for the samples to be reacted at 37°C for an hour. Maybe in this time, any thioarsenates 

formed could be degraded. Iron is also known to limit thioarsenate formation, and specifically 

under anoxic conditions, thioarsenates have been shown to convert to As(III) in the presence of 

FeII (Suess, 2011). Thus, it may be beneficial to also conduct iron speciation for the reacted 

IVBA samples.  

Aside from thioarsenates, it is improbable that any methylated thioarsenical formation is 

occurring during the FeAsS IVBA experiments, because there is no biotic component present in 

the procedure. The SGF is not microbially inoculated and the experiment is conducted with 

specimen FeAsS instead of actual tailings soil samples, in which there could be microbes able to 

facilitate arsenic methylation and thiolation.  

1.10.3.2 Potential for Thioarsenical Formation 

The main hypothesis to be tested is that thioarsenicals are forming upon dissolution of 

FeAsS during the IVBA experiments and co-eluting with As(V) in the arsenic speciation analysis 

process, giving reason for the dominance of As(V) and low concentrations of As(III) detected, 

despite As(III) being the species expected to be dominant. However, this could be due to other 
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factors, such as the oxidation of As(III) during the experimental process. This could be occurring 

if N2 sparging the SGF for an hour is insufficient for completely removing oxygen. Or, As(III) 

could be oxidized by trace amounts of oxygen left in the headspace of sample vials during the 

initial experiment. 

Iron, in the form of FeIII, could also be oxidizing As(III) to As(V) (Ding et al., 2015; Herath 

et al., 2018). One study has observed that at low pH and under anoxic conditions, FeIII can 

oxidize arsenopyrite at least 10 times faster than dissolved O2 (McKibben et al., 2008). Perhaps 

the FeAsS pre-cleaning step was not sufficient for totally removing the oxidized surficial layer, 

which has been proposed to consist of FeIII-sulfate, FeIII-arsenite, FeIII-arsenate, and FeOOH, and 

As(III) oxidation to As(V) is occurring via interaction with FeIII. This process can be enhanced in 

the presence of UV light (Berberich et al., 2019). In one study, As(III) in an acidic solution 

containing soluble iron was shown to be quickly oxidized to As(V) in the presence of UV light 

(Ding et al., 2015). Thus, dark storage is encouraged for arsenic species preservation (Planer-

Friedrich et al., 2007). Although the samples from the initial FeAsS IVBA experiments were 

conducted and analyzed the same day, they were not stored in light sensitive vials and were 

transported to ALEC for analysis in the sunlight in the middle of day.  

Acidification with strong acids like HNO3 and HCl has been demonstrated to cause 

oxidation of As(III) to As(V) (Herath et al., 2018). The SGF used in the IVBA experiments was pH 

adjusted to 1.5 using HNO3, so this could have potentially caused some oxidation of As(III). Low 

pH has also been observed to facilitate an increase in oxidation of As(III). In a study on As(III) 

oxidation on clay surfaces, a decrease in pH from 6.8 to 2.5 in one experiment resulted in an 

increase in the oxidation efficiency to 67.7% after irradiation for 72 hr (Ding et al., 2015). As(III) 

could have also been oxidized by EDTA, which was used to preserve the reacted IVBA samples 
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prior to analysis. Although it is often used as a chelating agent to prevent co-precipitation of 

arsenic with iron hydroxides, and changes in speciation due to iron induced photochemical 

oxidation from pH buffering, iron-complexation and ligand exclusion, it can cause the oxidation 

of As(III) to As(V) in synthetic solutions (Herath et al., 2018). 

 

1.10.3.3 Accuracy of the Current IVBA Method in Reflecting In Vivo Conditions 

An assumption is that the current IVBA method in use is representative of arsenic 

bioavailability in vivo. Animal models, including monkey, mice, rabbit and swine, have been 

used to assess relative arsenic bioavailability (RBA) in vivo, and each has strengths and 

weaknesses when extrapolating to humans (Bradham et al., 2018). The same is true for IVBA 

assays, which have been developed due to time, expense, and ethical consideration associated 

with in vivo assessment of As RBA (Bradham et al., 2018). IVBA assays determine the amount 

of arsenic potentially available for absorption into systemic circulation, by measuring the extent 

of metal solubilization in simulated GIT fluids (Bradham et al., 2018). However, IVBA assays 

rely on the assumption that there is a strong connection between the fraction of As solubilized in 

vitro and the fraction of metal that may cross the GIT barrier (Bradham et al., 2018).  

In order to support this assumption, IVBA assays have been developed to mimic key 

biological parameters known to influence release of contaminants (Bradham et al., 2018). 

Simulated gastric solutions can include components such organic acids and phosphate, which 

have been observed to influence iron precipitation and arsenic dissolution. Microorganisms have 

also been recognized as essential factors in the environmental fate, transformation, and toxicity 

of As (Bradham et al., 2018). The formation of methylated oxoarsenicals, like DMAIII, DMAV, 

MMAIII, and MMAV, is enzymatically catalyzed by members of the arsenic methyltransferase 



 75 

family of proteins, and is mediated by microbiota (Naranmandura et al., 2013; Sun et al., 2016). 

The formation of methylated thioarsenicals, such as MMMTAV, DMMTAV, and DMDTAV, is 

also microbially mediated (Naranmandura et al., 2013; Wang et al., 2015). For these reasons, 

IVBA assays and models that do not include a microbial component have been suggested to 

underestimate arsenic bioaccessibility in oral exposure studies (Laird et al., 2013). 

However, a study on the effect of GI microbial activity on oral arsenic bioaccessibility 

has suggested it is of limited relevance to the calculation of soil As bioaccessibility in human 

health risk assessment (Laird et al., 2013). This study compared measurements of arsenic 

bioaccessibility in soil standards and overburden from an abandoned gold mine using the 

Physiologically Based Extraction Test (PBET; does not contain a microbial component) and 

SHIME model (contains a microbial component), and saw that arsenic bioaccessibility was 

equivalent between the two methods (Laird et al., 2013). These findings indicate that in vitro 

models without a GI microbial component don’t necessarily underestimate arsenic 

bioaccessibility, i.e., the total amount of arsenic solubilized in simulated gastric fluid. But, this 

study only included a small sample set of soils, and the results do not reflect the health risks 

associated with biotransformation of inorganic arsenic to more toxic forms, such as methylated 

oxo- or thioarsenicals (Laird et al., 2013). 

Given the fact that arsenic metabolism, speciation and distribution in vivo relies heavily 

on microbially mediated biological interactions, the current IVBA method in use (based on EPA 

Method 1340) may not be representative of arsenic speciation that would occur in vivo, but could 

potentially be representative of the amount of arsenic solubilized in GI fluids and available to 

cross the GIT barrier in vivo. In order to more accurately reflect arsenic speciation occurring in 
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vivo, a different IVBA method would be required, such as the SHIME model, which incorporates 

both aerobic and anaerobic microbes present in distal GI tract (Laird et al., 2013).   

 

2. Materials and Methods  

 

2.1 Thioarsenate Syntheses 

Synthetic thioarsenate standards were synthesized in order to establish detection, 

identification, and quantification methods for these compounds using a variety of solid phase and 

mass spectrometry techniques. Ultimately, this was done to confirm or disprove the initial 

hypothesis of co-elution of thioarsenicals and pentavalent arsenic in liquid chromatography-

inductively coupled plasma-mass spectrometry analysis, resulting from the dissolution of 

arsenopyrite during in vitro bioaccessibility assay experiments.  

 

2.1.1 Thioarsenate Syntheses Procedures  

Sodium Monothioarsenate, Sodium Dithioarsenate, and Sodium Tetrathioarsenate were 

synthesized according to previously described methods (Schwedt and Rieckhoff, 1996), with the 

following modifications. Sodium Monothioarsenate was synthesized by adding sulfur (0.72 g) to 

a 10 mL solution of arsenic trioxide (2.50 g) and sodium hydroxide (3.00 g) in deoxygenated 

(sparged with ultra high purity (UHP) grade nitrogen gas for 1 hour) Milli-Q ultrapure water (18 

MΩ) and heating the solution to 100°C for 2 hours. The solution was filtered using cellulose 

filter paper (WhatmanÔ Grade 3, 6 µm) and an HDPE funnel to remove excess sulfur, and 

slowly cooled to 4°C. A precipitate resembling ‘colorless needle shaped crystals’ formed in 
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solution as described in the method (Figure 2-1) (Schwedt and Rieckhoff, 1996). The precipitate 

was isolated by aspirating off any remaining liquid and was freeze dried. 

 

Sodium Dithioarsenate was synthesized by adding sulfur (5.76 g) to a 20 mL solution of 

arsenic trioxide (5.00 g) and sodium hydroxide (6.00 g) in deoxygenated Milli-Q ultrapure water 

and heating the solution to 70°C for 2 days. The solution was filtered using cellulose filter paper 

(WhatmanÔ Grade 3, 6 µm) and an HDPE funnel to remove excess sulfur, and slowly cooled to 

4°C. A precipitate resembling brown sediment formed in solution. The solution was vacuum 

dried in a desiccator and freeze dried (Figure 2-1) 

.  

Sodium Tetrathioarsenate was synthesized by adding sulfur (5.76 g) to a 20 mL solution 

of arsenic trioxide (5.00 g) and sodium hydroxide (6.00 g) in deoxygenated Milli-Q ultrapure 

water and heating the solution to 100°C for 3 days. The solution was filtered using cellulose 

filter paper (WhatmanÔ Grade 3, 6 µm) and an HDPE funnel to remove excess sulfur, and 

slowly cooled to 4°C. An orange precipitate formed in solution, and attached sulfur was removed 

from the precipitate by ethanol extraction. The precipitate was vacuum dried in a desiccator and 

freeze dried (Figure 2-1).  
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Figure 2-1. Synthetic a) monothioarsenate, b) dithioarsenate, and c) tetrathioarsenate solid 
products. 
 
 
2.1.2 Preservation of Synthetic Thioarsenate Products  

All thioarsenate syntheses occurred under anoxic conditions within an anaerobic chamber 

(98% N2, 2% H2, Coy Inc., Grass Lake, MI, USA). The solid synthetic products were similarly 

stored under anoxic conditions in the glove bag and covered with aluminum foil to avoid any 

changes due to photocatalysis (Planer-Friedrich, 2007; Ding, 2015; Berberich, 2019). 

Additionally, measures were taken to preserve anoxic and dark storage conditions during 

characterization of the synthetic thioarsenate products. This included conducting all sample 

preparation within the glove bag, covering samples with aluminum foil, and sealing samples 

inside Ziploc® bags within the glove bag, to maintain anoxic conditions as much as possible 

prior to analyses. 

 

2.2 Solid Phase Characterization of Synthetic Thioarsenate Products 

2.2.1 X-ray Absorption Spectroscopy Analysis  
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Sulfur and arsenic speciation of the synthesized thioarsenate products were analyzed 

using X-ray absorption spectroscopy (XAS) on beam lines 4-3 (Sulfur) and 11-2 (arsenic) at the 

Stanford Synchrotron Radiation Lightsource (SSRL). Sulfur XAS spectra were collected on 

beam line 4-3 using a Si[111] crystal monochromator (φ = 90), fully tuned with a passivated 

implanted planar silicon (PIPS) detector. Arsenic XAS was collected on beam line 11-2 using a 

double-crystal monochromator (Si[220] crystal, φ = 90), detuned 40% to reject higher order 

harmonics, with a 100-element germanium fluorescence detector (Canberra, France). Vertical 

slits were set to 2 mm for S and As for all samples and horizontal slits were varied to optimize 

detector linearity and minimize deadtime. For arsenic data collection, samples were placed in a 

77 K LN2 cryostat and Soller slits with a Ge-3 filter were used to decrease inelastic scatter. 

Replicate spectra were compared to assure beam damage (oxidation or reduction) was not 

occurring. Energy calibration for sulfur K-edge and arsenic was by assigning the first peak of 

sodium thiosulfate (S-S) to 2472.02 eV and the maximum of the first derivative of an internal 

calibrant gold foil to 11919 eV. Samples were collected in fluorescence mode with 3-5 replicate 

scans. All XAS fluorescence measurement scans were dead-time corrected, detector channels 

with poor signal to noise ratios removed, and averaged using the SixPACK software package 

(Webb, 2005). Normalization to the edge step and spectral processing of X-ray absorption near 

edge (XANES) and extended X-ray absorption fine structure were performed using the Athena 

software package (Ravel and Newville, 2005). Sulfur solid samples were applied as a thin 

monolayer on sulfur free caption with no cover tape, arsenic solid samples were diluted in 

sucrose and packed in aluminum holders and sealed with Kapton tape.  

 

2.3 Mass Spectrometry Characterization of Synthetic Thioarsenate Products 
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Due to the instability of the thioarsenate compounds, samples prepared for mass spectrometry 

analyses were analyzed the same day.  

 
2.3.1 Direct Infusion Electrospray Ionization-Mass Spectrometry  

Direct infusion Electrospray Ionization-Mass Spectrometry (ESI-MS) spectra were 

obtained to verify the chemical formulas and confirm the presence of each thioarsenate analyte 

(mono-, di-, tetrathioarsenate) in the respective synthetic thioarsenate products using a Q 

Exactive Focus Orbitrap mass spectrometer (Thermo Scientific, San Jose, CA, USA). 

Thioarsenate standard stock solutions were prepared by dissolving the solid synthetic products, 

sodium mono-, di-, and tetrathioarsenate, in deoxygenated Milli-Q ultrapure water, and further 

dilutions of the standard solutions were made with deoxygenated Milli-Q ultrapure water (18 

MΩ) water to be within the appropriate arsenic concentration range for optimal ESI-MS 

measurement. The samples were infused at a flow rate of 10-25 μL/min, directly into the mass 

spectrometer using full scan and negative mode electrospray ionization. Capillary temperature 

was 200°C, capillary voltage was 2.0-2.8 kV, and N2 flow rates were 40 for sheath gas and 10 

for auxiliary gas. Data were processed using Thermo Scientific Xcalibur 4.1.31.9 software. 

 

2.3.2 High Performance Liquid Chromatography-Electrospray Ionization-Tandem Mass 

Spectrometry 

High Performance Liquid Chromatography-Electrospray Ionization-Tandem Mass 

Spectrometry (HPLC-ESI-MS/MS) spectra and chromatograms were obtained to further confirm 

the presence of the thioarsenate analytes (mono-, di-, tetrathioarsenate) in the respective 

synthetic thioarsenate products, and establish retention times for each analyte. Dilutions of the 

thioarsenate standard stock solutions were made with deoxygenated Milli-Q ultrapure water 
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water to be within the appropriate arsenic concentration range for optimal for HPLC-ESI-

MS/MS measurement. HPLC (Ultimate 3000, Dionex, Sunnyvale, CA, USA) was coupled with a 

Q Exactive Focus Orbitrap mass spectrometer (Thermo Scientific, San Jose, CA, USA), and run 

using the chromatographic conditions detailed in Table 2-1 and negative mode electrospray 

ionization. Capillary temperature was 150°C, capillary voltage was 2.8 kV, N2 flow rates were 5 

for sheath gas and 0 for auxiliary gas. Mass spectral measurements for both precursor ions [M-

H]- and product ions (using a collision energy of 10 eV) were taken from extracted mass 

chromatograms and product ion spectra with Xcalibur 4.1.31.9 software and Skyline Targeted 

Mass Spec Environment software. 

 

Table 2-1. HPLC-ESI-MS/MS Chromatographic Conditions 

Column Poroshell 120 EC-C18 (4.6 x 100 mm, 2.7 μm; Agilent Technologies, Santa Clara, CA, USA) 

Flow rate 0.5 mL/min (for 8 min) 

Mobile phase 5 mM formic acid (pH 3.1) 

Injection volume 20 μL 

 

2.3.3 Inductively Coupled Plasma-Mass Spectrometry 

Total concentrations of arsenic and sulfur in the synthetic thioarsenate products were 

determined by inductively coupled plasma-mass spectrometry (ICP-MS) (Agilent 8900 Triple 

Quadrupole ICP-MS, Santa Clara, CA, USA). Data was processed using MassHunter 

Quantitative Analysis software. Arsenic was detected as AsO+ (m/z = 91) and sulfur was 

detected as SO+ (m/z = 48). Dilutions of the thioarsenate standard stock solutions were made 

with deoxygenated Milli-Q ultrapure water to be within the appropriate arsenic concentration 

range optimal for ICP-MS measurement. Observed molar ratios of arsenic and sulfur were 

compared to theoretical ratios based on the chemical formulas of each thioarsenate compound.  
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2.3.4 High Performance Liquid Chromatography-Inductively Coupled Plasma-Mass 

Spectrometry 

Dissolved arsenic and sulfur species deriving from the synthetic thioarsenate products 

were separated and quantified using liquid chromatography (Agilent 1260 LC, Santa Clara, CA, 

USA) coupled in-line with an inductively coupled plasma mass spectrometer (Agilent 8900 

Triple Quadrupole ICP-MS, Santa Clara, CA, USA) using chromatographic conditions described 

in Table 2-2. Data was processed using MassHunter Quantitative Analysis software. Samples 

were prepared from the thioarsenate standard stock solutions, and diluted with deoxygenated 

Milli-Q ultrapure water to be within the acceptable arsenic concentration range optimal for LC-

ICP-MS measurement. Retention times for each thioarsenate (mono-, di-, tetrathioarsenate) were 

established based on extracted sample chromatograms.  

 
 
Table 2-2. LC-ICP-MS Chromatographic Conditions 

Column Poroshell 120 EC-C18 (4.6 x 100 mm, 2.7μm; Agilent Technologies, Santa Clara, CA, USA) 

Flow rate 1.0 mL/min (for 15 min) 

Mobile phase 
3 mM malonic acid with 5 mM tetrabutylammonium hydroxide (TBAOH); 5% MeOH (pH 
5.9) 

Injection 
volume 

50 μL 

 
 
2.4 In Vitro Bioaccessibility Assay Experiments 

Gastric In Vitro Bioaccessibility Assay (IVBA) experiments were performed to determine 

the bioaccessibility of iron, arsenic, and sulfur in arsenopyrite, to investigate the impacts of pre-

cleaning arsenopyrite particles prior to IVBA on the apparent oxidation of arsenic observed in 

previous IVBA experiments, and to determine if the dissolution of arsenopyrite during the IVBA 
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experiments results in the formation of thioarsenates. Preservation of anoxic conditions were 

prioritized throughout the sample preparation, the IVBA experiments, and sample analyses. 

 

2.4.1 Arsenopyrite Preparation  

In preparation for the In Vitro Bioaccessibility Assay (IVBA) experiments, an 

arsenopyrite (FeAsS) reference mineral sample (Shelter Rock Minerals, Source: Yaogangxian 

Mine, Hunan Province, China) was ground, then put through a 45.7-micron sieve (US Standard 

Sieve Series, 300 mesh). A subset of the ground arsenopyrite sample was pre-cleaned to remove 

oxidized surficial precipitates, according to a previously described method with the following 

modifications (Mirzoyan, 2014). Ground arsenopyrite (2.00 g) was boiled in a deoxygenated 6 M 

HCl solution (10.00 mL) for 15 minutes in a fume hood. Deoxygenated Milli-Q DI water (100.00 

mL) was added to the solution and the solution was transferred to the anoxic glove bag. The 

solution was poured through a fine mesh sieve into an acid waste container, and deoxygenated 

Milli-Q DI water was used to wash the arsenopyrite particles into a 50 mL centrifuge tube. 

Acetone (50.00 mL) was added to the arsenopyrite particles, the tube was sealed and removed 

from the glove bag, and the arsenopyrite particles were cleaned in a warm ultrasonic bath (VWR 

Scientific, B3500A-DTH) at a frequency of 35 kHz for 12 (15 minute) cycles. After each cycle, 

the tube containing the acetone and arsenopyrite particles was returned to the glove bag and the 

acetone was decanted into an organic waste container and replaced with fresh acetone (50.00 

mL). After the 12 cycles, the cleaned arsenopyrite particles were freeze dried. Both the ground 

and ground and pre-cleaned arsenopyrite samples were stored under anoxic conditions in the 

glove bag prior to IVBA experiments and solid phase characterization.  
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2.4.1 In Vitro Biofluid (Synthetic Gastric Fluid) Preparation  

Synthetic gastric fluid (SGF) was made according to EPA Method 1340 Standard 

Operating Procedure for an In Vitro Bioaccessibility Assay for Lead and Arsenic in Soil (EPA, 

2017). The SGF was prepared by making a 0.4 M glycine solution, adjusting the pH of the 

solution to 1.5 using reagent grade concentrated HCl, and deoxygenating the solution by 

sparging with UHP nitrogen gas for 1 hour. Fresh SGF was made for each IVBA experiment and 

was stored under anoxic conditions in the glove bag until use.  

 

2.4.2 Gastric In Vitro Bioaccessibility Assay Experimental Procedures 

All IVBA experiments were performed under anoxic conditions in the glove bag at 37 ± 

2°C in order to simulate the physiological conditions of the human gastrointestinal system, 

according to EPA Method 1340. To begin, the synthetic gastric fluid was heated to 37 ± 2°C in 

an incubator (Bioexpress Genemate Mini Incubator Shaker, UT, USA). Triplicate aliquots of 

0.01 g ground and ground and pre-cleaned arsenopyrite were transferred to amber 1.8 mL 

polypropylene microcentrifuge tubes (to exclude light), and 1 mL of the heated SGF was added 

to each sample. The microcentrifuge tubes were then placed in an end-over-end rotator inside the 

incubator (37 ± 2°C) and agitated for 1 hour. After 1 hour, the samples were centrifuged at 5,000 

g (Flexifuge Microcentrifuge, Argos) for 10 minutes and 0.05 mL of supernatant was transferred 

to a 15 mL polypropylene centrifuge tube and diluted (deoxygenated Milli-Q DI water was used 

as diluent for samples intended for ICP-MS and HPLC-ESI-MS/MS analyses, and deoxygenated 

Malonic acid was used as diluent for samples intended for HPLC-ICP-MS). The diluted samples 

were covered with aluminum foil to avoid any changes due to photocatalysis prior to analysis 

(Planer-Friedrich, 2007; Ding, 2015; Berberich, 2019). IVBA supernatant samples were analyzed 
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within 24 hours, to avoid any transformations of potential thioarsenate species (Suess 2011; 

2015). The remaining supernatant solution was aspirated to isolate the reacted arsenopyrite 

solids, which were then washed with deoxygenated Milli-Q DI water, re-centrifuged, and the 

wash supernatant solution was aspirated and discarded (the solids were washed twice). The 

reacted solids were then freeze dried and stored under anoxic conditions in the glove bag prior to 

solid phase characterization. 

 

2.5 Solid Phase Characterization of Unreacted and Reacted Arsenopyrite  

Solid phase characterizations were performed on freeze dried samples stored and loaded 

into sample holders under an anoxic atmosphere inside an anaerobic chamber (98% N2, 2% H2, 

Coy Inc., Grass Lake, MI, USA). Reacted samples were washed with Milli-Q water sparged with 

N2 for 60 min and stored inside the anaerobic chamber. 

 

2.5.1 X-ray Diffraction Analysis  

X-ray diffraction data was collected at the Stanford Synchrotron Radiation Lightsource 

(SSRL) on beam line 11-3 with X-rays generated by a 2-Tesla wiggler, using side-scattering 

Si(311) monochromator at fixed energy of 0.976 Å (12.7 keV). Approximately 0.01 g of 

unreacted samples were packed between two layers of clear tape (Scotch Magic TapeTM). The 

samples were rastered by 1 mm in x and y directions during three 30 sec exposures to a 100 µm2 

beam under constant motion in front of a 345 mm diameter CCD image plate detector with 73.24 

µm2 pixel resolution and calibrated using a lanthanum hexaboride (LaB6) standard. Laue 

patterns (2D) were converted to 2-theta diffractograms (1D) using the Nika v1.81 add-on 

(Ilavsky, 2012) with Igor Pro v 8.02 (WaveMetrics, Inc. Portland OR), and energy converted to 
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Cu-Kα 1.54 Å radiation for conventional comparisons with mineral standards using X-Pert 

HighScore Plus software (PANalytical). The background from sample support tape was 

subtracted with no further background removal to include contributions from X-ray amorphous 

phases. 

 

2.5.2 X-ray Absorption Spectroscopy Analysis  

Sulfur speciation of IVBA-reacted biofluid and iron speciation of IVBA-reacted 

arsenopyrite solids were analyzed using XAS on beam line 4-3, and arsenic speciation of 

unreacted arsenopyrite solids using XAS on beam line 11-2 at SSRL. Speciation of sulfur and 

arsenic was analyzed as described above for synthetic references in section 2.2.1. Iron speciation 

collected under the same conditions as arsenic at beamline 11-2 with energy calibrated with the 

first derivative of an iron metal foil assigned to 7112 eV. 

 

2.5.3 X-ray Photoelectron Spectroscopy Analysis 

X-ray Photoelectron Spectroscopy (XPS) spectra were collected for unreacted and IVBA-

reacted ground, and ground and pre-cleaned arsenopyrite samples, using a Kratos 165 Ultra 

Photoelectron Spectrometer at the Laboratory for Electron Spectroscopy and Surface Analysis at 

the University of Arizona. Freeze dried unreacted and IVBA-reacted ground and ground and pre-

cleaned arsenopyrite samples were prepared under anoxic conditions. The arsenopyrite particles 

were attached to sample plates using double sided carbon tape and were loaded into the vacuum 

system under argon gas, from a glove box directly into the vacuum system. Base pressure of the 

system was kept to ~7 x 10-9 torr. XPS spectra were obtained using the Mg Kα X-ray anode 

operated at 20 mA emission and 15 KeV in order to minimize interference from Fe-Auger 
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overlap when using Al Kα X-rays. Survey spectra were collected at a pass energy of 160 eV and 

close-up regions were collected at a pass energy of 20 eV. Samples were non-conductive and 

were left ungrounded and compensated using the charge neutralizer to prevent differential 

charging. The spectra were charge shift correct using the best fit of the C 1s region and assuming 

the lowest energy C 1s was at 284.8 eV (adventitious carbon). All regions were background 

subtracted and Fe-As-S regions were quantified to obtain relative atomic concentrations of each 

element.  

 

2.5.4 Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy Analysis 

Scanning Electron Microscopy-Energy Dispersive X-ray Spectroscopy (SEM-EDS) 

analysis for unreacted and IVBA-reacted ground, and ground and pre-cleaned arsenopyrite 

samples, was conducted using a Hitachi S-4800 Scanning Electron Microscope equipped with a 

Thermo-Noran SiLi energy dispersive X-ray spectrometer running Noran SystemSix software at 

the Kuiper Materials Imaging & Characterization Facility at the University of Arizona. Freeze 

dried unreacted and IVBA-reacted ground and ground and pre-cleaned arsenopyrite samples 

were transported under anoxic conditions and loaded on to sample holders and handled to 

eschew oxygen exposure. Secondary electron (SE) micrographs were collected at 15.0kV at a 

working distance of 8.8mm to 12.1 at 100x, 150x and 200x. EDS was collected at 10 kV.  

 

2.6 Mass Spectrometry Characterization of Reacted In Vitro Biofluid 

IVBA samples were analyzed by mass spectrometry techniques the same day as the IVBA 

experiments were conducted, to avoid any changes in arsenic species distribution due to species 

instability. 
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2.6.1 High Performance Liquid Chromatography-Electrospray Ionization-Tandem Mass 

Spectrometry 

HPLC-ESI-MS/MS spectra and chromatograms were obtained for the IVBA-reacted 

supernatant samples using the methods described in Section 2.3.2. Samples were diluted with 

deoxygenated Milli-Q DI water to be within the appropriate arsenic concentration range for 

HPLC-ESI-MS/MS and were covered with aluminum foil and stored under anoxic conditions in 

the glove bag prior to analysis.  

 

2.6.2 Inductively Coupled Plasma-Mass Spectrometry  

Total concentrations of iron, arsenic, and sulfur in the IVBA-reacted supernatant samples 

were determined by ICP-MS using the methods described in Section 2.3.3. Samples were diluted 

with deoxygenated Milli-Q DI water to be within the appropriate arsenic concentration range for 

ICP-MS and were covered with aluminum foil and stored under anoxic conditions in the glove 

bag prior to analysis. Observed molar ratios of iron, arsenic, and sulfur were compared to 

theoretical ratios based on the chemical formula of arsenopyrite. 

 

2.6.3 High Performance Liquid Chromatography-Inductively Coupled Plasma-Mass 

Spectrometry 

Dissolved arsenic and sulfur species in the IVBA-reacted supernatant samples were 

separated and quantified by HPLC-ICP-MS using methods described in Section 2.3.4. One 

modification was the adjustment of the mobile phase flow rate from 1.0 mL/min to 0.5 mL/min, 

to match the flow rate used for HPLC-ESI-MS/MS. Samples were diluted with deoxygenated 
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malonic acid to be within the appropriate arsenic concentration range for HPLC-ICP-MS and 

were covered with aluminum foil and stored under anoxic conditions in the glove bag prior to 

analyses. 

 

3. Results 

 

3.1 Characterization of Synthetic Thioarsenate Products 

3.1.1 Detection and Identification  

XAS Arsenic and Sulfur Speciation  

The bulk arsenic speciation of the synthetic monothioarsenate, dithioarsenate, and 

tetrathioarsenate products, as determined by arsenic K-edge X-ray Absorption Near Edge 

Structure (As-XANES) and arsenic Extended X-ray Absorption Fine Structure (As-EXAFS), 

resembles intermediates between AsV adsorbed to ferrihydrite (Fe3+10O14(OH)2) and orpiment 

(As2S3). Arsenic is present mainly in the form of arsenate (AsO43-, 11875 eV) (Root, 2015). 

Fourier transforms of the As-EXAFS data show an increase in the magnitude of As-S peaks 

corresponding to As2S3, relative to the magnitude of As-O peaks corresponding to AsV adsorbed 

to Fe3+10O14(OH), as the number of As-S bonds increases in monothioarsenate to dithioarsenate 

to tetrathioarsenate (Figure 3-1). 
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Figure 3-1. As-XANES, As-EXAFS, and Fourier Transforms (FT) of the synthetic 
monothioarsenate, dithioarsenate, and tetrathioarsenate products. AsV is arsenate, AsIII is 
arsenite, MTA is monothioarsenate, DTA is dithioarsenate, TTA is trithioarsenate, Orp is the 
mineral orpiment, Real is the mineral realgar. Dashed vertical lines indicate sulfur versus oxygen 
arsenic ligands. 
 

The bulk sulfur (S) speciation of the synthetic monothioarsenate product, as determined 

by S K-edge XANES and S-EXAFS, shows an absorption edge similar to As2S3 with a peak at 

2471.7 eV (Figure 3-2).  EXAFS and EXAFS FT show a good fit to trisodium monothioarsenate 

dodecahydrate, and it was confirmed that the solid synthetic monothioarsenate product was 

>95% pure (Table 3-1) (Kempra, 1999). 
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Figure 3-2. S-XANES, S-EXAFS, and FT of the synthetic monothioarsenate product. Black 
lines are the collected data, red and gray dots are the non-linear shell by shell fitted spectra. The 
red and blue spectra in the FT panel are the real and imaginary components of the Fourier 
transform. The FT panel shows the fitted S-neighbor atom distances. 
 

Table 3-1. Sulfur EXAF fits for the synthetic monothioarsenate product 

Sulfur EXAF Fit XRD Crystal 

S-X Type CN σ2(Å2) R(Å) ΔE0 S02 red χ2 R-factor XRD CN 
R(Å) 

 
Space group 

As SS 1.0 0.003 2.125 -1.04 1 152.2 0.0436 As-O1 3 1.691 P212121 

O SS 2.2 0.008 3.096     S-As 1 2.150 DÅ 0.025 

O SS 0.5 0.008 3.308     S-O 3 3.163 DÅ 0.067 

As-O MS 6.0 0.007 3.688     S-O 4 3.271-3.452 DÅ ± 0.037 

         S-As 6 3.503 DÅ 0.185 

The published structure of trisodium monothioarsenate dodecahydrate (Kempra, 1990), was used to calculated S-EXAFS fits.  
1 The As-O distance is not measured with S XAS. 

 

Direct Infusion ESI-MS and HPLC-ESI-MS/MS 

The chemical formulas of aqueous species deriving from dissolution of the synthetic 

thioarsenate products were confirmed by direct infusion ESI-MS and HPLC-ESI-MS/MS. 

Linearity of the arsenic response measured by HPLC-ESI-MS/MS was determined by analyzing 

the peak areas of serial dilutions of the synthetic mono-, di-, and tetrathioarsenate products 



 92 

(Figure 3-3). Direct infusion ESI-MS analysis of the synthetic monothioarsenate (MTA) product 

detected a m/z 156.89358 peak, and to a much lesser extent, a m/z 140.91632 peak, 

corresponding to the molecular masses of monothioarsenate (156.89406, H2AsO3S) and arsenate 

(140.91690, H2AsO4), respectively (Figures 3-4 & 3-5).  HPLC-ESI-MS/MS of the 

monothioarsenate precursor ion, m/z 156.89461 (H2AsO3S-), yielded a product ion of m/z 

138.88276 (AsO2S-, due to loss of H2O) with a retention time of 2.14 min. (Figure 3-6). The 

molecular mass of the precursor and product ion were consistent with previous descriptions of 

monothioarsenate (McKnight-Whitford, 2010; Planer-Friedrich, 2007; Zhang, 2011). 

Direct infusion ESI-MS analysis of the synthetic dithioarsenate (DTA) product detected a 

m/z 172.87090 peak, corresponding to the molecular mass of dithioarsenate (172.87122, 

H2AsO2S2). However, m/z peaks corresponding to monothioarsenate, hydrogen sulfurothioate, 

trithioarsenate, and arsenate were also detected, reflecting their presence in the synthetic 

dithioarsenate product (Figure 3-7). HPLC-ESI-MS/MS of the dithioarsenate precursor ion, m/z 

172.87176 (H2AsO2S2-), yielded a product ion of m/z 154.86009 (AsOS2-, due to loss of H2O) 

with a retention time of 2.02 min. (Figure 3-8). The molecular mass of the precursor and product 

ion were consistent with previous descriptions of dithioarsenate (McKnight-Whitford, 2010; 

Planer-Friedrich, 2007; Zhang, 2011). 

Direct Infusion ESI-MS analysis of the synthetic tetrathioarsenate (TetTA) product 

detected a m/z 188.84788 peak, corresponding to the molecular mass of trithioarsenate (TTA; 

188.84837, H2AsOS3). Similar to the synthetic dithioarsenate product, additional m/z peaks 

corresponding to dithioarsenate, hydrogen sulfurothioate, monothioarsenate, and arsenate were 

also detected, reflecting their presence in the synthetic tetrathioarsenate product. No m/z peak 

was detected for tetrathioarsenate (204.82553, H2AsS4) (Figure 3-9). HPLC-ESI-MS/MS of the 
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trithioarsenate precursor ion, m/z 188.84892 (H2AsOS3-), yielded a product ion of m/z 170.83747 

(AsS3-, due to loss of H2O) with a retention time of 1.93 min. Dithioarsenate and 

monothioarsenate product ions were also detected (Figure 3-10). The molecular mass of the 

precursor and product ion were consistent with previous descriptions of trithioarsenate 

(McKnight-Whitford, 2010; Planer-Friedrich, 2007; Zhang, 2011). The results of direct infusion 

ESI-MS and HPLC-ESI-MS/MS are detailed in Table 3-2.  

 

Figure 3-3. Linearity of arsenic response of HPLC-ESI-MS/MS for the synthetic thioarsenate 
products.  
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Figure 3-4 MS spectrum of the synthetic MTA product showing the detection of the MTA 
precursor ion (m/z 156.89358). 
 

 
Figure 3-5. MS spectrum of the synthetic MTA product showing the detection of the arsenate 
precursor ion (m/z 140.91632). 
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a) 

 
b) 

 
Figure 3-6. a) Chromatogram and b) MS/MS spectrum of the synthetic MTA product showing 
the detection of the MTA product ion (m/z 138.88276) at 2.14 min.  
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Figure 3-7 MS spectrum of the synthetic DTA product showing the detection of the DTA 
precursor ion (m/z 172.87090), and MTA, hydrogen sulfurothioate, and trithioarsenate (TTA) 
precursor ions (m/z 156.89361, 112.93596, and 188.84817, respectively).  
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a) 

 
b) 

 
Figure 3-8. a) Chromatogram and b) MS/MS spectrum of the synthetic DTA product showing 
the detection of the DTA product ion (m/z 154.86009) at 2.02 min. 
 

RT: 0.00 - 8.00

0 1 2 3 4 5 6 7
Time (min)

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
Ab

un
da

nc
e

2.02

2.13
2.44 4.05 4.74 5.56 7.426.503.340.34 0.93 1.92

NL: 5.08E4
m/z= 154.85-154.87 F: 
FTMS - p ESI Full ms2 
172.8718@hcd10.00 
[50.0000-195.0000]  MS 
20201105_AM4_Neg_01

20201105_AM4_Neg_01 #644-673 RT: 1.98-2.05 AV: 5 NL: 2.86E4
F: FTMS - p ESI Full ms2 172.8718@hcd10.00 [50.0000-195.0000]

60 80 100 120 140 160 180
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
Ab

un
da

nc
e

154.86009
O As S 2

-0.08793 ppm

172.87089
H 2 O 2 As S 2
1.26599 ppm

128.87680



 98 

 
Figure 3-9. MS spectrum of the synthetic tetrathioarsenate (TetTA) product showing the 
detection of the trithioarsenate (TTA) precursor ion (m/z 188.84788).  
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a) 
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b) 

 
Figure 3-10. a) Chromatograms and b) MS/MS spectrum of the synthetic TetTA product 
showing the detection of the TTA product ion (m/z 170.83747) at 1.93 min. The DTA and MTA 
product ions were also detected at 1.95 and 2.10 min.  
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Table 3-2. Characterization of the Synthetic Thioarsenate Products by Direct Infusion ESI-MS and HPLC-ESI-MS/MS 
 Direct Infusion ESI-MS HPLC-ESI-MS/MS 

Synthetic 
Thioarsenate 
Product 

Target Analyte 
Molecular 

Ion 
Formula 

Molecular Ion 
Structure 

Product 
Ion 

Formula 

Product Ion 
Structure 

Precursor 
Ion 

Theoretical 
m/z value 

Precursor 
Ion 

Observed 
m/z value 

Product 
Ion 

Theoretical 
m/z value 

Product 
Ion 

Observed 
m/z value 

Retention 
Time 
(min.) 

Sodium 

Monothioarsenate  

Monothioarsenate 

(MTA) 
H2AsO3S

- 

  

AsO2S
- 

 

156.89461 156.89358 138.88404 138.88276 2.14 

Sodium 

Dithioarsenate  

Dithioarsenate 

(DTA) 
H2AsO2S2

- 

 

AsOS2
- 

 

172.87176 172.87090 154.86120 154.86009 2.02 

Sodium 

Tetrathioarsenate  

Trithioarsenate 

(TTA) 
H2AsOS3

- 

 

AsS3
- 

 

188.84892 188.84788 170.838386 170.83747 1.93 

Tetrathioarsenate 

(TetTA) 
H2AsS4

- 

 

AsS3
- 

 

204.82608 Not detected 170.838386 
Not 

detected 
- 

Theoretical m/z values for precursor and product ions were obtained via the ChemCalc Molecular Formula Analysis Tool (Patiny & Borel, 2013).   
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ICP-MS Elemental Analysis 

Total arsenic and sulfur concentrations of the synthetic thioarsenate products are 

summarized in Table 3-3. Molar ratios of sulfur to arsenic were calculated as the mol of each 

element per mol of each thioarsenate (mono-, di-, and tetrathioarsenate) based on initial ICP-MS 

concentrations. Sulfur was slightly depleted for monothioarsenate, and was enriched for 

dithioarsenate and tetrathioarsenate, compared to expected molar ratios of sulfur to arsenic based 

on their chemical formulas (Table 3-3, Figure 3-11).  

 
Table 3-3. Characterization of the Synthetic Thioarsenate Products by ICP-MS 

Synthetic 
Thioarsenate 
Product  

Total Element Concentrations Theoretical Molar Ratios Observed Molar Ratios 

Arsenic 
(µg/L) S.D. Sulfur 

(µg/L) S.D. 
Arsenic 

(mol/mol 
thioarsenate) 

Sulfur 
(mol/mol 

thioarsenate) 

Arsenic 
(mol/mol 

thioarsenate) 
S.D. 

Sulfur 
(mol/mol 

thioarsenate) 
S.D. 

Sodium 

Monothioarsenate 
152.700 2.771 51.234 1.535 1 1 1.435 0.026 1.125 0.034 

Sodium 

Dithioarsenate 
95.428 2.166 121.593 2.340 1 2 0.930 0.021 2.768 0.053 

Sodium 

Tetrathioarsenate 
92.720 2.209 284.352 13.696 1 4 0.930 0.022 6.665 0.321 

Total Element Concentrations (µg/L) and Standard Deviation (S.D.) for Synthetic Thioarsenate products were calculated from averaged values of 

triplicate ICP-MS injections of each thioarsenate sample (n=3). Theoretical molar ratios of arsenic and sulfur are derived from the chemical formulas of 

each thioarsenate compound.  

 
Figure 3-11. Molar ratios of arsenic and sulfur in the synthetic thioarsenate products, as 
determined by ICP-MS.  
 

0

1

2

3

4

5

6

7

8

Sodium Monothioarsenate Sodium Dithioarsenate Sodium Tetrathioarsenate

m
ol

 e
le

m
en

t/
m

ol
 (x

)-t
hi

oa
rs

en
at

e

Arsenic
Sulfur



 103 

3.1.2 Separation and Quantification of Distinct Species 

HPLC-ICP-MS  

HPLC-ICP-MS analysis revealed the presence of multiple dissolved arsenic species 

deriving from the synthetic thioarsenate products. Linearity of the arsenic response measured by 

HPLC-ICP-MS was determined by analyzing the peak areas of serial dilutions of the synthetic 

mono-, di-, and tetrathioarsenate products (Figure 3-12). The retention times of arsenite (AsIII), 

dimethylarsinic acid (DMAV), monomethylarsonic acid (MMAV), and arsenate (AsV) were 

determined by running a mixed arsenic standard solution containing the aforementioned arsenic 

compounds. Due to the difference in mobile phase used for HPLC-ESI-MS/MS and HPLC-ICP-

MS, the retention times of MTA, DTA, and TetTA/TTA were determined based on co-eluting 

arsenic and sulfur peaks in the extracted sample chromatograms (Figures 3-13 – 3-15). In order 

of relative abundance, MTA, AsIII, AsV, DMAV, and DTA were detected in the synthetic 

monothioarsenate product; MTA, AsIII, DTA, AsV, DMAV, and TetTA/TTA were detected in the 

synthetic dithioarsenate product; and MTA, AsIII, AsV, DTA, TetTA/TTA, and DMAV were 

detected in the synthetic tetrathioarsenate product (Figure 3-16). The retention times and 

concentrations of the arsenic species detected in the synthetic thioarsenate products are recorded 

in Table 3-4. 
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Figure 3-12. Linearity of arsenic response of HPLC-ICP-MS for the synthetic thioarsenate 
products. 
 
 
 

 
Figure 3-13. Chromatogram of the synthetic monothioarsenate product showing the detection of 
MTA at 2.901 min.  
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Figure 3-14. Chromatogram of the synthetic dithioarsenate product showing the detection of 
DTA at 5.424 min. 
 

 
Figure 3-15. Chromatogram of the synthetic tetrathioarsenate product showing the detection of 
TetTA/TTA at 11.263 min.  
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Figure 3-16. Arsenic species concentrations for the synthetic thioarsenate products. 
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Table 3-4. Characterization of the Synthetic Thioarsenate Products by HPLC-ICP-MS 

 
 
 
 
 
 
 
 
 
 
 
 
 

Synthetic 
Thioarsenate 
Products 

Arsenic Species 

Arsenite (AsIII) Dimethylarsinic acid 
(DMAV) Arsenate (AsV) Monothioarsenate 

(MTA) 
Dithioarsenate 

(DTA) 
Tetrathioarsenate/ 

Trithioarsenate (TetTA/TTA) 

Conc. 
(μg/L) 

tR 
(min.) 

Conc. 
(μg/L) 

tR 
(min.) 

Conc. 
(μg/L) 

tR 
(min.) 

Conc. 
(μg/L) 

tR 
(min.) 

Conc. 
(μg/L) 

tR 
(min.) Conc. (μg/L) tR 

(min.) 

Sodium 
Monothioarsenate 26.622 0.942 0.386 1.356 9.812 2.750 41.826 2.901 0.023 5.311 Not detected 

-  

Sodium 
Dithioarsenate 5.551 0.942 0.138 1.356 1.670 2.637 33.318 2.863 4.521 5.424 0.009 11.300 

Sodium 
Tetrathioarsenate 5.705 0.942 0.472 1.356 1.827 2.637 16.324 2.825 0.959 5.500 0.828 11.263 

tr, retention time 
Masses of synthetic thioarsenate solids dissolved & dilution factors (DF), based on 100 ppb arsenic dilutions: MTA (0.0089 g, 2,011,055.363 DF), DTA (0.0138 g, 1,993,897.020 
DF), TetTA (0.003 g, 1,805,362.907 DF). 
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3.2 In Vitro Bioaccessibility Assay Experiments 

Two identical In Vitro Bioaccessibility Assay (IVBA) experiments were performed with 

one set of samples intended for HPLC-ESI-MS/MS and another set intended for HPLC-ICP-MS, 

so that the samples could be analyzed within 24 hours. This was done in an attempt to maintain 

sample integrity due to the assumed instability of thioarsenate species, since both HPLC-ESI-

MS/MS and HPLC-ICP-MS analysis utilized the same column, and it took time to wash the 

column between analyses.  

 

3.2.1 Bioaccessibility of Arsenopyrite  

ICP-MS Elemental Analysis 

Total concentrations of iron, arsenic, and sulfur released into the synthetic gastric fluid 

(SGF) for both ground and ground & cleaned arsenopyrite (FeAsS) samples, determined by ICP-

MS (Table 3-5), were used to assess the in vitro bioaccessibility of each element. Samples 

deriving from both experiments were run for total Fe, As, and S by ICP-MS. The results of 

IVBA #1 demonstrate that the bioaccessibility of sulfur is much lower than that of iron and 

arsenic for the ground FeAsS samples. This same trend is seen for the ground & cleaned 

arsenopyrite samples, however, the bioaccessibility of each element decreases by several orders 

of magnitude (Figure 3-17). The results of IVBA #2 show that the bioaccessibility of sulfur is 

also lower than iron and arsenic for the ground FeAsS samples, although less so than IVBA #1. 

The bioaccessibility of all three elements for the ground & cleaned FeAsS samples is decreased 

by several orders of magnitude relative to the ground FeAsS samples, however the 

bioaccessibility of both arsenic and sulfur are diminished relative to iron for the ground & 

cleaned FeAsS samples (Figure 3-18).  
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Table 3-5. IVBA #1 and #2 ICP-MS data.  

 
 
 
 

 

 

IVBA Samples 

Total Element Concentrations Bioaccessibility 

Iron Arsenic Sulfur Iron Arsenic Sulfur 

Conc. 
(µg/L) S.D. Conc. 

(µg/L) S.D. Conc. 
(µg/L) S.D. %BAc in 

SGF S.D. %BAc in 
SGF S.D. %BAc in 

SGF S.D. 

IV
BA

 #
1 

Ground 
Arsenopyrite 21803.361 190.571 33744.866 2483.980 4725.020 847.798 0.6148% 2.462 × 10-4 0.7080% 3.146 × 10-4 0.2314% 3.738 × 10-4 

Ground & 
Cleaned 
Arsenopyrite 

290.153 32.549 336.018 37.365 6.694 4.793 0.0074% 4.052 × 10-6 0.0064% 4.766 × 10-6 0.0004% 3.930 × 10-7 

IV
BA

 #
2 

Ground 
Arsenopyrite 32419.715 3080.245 43969.044 5719.849 11857.922 2310.941 0.9396% 7.722 × 10-4 0.9495% 1.107 × 10-3 0.5981% 1.100 × 10-3 

Ground & 
Cleaned 
Arsenopyrite 

407.827 13.035 312.424 16.568 111.206 7.483 0.0120% 6.111 × 10-6 0.0069% 5.032 × 10-6 0.0060% 3.918 × 10-7 

Element Concentrations (Conc.), Bioaccessibility (%BAc), and Standard Deviation (S.D.) for Ground and Ground & Cleaned Arsenopyrite samples were calculated from averaged values of sample 
triplicates (n=3). Total element concentrations corrected for dilution factors give aqueous concentrations in original SGF.  
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Figure 3-17. Bioaccessibility of iron, arsenic, and sulfur for Ground Arsenopyrite (A.) and 
Ground & Cleaned Arsenopyrite (B.) IVBA #1 samples. Standard deviation was calculated from 
averaged triplicate (n=3) values for iron, arsenic, and sulfur concentrations for both Ground 
Arsenopyrite and Ground & Cleaned Arsenopyrite samples. Asterisks indicate statistically 
significant (alpha = 0.01) differences between arsenopyrite treatments for a given element, and 
different letters represent statistically significant (alpha = 0.01) differences between IVBA #1 
and #2 for a given element.  
 

 
Figure 3-18. Bioaccessibility of iron, arsenic, and sulfur for Ground Arsenopyrite (A.) and 
Ground & Cleaned Arsenopyrite (B.) IVBA #2 samples. Standard deviation was calculated from 
averaged triplicate (n=3) values for iron, arsenic, and sulfur concentrations for both Ground 
Arsenopyrite and Ground & Cleaned Arsenopyrite samples. Asterisks indicate statistically 
significant (alpha = 0.01) differences between arsenopyrite treatments for a given element, and 
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different letters represent statistically significant (alpha = 0.01) differences between IVBA #1 
and #2 for a given element. 
 
 
3.2.2 Arsenic and Sulfur Speciation of Reacted In Vitro Biofluid 

HPLC-ESI-MS/MS Arsenic Speciation 

No thioarsenate species (MTA, DTA, or TTA) were detected in either the IVBA-reacted 

ground or ground & cleaned FeAsS supernatant samples for IVBA #1. HPLC-ESI-MS/MS of 

ground FeAsS supernatant detected trace amounts of arsenite (AsIII) product ion (m/z 123.9147 > 

m/z 108.9276) at 6.51 min, at an abundance too low to quantify (Figure 3-19) (McKnight-

Whitford, 2010). HPLC-ESI-MS/MS also detected the presence of arsenate (AsV) product ion 

(m/z 140.9175 > m/z 122.90557) at 2.88 min (Figure 3-20) (McKnight-Whitford, 2010). No 

arsenic species were detected in the ground & cleaned FeAsS supernatant by HPLC-ESI-

MS/MS.  

 Samples from IVBA #2 were analyzed by HPLC-ESI-MS/MS several weeks after the 

initial IVBA reaction in an attempt to further validate the findings of HPLC-ICP-MS analysis. 

HPLC-ESI-MS/MS of ground FeAsS supernatant detected low abundance of AsV product ion 

(m/z 140.9175 > m/z 122.91061) at 2.38 min (Figure 3-21) (McKnight-Whitford, 2010).  HPLC-

ESI-MS/MS of ground and cleaned FeAsS supernatant detected trace amounts of AsIII product 

ion (m/z 123.9147 > m/z 108.9276) at 4.71 min., and monomethylarsonic acid (MMAV) product 

ion (m/z 137.9304 > m/z 123.9147) at 2.43 min. (Figures 3-22 – 3-23) (McKnight-Whitford, 

2010). The integrity of the IVBA #2 samples may have been impacted by the fact that they were 

not analyzed by HPLC-ESI-MS/MS within 24 hours of the initial reaction. 
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Figure 3-19. IVBA #1 Reacted Ground Arsenopyrite chromatogram, showing detection of 
arsenite (AsIII) product ion at 6.51 min. 
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b) 

 
Figure 3-20. IVBA #1 Reacted Ground Arsenopyrite a) chromatogram and b) spectrum, 
showing detection of arsenate product ion (m/z 122.90557) at 2.88 min. 
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b) 

 
Figure 3-21. IVBA #2 Reacted Ground Arsenopyrite a) chromatogram and b) spectrum, 
showing detection of arsenate product ion (m/z 122.91061) at 2.38 min. 
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b) 

 
Figure 3-22. IVBA #2 Reacted Ground & Cleaned Arsenopyrite a) chromatogram and b) 
spectrum, showing detection of arsenite product ion (m/z ~108.9) at 4.70 min. 
 

 
Figure 3-23. IVBA #2 Reacted Ground & Cleaned Arsenopyrite chromatogram, showing 
detection of monomethylarsonic acid product ion at 2.43 min. 
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SGF, with the concentration of AsV in the reacted supernatant being more than double that of 

AsIII (Figures 3-24 & 3-26). Analysis of the ground & cleaned FeAsS supernatant showed the 

release of multiple arsenic species into the SGF. The most abundant was AsIII, followed by 

arsenate with about a third the concentration of AsIII, and low concentrations of dimethylarsinic 

acid (DMAV) and monomethylarsonic acid (MMAV) (Figures 3-25 – 3-26). The concentrations 

and retention times of the arsenic species released into the SGF for both ground and ground & 

cleaned FeAsS are detailed in Table 3-6.  

 

 
Figure 3-24. Chromatogram of IVBA-reacted ground FeAsS supernatant showing the detection 
of AsIII and AsV at 2.007 and 4.816 min., respectively. 
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Figure 3-25. Chromatogram of IVBA-reacted ground & cleaned FeAsS supernatant showing the 
detection of AsIII, DMAV, MMAV, and AsV at 2.007, 2.592, 3.813, and 4.816 min., respectively.  
 

 
Figure 3-26. HPLC-ICP-MS Arsenic species concentrations for Ground Arsenopyrite (A.) and 
Ground & Cleaned Arsenopyrite (B.) IVBA #5 samples. Standard deviation was calculated from 
averaged triplicate (n=3) values for arsenic species concentrations for both Ground Arsenopyrite 
and Ground & Cleaned Arsenopyrite samples. Different letters indicate statistically significant 
(alpha = 0.01) differences between treatments for AsIII and AsV. 
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Table 3-6. HPLC-ICP-MS Arsenic Speciation for IVBA #2 

IVBA Samples 

Arsenic Species 

Arsenite (AsIII) Dimethylarsinic acid (DMAV) Monomethylarsonic acid (MMAV) Arsenate (AsV 

Concentration tR Concentration tR Concentration tR Concentration tR 

(µg/L) S.D. (min.
) S.D. (µg/L) S.D. (min.

) S.D. (µg/L) S.D. (min.
) S.D. (µg/L) S.D. (min.

) 
S.D

. 

Ground 
Arsenopyrite 10702.562 892.539 2.007 - Not 

detected - - - Not 
detected - - - 24721.805 1702.392 4.816 - 

Ground & 
Cleaned 
Arsenopyrite 

139.628 2.301 2.007 - 9.670 2.757 2.592 0.029 0.678 0.016 3.813 - 39.759 3.940 4.816 - 

Arsenic Species Concentrations, Retention Times (tR), and Standard Deviation (S.D.) for Ground Arsenopyrite and Ground & Cleaned Arsenopyrite samples were calculated from 
averaged values of sample triplicates (n=3). Arsenic species concentrations corrected for dilution factors give aqueous concentrations in original SGF. 
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3.2.3 Mineralogy of Unreacted Arsenopyrite  

The presence of arsenopyrite (FeAsS) in the unreacted ground FeAsS was confirmed by 

XRD. The collected X-ray diffractogram (Figure 3-27) shows that the mineralogy of the FeAsS 

sample is similar to that of reference FeAsS.  

 
Figure 3-27. X-ray diffractogram of unreacted ground arsenopyrite (FeAsS). Synchrotron 
transmission XRD pattern (black line) converted to Cu Kα scale. Black dots identify the 
corundum internal standard. 
 
 
3.2.4 Iron, Arsenic, and Sulfur Speciation of IVBA-Reacted Arsenopyrite 

 

XAS 

Iron (Fe), arsenic (As), and sulfur (S) XANES and EXAFS show that there was no 

significant change in bulk speciation between unreacted and IVBA-reacted FeAsS solids. Fe-
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XANES shows strong absorption peaks around 7120 eV, corresponding to ferrous sulfide phases 

(Figure 3-28) (Hayes, 2014).  

 
Figure 3-28. Fe-XANES and Fe-EXAFS for unreacted and IVBA-reacted arsenopyrite (FeAsS). 
Red lines are the unreacted FeAsS and the black lines are the SGF reacted FeAsS.  
 
 
XPS 

Changes in speciation of Fe, As, and S on the surface of the unreacted and reacted ground 

FeAsS, and the unreacted and reacted ground & cleaned FeAsS particles was analyzed by XPS. 

XPS quantification is summarized in Table 3-7. The Fe 2p spectrum of the unreacted ground 

FeAsS demonstrated a dominant peak corresponding to Fe(III)-OH (712.346 eV) with a small 

secondary peak corresponding to Fe(II)-(AsS) (representative of FeAsS) (707.446 eV). The Fe 2p 

spectrum of the reacted ground FeAsS showed comparable peaks of Fe(III)-OH  and Fe(II)-(AsS) 
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(712.607 eV, 708.707 eV) post IVBA reaction (Figure 3-30). The S 2p spectrum of the unreacted 

ground FeAsS exhibited a dominant peak corresponding to (AsS)2- (162.846 eV) and a broad 

secondary peak corresponding to sulfate (SO42-) (168.500-169.800 eV). The S 2p spectrum of the 

reacted ground FeAsS revealed a major peak with a slight shoulder, representing S0 

(characteristic of unoxidized FeAsS) and polysulfide (Sn2-) (164.307 eV, 163.807 eV) post IVBA 

reaction (Figure 3-31). The As 3d spectrum of the unreacted ground FeAsS showed a dominant 

peak corresponding to As(V)-O (45.646 eV) and a secondary peak corresponding to As-S 

(representative of FeAsS) (41.646 eV). The As 3d spectrum of the reacted ground FeAsS 

displayed a single peak, representative of As(I)-O & As(III)-O (42.607 eV) post IVBA reaction 

(Figure 3-32) (Corkhill, 2009; Deng, 2020; Lin, 2018; Parthasarathy, 2014: Yin, 2020). 

The Fe 2 spectrum of the unreacted ground & cleaned FeAsS showed a dominant peak 

corresponding to Fe(III)-(AsS) (709.382 eV) with a small shoulder corresponding to Fe(III)-OH 

(~711-714 eV) and a secondary peak representing oxidized Fe species (722.382 eV). The Fe 2p 

spectrum of the reacted ground & cleaned FeAsS demonstrated a single peak representing Fe(III)-

(AsS) (709.122 eV) post IVBA reaction (Figure 3-33). The S 2p spectrum of the unreacted 

ground & cleaned FeAsS exhibited a peak corresponding to S0 (characteristic of unoxidized 

FeAsS) (164.382 eV). The S 2p spectrum of the reacted ground & cleaned FeAsS also showed a 

peak corresponding to S0 (164.022 eV), indicating no significant change post IVBA reaction 

(Figure 3-34). The As 3d spectrum of the unreacted ground & cleaned FeAsS demonstrated a 

major peak representing As(I)-O & As(III)-O (43.382 eV) with a small shoulder representing AsV 

(~47.400-45.500 eV). The As 3d spectrum of the reacted ground & cleaned showed a peak 

corresponding to As(I)-O & As(III)-O (43.222 eV) post IVBA reaction (Figure 3-35) (Corkhill, 

2009;Deng, 2020; Lin, 2018; Parthasarathy, 2014: Yin, 2020). 
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Table 3-7. XPS Quantification for Unreacted and Reacted Ground and Ground & Cleaned 
Arsenopyrite  

Sample Peak Position 
BE (eV) 

FWHM 
(eV) 

Raw Area 
(cps eV) RSF Atomic 

Mass 
Atomic 

Conc. % 
Mass 

Conc. % 

Unreacted 
Ground 
FeAsS 

Fe 2p 712.346 5.171 3613.2 2.947 55.846 9.98 17.95 
S 2p 162.846 2.805 663.0 0.723 32.065 9.23 9.53 

As 3d 45.346 2.481 1180.5 0.745 74.922 16.26 39.24 
O 1s 531.646 2.366 5335.4 0.736 15.999 64.54 33.27 

Reacted 
Ground 
FeAsS 

Fe 2p 708.707 1.800 1947.7 2.947 55.846 5.41 14.24 
S 2p 163 2.179 405.7 0.723 32.065 5.59 8.45 

As 3d 42.607 1.637 267.6 0.745 74.922 3.65 12.89 
O 1s 530.200 3.191 7123.4 0.736 15.999 85.35 64.41 

Unreacted 
Ground & 
Cleaned 
FeAsS 

Fe 2p 709.382 1.260 2089.3 2.947 55.846 8.81 14.62 
S 2p 164.382 2.296 1586.0 0.723 32.065 33.66 32.05 

As 3d 43.382 1.604 707.2 0.745 74.922 14.86 33.06 
O 1s 533.982 2.290 2314.9 0.736 15.999 42.67 20.28 

Reacted 
Ground & 
Cleaned 
FeAsS 

Fe 2p 707.400 0.924 454.4 2.947 55.846 1.53 4.26 
S 2p 162.300 2.055 467.7 0.723 32.065 7.93 12.67 

As 3d 41.500 1.537 220.0 0.745 74.922 3.69 13.79 
O 1s 530.500 2.793 5893.1 0.736 15.999 86.85 69.28 

 
 

 

Unreacted Ground 
Arsenopyrite 

Reacted Ground 
Arsenopyrite 

Unreacted Ground & Cleaned 
Arsenopyrite 

Reacted Ground & Cleaned 
Arsenopyrite 
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Figure 3-29. XPS Survey Spectra. 
 

 
Figure 3-30. XPS Fe 2p Spectra for Unreacted and Reacted Ground FeAsS. Vertical gray bars 
indicate characteristic energies for identified species. 
 

 
Figure 3-31. XPS S 2p Spectra for Unreacted and Reacted Ground FeAsS. Vertical gray bars 
indicate characteristic energies for identified species. 
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Figure 3-32. XPS As 3d Spectra for Unreacted and Reacted Ground FeAsS. Vertical gray bars 
indicate characteristic energies for identified species. 
 

 
Figure 3-33. XPS Fe 2p Spectra for Unreacted and Reacted Ground & Cleaned FeAsS. Vertical 
gray bars indicate characteristic energies for identified species. 
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Figure 3-34. XPS S 2p Spectra for Unreacted and Reacted Ground & Cleaned FeAsS. Vertical 
gray bars indicate characteristic energies for identified species. 
 
 

 
Figure 3-35. XPS As 3d Spectra for Unreacted and Reacted Ground & Cleaned FeAsS. Vertical 
gray bars indicate characteristic energies for identified species. 
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surface of the two FeAsS treatments, and also a morphological difference between the surface of 

unreacted and reacted FeAsS particles for each treatment.  

Both the unreacted ground FeAsS particles, and reacted ground FeAsS particles, exhibit 

small surface coatings (Figures 3-36 & 3-37). EDS qualitative analysis of the unreacted ground 

FeAsS shows the presence of oxygen (O). Distribution of Fe, As, S, and O demonstrates 

enrichment of Fe, and depletion of S (Figure 3-38). EDS qualitative analysis of the reacted 

ground FeAsS shows the absence of O. Distribution of Fe, As, and S indicates that Fe and As are 

slightly enriched in relation to S, which is slightly depleted (Figure 3-39).  

SEM images of both the unreacted and reacted ground & cleaned FeAsS particles do not 

show any evidence of the small surface coatings seen on the ground FeAsS particles (Figures 3-

40 & 3-41). EDS qualitative analysis of the unreacted and reacted ground & cleaned FeAsS 

particles exhibited the absence of oxygen. The distribution of Fe, As, and S for the unreacted 

ground & cleaned FeAsS shows that arsenic and iron, arsenic more so than iron, are slightly 

enriched and sulfur is slightly depleted (Figure 3-42). The distribution of Fe, As, and S is similar 

for the reacted ground & cleaned FeAsS (Figure 3-43). 
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Figure 3-36. SEM image of Unreacted Ground Arsenopyrite. 
 

 
Figure 3-37. SEM image of Reacted Ground Arsenopyrite.  
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Figure 3-38. EDS Qualitative Analysis of Unreacted Ground Arsenopyrite. 
 

 
 

Figure 3-39. EDS Qualitative Analysis of Reacted Ground Arsenopyrite  
(note: 1st sulfur peak ~0.5 should be oxygen according to the SEM-EDS technician). 
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Figure 3-40. SEM image of Unreacted Ground & Cleaned Arsenopyrite. 
 

 
Figure 3-41. SEM image of Reacted Ground & Cleaned Arsenopyrite. 
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Figure 3-42. EDS Qualitative Analysis of Unreacted Ground & Cleaned Arsenopyrite  
(note: 1st sulfur peak around 0.5 keV should be oxygen). 
 

 
 
 

Figure 3-43. EDS Qualitative Analysis of Reacted Ground & Cleaned Arsenopyrite 
(note: 1st sulfur peak around 0.5 keV should be oxygen). 
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4. Discussion  

 

 It was initially hypothesized that the prevalence of what appeared to be AsV as a 

dissolution product of the IVBA reaction of FeAsS, was instead thioarsenate species co-eluting 

with AsV. Thus, thioarsenate standards were synthesized and analytical methods to be able to 

characterize them were developed. Both the syntheses and analyses were successful, however, no 

thioarsenate species were detected as dissolution products resulting from IVBA reaction of 

FeAsS. AsIII and AsV were identified as the main dissolution products of this reaction, and the 

FeAsS cleaning treatment seemed to diminish what was a genuine AsV chromatographic peak. 

 

4.1 Success of Thioarsenate Syntheses  

4.1.1 Presence of Target Analytes in Synthetic Thioarsenate Products 

The presence of the target analytes in the respective synthetic thioarsenate products 

(MTA, DTA, and TetTA) was investigated using a combination of solid phase (XAS) and liquid 

phase (direct infusion ESI-MS, HPLC-ESI-MS/MS, ICP-MS and HPLC-ICP-MS) 

characterizations. Identification of aqueous species resulting from the dissolution of each 

synthetic thioarsenate product was confirmed by direct infusion ESI-MS and HPLC-ESI-MS/MS 

analyses. Observed precursor and product ion m/z values revealed the presence of the target 

analytes in each corresponding synthesis except for the tetrathioarsenate (TetTA), which was 

identified as trithioarsenate (TTA) (Figure 3-4 - 3-10, Table 3-1). This was further confirmed by 

HPLC-ICP-MS analysis of dissolved arsenic species deriving from the synthetic thioarsenate 

products. Unique chromatographic peaks, distinct from the common arsenic species detected by 
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HPLC-ICP-MS (AsIII, DMAV, MMAV, and AsV) were observed for each synthetic thioarsenate 

product (Figure 3-13 - 3-15, Table 3-3).  

Arsenic XAS analysis of the solid synthetic thioarsenate products exhibited increases in 

the magnitude of As-S peaks determined by As-EXAFS, seemingly corresponding to increased 

thiolation from MTA to DTA, to TetTA (Fourier transforms plot, Figure 3-1). S-XAS analysis of 

the solid synthetic MTA product confirmed the products identity by S-EXAFS fits to an 

established reference of trisodium monothioarsenate dodecahydrate (Figure 3-2). Additionally, 

increases in total S:As ratios of the dissolved synthetic thioarsenate products, roughly 

corresponding to increasing S:As ratios in the chemical formulas of MTA, DTA, and TetTA, 

were observed by ICP-MS (Figure 3-11, Table 3-2). The XAS and ICP-MS results provide a 

measure of confidence in the success of the thioarsenate syntheses, in support of the more precise 

analytical results obtained by direct infusion ESI-MS, HPLC-ESI-MS/MS and HPLC-ICP-MS.  

 

4.1.2 Purity of Synthetic Thioarsenate Products  

The purity of the synthetic thioarsenate products (MTA, DTA, and TetTA) was evaluated 

based on the results of direct infusion ESI-MS, HPLC-ESI-MS/MS and HPLC-ICP-MS analyses. 

Sulfur XAS analysis of the synthetic MTA product confirmed >95% purity of the solid product 

(Figure 3-2). Direct infusion ESI-MS results suggest relative purity of the MTA synthesis, with 

MTA being the dominant molecule detected. However, there was also a small signal for arsenate 

also detected for the synthetic MTA product (Figure 3-4 - 3-6). The purity of the MTA synthesis 

was also challenged by the results obtained by HPLC-ICP-MS. MTA is the dominant dissolved 

arsenic species present, but there are substantial amounts of AsIII and AsV also present, deriving 

from the dissolution of the synthetic MTA product (Figure 3-13 & 3-16). 
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Direct infusion ESI-MS results suggest that the DTA synthesis did not yield a pure 

product, as the dominant molecule detected was MTA. In order of prevalence, the following 

molecules were also detected in the synthetic dithioarsenate product: hydrogen sulfurothioate, 

DTA, and TTA (Figure 3-7 & 3-8). This is further evidenced by the results of HPLC-ICP-MS, 

which demonstrate that MTA is the dominant dissolved arsenic species present, followed by 

relatively lower amounts of AsIII, DTA, and AsV, deriving from the dissolution of the synthetic 

DTA product (Figure 3-14 & 3-16).  

Direct infusion ESI-MS results indicate that the TetTA synthesis did not yield the 

intended product. The TetTA molecule was not detected by ESI-MS. Instead, the dominant 

molecule detected was TTA, followed by DTA, MTA and hydrogen sulfurothioate. HPLC-ESI-

MS/MS analysis also detected the presence of MTA, DTA, and TTA resulting from the 

dissolution of the synthetic TetTA product (Figure 3-9 & 3-10). The presence of multiple 

dissolved arsenic species resulting from the dissolution of the synthetic TetTA product was 

reflected in the results of HPLC-ICP-MS. However, the dominant dissolved arsenic species 

detected by HPLC-ICP-MS was MTA rather than TTA. Small amounts of AsIII, AsV, DTA, and 

TTA were also detected (Figure 3-15 & 3-16).  

 

4.1.3 Stability of Synthetic Thioarsenate Products 

The results of liquid phase characterizations suggest that a relatively pure product was 

not achieved for any of the thioarsenate syntheses. This is presumably due to either 

inconsistencies in the accuracy of the synthesis process, or due to the stability in aqueous 

solution of the synthetic thioarsenate products themselves. The stability of thioarsenates is 

impacted by factors such as pH, temperature, redox potential, oxygen concentration, and the 
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presence of sulfur and iron, and it has been previously reported that thioarsenate stability 

decreases with increasing sulfur substitution (Herath, 2018; Suess, 2011). Additionally, Gibbs 

free energy evaluation of the stability of arsenic and thioarsenate species in the presence of 

sulfide has demonstrated the order of stability, from most stable to least stable, to be: AsV, AsIII, 

MTA, DTA, TTA, and TetTA (Hug, 2017).  

Since it has been established that thioarsenate species are highly unstable towards a 

variety of factors, it is feasible that the synthetic thioarsenate products underwent partial or full 

stepwise conversion to other thioarsenate or arsenic species as a result of aqueous dissolution in 

preparation for liquid phase characterization. This is supported by the S-XAS results for MTA, 

which show high purity of the solid synthetic product. S:As ratios determined by ICP-MS 

suggest the presence of excess sulfur in the dissolved synthetic DTA and TetTA products, both 

of which have been observed to be relatively unstable in the presence of sulfide. MTA has been 

reported to be the most stable towards oxidation and pH changes, which is exemplified by the 

dominance of MTA among the dissolved arsenic species detected by HPLC-ICP-MS for each 

synthetic thioarsenate product (Suess & Planer-Friedrich, 2012). 

 

4.2 Methods Development for Liquid Phase Characterization of Synthetic Thioarsenate Products 

4.2.1 Sample Preparation 

The maintenance of anoxic conditions and dark cool storage (4°C) was prioritized 

throughout preparation of the synthetic thioarsenate products prior to liquid phase 

characterization, in order to avoid any potential oxidation or chemical changes due to 

photocatalysis, and to slow degradation of the samples (Berberich, 2019; Ding, 2015; Planer-

Friedrich, 2007; Suess, 2011). However, dissolution and dilution of the solid products in 
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deoxygenated Milli-Q ultrapure water (~ pH 7) may have induced the apparent partial and full 

transformations of the dissolved synthetic thioarsenate products, due to their instability towards 

dilution and changes in pH (Herath, 2018; Stauder, 2005). MTA has been observed to be stable 

across the entire pH range, however, DTA has been observed to transform to AsIII below pH 4. 

TetTA has been reported to be especially sensitive to decreasing pH, and transformation to TTA 

has been observed below pH 11.9, followed by transformation to AsIII below pH 5.6, and 

precipitation as As-S phases below pH 5. Additionally, TTA has been observed to transform to 

AsIII and pH 7 (Planer-Friedrich & Wallschläger, 2009).  

Although the pH of Milli-Q ultrapure water is neutral, it may be low enough to induce 

these transformations, as previous studies have documented the transformation of dissolved 

thioarsenates to AsIII and AsV at pH 4-6 (Stauder, 2005). Using a more alkaline diluent may 

preserve the stability of dissolved thioarsenate products towards changes in pH. Previous studies 

have had successful results using NaOH as a diluent for thioarsenate samples, however, NaOH 

was incompatible with the chromatic conditions of the HPLC-ICP-MS method used to analyze 

the dissolved synthetic thioarsenate products (Hug, 2017; Planer-Friedrich, 2007; Stauder, 2005). 

Also, it is possible that residual oxygen could have remained in the Milli-Q ultrapure water after 

deoxygenation, contributing to potential transformations of the synthetic thioarsenate products.  

 

4.2.2 Effects of Liquid Chromatography Mobile Phase  

Two different mobile phases were used between HPLC-ESI-MS/MS and HPLC-ICP-MS 

analysis of the dissolved synthetic thioarsenate products. Direct infusion ESI-MS and HPLC-

ESI-MS/MS using formic acid (5 mM, pH 3.1) as the mobile phase yielded successful results in 

the initial identification of each synthetic thioarsenate. However, when this same mobile phase 
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was used for HPLC-ICP-MS separation and quantification of dissolved arsenic species deriving 

from the dissolution of the synthetic thioarsenate solids, it resulted in co-elution of thioarsenate 

species. Thus, malonic acid (3mM malonic acid with 5 mM tetrabutylammonium hydroxide; 5% 

methanol, pH 5.9) was used as the mobile phase for HPLC-ICP-MS, yielding successful results 

in the separation and quantification of the dissolved synthetic thioarsenates.  

In addition to the possible pH effects of the diluent on the stability of the dissolved 

synthetic thioarsenate products, the pH of the two mobile phases may have also impacted their 

stability. Thioarsenates have previously been shown to be stable under alkaline conditions, 

indicating that chromatographic elution of these arsenic species would require the use of an 

alkaline mobile phase such as NaOH (Planer-Friedrich, 2010). The relatively low pH of the 

formic and malonic acid mobile phases used for HPLC-ESI-MS/MS and HPLC-ICP-MS 

potentially added to the pH effects of the diluent used to prepare the synthetic thioarsenate 

samples, inducing transformations of the thioarsenates to less thiolated thioarsenates (TetTA → 

TTA → DTA → MTA) or to AsV and AsIII. This is especially relevant to the results of the liquid 

phase characterization of the synthetic TetTA product, which seemingly underwent 

transformation to TTA, DTA, MTA, AsV, and AsIII. TetTA has been previously characterized by 

liquid chromatography using NaOH as the sample diluent and as the mobile phase (Planer-

Friedrich, 2007 & 2010; Stauder, 2005).  

 

4.2.3 Relating ESI-MS and ICP-MS Analyses 

Initially, it was intended that S:As ratios determined by ICP-MS, direct infusion ESI-MS 

and HPLC-ESI-MS/MS mass spectra and chromatograms, and retention time matching between 

HPLC-ESI-MS/MS and HPLC-ICP-MS would be utilized in combination to support the 
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identification of each synthetic thioarsenate product. The results of ICP-MS, direct infusion ESI-

MS, and HPLC-ESI-MS/MS indicate the presence of the target analytes in the synthetic 

thioarsenate products, with the exception of TetTA. However, although the same column was 

used for both HPLC-ESI-MS/MS and HPLC-ICP-MS, the difference in mobile phase used 

between each analysis made it impossible to use retention time matching to confirm the identities 

of dissolved thioarsenates species by HPLC-ICP-MS.  

Instead, once it was confirmed that the target analyte was present in each synthetic 

thioarsenate product by direct infusion ESI-MS and HPLC-ESI-MS/MS, samples of the 

dissolved synthetic thioarsenates were analyzed for arsenic and sulfur speciation by HPLC-ICP-

MS. Arsenic species with retention times that were distinct from the well established arsenic 

species (AsIII, DMAV, MMAV, and AsV), and that were unique to each synthetic thioarsenate, 

were identified as MTA, DTA and TTA. Furthermore, this was supported by the presence of 

sulfur species eluting with retention times similar to those of the unique arsenic species. 

 

4.3 Cleaning Treatment Effect on the Bioaccessibility of Arsenopyrite 

4.3.1 Reduced Bioaccessibility of Ground & Cleaned Arsenopyrite 

Implementation of the cleaning treatment prior to IVBA reaction in SGF greatly reduced 

the apparent bioaccessibility of FeAsS (Table 3-4). The bioaccessibility of Fe, As, and S was 

reduced by several orders of magnitude for the ground & cleaned FeAsS, in comparison to the 

ground FeAsS (Figure 3-17 & 3-18). This is evidently due to the cleaning treatment’s apparent 

removal of oxidized precipitates on the surface of the FeAsS particles.  

XPS spectra show the presence of oxidized Fe, As, and S species on the surface of the 

unreacted ground FeAsS particles, which are absent on the surface of the unreacted ground & 
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cleaned FeAsS particles (Figure 3-30 - 3-35). This is also supported by SEM images of the 

FeAsS particles prior to IVBA reaction, which demonstrate the presence of small coatings, 

presumably oxidized precipitates, only on the surface of the ground FeAsS particles (Figure 3-36 

& 3-40). Previous studies have shown that increased mineral weathering is associated with 

increased bioaccessibility (Hayes, 2019; Root, 2015). Therefore, it is feasible that the removal of 

oxidized precipitates on the surface of the ground & cleaned FeAsS particles influenced their 

decreased bioaccessibility.   

 

4.3.2 Distribution of Iron, Arsenic, and Sulfur Concentrations 

The distribution of Fe, As, and S concentrations measured in the reacted IVBA biofluid, 

even for the cleaned FeAsS, did not reflect congruent dissolution of FeAsS. Overall, S 

concentrations were greatly reduced relative to Fe and As concentrations for both the ground and 

ground & cleaned FeAsS IVBA samples (Figure 3-17 & 3-18). This indicates an effect induced 

by the IVBA reaction, rather than the FeAsS cleaning treatment. A previous study analyzing the 

dissolution of FeAsS in acidic solutions in the presence of different oxidants, demonstrated 

similar results for acidic anoxic conditions, akin to the conditions of the IVBA reaction 

(McKibben, 2008). 

This study, utilizing FeAsS from the same source as this current research (Yaogangxian 

Mine, Hunan Province, China) and implementing a similar FeAsS cleaning treatment, showed 

that FeAsS dissolution under anoxic acidic conditions resulted in the preferential release of Fe 

into solution over As and S. Under these conditions, As and S are not released completely into 

solution and are retained on the surface of FeAsS particles, remaining as slow dissolving solids 

(McKibben, 2008). Seemingly, this process is also occurring as a result of the partial dissolution 
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of FeAsS occurring during IVBA reaction. ICP-MS and XPS quantification show low 

concentrations of S in the reacted IVBA biofluid and depletion of Fe on the surface of the ground 

& cleaned FeAsS particles, respectively (Figure 3-17, 3-18; Table 3-6).   

 

4.4 Speciation of Arsenopyrite Dissolution Products  

4.4.1 Absence of Thioarsenates in Reacted In Vitro Biofluid  

 No thioarsenate species were detected by HPLC-ESI-MS/MS or HPLC-ICP-MS as 

dissolution products resulting from IVBA reaction of ground or ground & cleaned FeAsS. This is 

likely due to the instability of thioarsenates (MTA, DTA, TTA, and TetTA) towards the acidic 

conditions of the IVBA reaction. The dissolution of arsenopyrite under anoxic conditions has 

been shown to result in the formation of thioarsenates only in neutral and alkaline pH solutions 

(Suess & Planer-Friedrich, 2012). The low concentration of sulfur present in the reacted IVBA 

biofluid for both FeAsS treatments, a result of FeAsS dissolution under acidic conditions, may 

also inhibit the formation of thioarsenates, as low abundance of free sulfides limit the formation 

of As-S bonds (Suess & Planer-Friedrich, 2012). Additionally, if there was any oxygen still 

present in the deoxygenated solutions utilized throughout the IVBA experiment, even at low 

concentrations, it could have resulted in the oxidation of thioarsenate species to AsV and AsIII, 

due to their instability in the presence of oxygen (Cama, 2004). 

 

4.4.2 Distribution of Arsenite and Arsenate in Reacted In Vitro Biofluid 

AsV was the dominant species detected in the reacted IVBA biofluid resulting from 

partial dissolution of the ground FeAsS, with the concentration of AsV being more than 2x than 

that of AsIII (Figure 3-26 & 4-1). XPS spectra show the presence of oxidized Fe, As and S 
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species (FeIII-OH, AsV-O, and SO42-) on the surface of the unreacted ground FeAsS particles 

(Figure 3-30 - 3-32). SEM images also show surface coatings, likely oxidized precipitates, on the 

surface of the unreacted ground FeAsS (Figure 3-36). Upon IVBA reaction, these oxidized 

precipitates on the surface of the ground FeAsS particles are released into solution and act as a 

source of oxidation in what is assumed to be an otherwise anoxic system.  

Conversely, AsIII was dominant in the reacted IVBA biofluid from the ground & cleaned 

FeAsS, with the concentration of AsIII being about 3.5x higher than the concentration of AsV 

(Figure 3-25 & 4-1). XPS spectra and SEM images do not show the presence of any oxidized Fe, 

As, or S species or surface coatings on the surface of the unreacted ground & cleaned FeAsS 

particles (Figure 3-33 - 3-35, 3-40). This indicates that surface precipitates are not a source of 

oxidation, leading to the formation of AsV, in the reacted IVBA biofluid for the ground & 

cleaned FeAsS. Instead, arsenic oxidation may have occurred as a result of any residual oxygen 

present in the deoxygenated biofluid and diluents used in the IVBA experiment, or as a result of 

oxidation by FeIII, which has been shown to act as an FeAsS oxidant under anoxic conditions 

(McKibben, 2008). 
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Figure 4-1. Impact of FeAsS cleaning treatment on arsenic speciation in reacted IVBA biofluid 
(Created with Biorender.com).  
 

4.4.3 Factors Influencing Arsenic Speciation in Reacted In Vitro Biofluid  

The primary factor that influenced the speciation of arsenic released into solution during 

the IVBA reaction of FeAsS was the effect of pre-IVBA sample oxidation. This is demonstrated 

by the clear difference in the distribution of AsIII and AsV in the reacted IVBA biofluid between 
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the ground and ground & cleaned FeAsS samples (Figure 3-26). Mineral particle surface 

oxidation resulted in the release of oxidized Fe, As, and S species from the surface of the ground 

FeAsS and contributed to the higher concentration of AsV versus AsIII detected in solution. 

Considering the success of the cleaning treatment in removing any surface oxidation from the 

FeAsS particles, the low concentration of AsV in the reacted IVBA biofluid of the ground & 

cleaned FeAsS samples is likely due to the presence of FeIII species on the surface of the particles 

(Figure 3-33). FeIII has been observed to oxidize AsIII to AsV and has been shown to oxidize 

FeAsS ten times faster than O2 under acidic anoxic conditions (Ding, 2015; Herath 2018; 

McKibben, 2008). 

An additional factor that may have influenced the speciation of arsenic is the low pH of 

the IVBA biofluid in which the reaction of FeAsS occurred. The biofluid used in the IVBA 

reaction to measure gastric bioaccessibility was acidified with concentrated HCl to a pH of 1.5, 

to reflect the conditions of the human gastrointestinal system. Strong acids, such as HCl, can 

oxidize AsIII to AsV (Herath, 2018). Any residual oxygen potentially remaining in the 

deoxygenated biofluid or diluents used in the IVBA experiments could have also contributed to 

the oxidation of AsIII to AsV. Although great care was taken to exclude oxygen from the 

experiments, a more rigorous protocol for deoxygenating solutions may be necessary to rule out 

the possibility of this contributing to any oxygen contamination during the experiments. The high 

concentration of AsV detected in the reacted IVBA biofluid of the ground & cleaned FeAsS 

during the preliminary IVBA experiment was likely due to the use of EDTA as a sample 

preservative/buffer (Figure 1-3). EDTA has been shown to lead to the oxidation of AsIII to AsV 

due to inducing changes in the oxidation state of Fe, which in turn impacts arsenic speciation 

(Herath 2018; Suess, 2015). 
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4.5 Implications for the Bioaccessibility of Mine Tailings Related Minerals 

4.5.1 Bioaccessibility of Unweathered vs. Partially Oxidized Arsenopyrite 

The two FeAsS treatments utilized in this research, ground and ground & cleaned FeAsS, 

represent partially oxidized and unweathered forms FeAsS, respectively. Based on the results of 

the IVBA experiments, it is feasible to expect that partially oxidized FeAsS is more 

bioaccessible than unweathered FeAsS (Figure 3-17 & 3-18). Recalling the conditions of the 

mine tailings pile at IKMHSS, the FeAsS present in the lowest layer of the tailings pile is likely 

similar to the ground FeAsS in the upper depth of this lower layer, in that it is mixed with oxides, 

and is likely similar to the ground & cleaned FeAsS at the deepest unweathered part of this lower 

layer. The results of this study also suggest that one of the findings of Thomas et al. (2017) – that 

the deeper tailings composed of higher concentrations of FeAsS were more bioaccessible than 

the oxidized surface tailings, which were depleted in FeAsS bur enriched in ferrihydrite-bound 

AsV – may be due to the prevalence at depth of partially oxidized FeAsS particles.  

Thus, if the lower layer tailings were exposed, either by wind or water erosion of the 

upper tailings, the FeAsS that proximal communities may be exposed to would have higher As 

bioaccessibility. However, the IVBA experiments demonstrated that although partially oxidized 

FeAsS was more bioaccessible, it released majority AsV into the biofluid, which has been shown 

to be two to three times less toxic than AsIII (Kuivenhoven & Mason, 2019).  

 

4.5.2 Bioaccessibility vs. Toxicity of Arsenic 

Assuming that the partially oxidized FeAsS present in the lower layer of the tailings pile 

would behave similarly in vivo to the ground FeAsS used in the IVBA experiments, it is probable 

that it would release mainly AsV into gastrointestinal fluid. However, despite the lower toxicity 
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of AsV in comparison to AsIII, there is concern that due to the presumed higher bioaccessibility of 

the partially oxidized FeAsS, it would potentially release a high concentration of As into 

gastrointestinal fluid in vivo (Kuivenhoven & Mason, 2019). This As, regardless of its 

speciation, could transform into highly toxic species such as methylated oxo- or thioarsenic 

species upon metabolism (Laird, 2013; Wang, 2015).  

 

4.5.3 The Role of the Gastrointestinal Tract Microbiome on Arsenic Toxicity and Bioavailability  

Upon exposure, ingested AsIII and AsV can undergo in vivo biotransformation through a 

series of microbially mediated oxidative methylation and reduction reactions (McKnight-

Whitford, 2010; Naranmandura, 2013, Sun, 2016). Both in vivo and in vitro studies utilizing 

mice models and simulated gastrointestinal systems have demonstrated that gastrointestinal 

microbiota can metabolize AsV to produce methylated oxo- and thioarsenic species such as 

dimethylarsinous acid (DMAIII), monomethylarsonous acid (MMAIII), dimethylarsinic acid 

(DMAV), monomethylarsonic acid (MMAV), monomethylmonothioarsonic acid (MMMTAV), 

dimethylmonothioarsinic acid (DMMTAV), and dimethyldithioarsonic acid (DMDTAV) 

(Bradham, 2018, Coryell, 2019; Kim, 2016: Wallschläger & Stadey, 2007; Wang, 2015). These 

species vary in their toxicities; however, some are several times more toxic than AsV (MMAIII > 

DMAIII & DMMTAV > AsIII > AsV > MMMTAV > MMAV > DMAV > DMDTAV) (Sun, 2016; 

Styblo, 2000).  

Although microbially mediated metabolism of As can result in the production of highly 

toxic species, the gut microbiome has been observed to protect against As induced mortality in 

an in vivo mouse study (Coryell, 2018 & 2019). Antibiotic-treated and germ-free mice showed 

significantly reduced fecal As excretion and increased accumulation of As in tissues and organs, 
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relative to intact microbiome mice. These findings suggest that the gut microbiome is involved in 

mediating fecal elimination of ingested As, and may play a role in reducing the bioavailability of 

ingested As (Coryell, 2018 & 2019). The impacts and potential role of the gut microbiome are 

not included in the gastric fluid IVBA analysis conducted here, and should be the focus of future 

research. 

 

5. Conclusion 

 Arsenopyrite, a common constituent of sulfidic mine tailings, was shown to have 

relatively high arsenic bioaccessibility in a recent study on the bioaccessibility of toxic 

metal(loid)s at the IKMHSS site in Dewey-Humboldt, AZ, at which the lower tailings were 

found to be comprised of FeAsS. Initial experiments determined that AsV was the major arsenic 

species released into biofluid during IVBA reaction of FeAsS, which was thought to potentially 

be due to the co-elution of thioarsenical species with AsV during HPLC-ICP-MS analysis. While 

the formation mechanisms, metabolism, toxic effects, and stability of thioarsenicals in 

environmental, geological, and biological systems is not completely understood, these arsenic 

species have been detected as major arsenic metabolites both in vivo and in vitro. This research 

investigated potential thioarsenical formation, arsenic bioaccessibility, and arsenic speciation 

resulting from the dissolution of ground and ground & cleaned FeAsS during IVBA reaction.  

 No thioarsenicals were observed as FeAsS dissolution products under the IVBA benchtop 

experimental conditions. The arsenic bioaccessibility of the ground & cleaned FeAsS, 

representing unweathered FeAsS, was much lower than the arsenic bioaccessibility of the ground 

FeAsS, representing partially oxidized FeAsS, which clearly demonstrates the effect of the 

FeAsS pre-cleaning treatment. Arsenite (AsIII) was the dominant arsenic species detected 
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resulting from IVBA reaction of the ground & cleaned FeAsS, while arsenate (AsV) was the 

dominant arsenic species detected resulting from the IVBA reaction of the ground FeAsS. The 

results of this study indicate that if the deeper subsurface tailings are uncovered at the IKMHSS 

site, the FeAsS proximal communities may be exposed and would likely have a higher arsenic 

bioavailabiity, releasing mostly AsV into gastrointestinal fluid in vivo. Despite the lower toxicity 

of AsV, it can undergo transformations to highly toxic arsenic species upon metabolism. Future 

research into this area would benefit from incorporating a more biologically representative IVBA 

model including a microbial component, to assess the role of gastrointestinal microbiota on the 

bioaccessibility and speciation of ingested arsenic. 
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