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ABSTRACT 

  

 

A STUDY OF THE IN VITRO BIOACCESSIBILITIES OF NICKEL COMPOUNDS IN PARTICULATE FORM AS 
THEY ARE AFFECTED BY VARIATION IN ASSAY CONDITIONS 

 

  

 

Wilson Lau       Advisor: 
University of Guelph, 2012     Professor B. A. Hale 

 

  

 

In vitro bioaccessibility of Ni from NiO, NiSO4, Ni3S2, NiS, and Ni metal in the absence of soil was 

measured under assay conditions known to influence the percent of total metal leached.  Dissolution of 

Ni increased with extraction ratio (mL of extractant : g of total Ni) and incubation time for all compounds 

except NiO.  Patterns of ER regulated dissolution included an increasing relationship (NiSO4), a threshold 

relationship (NiS, Ni3S2, Ni metal), and for NiO, a decreasing relationship.  Dissolution of the compounds 

as a function of particle specific surface area suggested that metal removal from the dissolving surface 

was limited for NiO.  Ni in NiO was the least bioaccessible of the compounds and bioaccessibility was 

negatively correlated with increased extraction ratio, likely a surface-access limitation that developed 

during dissolution at lower extraction ratios.  As NiO is a main form in Ni in smelter-contaminated soils, 

these data suggest that their risk assessment could be complex. 
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CHAPTER 1: LITERATURE REVIEW 

1.1 Brief Overview 

The properties of Ni (i.e. hardness, high melting point, ductility, malleability, it is a 

siderophile, and is also a good conductor of heat and electricity) make it very desirable in the 

production of alloys.  Nickel can be alloyed with metals such as iron, copper, chromium, and 

zinc (NTP, 2000), imparting properties to alloys such as heat resistance, corrosion resistance, 

hardness, and strength.  A large variety of modern products is manufactured from these alloys, 

ranging from simple coinage and jewellery, to stainless steel fixtures, valves and heat 

exchangers (Tundermann et al., 2005).  Nickel can also form compounds with many other 

elements, including oxygen, chlorine, and sulphur.  Many of these compounds are used in nickel 

plating, ceramics, and battery production industries, and many are also used as chemical 

catalysts with wide ranges of chemical applications and uses (ATSDR, 2005). 

Nickel is naturally present in the environment, typically in trace concentrations.  A large 

majority of nickel emitted into the atmosphere yearly is from anthropogenic sources, roughly 

five times natural emissions (Nriagu & Pacnya, 1988).  Of those sources, nickel production 

(nickel mining, smelting, and refining) contributes a significant fraction to atmospheric releases 

(Schmidt & Andren, 1980).  Nickel toxicities and environmental fate are important points to 

consider when evaluating effects which may result from these releases.  One of the key issues 

in modern eco-toxicology lies in quantifying the health risks, to exposed populations, associated 

with the pollutants released from facilities such as these.  The general population can be 

exposed to nickel and nickel compounds through contaminated soils near nickel manufacturing 
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and processing facilities (Bright et al., 2006).   Some of the available tools for assessing the 

toxicity associated with nickel exposure include bioavailability/bioaccessibility assays (US EPA, 

2007).  Unfortunately, there is little consensus among researchers and regulators with regards 

to the reliability and validity of some of these approaches, as contaminated soils can vary 

significantly on a site specific basis, both in the distribution of nickel speciation and soil 

characteristics, both of which may affect toxicity. 

There have been a number of studies investigating the solubility of nickel species in 

various systems, including a very thorough review of the current state of research involving 

nickel speciation and solubility by Hummel and Curti (2003) in addition to earlier reviews 

(Plyasunova et al., 1998; Tremaine & LeBlanc, 1980; Mesmer & Baes, 1976). There are also 

some major studies which discuss and review various methods that can be used to model the 

gastrointestinal toxicity of inorganic soil contaminants, emphasizing a variety of metals 

(Richardson et al., 2006; Schoof, 2004; Oomen et al., 2003A; Oomen et al., 2003B;  Ellickson et 

al., 2001; Ruby et al., 1996).  These two streams of research form the foundation of knowledge 

necessary to accurately characterize the risks associated with Ni as a soil contaminant. 

The present project applied a simple in vitro assay of bioaccessibility to a number of 

pure nickel compounds in particulate form, in the absence of a soil phase.  These nickel 

compounds (nickel oxide (NiO), nickel sulfate hexahydrate (NiSO4*6H2O), nickel sulfide (NiS), 

nickel subsulfide (Ni3S2), and nickel metal (Ni-M)) are all known to be involved in the nickel 

primary production industry (nickel mining, smelting, refining) and are also recognized as 

potential health hazards by US EPA (1986), WHO (1996), and Health Canada (1996).  As these 

investigations are carried out in vitro, variation in bioaccessibility could be a result of 
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contaminant solubility (gastric bioaccessibility) and/or the in vitro assay conditions.  The current 

work explored the effect of two in vitro digestion parameters on nickel release, with emphasis 

on how these factors may affect the measured bioaccessibility values, and the implications for 

estimating bioavailability in vivo. 

The following sections give a detailed overview of the role of nickel and nickel 

compounds in industry, and the current eco-toxicological problem/challenges as a result of 

nickel use in industry.  In addition, the Risk Assessment framework is discussed, and current 

bioavailability/bioaccessibility tools used by researchers and regulators in the characterization 

of health risks, are reviewed.  Finally, the theoretical chemical solubilisation of some nickel 

compound of priority concern, NiO and NiSO4, in an in vitro model system is discussed in detail. 
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1.2 Nickel in the Environment 

Nickel is a relatively significant trace elemental constituent of the earth.  As it occurs, 

nickel is heterogeneously distributed among the major structural subdivisions of the earth 

(crust, mantle and core) with the majority within the core.  Although these estimates are 

certainly speculative, it is said that of the total nickel found on earth, 0.02% exists in the earth’s 

crust (Duke, 1980a).  In order of abundance, nickel ranks 24th in the earth’s crust, with an 

average concentration of less than 0.0086% by weight (Puchelt, 1992; Mason, 1966).  The 

concentration of nickel in the earth’s crust is variable, with the majority occurring in ultramafic 

igneous formations.  The heterogeneous distribution of nickel within the rocks of the earth’s 

crust is a direct result of the various chemical and physical factors occurring during formation.  

Thus the affinity for nickel of various rock-forming minerals plays an important role in the 

distribution of, and formation of Ni-containing minerals.  Where Ni minerals are at high enough 

concentrations as to allow profitable extraction, they are called ores.  It is these Ni-bearing ore 

deposits which represent the most important fraction for economic exploitation.   

Historically, the sulfidic Ni ore deposits (typically containing 1-3% nickel) have been the 

main source of primary Ni production.  Normally associated with mafic and ultramafic igneous 

rocks, the accumulation of the nickel sulfide minerals that make up these deposits are 

characteristic of most operations which mine nickel underground (Duke, 1980b).  One of the 

largest sulfidic nickel deposits and mining operation is located in Sudbury, Ontario, Canada 

(USPHS, 1977).  Ore-grade nickel sulfide deposits are formed when immiscible iron-nickel-

copper sulfide liquids separate from parental silicate magmas during postmagmatic rock 

formation (Duke, 1980a).   The chemical composition of these sulfide melts are relatively 
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simple, with most containing varying concentrations of iron, sulfur, nickel, copper and oxygen, 

amounting to 99% by weight.  The mineralogy of the resulting ores is quite simple also, with 

most being entirely comprised of: pyrrhotite, Fe1-xS; pentlandite, (Fe,Ni)9S8; chalcopyrite, 

CuFeS2; and millerite, NiS.  Of the metallic minerals which occur in the Sudbury ores, the above 

mentioned are the most common (Hawley, 1962). 

Nickel sulfide deposits typically extend to depths of hundreds of meters into the earth, 

thus the mining of these deposits generally requires extensive underground operations.  

Laterite nickel deposits, on the other hand, are rarely deeper than 25 m, and unlike sulfide ores, 

these may be mined by open-pit methods.  Laterites are residual soils formed as a result of 

bedrock weathering in humid tropical areas.  The weathering of ultramafic rocks, specifically 

those rich in nickel, favours the development of nickel-rich lateritic ores.  The weathering 

process leaches nickel out of the upper oxide layers, redistributing much of the nickel into 

surface silicates, ultimately leading to the formation of nickeliferous laterite ores. 

1.3 Refining and Smelting Processes 

The processing of nickel ores removed from the ground (without recycled Ni feed) into 

marketable forms, such as nickel metal and nickel oxide, is referred to as primary nickel 

production.  This encompasses the practices of mining, milling, smelting, and refining.  As stated 

previously, nickel is primarily recovered from two types of ore deposits: sulfide ores which 

accounted for about 60% of world mine production historically, and laterite ores which 

accounted for roughly 40% historically (Duke, 1980b).  The majority of mining projects in the 

world today are lateritic.  Because of the contrasting geology and mineralogy of these two ores, 

they are exploited differentially in terms of mining and extractive metallurgical approaches, and 
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may have different toxicities.  A general flow diagram outlining the various production 

processes involved in the primary nickel industry is shown in Figure 1. 

 

Figure 1.1.  Flow diagram for primary nickel production.  (Duke, 1980a) 
 

Smelting transforms nickel-rich ores (sulfide or laterite) into matte, a nickel-rich sulfide.  

The procedure can generally be broken down into roasting, smelting, and converting.  

Essentially the ores are concentrated into a calcine-flux by oxidizing impurities in hot air, which 

is followed by smelting.  The melted calcine-flux forms two immiscible liquids, slag and a nickel-

rich sulfide matte.  Further impurities are then removed by a “converter”.  Following this, the 

nickel matte can undergo additional treatment, i.e. electrometallurgy, vapometallurgy, 

hydrometallurgy, or simple roasting.  Depending on the particular refining method used, a 

number of impurities and other metals are removed, yielding various forms of nearly pure to 

pure marketable nickel.   
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1.4 Nickel and Nickel Compounds in Industry 

The primary nickel industry contributes significantly to total atmospheric nickel 

emissions.  Approximately 14 × 106 kg/year of nickel is estimated to be released into the 

atmosphere from industrial production and use of nickel.  Other anthropogenic sources of 

atmospheric nickel, aside from primary production, include emissions from fossil fuel 

combustion, waste incineration, steel and nickel alloy production, nickel chemical 

manufacturing, electroplating, battery manufacturing, asbestos mining and milling, and cement 

manufacturing (ATSDR, 2005; Tundermann et al., 2005; Schmidt & Andren, 1980).  

Anthropogenic sources of atmospheric nickel account for roughly 84% of the global nickel 

emission budget (Eisler, 1998; Chau & Kulikovsky-Cordeiro, 1995; Kasprzak, 1987; WHO, 1991).  

Natural sources of atmospheric nickel emissions, which include factors such as wind erosion of 

Ni-containing soil, vegetation exudates, forest fires, and volcanopogenic sources, amount to a 

fraction of total deposition (14%).  In general, these emissions are released as aerosols, with 

various particle size distributions depending on the nature and point-source of the release 

(ATSDR, 2005; Chau & Kulikovsky-Cordeiro, 1995). 

The chemical form(s) of anthropogenic nickel emissions is influenced by the source of 

the point release; and the form of the nickel contaminant has important consequences in terms 

of its transport, transformations, and bioavailability.  With atmospheric release being a major 

contributor, the chemical form of nickel release would likely differ from natural sources in that 

anthropogenic emissions are typically the result of condensation reactions following high-

temperature processes.  Nickel released into the air from smelting processes likely occurs in the 

form of nickel subsulfide, nickel sulfate, and nickel oxide in a compositional mixture of 52%, 
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20%, and 6% respectively (Eisler, 1998; Chau & Kulikovsky-Cordeiro, 1995).  However, upon 

deposition to surface soils, the speciation and chemistry of the nickel is subject to change.  Soils 

and sediments, through their multiple reactive mineral and organic components are known to 

alter the chemical form of the nickel, with pH and the presence of complexing ligands being 

some of the key factors controlling nickel speciation (Evans, 1989).   

1.4.1 Nickel oxide (NiO) 

Ni-O 

Nickel oxide (synonymous to nickelous oxide, green nickel oxide, nickel monoxide, and 

bunsenite) is one of the major marketable forms of refined, relatively pure nickel (ATSDR, 2005; 

HSDB, 1996).  The mineralogical form, bunsenite, is actually very rare in nature therefore NiO is 

typically produced artificially.  Around several million kilograms are produced annually (Ullmann 

et al., 1996).  NiO is a green crystalline solid, with a molecular weight (Mw) 74.69, density of 

6.67 g/cm3, and a melting point of 1955°C.  NiO is negligibly soluble; solubility in water is 1.1 

mg/L at 20°C (ATSDR, 2005).  NiO has a wide variety of applications and uses.  Metallurgical 

grade NiO is mainly used in the production of steel alloys.  NiO is also a component of a number 

of industrial products, i.e. fuel cells and the Nickel-iron battery.  It is also a precursor to many 

nickel salts, which also have a wide-range of chemical applications and uses. 
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1.4.2 Nickel Sulfate (NiSO4) 

 

Nickel sulfate (synonymous to nickel(II) sulfate, nickelous sulfate, nickel monosulfate, 

sulfuric acid nickel salt) is another major marketable form of nickel.  The salt is typically 

commercially available in a hydrated form, the hexahydrate form (NiSO4 • 6H2O) being most 

common.  Its main industrial application is in both engineering and decorative electroplating of 

Ni2+.  The high-purity product is also a precursor to many nickel-based catalysts and pigments.  

The hexahydrated form appears as greenish crystals.  It has a Mw of 154.75, a density of 4.01 

g/cm3, and it decomposes at a temperature of 840°C.  NiSO4 • 6H2O is very soluble, with 

solubility in water measured at 293 g/L at 0°C (ATSDR, 2005).   

 

1.4.3 Nickel Sulfide (NiS) 

Ni-S 

Nickel sulfide (synonymous with nickel monosulfide, nickelous sulfide, nickel (II) sulfide 

and natural millerite) is a common metamorphic mineral.  As mentioned earlier, ore-grade 

nickel sulfide deposits are characteristic of most of the large-scale nickel mining operations 

around the world.  Nickel sulfide powder occurs as one of three crystal forms (α, β, and 

amorphous; crystal structure) and ranges from dark-green to black in colour.  NiS has an Mw of 

90.76, a density of 5.48 g/cm3, and a melting point of 797°C (HSDB, 2009).  Nickel sulfides are 

common intermediates in the primary nickel industry; they are also used as catalysts in the 
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petrochemical industry when high concentrations of sulphur are present in the distillates (IARC, 

1990). 

 

1.4.4 Nickel Subsulfide (Ni3S2) 

 

Nickel subsulfide (synonymous with trinickel disulfide, nickel sequisulifide, nickel 

tritadisulfide, or natural heazlewoodite, and khislevudite), occurs in more than one crystal 

form.  The common α form appears as lustrous pale-yellow bronze crystals and is relatively 

insoluble, 517 mg/L in water at 37°C.  Nickel subsulfide has an Mw of 240.12, a density of 5.87 

g/cm3, and a melting point of 787°C (ATSDR, 2005).  Like NiS, Ni3S2 is a common intermediate in 

the primary nickel industry.  In addition to uses in petrochemical industry, Ni3S2 is also used in 

the production of lithium batteries (HSDB, 2011; US EPA IRIS, 1998).  Additionally, Ni3S2 

emissions are typically associated with nickel refining and mining operations.  

 

1.4.5 Nickel Metal (Ni-M) 

[Ni0] 

Nickel Powder Type 123 (T123™) is high purity nickel produced by Vale Ltd.  This 

particular powder has a calculated Ni composition of 99.1%; and is a product of the carbonyl 

gas refining process- or the Mond process (vapometallurgy).  T123 Ni-M has an Mw of 58.71, a 
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density of 8.9 g/cm3, and a melting point of 1453°C (ATSDR, 2005).  Pure nickel metal is one of 

the major marketable forms of refined nickel.   Because of nickel’s resistance to corrosion and 

siderophilic (iron loving) nature, it is widely used in many alloying and sintered metallurgical 

operations.  For example, pure nickel metal is used in electroplating, the production of stainless 

steel, copper-nickel alloys, electrical contacts and electrodes, magnets, machinery parts, coins, 

alkaline batteries, and surgical and dental prostheses (IARC, 1990; HSDB, 2011). 

 

1.5 Summary of Health Effects 

Exposure to nickel and its compounds can have adverse human health effects.  The 

severity of these effects are related to route of exposure (inhalation, oral, and dermal) and 

exposure period (acute or <14 days, intermediate or 15-364 days, and chronic or 365+ days).  A 

number of end points have been reported, including immunological, systemic, neurological, 

reproductive, developmental, carcinogenic, and death (ATSDR, 2005).  An important controller 

of nickel toxicity is its form (metallic, salt, oxide, etc) and its solubility (Table 1.1).  For example, 

exposure to the lipid soluble nickel carbonyl gas at 30 ppm for 30 min is lethal (TLV, threshold 

limit value, for occupational NiCO4 exposure is 1 ppb).  Nickel carbonyl intoxication can result in 

immediate symptoms of headache, dyspnea, nausea and vomiting, which can then be followed 

by symptoms in the lung (cyanosis, pulmonary edema) and central nervous system (delirium).  

In contrast, nickel salts added to diet have been shown to be poorly absorbed; 1000 ppm of 

nickel acetate added to a rat diet causes only some retardation in growth and enzymatic 

alterations (Ambrose et al., 1976).  Ultimately, the severity of toxicity is related to the form of 

the nickel and route of exposure, presumably because absorbance is affected.   
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The variation of toxic effects for nickel compounds likely reflects differences in their 

uptake, transport, distribution, and retention.  At the most basic level, it is the compound’s 

capacity to deliver Ni2+ ions to specific cells and target molecules that dictates the toxicological 

end points (Kasprzak et al., 2003).  Nickel can be transported through cell membranes via 

diffusion (Foulkes and McMullen, 1986), or can be facilitated by transport via calcium and iron 

channels (Talkvist et al., 1994; Schafer and Forth, 1983).  The latter likely contributing to much 

of the toxicity of nickel as related to its interference with essential physiological processes of 

manganese, zinc, iron, calcium, and magnesium metabolism (Coogan et al., 1989).  Nickel 

uptake by passive diffusion and cell-membrane facilitated transport deliver Ni2+ ions to cell 

cytoplasm (Fig 1.3), these pathways are relatively inefficient and are characteristic of water-

soluble nickel compounds (Kasprzak et al., 2003).  Cytoplasmic Ni2+ forms a variety of 

complexes with organic ligands (i.e. amino acids, peptides, proteins, and glutathione); some of 

these are redox active and may catalyze the production of reactive oxygen species (ROS).  

Asides from cell damage from ROS production, another major effect on the cell is hypoxic stress 

caused by Ni2+ interfering with iron transport and iron-dependant hydroxylases.  Another 

mechanism of nickel uptake is the phagocytosis of insoluble nickel compounds.  Crystalline 

Ni3S2 and NiS particles, for example, are actively phagocytized; forming Ni2+-generating 

intracellular vacuoles thus facilitating the transport of Ni2+ into cell nuclei (Fig 1.2).  Ni2+ 

released from these vacuoles interacts with nuclear components, ultimately leading to 

promutagenic DNA damage (caused by inhibition of DNA repair enzymes by Ni2+) and/or 

epigenetic alterations (caused by Ni2+-induced hypermethylation, histone hyperacetylation and 

structural damage, and transcription factor activation).  This likely explains the higher 
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cytotoxicity and genotoxicity of water-insoluble nickel compounds in particulate form, relative 

to water-soluble compounds (Kaspryzak et al., 2003). 

 

 
Figure 1.2. Schematic diagram illustrating cellular uptake and major interactions of Ni2+ ions of 
water-insoluble (e.g. Ni3S2, NiO) and water-soluble (e.g. NiSO4, NiCl2) nickel compounds 
adapted from Kazprzak et al., (2003).  (1) water-insoluble compounds enter the cell via 
phagocytosis.  (2) Soluble Ni2+ is transported into cell via Ca2+ channels, divalent cation 
transport systems (DMT-1), or by diffusion. (3) Cytoplasmic Ni2+ may form complexes with a 
variety of organic ligands, some of which may catalyze the production of ROS. (4) Nuclear Ni2+ 
and Ni2+ generated ROS interact with DNA and histones resulting genotoxic effects and 
ultimately causing carcinogenesis. 
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Chemical Name Atomic Weight Physical Description Solubility 

Metallic nickel    
   Nickel* 58.69 Lustrous white, hard ferromagnetic 

metal or grey powder 
Insoluble in cold or hot water (1.13 mg/L at 37°C); 
Soluble in dilute nitric acid; Soluble in 
hydrochloric and sulphuric acids 

Nickel monoxide* 74.69 Grey, black, or green powder Insoluble in water (1.1 mg/l at 20°C); soluble in 
acid, ammonium hydroxide b 

Nickel sulfides    
   Amorphous 90.75 Black crystals or powder Nearly insoluble in water (0.0036 g/l, β-form) in 

water at 18°C; soluble in aqua regia, nitric acid, 
potassium hydrosulfide; slightly soluble in acids 

   α-form* 90.75 - 
   β-form 90.75 Dark-green crystals 
Nickel subsulfide    
   α-form* 240.19 Lustrous pale-yellowish or bronze 

metallic crystals 
Insoluble in cold water; soluble in water (517 
mg/l at 37°C)a; soluble in nitric acid 

Nickel sulfates    
   Anhydrous 154.75 Pale-green to yellow crystals Soluble in water (293 g/l at 20°C); insoluble in 

ethanol and diethyl ether b  c 
   hexahydrate* 262.84 Blue or emerald green crystals Soluble in water (625 g/l at 0°C); soluble in 

ethanol b 
   Heptahydrate 280.85 Green crystals Soluble in water (756 g/l at 20°C); soluble in 

ethanol b 
    

Table 1.1.  Physical properties of nickel and nickel compounds.  From HSDB (2011) unless otherwise specified. 
a  Ishimatsu et al. (1995) 
b Grandjean (1986) 
c Lewis (2007) 
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1.6 Nickel in Soils 

Background concentrations of nickel in soils vary depending on geology, but 

concentrations are typically 4 – 80 ppm (Nriagu, 1980).  Near major emission sources, such as 

nickel refineries and smelters, nickel concentration in environmental media is elevated beyond 

background.  An example of this contamination is the historic deposition of stack emissions in 

area of the Rodney Street Community, Port Colborne, ON, which resulted in the large scale, 

distance-related, contamination of soils adjacent to the refining facility (MOE, 1998, 2002).  The 

average soil nickel concentrations in some of the contaminated “hot spots” were orders of 

magnitude greater than the  Ontario government final direct contact ecological soil criteria for 

nickel of 100 mg/kg (MOE, 2011), with the predominant form of the nickel occurring as NiO 

(80% of total nickel on average) (MOE, 2002).  In this particular case, the extent of 

contamination was spread over an area of roughly 150 square kilometers, but the impact was 

most notable in a local urban and rural community (approximately 19 sq km) due to its 

proximity to the facility (Fig 1.3).  Soils contaminated with elevated levels of nickel in places 

such as Port Colborne and Sudbury, ON, present a complicated regulatory issue.  Where 

multiple stakeholders are involved, it is often difficult to satisfy the interests of all parties.  In 

1997, the Ontario Ministry of the Environment published soil quality guidelines “Guideline for 

Use at Contaminated Sites in Ontario” (MOE, 1997) to help owners of contaminated industrial 

properties with soil clean-up and land redevelopment.  These guidelines have been used by 

both the ministry and the environmental consulting community to address soil quality issues on 

a broad scale throughout the province, successfully restoring economic and social value to 

hundreds of previously contaminated lands. 
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The generic site condition standards (SCS) for soils are effects-based endpoints derived 

to protect both the environment and humans. For Ni, the generic site condition standards 

indicate the concentration at which no adverse effects are likely to occur given the presence of 

the most sensitive environmental receptor at the site, and thus no remedial actions are 

required.  The ministry’s SCS guideline for Ni is 100 mg/kg for residential soils, and was 

informed by data from 49 studies (15 soil invertebrate studies and 34 vegetation studies) (MOE, 

2011).  A weight of evidence approach was used to create the standard for Ni.  Exceedance of 

this guideline does not necessarily mean adverse effects will occur, as various soil 

characteristics can ameliorate toxicities (i.e. pH, cation exchange capacity, organic matter 

content and particle size distribution), rather an exceedance of the guideline triggers a site-

specific risk assessment (SSRA) which must include at least an ecological risk assessment (ERA).  

In some jurisdictions, this is referred to as a “Tier 2” assessment.  Essentially the process 

involves modifying the generic SCS to account for the site-specific physical/chemical properties 

while retaining the same models, toxicities, and exposure parameters to arrive at a similar 

degree of protection.  Given the extent of contamination evident in situations such as the 

Rodney Street Community, Port Colborne, a SSRA is triggered which must include both an ERA 

and HHRA component. 
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Figure 1.3. Nickel concentration in soil (0 to 5 cm) in Rodney St. Community, 200 0 & 2001.  Figure from MOE (2002). 
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1.7 Risk Assessment 

In toxicology, risk is defined as a statistical expression of probability of an adverse effect on 

a population basis (NRC, 1983).   It is essentially a function of both the intrinsic toxicological 

properties of a hazard and the frequency, duration, and intensity of exposure.  Human 

exposure routes may include food, air, water, dermal and occupational exposures by these 

same pathways.  Risk assessment (RA) is built upon a scientific framework, estimating how 

likely it is for a chemical to harm people or the environment under specified conditions.  The RA 

paradigm has been a fundamental component in regulatory decision-making processes world-

wide for the past two decades, since it was first introduced in the 1983 US National Research 

Council (NRC) document, “Risk assessment in the Federal Government: Managing the Process” 

(NRC, 1983).  Since then, there has been constant development and updating of the methods 

and approaches involved in RA, as the science evolves.  Methods for the interpretation of 

toxicological data and various exposure pathways are constantly being updated, but the core 

RA framework has remained consistent.  The risk assessment paradigm encompasses four basic 

concepts/stages, 1) problem formulation (hazard assessment), 2) toxicity assessment (dose-

response evaluation), 3) exposure assessment, and 4) risk characterization (Figure 1.).  
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Figure 1.4.  Human Health Risk Assessment Components (Risk Assessment Framework) 
 

 A human health risk assessment (HHRA) makes use of environmental monitoring data 

and toxicity thresholds to estimate exposures and potential health effects to people.  The first 

stage of an HHRA, problem formulation, involves screening the three main components of a 

human health risk: chemical(s), exposure pathway, and receptors.  This is always the first step 
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in the RA process, and is essentially a scoping exercise to determine and identify the key issues.  

The next steps, exposure assessment and toxicity assessment, are typically conducted 

concurrently, as they are not necessarily independent from one another; both follow the 

problem formulation and precede the risk characterization.  Exposure assessment involves 

identifying contaminant releases and evaluating potential exposure populations (and 

consequently the exposure pathways).  Estimated exposure concentrations and intakes (doses) 

are typically determined at this stage.  Toxicity assessment involves the collection and review of 

qualitative and quantitative toxicity values.  At this stage, the potential toxic effects of the 

chemical(s) are identified and also values such as: a maximum dose to which a receptor can be 

exposed without appreciable risk of adverse health effects, and/or the dose-response 

relationship.  Ultimately, this stage of RA involves the selection of appropriate toxicological 

reference values (TRV/RfD); and in some cases, may involve the development of TRVs, where 

none previously existed in published literature.  Finally, Risk Characterization involves 

quantifying the potential risk to receptors which result from the estimated exposure to the 

chemical(s).  Risk characterization integrates the results of both the exposure and toxicity 

assessments to determine potential human health risk.  In this respect, it is also important to 

evaluate uncertainties in the overall HHRA process and to provide some indication to the 

validity and confidence attached to the generated risk estimates (Health Canada, 2010a, 2010b; 

WHO, 1999). 
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1.8 Risk Assessment and Bioavailability 

The behaviour and effects of metals in the environment have been among the most 

popular subjects of investigation for environmental RA in the past three decades.  However, it 

was not until researchers understood that trace metals occur in many different forms in the 

environment, and that only a few of these forms (under certain circumstances), can be taken up 

or absorbed, that the science of metal eco-toxicology has progressed beyond simple guesswork 

(Davis et al., 1996).  When evaluating the environmental impact or risk associated with metal 

emissions, it is no longer scientifically defensible to use total soil metal concentrations to 

inform risk without some sort of correction to account for metal bioavailability.  The variety of 

possible metal species and their distribution in media under conditions which are 

representative of real environments should be considered.   

Bioavailability describes the degree to which a chemical will be absorbed across cellular 

membranes and into the systemic circulation of the target organism (Ruby et al., 1996).  A 

limiting step in the transmission of soil metals is the dissolution and uptake of the metal from 

the soil by the organism.  Affecting dissolution and uptake are physical, chemical, and biological 

interactions that occur both within the environment and the organism.  The route of entry is an 

important factor to consider when evaluating potential bioavailability of a contaminant such as 

nickel.  For nickel, exposures from contaminated soils typically occur through incidental soil 

ingestion, soil particle inhalation, and/or dermal absorption, with ingestion as the major route 

of exposure in man (Bright et al., 2006; Nriagu, 1980).  Since the biological systems which 

govern these processes are complex and inherently variable, it is often useful in risk assessment 

to develop and utilize simplified conceptual exposure models.  For each route of exposure, only 
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the most pertinent biological components are included.  One of the goals of a thorough human 

health risk assessment is to describe and quantify the risks associated with exposures to the 

contaminant in its likely exposure media.  In other words, the idea is to relate the exposure 

assessment data to the toxicity assessment data in an effort to develop relevant risk guidance 

(Schoof, 2004).  Understanding the sources of exposure while recognizing route of exposure as 

an important step, is crucial in the derivation of reliable risk values.  For metal contamination in 

soils, where oral exposure is a key biological pathway, the oral bioavailability/bioaccessibility of 

the metal is of critical importance to the risk investigation. 

1.9 Oral Bioavailability/Bioaccessibility 

Exposure through ingestion of contaminated soil could be a major risk component for 

metal contaminants such as Ni (Paustenbach, 2000).  Contaminated soils are considered to be 

particularly hazardous to children because of frequent hand-to-mouth behaviour, resulting in 

the ingestion of soils containing metals and/or other contaminants (Hamel et al., 1998).  

Standard procedures used to estimate the bioavailable contaminant typically model the 

pediatric gastrointestinal system, including the mouth, oesophagus, stomach, small and large 

intestines.  Ultimately, the amount of metal absorbed is a result of the interaction between the 

individual, the chemistry of the contaminant, and the physical characteristics of the soil 

medium (Ruby, 2004; Schoof, 2004; Hamel et al., 1999). 

The major processes in oral bioavailability can be described as follows (Daugherty & 

Mrsny, 1999).  External exposure leading to ingestion of the contaminant and matrix occurs in 

the oral cavity, the pH of which is about 6.5, with a residence time of seconds to minutes.  

Transit is facilitated by swallowing which moves the contaminant and matrix into the stomach.  
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The gastric environment can vary among individuals and also within the individual, for example 

fasting and fed conditions are quite different.  The gastric pH for fasting is between 1 – 2, for 

fed it can be between 2 – 5.  The average residence time for materials in the stomach can vary 

significantly also, as per the conditions.  Half-emptying time for fasting conditions is around 8-

15 min and for fed, can be around 0.5 – 3 hrs.  Following the stomach is the small intestine 

which consists of the duodenum, jejunum, and ileum, in that order.  The residence time in the 

duodenum is typically under an hour, at a pH of 4.0 – 5.5; in the jejunum residence time can be 

from 1.5 – 2.0 h, at a pH of about 5.5 – 7.0; and finally the residence time in the ileum is from 5 

– 7 h, at a pH of around 7.0 – 7.5.  After passage in the small intestine, the materials will move 

onto the colon before excretion, where the typical residence time is between 15 h – 60 h, at a 

pH generally about 6.0 – 7.5 (Cummings & Macfarlane, 1991). 

It is difficult to directly test bioavailability or bioaccessibility in the human system, to 

generate data for HHRA. However, alternative methods can be used to approximate the human 

gastrointestinal system.  Generally, these methods can be divided into two categories, where 

the testing is done in vivo or GIT is modeled in vitro. 

1.10 In Vivo Assays and Bioavailability 

The term, in vivo, means in a living system, which typically means animal testing (rats, 

mice, dogs) or clinical trials.    There are several animal studies of oral Ni exposure (Ishimatsu et 

al., 1995; Henderson et al., 2012; Vyskocil et al., 1994; Ambrose et al., 1976; Schroeder & 

Mitchener, 1975; Schroeder et al., 1974), the experimental designs of which are similar.  In 

most cases, acute, subacute, or chronic toxicity is assessed by administering a series of doses of 

the chemical of concern through feed or directly via gavage.  This is followed by measurement 
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of the retention and excretion of the chemical in the animal system at specific time intervals.  

Ambrose et al., (1976) reported data on Wistar rats and beagle dogs exposed for two years to a 

nickel sulfate hexahydrate diet at doses of 100, 1000, and 2500 ppm.  To assess nickel 

retention, Ni concentrations were measured in tissues, as well as feces and urine; toxicity was 

assessed by measuring changes in body and organ weights, and alterations in blood and urinary 

chemistry.  The study also included a multi-generational component which documented the 

effects of nickel exposure on fertility, gestation, viability, and lactation.  The data from this 

study, and others like it, have been used by regulatory authorities such as US EPA IRIS (1998), 

WHO (1996), Health Canada (1996), and IOM (2001) to estimate risk indices, i.e. No-

Observable-Adverse Effects Level (NOAEL).  The oral RfD NOEL for Ni determined by these 

agencies is 5 mg Ni/kg-day, above which exposure may cause adverse health effects.  More 

recently acute toxicity data, oral LD50, for specific Ni compounds have been determined also 

and are reported below in Table 1.2 (Henderson et al., 2012A). 

Ni compound Acute toxicity (oral LD50; mg/kg bw) 

Ni sulfate hexahydrate 362 
Ni oxide (green) >11000 
Ni subsulfide >11000 
Ni sulfide Not Completed 
Ni-M No Data 

Table 1.2. Oral acute toxicities for Ni compounds as reported in Henderson et al. (2012). 

1.11 In Vitro Assays and Bioavailability 

One of the factors limiting bioavailability of trace metal contaminants in vivo is dissolution 

in the GIT, or bioaccessibility.  Another factor is absorption through the intestines.  

Bioaccessibility in the gastric system is controlled by the characteristics of the trace metal, the 

environmental matrix it is associated with (i.e. soil), and the composition of the GI fluid 
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(Echevarria et al., 2006).  Absorption in the intestinal system is not typically 100% of the 

bioaccessible fraction, as it is further limited by competition with other cations for uptake, the 

speciation of the metal, and GI motility (Ruby et al., 1993, 1999).  In vitro digestion models 

based on human physiology are simple alternatives to in vivo testing that can be used to 

investigate the bioaccessibility of contaminants (Hamel et al., 1998; Ellickson et al., 2001; 

Oomen et al., 2003; Ruby et al., 1999).  A simple in vitro gastric assay simulates the mobilization 

of contaminants under gastric pH conditions (Drexler & Brattin, 2007).  First, the contaminated 

sample is combined with the gastric extraction fluid, the chemical components and ratio of 

solid to acid varying among models (Oomen et al, 2003B; Ellickson et al., 2001; Wragg et al., 

2011; Hamel et al., 1998).  The sample and extractant mixture is then incubated in a system 

which simulates gastric digestion; usually this means a reaction temperature of 37°C 

accompanied by some sort of mechanical mixing treatment (i.e. agitation, end-over-end 

rotation, peristaltic movements).  More complex models may simulate additional components 

of the GIT, and may include additional static (or dynamic) phases representing transit through 

the GIT via sequential exposure to compartments simulating mouth, gastric, and small intestinal 

conditions (Van de Wiele et al., 2007; Oomen et al., 2003B; Ruby et al., 1996; Wragg et al., 

2011).  Following incubation, the mixture is separated into bioaccessible and non-bioaccessible 

fractions, some examples of techniques used to accomplish this are:  3000 g centrifugation, 

7000 g centrifugation, microfiltration, or ultrafiltration.  Trace metal concentration in the 

bioaccessible fraction is then determined through ICPAES, ICPMS, or AAS, and bioaccessibility is 

then calculated: 
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The benefits of in vitro digestion model is that it is a simple, cheap, and reproducible tool 

that can be used to investigate the bioaccessibility of soil contaminants.  Because of this, in 

vitro assays will likely become increasingly important in the risk assessment of contaminated 

soils, especially when there is an urgent need to better define the area needing remediation. 

However, regulatory acceptance of bioaccessibility data requires validation with bioavailability 

determination in vivo.   

A number of studies have compared in vitro digestion techniques with in vivo models (in 

swine- Rodriguez et al., 1999, Casteel et al., 2006, Ruby et al., 1996; in mouse- Sheppard et al., 

1995; in rat, rabbit, and monkey- Ruby et al., 1996).  Data from these analyses typically show a 

strong correlative relationship between the animal model and the specific in vitro model used, 

with some caveats.  For example, Ruby et al. (1996) found for the metal As that in vitro PBET 

data can accurately predict bioavailability of As in rabbits if the appropriate pH was used, and if 

the PBET data was corrected for relative bioavailability (RBA); as opposed to absolute 

bioavailability (ABA). 

Bioavailability can be expressed in absolute terms (ABA) or in relative terms (RBA).  ABA is a 

direct measure of bioavailability, as it compares the oral dose with an intravenous dose where 

absorption is measured via blood analysis of Ni concentration over time.  Thus ABA is the 
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fraction of Ni that reaches systemic circulation after oral ingestion.  RBA is the ratio of the ABA 

of Ni in the test compound and the ABA of Ni in the reference compound. 

    
       

            
 

Typically, the reference material is a soluble compound, one that is expected to dissolve in 

gastric fluid when ingested.  For Ni, nickel sulfate hexahydrate is the reference form (Ambrose 

et al., 1976).  Thus RBA can be used to correct in vivo data for differences which arise due to the 

form(s) of the contaminant dosed in vitro.  For metals, it is also assumed that the bioavailable 

dose will be related to the known toxicity of the source metal compounds.  This has been 

demonstrated for Ni (Ishimatsu et al., 1995; Henderson et al., 2012A, 2012B). 

At present there is no one standard method of determining bioavailability that all regulators 

agree with, as a result, many assays exist (Table 1.3); the results of oral bioavailability and 

bioaccessibility measurements vary according to the method, the soil, and the characteristics of 

the contaminant (Oomen et al., 2002; Van de Wiele et al., 2007, Wragg et al., 2011).  For 

example, Oomen et al. (2002) found a wide range of bioaccessibility values when comparing 

five different methods on three test soils:  for Pb 4-91%, 1-56%, and 3-90%; for As 6-95%, 1-

19%, and 10-59%; and for Cd 7-92%, 5-92%, and 6-99%.  Several assay design differences were 

identified as potential factors contributing to this variability, including but not limited to: 

residence time of soil in GI compartments, pH of extractant, and the ratio between the amount 

of liquid and soil in GI compartments.  Large-scale validation and standardization efforts 

involving multiple stake-holders, such as the Bioaccessibility Research Group of Europe 
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(BARGE), aim to resolve the lack of agreement.  The BARGE network brings together 

international institutes and research groups to study the human bioaccessibility of priority soil 

contaminants, like Ni (ATSDR, 2007).  Some of the objectives of networks like BARGE and 

regulatory bodies such as the Registration, Evaluation, and Authorization of Chemicals (REACH) 

Regulation in Europe (EC, 2006) are analogous; the goal is to push forward a reduction in the 

extent of animal testing utilized in performing hazard and risk assessments. 

A tool in resolving this issue might be data from studies that vary the parameters of 

bioaccessibility testing of pure Ni-compounds.  As field contaminated soils will contain a 

mixture of Ni species, as well as varied soil characteristics, it is often difficult to tease out the 

“cause and effect” relationships in these data.  From an experimental design perspective, this is 

one of the main benefits of using pure compounds.    
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 SBET DIN RIVM SHIME TIM PBET 

Model type Static stomach Static GIT Static GIT Static GIT Dynamic GIT Static GIT 

Gastric pH 1.5 2.0 1.1 4.0 Initial gastric pH 
5.0, decreases to 
pH 3.5, 2.5, 2.0, 
after 30, 60, 90 

min respectively 

2.5 

Extraction Ratio 
(mL extractant 

per g of soil) 

100:1 50:1 13.5:0.6 2.5:1 25:1 100:1 

Gastric 
Incubation time 

1 h 2 h 2 h 3 h Gradual 
secretion of 

gastric contents 
at 0.5 mL/min 

1 h 

Includes other 
phases (Y/N) 

N Y Y Y Y Y 

Bioaccessibility 
separation 
technique 

microfiltration 7000 g 
centrifugation 

3000 g 
centrifugation 

7000 g 
centrifugation 

Ultrafiltration, 
Hollow fibre 

membrane for 
determining 

bioaccessibility 

microfiltration 

 
Table 1.3.  Experimental design of published in vitro digestion models.  SBET (Simple Bioaccessibility Extraction Test), British 
Geological Survey (BGS), United Kingdom.  Method E DIN 19738, Ruhr-Universität Bochum (RUB), Germany.  RIVM (In vitro digestion 
model, National Institute of Public Health and the Environment, The Netherlands).  SHIME (Simulator of Human Intestinal Microbial 
Ecosystems of Infants), LabMET (RUG)/VITO, Belgium.  TIM (TNO Gastric Intestinal Model), TNO Nutrition, The Netherlands.  PBET 
(Physiologically Based Extraction Test), PTI Environmental Sciences, USA. 
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1.12 The Chemistry of Nickel: in vitro 

A key component of risk assessment is characterizing the chemical(s) of concern.  

Industrial use of Ni produces several species, including NiO, NiS, Ni3S2, NiSO4, and metallic 

nickel, the chemistry of which influence the transport, transformations, and bioavailability of Ni 

in the environment, and so its potential for toxicity (Vasiluk et al., 2011).   

Nickel oxide is one of the major marketable forms of nickel in industry (ATSDR, 2007).  It 

is a component of nickel refinery dust, and is also classified as a Group I carcinogen 

(carcinogenic to humans by way of inhalation, causing lung cancer) by Health Canada (1996).  

Consequently, it raises concern when present in soils at concentrations above regulated 

standards.  The chemical reactions which control NiO solubilisation in a weak inorganic acid are 

known, but the thermodynamic data for these reactions are not, particularly well established 

for nickel hydrolysis.  Compared to other divalent transition metals such as Mn2+, Fe2+, Co2+, 

Cu2+, and Zn2+, the aqueous chemistry of nickel has not been thoroughly investigated (Hummel 

& Curti, 2003). However, there are data describing thermodynamics of nickel complexes  (Smith 

& Martell, 2004; Plyasunova et al., 1998; Mesmer & Baes, 1976), albeit the body of data is not 

quite as extensive when compared to the other metals.   

The dissolution of NiO is not atypical of a divalent metal cation.  Assuming that the only 

important nickel species are the monomeric hydrolysis products, the solubility equilibria for the 

dissolution/hydrolysis of NiO at high temperature and in water are: 
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Where K0, K1, K2, and K3 are the equilibrium constants of the corresponding reactions as 

reported by Tremaine and LeBlanc (1980).  The molarity of each species could then be 

calculated from its solubility constants: 
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where γz represents the ionic activity coefficients, which can be reasonably approximated by 

the Davies equation: 

         
 (√      )
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The terms z and I are the ionic charge on the species, and the ionic strength respectively.  The 

value for A is a constant (0.5 for water at 25°C).  The total solubility concentration of Ni in 

solution, [Ni]T, is essentially the sum of each of the dissolved species of Ni in solution: 
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  ]  [     ]  [  (  ) 

 
(  )

]  [  (  ) 
 ]  (10) 

 

This value represents the theoretical bioaccessibility of NiO, as a result of gastric digestion, 

subsequently available for absorption.  Experimental observations of the dissolution of NiO 

could potentially be validated by predictions based on Equation 10, assuming a system in final 

equilibrium.  However, the kinetics of these reactions are relatively slow then compared to a 
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more soluble form of nickel, i.e. NiSO4 (NiO solubility in water is 1.13 mg/L at 37°; NiSO4 

solubility in water is 625 g/l at 0°C).  It may in fact take many years for NiO reactions to reach 

final equilibrium.  Sunderman et al. (1987) reported dissolution half-times (T50) of greater than 

11 years for NiO(green) in water, 0.8 years in rat serum, and 1.1 years in rat renal serum. 

 

1.12.1 Aqueous Speciation of Ni:  in vitro system  

The release of nickel from nickel compounds in these experimental in vitro systems 

ultimately results in solubilized nickel, which is not just limited to the free metal ion, Ni2+  (i.e. 

eq 10).  Rather, dissolved nickel is more than one chemical form, depending on pH, ionic 

strength, and also the presence of other complexing ligands.  Geochemical modelling can 

quantify the forms in which nickel would be present in a solution. 

As an example, the dissolution of NiSO4 is driven not only by oxide and hydroxide 

reactions with water, but also by the SO4
2- released.  As well, chloride and carbonate have to be 

included in the calculations, the former from dissociation of HCl(aq) and the latter from 

deposition of atmospheric CO2(g).  The solution’s ionic strength is a controller of metal 

speciation in an aqueous ionic environment.  The dissolution of NiSO4 in 0.15M HCl(aq) produces 

a number of charged ions, such as Ni2+
, SO4

2-, HSO4
-, and NiCl+,  and there is a difference in ionic 

strength among extraction ratios, i.e. 50 ER (where I=0.70 M) vs. 3000 ER (where I=0.15 M). 

The aqueous speciation for NiSO4 at 50 ER and 3000 ER can be determined using a 

geochemical modelling approach, where the chemical equilibrium problems can be reduced to 

algebraic form and a computer modelling algorithm from the program, MICROQL, (Westall, 

1989) is then used to calculate the variables and solve the equations.  The results of this 
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analysis can then be interpreted graphically as relative proportions of soluble Ni species over a 

pH range.   

Soils, sediments, and particulates may contain both mineral and organic constituents 

that have the capacity to adsorb metals on charged surface sites (Evans, 1989).  When Ni in soil 

can exist in a variety of different forms, some may have characteristically lower absorbability 

then others.  In such cases, information regarding the distribution of aqueous Ni species may 

help define the risks associated with exposure, since equal ingested doses of different forms of 

Ni in soil may not be of equal health concern.  However, in vivo, it is difficult to attribute a 

particular toxic effect to a specific soluble species; so it may not be practical to determine 

bioaccessibility of each aqueous species, but rather consider the sum of soluble species as the 

bioaccessible dose.   

The limitation with applying these calculations to ingestion of contaminants by humans 

is that they represent speciation at equilibrium, which may take much longer than typical GIT 

transit times, i.e.   between 1-5 hours in children depending on various conditions (Oomen et al, 

2002).  For the purposes of assessing the risks associated with sparingly soluble chemicals such 

as NiO, final equilibrium may not be reached in the GIT, so predicted aqueous speciation may 

not be representative.   

1.13 Experimental Objectives  

The objective of the present study is to further understand how mineralogy controls the 

dissolution of nickel by comparing various forms of Ni, including those emitted from mining, 

smelting (NiO, NiS, Ni3S2, NiSO4, and Ni-M).  Duration and extraction ratio (proton supply:Ni 

mass) of the bioaccessibility assay were tested as potential factors limiting solubilisation.  Not 
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much is known about the sensitivity of Ni dissolution to speciation and assay conditions, so 

these data will address some of the reported variability among in vitro assay methods, 

particularly where extraction ratios vary.  Ultimately, this study should improve understanding 

of how to relate Ni bioaccessibility to the oral bioavailability of soil Ni contaminants.  
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CHAPTER 2:  A STUDY OF THE IN VITRO BIOACCESSIBILITY OF NICKEL 

COMPOUNDS IN PARTICULATE FORM AS IT IS AFFECTED BY VARIATION 

IN ASSAY CONDITIONS 

 

2.1 Abstract 

The Ni absorbed by the intestine from ingested soil (‘bioavailable’) is typically much less 

than 100% of its total mass.  Bioavailable soil contaminant is determined in vivo; 

’bioaccessibility’ describes the contaminant liberated during a simulated gastric digestive 

process determined in vitro.  Bioaccessibility assay conditions can influence the percent of total 

metal that is leached from an environmental medium.  This paper compares in vitro 

bioaccessibility for a number of pure Ni compounds (NiO, NiSO4, Ni3S2, NiS, Ni metal) in 

particulate form, as affected by variations in two method parameters: extraction ratio (volume 

of extractant : mass of nickel), and digestion time.  Pure compounds represent some or all Ni 

species that are present in soil.  In general, the extractability of Ni increased with extraction 

ratio and digestion time for these compounds.  However, in vitro extractions for NiO returned 

relatively lower bioaccessibility values, which were negatively correlated with increased 

extraction ratio.  Accounting for particle shape and specific surface area, did not normalize the 

NiO data to values similar to the other compounds.  Rather, it is suggested that a surface-access 

solubility limitation caused the reduced bioaccessibility of NiO at lower extraction ratios.  For in 

vitro data to be confidently used in risk assessment, methods need to produce results 

consistent with relevant in vivo data and possess good repeatability and reproducibility.   
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2.2 Introduction 

Nickel contamination in soils is an environmental concern because of on-going and 

legacy releases from facilities which produce, process, or use nickel metal.  The general 

population is exposed to low concentrations of nickel through a variety of natural and 

anthropogenic sources, via ambient air, food, water, and soil.  Greater exposures are observed 

in populations and communities surrounding nickel refineries.  This is reflected in CEPA 

exposure estimates from soil in Canada, where the estimated average daily intakes of nickel 

from soil were 0.01 - 0.06 (μg Ni/kg  b.w./day)  and 0.21 - 0.49 (μg Ni/kg  b.w./day), for the 

general population  and Canadians living near point sources, respectively (Health Canada, 

1994). 

Adverse effects of nickel exposure are related to dose, exposure route, and nickel 

speciation (particularly its effect on solubility).  Oral lethality tests in rats confirm the greater 

toxicity of soluble nickel compounds to those that are relatively insoluble, when dose is 

expressed as total Ni.  The oral LD50 for nickel sulfate was reported to be 362 mg/kg bw, while 

the oral LD50 values for NiO and Ni3S2 are >11 000 mg/kg bw (Henderson et al., 2011B).  Nickel 

can certainly be toxic to humans as a result of oral exposure, with the primary targets of toxicity 

being the gastrointestinal, cardiovascular, and immune systems, and possibly reproductive 

systems and developing fetuses.  However, these effects are associated with exposure doses 

which far exceed the normal ranges.  In an incident where workers drank water from a fountain 

containing nickel sulfate and nickel chloride at exposure doses of 1.63 g Ni/liter, adverse effects 

ranging in severity were observed: nausea, abdominal cramps, and vomiting; serious hepatic 

and renal effects; and death (Sunderman Jr. et al., 1988).  For these reasons, oral bioavailability 
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characterization is an essential component of human health risk assessments (HHRA), for 

contaminated soils (Health Canada, 2010b).  

A site-specific risk assessment needs to consider all pathways of potential exposure, 

including ingestion of contaminated soil.  Current Health Canada formulas for estimating 

exposure by this route includes an “Absorption Factor” (Health Canada, 2010b), but there are 

very few values for AF that have been validated, other than for As and Pb.  Bioavailability of As 

and Pb is typically lower than that of the form of the element used to determine the reference 

dose (RfD).  For these reasons, proponents of sites with other metal contaminants consider 

bioavailability characterization, or a Relative Absorption Factor (RAF), as an essential 

component of correctly estimating the human health risk of contaminated soils. 

Bioavailability refers to the absorption of chemical substances across cellular 

membranes and into the systemic circulation of the target organism (Hamel et al., 1999; Ruby 

et al., 1996, 1999; Schoof, 2004; US EPA, 2007).  For soil contaminants such as metals, a limiting 

step in this transmission is the amount of soil ingested by the organism.  Bioaccessibility, which 

describes the fraction of the contaminant that is released in the GIT, is proposed as a surrogate 

for bioavailability.  It represents the total amount of contaminant that is available for intestinal 

absorption and is one of the principal factors limiting absolute bioavailability (Ruby et al., 1996; 

Ruby, 2004).  Bioaccessibility is determined from in vitro assays, which measure the ratio of the 

mass of contaminant solubilized in a volume of simulated gastric fluid to the total mass of 

contaminant in the original sample (Kelley et al., 2002).  In vitro bioaccessibility measurement is 

a fast, reproducible, and likely conservative estimate of in vivo bioavailability, which by 
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comparison are slow, costly, often very complex, and also subject to a variety of important 

ethical constraints, which makes them less desirable for site specific risk assessment.  There are 

several in vitro methods described in the literature, describing bioaccessibility of metal 

contaminants in environmental media (Ruby et al., 1996; Hamel et al., 1999; Oomen et al., 

2002; Vasiluk et al., 2011; Van de Wiele et al., 2007; Ellickson et al., 2001; US EPA, 2007) and 

some of these methods have been validated against in vivo data (Ruby et al., 1996; Hamel et al., 

1999; Vasiluk et al., 2011; Ellickson et al., 2001).  In the assessment of human health risk, the 

goal is always to prescribe methods and assumptions that ensure exposure and risks are not 

underestimated.  It is often desirable to employ a standard approach to assess the potential of 

chemical exposures and risk.  As yet, there is no standard in vitro bioaccessibility assays, which, 

given the potential value to risk assessment, is a priority.   

There are a few studies determining how dependent ‘bioaccessibility’ is on in vitro 

method (Van de Wiele et al., 2007; Oomen et al., 2002; Vasiluk et al., 2011; Wragg et al., 2011).  

Van De Wiele et al. (2007) critically evaluated five in vitro models (PBET, Method E DIN 19738, 

RIVM, SHIME, and TIM), using a standard reference Bunker Hill soil, validated by an in vivo 

study (Maddaloni et al., 1998).  Van De Wiele et al. (2007) observed differences among three of 

the five in vitro models; one parameter that varied among methods was the liquid to soil ratio 

(analogous to “extraction ratio” in the present study), with the suggestion that lower L/S ratios 

limited the solubilisation of metal contaminants in gastric assays because of proton exhaustion.  

Assuming a higher gastric pH or longer residence times may also affect the bioaccessibility of a 

soil metal (Hamel et al., 1998, 1999; Oomen et al., 2002; Van de Wiele et al., 2007).  This was 

also observed by Oomen et al. (2002) for each of As, Cd, and Pb, among five different in vitro 
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digestion methods.  These results reflect fundamental solution chemistry for metals in weak 

inorganic acids.    

There is some consensus, supported by biology, as to the conditions that simulate the 

pediatric GIT in vitro (Daugherty & Mrsny, 1999);  pH is 1.5 – 4.0, and residence time is usually 

1h - 3h (Paustenbach, 2000).  The appropriate extraction ratio (Liquid-to-soil ratio, or ratio of 

extractant to contaminant mass, etc.) does not have consensus (Richardson et al., 2006).  

Extraction ratio in bioaccessibility assays ranges from 4:1 (mL/g) to 5000:1 (mL/g) (Richardson 

et al., 2006), although the most commonly used assays employ a ratio of 100:1 (mL/g) (Kelley et 

al., 2002).  Van de Wiele et al. (2007) observed that bioaccessible Pb increased as ER increased, 

for all methods.  Similarly, Hamel et al. (1998) observed a slight increase in As mobilization as 

ER was increased from 100:1 to 5000:1 (mL/g). The in vitro assay should model the pediatric 

GIT.  Richardson et al. (2006) argue that the GIT is best simulated by an extraction ratio of 

2500:1 (1000 mL of fluid to 0.4g of soil) and 50000:1 (1000 mL of fluid to 0.02g of soil) for 

toddlers and adults respectively.  These values were predicted from soil ingestion rates and 

exposure factors taken from regulatory surveys (US EPA, 1997; CCME, 1996) normalized against 

human digestive parameters (Lentner, 1986).  In contrast, the present study suggests 

reasonable boundary conditions for extraction ratio of 4.5:1 – 2330:1.   

Some bioaccessibility assays include phases to simulate the biochemistry of multiple 

components of the GIT (Oomen et al., 2003; Wragg et al., 2011; Ellickson et al., 2001).  These 

more complex assays might be more valid due to their similarity to the GIT.  However, as the 

purpose of this study was to determine the effect of extraction ratio, the gastric phase only is 
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sufficient to answer the question.  The present study tested pure nickel compounds (NiO, 

NiSO4, NiS, Ni3S2, and Ni metal) using a simple extractant (0.15M HCl(aq) at controlled pH).  The 

objective of the study was to evaluate how speciation controls the dissolution of Ni, using 

species that are known to be emitted from smelting and refining operations.  Risk assessments 

for sites such as Port Colborne, ON, where NiO is confirmed to be over 80% of the total nickel in 

contaminated soil (MOE, 2002), need data describing the in vitro dissolution of NiO, which is 

known to be less soluble than the Ni used in the studies that informed the RfD (e.g. Ambrose et 

al., 1976).   Metallic forms of nickel are also common emissions from many types of Ni 

refineries, and can be emitted from other industries, such as steel manufacturing (ATSDR, 2005; 

Duke, 1980b).  Sulfates and sulfides of Ni are common species in ambient air resulting from fuel 

combustion and releases from sulfidic nickel operations.  In general, Ni bioaccessibility for these 

compounds has not been assessed, whereas bioaccessibility of other trace elements and their 

soluble species, such as As and Pb, have been thoroughly documented in many published 

studies (Girouard and Zagury, 2009; Ellickson et al., 2001; Drexler and Brattin, 2007; Van de 

Wiele et al., 2007; Oomen et al., 2002, 2003A; Ruby et al., 1993, 1996).  Extending the 

knowledge of bioaccessibility/bioavailability to elements such as Ni will address urgent issues in 

risk assessment of contaminated sites.  

2.3 Research Hypothesis 

The overall objective of the present study is to understand the sensitivity of Ni 

bioaccessibility (from particulate Ni compounds) to in vitro assay conditions.  In the first 

experiments, nickel solubilisation from NiO, NiS, Ni3S2, NiSO4, and Ni-M was determined from 

simulated gastric digestion, varying two factors (extraction ratio and duration of digestion) 
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known to control dissolution.   “Low” and “high” extraction ratios (mL of extractant per g of Ni) 

were used to evaluate the effect of limited proton supply on dissolution.  Additionally, 

incubation time was varied, to identify whether geochemical equilibrium is realized in typical 

gastric transit time.  Recent publications (Hamel et al., 1998, 1999; Oomen et al., 2002; Van de 

Wiele et al., 2007; Wragg et al., 2011) have reported that bioaccessible Ni varies among in vitro 

techniques, and that these variations are a result of changes in factors like ER and time; but 

these observations have generally not been assessed for known speciation of Ni.  Furthermore, 

dissolution is typically expressed per unit mass, but it really is a surface reaction, so solubility 

data normalized for particle size, particle shape factors, and specific surface area (SSA) might 

improve predictions of bioaccessibility responses. 

The first null hypothesis is that the dissolution of Ni compounds is independent of 

speciation.  The alternate hypothesis is that the ranking of Ni bioaccessibility for these 

compounds will reflect existing solubility data for these compounds, acknowledging that 

existing data are compromised by inconsistencies in solubility test methods. The second null 

hypothesis is that the dissolution of Ni is insensitive to changes in ER and duration and depends 

only on its mineral form. The alternate hypothesis is that the dissolution of Ni-compounds is 

influenced by variations in both ER and incubation time.  Third, it is hypothesized that the 

ranking between Ni compounds of ER and time dependant solubility curve data normalized for 

SSA will be different than relative to mass, and differences in Ni bioaccessibility among Ni 

compounds will be more accurately explained and predicted by accounting for particle SSA.  

Finally, the fourth hypothesis is that these data with pure compound Ni bioaccessibility will 
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reflect field data from on-going risk assessments and will have applications in modern 

contaminant remediation and regulation industries involving nickel.  
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2.4 Methods 

2.4.1 Nickel Compounds 

Five nickel compounds were tested in this study: Nickel sulfate hexahydrate (NiSO4*6H2O), 

nickel(ous) oxide green (NiO), nickel sulfide (NiS), nickel subsulfide (Ni3S2), and metallic nickel 

(Ni-M) (Table 2.1). 

Chemical Compound NiSO4*6H2O
1 

NiO(g)
1 

NiS
2 

Ni3S2
2 

Ni-M
2 

Ni content  
(% by weight) 

22.3 78.6 64.7 73.4 99.1 

Molecular Weight 
 

154.75 74.69 90.76 240.12 58.71 

Table 2.1. Nickel compounds used in experiments. 
1  Fisher Scientific Co., Chemical Manufacturing Division, Fair Lawn, NJ, USA;  
2  Vale Limited, Toronto, ON, Canada. 

2.4.2 Extractant 

A stock 0.15 M solution of trace metal grade HCl (Caledon Laboratories, Georgetown, 

ON) was prepared through volumetric dilution (Grade A volumetric flask, Kimax) with nanopure 

water, adding 244 mL of trace metal grade, 12.3M HCl to 20 L of 18 MΩ nanopure water in a 25 

L Nalgene container.   

2.4.3 Incubation 

The mobile platform of a Dubnoff metabolic shaking incubator (Precision Scientific 

Group, GCA Corp, Chicago, I) was modified to hold several Styrofoam blocks, each of which held 

ten 125 mL wide mouth low density polyethylene (LDPE) Nalgene bottles.  The bottles were 

securely placed in this system such that the water bath fully immersed each extraction bottle.  

Temperature was maintained at 37±2°C throughout the digestion. (Fig 2.1.)   
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Fig 2.1.  Diagram of shaking incubator device used for in vitro extractions.  Incubator tank was filled with DI or tap water, 
submersing the Nalgene bottles completely in water.  Sample bottles were agitated mechanically (shaking, 132 RPM) for 1 h – 
168 h, in a water temperature of 37 °C. 

 

Heater 

(Set at 37°C) 

125 mL wide mouth Nalgene bottles 

Gearbox and Motor 

(132  RPM) 

Incubator Tank 
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2.4.4 Calculation of Extraction Ratio (ER) 

 

 Extraction Ratio (mL of 0.15M HCl/g of Ni) 

 50 500 1000 3000 

Mass of Ni (g) 2.00 0.20 0.10 0.03 

mL of 0.15M HCl 100 100 100 100 

Table 2.2.  Ni mass and extractant volume required to generate experimental extraction ratios 
of 50, 500, 1000, and 3000 
 

The extraction ratios were chosen to represent reasonable boundary conditions for a 

bioaccessibility assay, for a child ingestion soil incidentally.  Basal acid output (BAO) or “fasting 

conditions” and peak acid output (PAO) or “feasting conditions”, describes these boundary 

conditions, where BAO is 0.003 mol H+/h and PAO is 0.035 mol H+/h, and both with gastric 

secretions containing ~0.15 mol H+/L.  Consequently, BAO and PAO can be represented by 

0.00045 L/h and 0.233 L/h respectively in terms of volume.  In a scenario where 100 mg of soil 

is ingested at BAO or PAO, the resulting dilutions would be 4.5 mL/g or 2330 mL/g respectively.  

Most of the ERs examined in these series of experiments fall within this reasonable boundary 

range of 4.5 – 2330.  
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2.4.5 Leaching Procedure 

The experimental Extraction Ratios of 50, 100, 200, 500, 1000, and 3000 (mL of HCL per 

g of Ni) were generated by combining 0.03 g – 2 g of Ni compound with 100 mL of the 0.15M 

HCl extractant (Tabe 2.2) in a 125 mL LDPE sample bottles.   Because the percent of molar mass 

attributable to Ni varied among compounds (Table 2.1), the mass of compound required to 

generate the ERs varied.  The sample bottles were then capped and agitated thoroughly by 

hand for 10 seconds before being securely placed in a shaking water bath incubator at 37°C and 

132 rotations/min.  The individual sample mixtures were then digested in randomized batches 

for a duration between 5 min and 3 weeks.  For samples known to produce gaseous products, 

such as NiS and Ni3S2, a semi-open vessel extraction QA check was also conducted, where three 

additional 50 ER samples were digested for a period of 1 week with off-gassing (samples were 

uncapped for 5 minutes) occurring daily.  Solution pH of the low ERs tended to drift from the 

starting acidic conditions (Appendix I), so for digestion periods greater than 48h, the extraction 

procedure was stopped every 24h and the pH was manually adjusted down to pH ≤ 1.5 with 

point addition(s) of concentrated HCl, if pH drifted by a value greater than 0.5 pH units.  The 

final volume of the dissolution was measured and the ER adjusted for data analysis. 

At the end of the extraction, the sample bottle was removed from the shaking 

incubator, agitating thoroughly by hand, and allowed to settle for one minute.  Twelve mL of 

solution was then decanted into a disposable beaker; the rest of the sample was discarded.  

This aliquot was then filtered through a Whatman 13mm diameter disposable syringe filter, 

PTFEE filter media with polypropylene housing, 0.1 um pore size (Whatman), into a 30 mL 

nalgene sample bottle using a Luer-lock plastic 3 mL disposable syringe (National Scientific 
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Company).  The filtered solution contained the bioaccessible Ni which was quantitated using a 

Varian Spectraa 220 double beam, flame atomic absorption spectrometer.  The bioaccessibility 

of nickel in leachate was expressed as a fraction of the total mass of Ni in the system before 

digestion: 

                 
(                                   )(    )

(                            )(         )
      

2.4.7 Statistical Analysis 

For all statistical analysis and data manipulation, SAS (version 9.2, SAS Institute, Raleigh, 

N.C.) was used.  The experimental design was a complete factorial: “# of extraction ratios” X “# 

of digestion periods” X “two replications”.  Analysis of variance was done using the “PROC 

GLM” procedure, where “replicate”, “extraction ratio”, and “digestion duration” were the main 

effect factors.  The dependent variable in these analyses was always the “%Nibioaccessible”, as 

previously defined.  Main effects and interactions were significant for an F-test of the Type III SS 

Mean Square in the variance analysis at p ≤ 0.05.  To determine the difference between any 

pair of treatments, Tukey’s post hoc multiple comparison analysis was used.  The interaction 

between ER and time was retained in the models regardless of significance; where it was not 

significant, only pre-planned tests or those performed on estimated means relevant to the 

experiment were considered. 
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2.4.8 Aqueous Speciation Modelling 

A computer modelling approach was used to determine the aqueous speciation of Ni in 

solution where possible.  Formation constants and solubility products are widely available for 

NiSO4 (Table 2.3, A) (Smith and Martell, 2004), unfortunately this is not the case for any of the 

other compounds in this study, i.e. no NiS, Ni3S2, or Ni-M complexes have been reported in the 

literature.  The aqueous speciation was determined using a geochemical modelling approach, 

where the chemical equilibrium problems were reduced to algebraic form and a computer 

modelling algorithm from the program, MICROQL, (Westall, 1989) was then used to calculate 

the variables and solve the equations (Table 2.3, B).  The original version of MICROQL was 

written in Basic but has been rewritten here in Microsoft Visual Basic.  Screenshots of the 

model interfaces and matrices are shown in Appendix IV, along with the source code of the 

program.  The results of this analysis can then be interpreted graphically as relative proportions 

of soluble Ni species over all pH ranges.   

The algorithms contained within the program MICROQL describe an iterative approach 

using matrix algebra to solve for the unknown variables, the concentration of each soluble Ni 

species.  As this chemical problem can be defined as a system of linear equations, the same 

calculations can also be done by hand.  For example, to solve for the 10 soluble Ni species, 

given in the mass balance equation below: 

∑[  ]  [  
  ]  [     ]  [  (  ) 

 
(  )

]  [  (  ) 
 ]  [   (  ) 

  ]

 [      
 ]  [     ( )]  [     (  )]  [  (   ) 

  ]  [     ] 

We can use the 9 mass action equations in Table 2.3A, as well as the known inputs to the 

system. 
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Reaction 

log K  

(Smith and Martell, 2004) 

 

I=0  

log K 

 

 

I=0.15 @ 3000 ER 

log K 

 

 

I=0.70 @ 50 ER 

 

           (  )     

 

-9.9 

 

-10.1 

 

-10.397 

            (  )    
  -19 -19.146 -19.746 

            (  ) 
      -30 -29.846 -30.746 

              (  ) 
       28.3 -28.18 -26.997 

         
         

 
 2.09 1.608 1.591 

        ( )           ( )    
  4.57 3.607 3.573 

        
        (  ) 2.3 1.340 1.305 

      (   )
     (   ) 

  
 3.2 2.240 2.205 

               -0.43 

 

-0.910 -0.927 

 
Table 2.3A. Equilibrium formation constants, log K, for Ni complexes used in NiSO4 aqueous speciation model 
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Table 2.3B. Algorithms contained within the program MICROQL.  Table adapted from Evans and 
Stanbury (2003), An Adsorption Model for Nickel in Smelter Impacted Soils: Port Colborne, 
Ontario. In: “Computer Modeling”.   
“Species” are defined as all of the soluble, adsorbed, and solid chemical entities in the system. 

“Components” are defined as a set of chemical entities that permit a complete description of the 

stoichiometry of the system.  (Westall, 1989; Morel and Hering, 1996) 

 

A matrix consisting of the names of each species, stoichiometric coefficients of each component 

in the formation of each species, and the formation constants for each species, is used to define 

the chemical equilibrium problems and to solve them using matrix algebra (Westall, 1989). 

Mass Action 

         ∏  
 

 

 

Where ci is the concentration of the species I, 

βp,q,r is the formation constant for species I, Xj 

is the concentration of component j and a is the 

stoichiometric coefficient of component j in 

species I. 

 

The mass reaction equation written in 

logarithmic form is: 

                ∑        
 

 

which in matrix format is C = A X + K 

 

Where C is a column vector of log ci , A is the 

matrix of stoichiometric coefficients a, X is the 

column vector of log Xj and K is the column 

vector of log βp,q,r.  

 

Mass Balance 

[ ]  ∑    
 

 

where [X]T is the total concentration of the 

component X in the system, ci is the 

concentration of species I and a is the 

stoichiometric coefficient of component j in 

species I. 

 

Newton-Raphson Iteration 

 

From an initial guess for the concentration of 

each component, the concentration of each 

species can be calculated. 

 

The sum of the calculated concentration of 

each species, multiplied by the stoichiometric 

amount of each component in the species is 

compared with the known total concentration 

of each component to give the following 

equation: 

   ∑     [ ] 
 

 

where Yj is the difference in the known total 

concentration and [X]T, from the calculated 

total concentration, ∑      , of each species. 

 

An iterative technique is used to find improved 

values of X such that the error term Y becomes 

smaller.  The equilibrium problem is solved 

when Y = 0.  Using the Newton-Raphson 

iterative technique, improved values for X may 

be found from the matrix equation: 

 

      
 

Where Z is a square matrix, the Jacobian of Y 

with respect to X, calculated at iteration n, 

         , is a column vector, the 

change in X from the iteration n+1 to n, Y is a 

column vector, the remainder, or error, in the 

mass balance equation at iteration n. 

 

Jacobian Iteration 

 

The Jacobian element for components j and k is 

given by: 

    
   
   

 ∑           
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2.4.8 Specific Surface Area Analysis 

Specific surface areas were determined for all the Ni compounds (NiO, NiSO4, NiS, Ni3S2, 

and Ni-M) using a Quantachrome Surface Area Analyzer (Quantachrome Corporation, Boynton 

Beach, FL).  Samples were outgassed for 6h at 105°C under a vacuum (0.1 mm Hg), and then 

nitrogen adsorption was determined over a range of relative vapour pressures, P/Po (0.05 - 

0.30), where P is the equilibrium adsorption pressure and Po  is the condensation pressure of 

the nitrogen.   

Specific surface, S (m2g-1), is calculated from N2 adsorption data: 

  
  

 
      (1) 

where Wm is the mass of N2 forming a monolayer on unit mass of the adsorbent and M is 

the molecular weight of N2; therefore Wm/M is the monolayer capacity of N2 on a unit mass of 

the adsorbent.  N=6.022X1023 mol-1 is Avogadro’s number, and Am=16.2x10-20 m2 is the area 

occupied by an adsorbed N2 molecule in the completed monolayer.  

The application of BET theory to determine specific surface is derived from its ability to 

calculate the value of Wm from the relevant isotherms (Brunauer et al, 1938).  The connection 

between the relative vapour pressure, P/Po, and the amount of adsorbed N2 at a constant 

temperature is described by an adsorption isotherm.  The BET equation is an application of the 

Langmuir equation to the multimolecular vapour adsorption that occurs as N2 is adsorbed onto 

the surfaces of the nickel compounds.  Based on the assumptions of BET theory, Eq (1) can be 

described by the linear form of the BET equation or: 
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Where C is a constant related to heat of adsorption.  Eq. (2) predicts a straight line when 

 

(    )
 
 

 
 is plotted as a function of P/Po.  Two SSA measurements were conducted for each Ni 

compound, and the data presented as arithmetic mean ± standard error. 

 Specific surface area measurements (m2/g) were than used to calculate a relative 

surface area adjustment factor for describing Ni bioaccessibility normalized for surface area (SA 

adjusted).  Where Ni bioaccessibility relative to mass (g of Ni/g of NiTotal) is determined from: 

                  (       )  
               

             
      

Ni bioaccessibility SA adjusted (g of Ni/m2 of compound) would be determined from the 

equation: 

                  (     )  
               

             
 

             

             
 

   

               (  )
 

 

2.4.9 Scanning Electron Microscopy Analysis 

Surface morphology and composition were examined using an FEI Inspect S50 scanning 

electron microscope (FEI™, Hillsboro, OR).  As metal powders are conductive, gold coating was 

not necessary.  For SEM, an accelerating voltage of 20 kV was used and samples were examined 

under high vacuum (1.85e-5 mbar).  SEM analysis was not accompanied by spectrography as the 
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samples were essentially pure compounds; the Ni metal was assumed to be associated with the 

grains in a manner predictable by stoichiometric and mass-balance calculations. 

 

2.5  Results 

2.5.1 NiO Incubations 

Percent bioaccessible nickel for NiO varied among ERs, as well as incubation times, and 

there was interaction between the two factors (Short-term up to 24h NiO, Appendix III). The 

greatest leaching of nickel (5.9%) was found to occur at the lowest ER, i.e. 50.  As ER increased, 

bioaccessibility Ni decreased (Fig 2.2).  Specifically, mean bioaccessibility at an ER of 3000 was 

0.96% while at 50 ER, bioaccessibility was 1.92%, the difference increasing at longer incubation 

times.  For NiO, increasing the acid: nickel ratio resulted in a decrease in nickel release, which 

suggests that exhaustion of protons would not be a rate limiting step to release of Ni from NiO 

in vivo.   

Cumulative leaching rate was determined at each incubation time within each ER to 

characterize kinetics of Ni release, and its contribution to the interaction between ER and 

incubation time in the ANOVA (Short-term NiO, Appendix III).  The ‘Leaching Rate’ (mg Ni/g 

Ni/h) was calculated using the following formula: 

                                  ⁄⁄  

 where ‘Nibioaccessible’ is the mass of nickel mobilized from NiO during digestion (mg), ‘NiT’ is the 

original mass of nickel in the system (g), and ‘t’ is the incubation time period (hours).  The units 
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for ‘Leaching Rate’ are ‘mg of nickel release per g of nickel per hour’.  The leaching rate for Ni 

from NiO decreased as a function of cumulative incubation time (Fig. 2.3).  The greatest 

decrease in rate of release of Ni from NiO during the incubation time occurred at the highest 

(3000) ER.  This further supports the observation for NiO of decreasing nickel mobility as acid: 

nickel ratios are increased. 

  Time (h) 

ER
 (

m
L/

g)
  1  2  3  24  

50 0.30±0.02 0.51±0.02 1.00±0.03 5.87±0.17 

500 0.30±0.00 0.47±0.01 0.84±0.02 4.19±0.60 

1000 0.26±0.01 0.49±0.01 0.79±0.04 3.40±0.32 

3000 0.32±0.02 0.54±0.04 0.90±0.07 2.07±0.46 

Table 2.4. Bioaccessibility (%Ni Leached) (arithmetic mean ± standard error) of Ni from NiO in 
vitro extractions up to 24h. 
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Figure 2.2. Bioaccessibility (% Ni Leached) (arithmetic mean ± standard error) of Ni from NiO in 
vitro extractions for 50 – 3000 ER incubated for 1 – 24h. 
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Figure 2.3. Cumulative leaching rates (mg of Ni leached/g of Ni in system/h) for NiO extractions.  
 

 

The short-term NiO incubations were completed within 24h.  With a marginally soluble 

compound such as NiO (ATSDR Ni, 2005), the study of longer digestions extends the 

bioaccessibility data beyond that thought to best represent oral bioavailability.  Some 

incubation times from the short-term studies were repeated, and the longest time was 168 

hours (1 week).  As with the short-term incubations, the ANOVA for the long term NiO 

incubations suggested that there was a main effect of ER and of time on percent bioaccessible 

Ni, as well as an interaction between the ER and time factors, with 94% of the variation in the 

data explained by the current model (pH control Long-term NiO, Appendix III).   
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ER (mL/g) 2 h 4 h 24 h 48 h 168 h 

50 0.66±0.08 1.10±0.02 6.95±0.55 16.0±0.62 - 

236† - - - - 88.6±5.11 

500 0.65±0.08 1.02±0.08 4.95±0.16 14.2±0.27 80.2±10.91* 

1000 0.69±0.08 0.93±0.10 3.94±0.49 8.19±1.67 50.9±11.46** 

3000 0.62±0.15 0.83±0.13 3.05±0.28 4.79±0.17 14.9±1.02** 

Table 2.5. Bioaccessibility (%Ni Leached) (arithmetic mean ± standard error) for Ni in long-term 
NiO extractions up to 168 h incubation, with pH control.  
*n=3.  
**n=4. 

†ER recalculated based on the addition of 4.5 mL of 12.3M HCl(aq) for the 168h pH-control 
samples (Appendix II). 

 

The results of the longer term (up to 168h) NiO extraction were inconsistent with the 

expectation that trace metal bioaccessibility would be positively correlated with ER.  If supply of 

protons to the Ni compound is rate limiting to dissolution, bioaccessibility would increase with 

ER.  However, rather than increasing with ER, bioaccessibility of Ni in NiO decreased as ER 

increased (Fig 2.4).  The greatest increase in leaching (16% Nibioaccessible @ 48h to 89% @ 168h) 

and consequently the greatest leaching rates occurred after roughly 48h of incubation at the 50 

ER.  Comparatively, percent Ni bioaccessibility at the 3000 ER was 15% after 168h of incubation 

(Table 2.5).  In summary, the extractability of NiO, decreased as ER increased. 
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Figure 2.4.  A) Bioaccessibility Ni (% Ni Leached) (arithmetic mean ± standard error) of long-term NiO in vitro extractions for 50 – 
3000 ER incubated for 2 – 168 hours.  B) An enlargement of some of the same data.
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2.5.4 NiSO4  

There was a main effect of ER on percent bioaccessible nickel from NiSO4 (Figure 2.5); 

there was no main effect of incubation time (Table 2.6, A) nor was there an interaction 

between the two factors (NiSO4, Appendix III).  Bioaccessible Ni at 50 ER was less than at the 

other ERs, for which bioaccessible Ni was similar (Table 2.6, B).  Therefore, % bioaccessible Ni 

can be represented by the main effect means of ER (Fig 2.5) 
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Figure 2.5.  Percent bioaccessible Ni (%Ni Leached) of NiSO4 extractions (50 ER – 3000 ER) 
pooled across extraction times, relative to the main effect mean averaged over all times of 
incubation, 90.14 ± 7.4.  
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A B 

ER
 (

m
L/

g)
 

 1 hours 2 hours 4 hours 24 hours 

50 88.1 ± 3.18 87.6 ± 0.85 N/A 88.7 ± 1.12 

100 87.7 ± 1.84 85.7 ± 0.96 84.6 ± 0.21 92.3 ± 6.29 

500 91.8 ± 0.41 92.0 ± 0.10 93.2 ± 0.88 92.6 ± 1.01 

1000 91.6 ± 0.93 90.9 ± 1.45 92.0 ± 1.09 90.5 ± 1.04 

3000 89.7 ± 3.45 92.2 ± 1.31 95.1 ± 5.82 92.7 ± 0.88 

  

 

Time (min) % Bioacc.  

5 89.7 ± 2.35 

10 89.1 ± 0.60 

15 90.4 ± 4.83 

20 89.5 ± 1.02 

25 85.9 ± 4.42 

30 87.2 ± 0.03 

40 91.6 ± 1.37 

50 87.2 ± 3.42 

60 87.7 ± 1.84 

Table 2.6. Bioaccessibility of Ni from NiSO4 in vitro extractions up to 24 h 
(percent ± standard error).  A) % Bioaccessibility at various times up to 60 
minutes; data from an initial short-term series of NiSO4 extractions, at 100 ER 
samples digested up to 1 hour.  B) Simple effect means from NiSO4 extractions 
for 50-3000 ER, included incubation times up to 24 h.   
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2.5.4.1  Aqueous Speciation of NiSO4 

The theoretical aqueous speciation of nickel in solution can be calculated for NiSO4, as 

the conditional stability constants of its degradation products are well known.  Given the 

differences in electrostatic activity, or ionic strength, between ERs for this particular compound, 

only the upper and lower bounds of aqueous speciation (50 ER and 3000 ER) will be presented 

for brevity.  There are distinct speciation relationships for the two extraction ratios.  At 50 ER 

(Fig 2.6, A), which has the highest concentration of Ni, the majority of Ni is present as Ni2+, 

NiSO4(aq) , and some Ni(SO4)2(aq), at pH < 2.  Hydoxide, carbonate, and polynuclear complexes 

are not important until pH increases substantially.  In spite of high concentrations of [Cl-] in 

these in vitro extractions, the NiCl- species are not significant.  In contrast, at 3000 ER (Fig 2.6, 

B), Ni is present as the free metal ion, Ni2+ over the majority of acidic pH.  Therefore the 

predominant nickel species is the free metal ionic state, Ni2+; 52% at 50 ER and 96% at 3000 ER.  

With the 50 ER results showing Ni is also present as NiSO4(aq) (37%), Ni(SO4)2(aq) (10%).  In both 

cases the free metal ion, Ni2+, remains relatively dominant until more alkaline pHs, at which 

point other complexes (such as carbonates, polynuclear, and hydroxides) become predominant. 
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Figure 2.6. Theoretical relative proportions of dissolved Ni species in solution as a function of pH.  The relative proportion of each 
species, MeX is defined as [MeX]/[Me]T.  A) speciation of dissolved NiSO4 at 50 ER.  Input parameters:  [Ni2+]T = 0.341 M, [SO4

2-]T = 
0.341, [Cl-] = 0.15 M.  B)  speciation of dissolved NiSO4 at 3000 ER.  Input parameters:  [Ni2+]T = 5.62x10-3 M, [SO4

2-]T = 5.62x10-3, [Cl-] 
= 0.15 M.  The aqueous speciation calculations were cross checked using the program CHEAQS (Verweij, 1999). 
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2.5.5  NiS 

There was a main effect of ER, time, and a significant interaction between ER and time, 

on extractability of Ni from NiS, and roughly 94% of the variation in the data was explained by 

the ANOVA model; R2=0.9397 (Nickel Sulfide, Appendix III).  Simple effect means were 

compared (Table 2.7).  The greatest leaching of Ni occurred at 3000 ER after 168 hours, greater 

than corresponding values at 50 ER by 10%-60%, with the gap increasing with incubation time.  

In summary, the extractability of NiS increased with both the ER and incubation time, and this 

outcome was different than for NiO under the same experimental conditions.   

The dissolution of NiS in this study may have been limited by factors other than 

bioaccessibility, evidence of which was an observed physical build-up of gas(es) in the reaction 

vessel.  The dissolution of NiS in hydrochloric acid is known to produce both gaseous hydrogen 

sulphide and gaseous nickel chlorides, depending on chemical equilibrium.  Due to the use of a 

closed-vessel system in the present study to contain the reaction, there was no procedure to 

accommodate H2S outgassing.  It’s possible that the build-up of H2S gas in the headspace could 

drive the reverse reaction (or slow the forward reaction), limiting dissolution and ultimately 

confounding the bioaccessibility responses.  As a result, an additional analysis of NiS extractions 

was conducted.  The details of this experiment are described in the following section 

“Outgassing”. 
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  Time (h) 
ER

 (
m

L/
g)

  2 4 24 48 168 

50 12.1 ± 0.12 12.2±0.03 12.7±0.12 12.6±0.25 12.9±0.03 

500 13.7±0.03 13.9±0.22 15.1±0.16 16.3±0.03 18.0±0.29 

1000 13.9±0.26 14.4±0.21 15.8±0.51 16.9±0.73 19.4±0.60 

3000 14.0±0.03 14.4±0.06 15.8±0.01 18.4±2.57 20.6±0.39 

 
Table 2.7. Bioaccessibility (% Ni Leached) (arithmetic mean ± standard error) for NiS in vitro 
extractions for 50-3000 ER for incubation times up to 168 h.  
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Figure 2.7.  Bioaccessibility (% Ni Leached) (arithmetic mean ± standard error) of Ni in NiS for in 
vitro extractions for 50 – 3000 ER samples incubated for 2 – 168 hours. 
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2.5.6 Ni3S2  

As for NiS, there was a main effect of ER and of incubation time on bioaccessibility of 

Ni3S2, and analysis of variance suggested that 99% of the variation in the data can be explained 

by the statistical model (Nickel Subsulfide, Appendix III); as there was an interaction between 

ER and time factors, simple effect means were compared (Table 2.8).  The most nickel leached 

at ER=3000 and time=168h (54.46%) approximately 10-fold more than at ER=50 (Table 2.8).  

Generally, the difference among bioaccessibilities at any ER increased with longer incubations.  

The range in nickel release was greater for Ni3S2 than for NiS (3%-55% vs. 12%-21% 

respectively); this is dissimilar to NiO, the bioaccessibility of which was also largely dependent 

on the ER and incubation time (Fig. 2.4).   

The production of gasses in the digestion vessels during Ni3S2 extraction lead to similar 

problems as with NiS.  The dissolution of Ni3S2 in hydrochloric acid produces both H2S(g) and 

nickel chlorides (eq. 2).  Since the release of nickel from Ni3S2 under these experimental 

conditions is analogous to the chemistry of Ni0 oxidation (i.e. for NiS), the build-up of H2S(g) 

potentially limited bioaccessibility as the headspace of the extraction vessel was finite.  As a 

result, an additional analysis of Ni3S2 extractions was conducted.  The details of this experiment 

are described in the following section “Outgassing”. 

 ER (mL/g)                                                  Time (h) 

 

 2 4 24 48 168 

50 2.80±0.10 3.22±0.08 3.80±0.15 4.32±0.08 5.34±0.2 

500 7.22±0.36 9.31±0.21 17.9±0.32 24.4±1.68 31.2±0.34 

1000 7.72±0.07 11.4±0.22 24.5±0.58 31.3±0.58 40.7±0.42 

3000 12.0±0.05 16.3±0.60 30.8±0.77 37.1±1.45 54.5±0.16 

Table 2.8.  Bioaccessibility (% Ni Leached) (arithmetic mean ± standard error) of Ni in Ni3S2 for in 
vitro extractions for 50-3000 ER for incubation times up to 168 h. 
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Figure 2.8. Bioaccessibility (% Ni Leached) (arithmetic means ± standard error) of Ni in Ni3S2 in 
vitro extractions for 50 – 3000 ER samples incubated for 2 – 168 hours. 

 

 

2.5.7 Outgassing 

Most in vitro bioaccessibility assays use a closed-vessel system, which is more similar to 

the gastrointestinal system which these extractions are meant to approximate, as the human 

GIT is normally not open to the environment.  At these experimental temperatures (37°C), the 

dissolution of sulphides- such as Ni3S2- in inorganic acids is likely driven by kinetics of the 

chemical reaction of Ni0 oxidation (Palant et al., 2008).  The dissolution reactions of NiS and 

Ni3S2 are: 
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   ( )      (  )       (  )     ( )           eq. 1 

     ( )      (  )        (  )                   eq. 2 

The gas(es) produced during the extraction was H2S from NiS, and a mixture of H2S and H2 

from Ni3S2.  Since incomplete offgassing as a result of closed-vessel procedures may limit 

sulphide dissolutions (as this would not favour the forward reaction), a semi-open extraction 

was carried out to evaluate the degree to which preventing off-gassing influenced the 

bioaccessibility of Ni.  Bioaccessible nickel was greater under the semi-open conditions when 

compared to the standard closed-vessel procedure for all combinations of ER and time:  

average increases of about 4% and 9% for NiS and Ni3S2, respectively, at 168h (Figures 2.9, A 

and 2.9, B).  The conclusion is that the closed-vessel extractions underestimate bioaccessibility 

at periods approaching 168h, but for shorter incubation times there was no effect.   As the 

impact at shorter incubation times (2 h) is minimal,  an open-vessel system could accurately 

simulate the human GIT. 
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Figure 2.9.  Bioaccessibility (% Ni Leached) (arithmetic means ± standard error) of NiS (A) and Ni3S2 (B) for 50 ER samples incubated 
for 2-168 h in either semi-open or closed vessels. 
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2.5.8 Nickel Metal 

A preliminary digestion of nickel powder type 123 (hereafter referred to as ‘nickel 

metal’) indicated that as with NiO, pH must be controlled during digestion (data not shown).  At 

50 ER, the extractions that were not controlled for pH reached a maximum value of 19% 

bioaccessible Ni after 24h, at which point pH was 6.3; by 168h, pH was 7.1 (Figure 2.10, A).  

When pH was controlled, % bioaccessible nickel increased linearly through the digestion period 

to 75% after 168h (as compared to 19% without pH control).  Because pH control added HCl, 

the ER was not the same as at the end of the incubation as at the beginning (Fig 2.10).  ER for 

these samples was recalculated for the pH controlled data of Ni-M bioaccessibility (Table 2.9 

and Fig 2.11).  The ANOVA for nickel metal explained over 99% of the variation in the data.  

Overall, there was a main effect of ER and incubation time on bioaccessibility of Ni in Ni-M, as 

well as an interaction between the two factors, so simple means were compared (Nickel Metal, 

Appendix III).  The 3000 ER sample digested for 168h had the greatest bioaccessibility (97%), 

very close to complete dissolution of the nickel compound; comparatively at the 273 ER, 80% of 

the Ni leached from the material.   

 ER (mL/g)                                                Time (h) 

 

 2  24  48  168  

50 8.85±0.26 - - - 

130* - 31.1±0.07 - - 

170* - - 47.0±0.79 - 

273* - - - 79.7±0.48 

500 19.8±1.38 65.8±0.75 77.0±0.05 89.8±0.21 

1000 24.6±1.47 72.4±0.64 84.1±0.17 90.3±0.46 

3000 41.0±0.00 92.9±3.83 93.1±0.43 97.0±0.24 
Table 2.9. Bioaccessibility (% Ni Leached) (arithmetic mean ± standard error) of Ni in Ni-M for in vitro extractions 
for 50-3000 ER for incubation times up to 168 h. 
*ERs recalculated based on the addition of 2 mL, 3 mL, and 5.5 mL of 12.3M HCl(aq) for the 24 h, 48h, and 168h pH-
control samples respectively. 
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Figure 2.10. Comparison of Ni bioaccessibility from Ni-M with no pH control (A) or with pH control (B), incubated up to 168 h for 50 
ER. .  Total mols of HCl in each system at extraction is represented by the line. 
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Figure 2.11.  pH controlled data for Bioaccessibility (% Ni Leached) (arithmetic means ± 
standard error) of Ni in Nickel Metal in vitro extractions for 50 – 3000 ER samples incubated for 
2 – 168 hours. 

 

2.5.9 Summary of Dissolution Data 

Nickel bioaccessibility for the five compounds ranged from as low as 1% to almost 

complete dissolution.  At biologically relevant values for in vitro assay parameters, i.e. 500 ER at 

a 2h digest, the gastric solubility of Ni is a function of form of the contaminant; that is the 

bioaccessibility results from one Ni compound cannot predict the results of another (Table 

2.10).  Furthermore, at this 2h digest treatment, a significant increase in ER beyond a threshold 

value has little effect on measured bioaccessibility for most of the Ni compounds (Figure 2.12).  

The solubilisation of Ni was dependent on both the ER and digestion time for all compounds 

except for NiSO4 (Figure 2.5).  The experimental extractions in the present study identified two 

distinct patterns of ER-regulated dissolutions: for NiS, Ni3S2, and Ni M, Ni release increased with 
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ER (Figures 2.7, 2.8, 2.11), until a maximum value, which differed among compounds and after 

which bioaccessibility did not change as ER increased, i.e. a logistic function.  Conversely, NiO 

bioaccessibility was negatively correlated with ER: increasing ER from 50 to 3000 resulted in up 

to an 80% decrease in bioaccessibility for NiO.  Differences in NiO particle characteristics from 

those of the other compounds could potentially explain these observations. 

Nickel Compound % Bioaccessibility (S.E.) 

NiSO4 92.0 (0.07) 
Ni M 19.8 (1.38) 
NiS 13.7 (0.03) 

Ni3S2 7.22 (0.36) 
NiO 0.56 (0.06) 

Table 2.10.  Ranking of Ni compounds for Ni bioaccessibility under reasonable biological 
conditions, i.e. 2h digest @ 500 ER, for the nickel compounds. 
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Figure 2.12. Bioaccessibility (%Ni Leached) on a log scale of the five Ni compounds as a function 
of ER at the 2 h incubation time. 
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2.5.10 Specific Surface Area Analysis 

Specific surface areas of the nickel particles (NiO, NiSO4,, NiS, Ni3S2, and Nickel Metal) 

were determined using the multi-point BET method (Fagerlund, 1973), in order to express 

dissolution as a function of surface area rather than mass of the compound, and potentially 

adjust the ranking of solubility of compounds.   The average SSA was greatest for NiO at 3.014 

m2/g, three times the measured average of Ni3S2, NiS, and Ni-M. (Table 2.11).   

Nickel Compound SSAmean (m2g-1) 

NiO 3.014 ± 0.03 
NiSO4 0.392 ± 0.01 
NiS 0.809 ± 0.06 
Ni3S2 1.172 ± 0.01 
Ni Metal 1.005 ± 0.06 

 
Table 2.11.  Specific surface areas of the nickel particles used in these in vitro extraction 
experiments.   

 

2.5.11 SEM data 

Qualitative SEM analysis of NiO particles did not reveal any evidence of irregularities in 

particle composition, or possible impurities.  Particle shapes for the tested compounds were 

consistent with the assumption of high spherocity and roundness, with the exception of Ni3S2 

particles (Figure 2.13).  The NiO grains were generally spherical; only Ni3S2 had particles that 

were irregular and non-spherical (Figure 2.13).  This was expected, as the molecular structure of 

Ni3S2 favours the formation of lattices (Villars & Calvert, 1991) (Fig 2.13).  The particles of NiO 

were not so different in terms of physical surface characteristics (i.e. spherocity, shape, and 

size) from the other compounds, for example, NiS, to suggest that the particle’s physical 
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characteristics caused the relationship between ER and dissolution that was anomalous 

compared to the other compounds.   

2.5.12 Summary of SEM and SSA data 

Rankings of Ni compound solubility at lower ERs (< 500) showed, from most soluble to 

least soluble, NiSO4, then Ni-M and NiS , followed by Ni3S2, and finally NiO.  Expressing 

‘bioaccessible Ni’ as a function of SSA did not harmonize bioaccessibility among the compounds 

(Fig 2.14, A & B).  Furthermore, Ni leaching adjusted for SSA indicated that at ER=50 and 

time=2h, the release of Ni per m2
 of SA for NiO was several orders of magnitude lower than the 

average rate for the other measured compounds combined (Figure 2.14, B).  It is not until an 

incubation period of ≥ 24h where NiO solubility relative to the rankings of the other compounds 

begins to adjust as a result of SSA differences (Table 2.12). 

 

A  2 h 24 h 48 h 168 h 

R
an

ki
n

g 

1 NiSO4 NiSO4 NiSO4 NiSO4 

2 NiS NiS NiO NiO 
3 Ni3S2 NiO NiS NiS 
4 NiO Ni3S2 Ni3S2 Ni3S2 

 
 

B  2 h 24 h 48 h 168 h 

R
an

ki
n

g 1 NiSO4 NiSO4 NiSO4 NiSO4 

2 NiS NiS NiS NiO 
3 Ni3S2 Ni3S2 NiO NiS 
4 NiO NiO Ni3S2 Ni3S2 

 

Table 2.12. Time dependant rankings of highest bioaccessible compound to lowest 
bioaccessible compound at 50 ER extractions (A) with no surface area correction (B) with 
surface area adjustment. 
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Fig 2.13.  SEM micrographs at various magnifications showing from top to bottom: A, NiO at 100X; B, NiS at 100X; C, Ni3S2 at 100X; D, 
NiO at 3000X; E, NiS at 1500X; F, Ni3S2 at 1500X.  Not shown, SEM micrographs of NiSO4 hexahydrate particles

A B C 

D E F 
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Figure 2.14.  A) Bioaccessibility (%Ni leached)as a function of time for 50 ER B)  Surface area adjusted Bioaccessibility for 50 ER 
samples for the same nickel compounds. 
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2.6 Discussion 

2.6.1 Bioaccessibility and Extraction Conditions 

Bioaccessibility/bioavailability of trace elements in soil is known to be influenced by 

mineralogy.  Identifying the predominant minerals in the soil associated with the trace element 

provides valuable insight into the likelihood of toxicity.  The chemical speciation of a trace 

element in soil is influenced by multiple factors, including mineralogy and source emission.  For 

example, nickel emissions from the iron and steel industry are predominated by NiO, whereas 

emissions from the burning of coal and fuel oil results in NiO and small amounts of sulphate 

(Nriagu, 1980; Schmidt & Andren, 1980).  For on-going and legacy contamination from nickel 

smelting and refining operations, some species (oxide and metal) are more prevalent (ATSDR, 

2005).  Oxidic Ni is prevalent in soils because sulfidic nickel is oxidized over time and the Ni 

converts to hydroxides, oxides, or iron-Ni oxides.   Beyond the geochemical/anthropogenic 

origins of the metal, Ni bioavailability is also dependent on soil characteristics such as pH, redox 

potential (Eh), clay content and organic matter (Echevarria et al., 2006).  In contaminated soils, 

nickel availability is much higher when the Ni is associated with poorly crystallized 

phylosillicates than with, for example, crystallized Fe oxihydroxides.  Analysis of Sudbury soils 

with relatively low Ni bioavailability revealed that the Ni-bearing particles were largely FeO-Ni 

(Girouard & Zagury, 2009).  Iron oxihydroxides can effectively sequester Ni within its mineral 

matrix, compared to other minerals which would likely contain a higher proportion of highly 

exchangeable (i.e sorbed) Ni.   
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Previous work by Oller et al. (2009) demonstrated that Ni release occurred immediately 

and almost completely in simulated lung fluid for nickel sulfate, whereas the release of Ni from 

NiO, Ni3S2, and Ni metal powder occurred at a slower rate.  Similar results were observed in the 

present study.  Nickel recovered from NiSO4 under reasonable biological boundary conditions 

(2h incubation, 500ER) for gastric dissolution ranged from at least 87% to up to 92%, making 

NiSO4 the most bioaccessible form of Ni that was tested for this study, which is to be expected 

for this highly soluble ionic salt of Ni.  NiO extractions delivered the lowest bioaccessibilities, 

approximately 1%.  The other compounds, from lower to higher bioaccessibility, were Ni3S2, 

NiS, and Ni metal (Table 2.10).  These differences in nickel release can be explained in terms of 

the different energies of attraction between the ions in the crystal and between ions and the 

acid extractant.  The energy holding Ni2+ ions together in the crystal lattice of these compounds 

works against solubilization.  This lattice energy is inversely proportional to the distance 

between ions for these Ni compounds and this distance is also a function of the sum of the radii 

of the ions.  Ultimately, the lower the lattice energy, the more soluble the Ni compound is 

expected to be.  For example, because the sulfate ion, SO4
2-, is much larger than the oxygen ion, 

it is expected to have lower lattice energy and the energy of solvation dominates. 

The differences in Ni bioaccessibility among these nickel compounds also reflect existing 

data describing their solubility (Table 1.1), despite the fact that the assay conditions of the 

solubility test data from the literature are not uniform and may be quite different from the 

current assays. For example data for Ni-M were derived from solubility tests in 50 mL of 

distilled water and saline with a 1 week agitation period prior to filtration (Ishimatsu et al, 

1995).  According to the Hazardous Substances Data Bank (HSDB, 2012), NiSO4 is easily the 
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most soluble of these compounds, with solubility in water being several orders of magnitude 

greater than the least soluble compound tested, NiO (recorded solubility of 1.1 mg/l at 20°C).    

The ranking relationship between Ni gastric solubility and in vivo acute oral toxicities has been 

explored in another study.  Henderson et al. (2012) found that under similar conditions (2h 

incubation time) % bioaccessibility can be used to categorically predict LD50 values for various 

Ni compounds.  Substances with Ni released in gastric fluid as <48% and >76% were predicted 

with 95% confidence to have oral LD50 values of >2000 mg/kg, and between 300-2000 mg/kg 

respectively.  In vitro nickel bioaccessibility is intrinsically related to contaminant source- or 

speciation/mineralogy, a fact that should not be ignored when estimating the potential for 

toxicity of elevated nickel in soils.  These data support the need for tools in risk assessment to 

normalize the differences among compounds that may occur in soils, as well as between the 

soil contaminants and the Ni compound(s) that informed the critical toxicity value, most of 

which used the highly soluble Ni form, nickel sulfate, as the test compound (ATSDR, 2005; 

Ambrose et al, 1986).  Given the effects of aging and the transformation of Ni compounds in 

soils, where nickel speciation would be dominated by more insoluble forms, the current toxicity 

values potentially overestimate risk by a considerable margin.  In this respect, it is proposed 

that it would be far more informative from a risk assessment perspective to consider the 

benefits of site-specific absorption factors related to the mineralogical bases of Ni 

bioavailability, particularly for investigations of the relatively more insoluble forms of Ni, such 

as NiO.  Furthermore, when considering the bioaccessibility of Ni compounds at a specific 

incubation time, i.e. 2 h for biological plausibility, there is little additional information to be 

gained from incorporating multiple ER treatments into study design, as suggested by Health 
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Canada (2010b).  From Figure 2.12, it is quite evident that beyond a threshold value of ER, there 

is little change in bioaccessibility as ER is increased.  This suggests that any of these candidate 

ERs are able to approximate risk, given that the form of the Ni contaminant is known and only 

that form is present in the particular sample.  In contrast, the bioaccessibility results beyond the 

ranges of reasonable (where reasonable is defined here as an ER of 500 at 2h incubation) 

biological boundary conditions for time (Incubation time, i.e., 24h – 168h) and ER (ER, i.e., 50, 

1000, 3000) indicated some peculiar relationships, particularly for NiO dissolution, which 

influenced Ni release and solubility in a manner that was not predictable from fundamental 

principles of equilibrium chemistry.  Nickel release from NiO was inversely related to ER, 

whereas all other compounds (Ni3S2, NiS, and Ni metal) exhibited the opposite, expected 

relationship, i.e. with bioaccessibility increasing as the ratio of H+ was increased relative to the 

mass of Ni in the system.  As pH was controlled in these systems, this effect was not an artefact 

of acid consumption or variation in ionic strengths unique to NiO extractions (Appendix I). 

The current study used an in vitro approach which simulated only the gastric digestion 

phase.  Several other methods that have been used for assessing oral bioaccessibility in the 

literature have incorporated additional compartments, such as saliva and intestinal fluids, i.e. 

digestive enzymes, organic acids, and bile salts (Oomen et al., 2003; Ellickson et al., 2001; 

Wragg et al., 2011).  In general, it is understood that nickel release in synthetic intestinal fluid 

tends to be lower than in synthetic gastric fluid.  As only a fraction of nickel ion still potentially 

available for release following gastric digestion will be absorbed in the intestines.  Previously 

published data comparing the oral bioaccessibility of nickel from field contaminated soils in a 

PBET system found that bioaccessible Ni following gastric and gastric/intestinal simulated 
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digestions were comparable (Vasiluk et al., 2011).  For example, results from gastric and 

gastric/intestinal for Port Colborne 150-250 μm soils were 13.7 and 11.4 respectively.  It is 

speculated that had the current study incorporated a further intestinal component, a similar 

trend would be observed.   

2.6.2 Relevance to On-going Risk Assessments for Ni-contaminated Soils 

Richardson et al. (2006) observed a decrease in the proportion of Ni extracted as soil 

concentration of Ni increased, which they attributed to saturation of the acid effect as a result 

of the low ERs employed in the MOE assays (<5000 ER) (MOE, 2002).  However, the data from 

this assay can be expressed as a function of the ratio of H+:Ni (moles of H+/g of Ni added to the 

assay), for comparison (Figure 2.15 A and B).  It is clear that Ni release from NiO is dependent 

on proton supply.  As there is a noticeable solubility effect associated with increasing H+:Ni ratio 

(Fig 2.15, B), it is likely that the assay dilution/ERs in this study limited the dissolution of NiO, as 

Ni release from inorganic acids is controlled by proton promoted dissolution (Tremaine & 

LeBlanc, 1980).  

Interestingly, in the current study, the in vitro extractions yielded bioaccessibility values 

that were consistently lower than the comparable values reported from these MOE studies- by 

a considerable margin.  “Test A” data is comparable to the 24 h NiO data from the current study 

(Fig 2.16).  “Test B” and “Test C” data are comparable to the 2h NiO data from the current study 

(Fig 2.17).  In this study, all in vitro methods used pure Ni compounds as the test substrate.  It is 

interesting that these results underestimate the bioaccessibility reported in MOE assays of NiO-

contaminated soils (MOE, 2002). 
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There are several explanations as to why lower Ni bioaccessibility was observed in the 

current in vitro work, when it is compared to MOE data on a mol H+/g Ni basis.  Figure 2.15 and 

2.16 essentially reported bioaccessibility data for three different in vitro models.  The lower 

bioaccessibility values reported in this study may be attributed differences of in vitro model 

design between these studies.  First of all, Test A used an adapted Leachate Extraction 

Procedure, where the extractant was 400 mL of 0.17M HCl and the test substrate was 20 g of 

dry weight soil.  Samples were digested at 25°C for 24 h before filtration and analysis.  Tests B 

and C used the standard operating protocol developed by the Solubility/Bioavailability Research 

Consortium (Ruby et al., 1999).  The extraction ratio for these tests was a ratio of 100 mL of 

extract: 1 g of soil, where the extractant was a mixture of 1.9 L of water, 60.6 g of glycine, and 

120 mL of 12.1 M HCl and a solution final volume of 2L (0.4 M glycine, ≈0.70M HCl).  Samples 

were then incubated at 37°C for 1 h.  A small intestinal digestion phase then followed, where 

samples were titrated to pH = 7 with NaOH, and 175 mg of bile salts and 50 mg of pancreatin 

were added.  After 4 h incubation, the samples were then filtered and analyzed.  However, as 

noted earlier when describing Vasiluk et al. (2011), bioaccessible Ni in soil was similar after 

gastric vs. gastric/intestinal phases. 

Another important factor to consider is the different bioaccessibility separation 

methods that were used.  There are a number of different approaches in the literature for 

separating the bioaccessible fraction from the non-bioaccessible fraction, ranging from 

centrifugation (3000g – 7000g), microfiltration (0.1 – 10 μm), and ultrafiltration (0.001 – 0.1μm) 

(Oomen et al., 2002; Ruby et al., 1996, 1999; Drexler and Brattin, 2007; Rodriguez et al., 2003).  

Both Test A, and the Test B and C methods used a microfiltration approach (Test A- 4.5 μm; Test 
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B, C- 0.45 μm).  The current study, however, used an ultrafiltration approach (0.01 μm).  The 

importance of the separation method has been clearly illustrated here and in a study by Van 

der Wiele et al. (2007).  It was found that other (milder) separation methods generate higher 

bioaccessibility values that may overestimate the actual bioaccessible fraction.  Bioaccessibililty 

values from models using more stringent separation methods better approximate in vivo 

bioavailability results (Van der Wiele et al., 2007).  Third, the methods of Test A-C included a 

strict pH check and control regimen, much like the current study (Appendix I), where pH 

adjustment were done to bring pH down to 1.5 in the event of a pH increase of more than 0.5 

units.  This was accomplished with drop wise additions of concentrated HCl five times in an 

hour if necessary.  However, data regarding the volume or frequency of HCl used for pH 

adjustment was not reported for either analysis of Tests A-C.  It is therefore not possible to 

determine the true ratio of H+ that may be in these systems, as addition of concentrated HCl 

would significantly increase that ratio, as evident in the current study (Appendix I).  

Trace metal bioaccessibility is generally assumed to be positively correlated with 

increases in ER up to the point where proton supply isn’t the limiting factor, similar to as 

observed in the Port Colborne MOE study.  This generalization is confirmed by the results of a 

number of studies investigating trace metal solubility in vitro.  For example, Hamel et al. (1998) 

has shown that GIT bioaccessibility is relatively greater at higher ER for As, Girouard and Zagury 

(2009) observed a similar relationship for As as well, and Van de Wiele et al. (2007) observed 

the same positive trend for Pb.  Also, within the present work, the results of the investigations 

for other Ni species suggest they behave similarly to this standard generalization.  NiS, Ni3S2, 

NiSO4, and Ni metal all showed evidence of a positively correlated relationship between ER and 
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bioaccessible Ni.  The fact that the bioaccessibility of NiO in the present study are contrary to 

these relationships suggests that there potentially is a physicochemical factor(s) controlling 

bioaccessibility that is unique to NiO.  As NiO is an important anthropogenic pollutant, a 

detailed analysis of its potential solubility and the physicochemical factor(s) that affect this rate 

of dissolution, is of importance to those affected by smelter and refinery based Ni 

contamination. 

 



84 
 

 
 
A 

Soil [Ni]

8000 10000 12000 14000 16000 18000

%
N

i 
L

e
a

c
h

e
d

0

5

10

15

20

25

"Test A" MOE Rodney St. Data

 

 
 
B 

mol of [H
+
]/g of Ni

0.01 0.1 1

%
N

i 
L
e
a
c
h
e
d

0

5

10

15

20

25

"Test A" MOE Rodney St. Data

 

Figure 2.15.  Measured bioaccessibility of nickel from Port Colborne, ON.  A) soil samples as a function of soil [Ni]; B) same samples 
as a function of the mols of H+ per g of Ni ratio in extraction.  Data from Table A5-7, MOE (2002). 
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Figure 2.16.  Bioaccessibility of nickel (%Ni leached) from 24h NiO samples (present study) and 
Port Colborne, ON soils, as a function of the mols of H+ per g of Ni. 
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Figure 2.17.  Bioaccessibility of nickel from 2h NiO samples and Port Colborne, ON soils, as a function of the mols of H+ per g of Ni 
ratio.  
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2.6.3 Particle Surface Characterization 

Variability in particle surface characteristics could influence the rate of dissolution 

(Ebbings & Gammon, 2005): the dissolution of NiO by inorganic acids (proton promoted 

dissolution) is known to be surface-reaction controlled (Tremaine & LeBlanc, 1980) and 

differences in surface properties can be expected to influence dissolution rates (Sutheimer et 

al., 1999).  As spherical particle size decreases, the specific surface area of the particle 

increases, which increases the area of reaction per mol, which should accelerate the rate of 

dissolution (Anderberg & Nyström, 1990), although this might also result in unexpected 

exhaustion of protons.  Certainly a valid hypothesis here could ask the question of how these 

particles distributed themselves when ERs were established at the onset of the study.  If the 

distribution of compound particles in these in vitro analyses were somehow biased, where 

lower ER by random chanced received a different class of particle sizes, then the results would 

certainly be an artefact of this effect.  However, analysis of NiO particle size distributions from 

preliminary work (data not shown), gave no reason to suspect that the NiO samples used in this 

current study were not homogenously distributed in terms of particle size.  Therefore particle 

size is not likely a factor that is contributing to the increase in NiO solubilisation associated with 

lower ERs.   Surface characteristics such as particle shape could differ between NiO and other 

Ni-bearing minerals, particularly those associated with soil; this could explain the negative 

correlation between NiO dissolution and ERs observed in the present study.  However, given 

that there are no glaring irregularities in terms of NiO particle shape relative to the other 

compounds, an alternative explanation is much more likely.    



88 
 

Metal powders with larger SSAs can have higher bioaccessibilities than the same mass of 

lower SSA powder, if dissolution is limited by surface area: proton concentration during the 

gastric phase of the GIT.  This generalization about the relationship between bioaccessibility 

and surface limited dissolution is not evident in the experimental NiO extractions of the present 

study, particularly at the lowest ER of 50, which should represent the samples with the greatest 

surface area: proton ratio.  When adjusted for specific surface area, the apparent leaching of Ni 

was observed to be lowest for these samples at the biologically relevant in vitro parameters 

which were tested (Figure 2.14B).  At a 2h incubation period, the Ni leaching rate for the NiO 

samples were several orders of magnitude lower than what was observed for a number of the 

other Ni compounds.  This disjunction in the observed surface-adjusted dissolution reactions for 

NiO in our particular in vitro system indicates that there is a surface-limited effect on Ni release 

unrelated to surface area: proton ratio, or perhaps not directly related to it.  It is likely that the 

reactivity of partly hydrolyzed surface complexes is greater than the fully hydrated metal for 

NiO, and therefore the rate-limiting step may be related to the process of ligand exchange 

around the metal in solution, in addition to the removal of metal itself from the dissolving 

surface (Ludwig and Casey, 1996).  In other words, the progressive elimination of atoms on 

rough NiO surface may ultimately yield a relatively unreactive face.  These highly reactive sites 

may be characteristic of NiO surfaces at low ER, and thus partly accounts for the enhanced 

reactivity of NiO observed in these systems. 

Along these lines, one possible explanation could be the formation of polynuclear Ni 

species at the surface-solution interface.  As mentioned before, data from the current study 

indicated that the bioaccessibility of NiO was negatively correlated with increased ER, not 
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conforming to the hypothesis that NiO bioaccessibility increases as the ratio of simulated 

gastric fluid volume to contaminant mass increases (Richardson et al., 2006).  Since huge excess 

of protons limits dissolution of NiO, it is hypothesized that there the surface at the lower ERs is 

relatively more reactive, which leads to the increased release of Ni.  Aqueous nickel speciation 

and solubility, in conditions similar to those used in the present study, have been thoroughly 

documented in the literature (Martell and Smith, 2004; Hummel & Curti, 2003b; Baes and 

Mesmer, 1976; Plyasunova et al., 1998; Gamsjäger et al., 2002).  These experimental studies of 

hydrolytic equilibria, specifically those with high total Ni metal concentrations, describe 

equilibrium systems dominated by polynuclear Ni species (Plyasunova et al, 1998).  However, 

the stability and solubility constants for NiO were determined experimentally under the 

assumption that the only important nickel species were the monomeric hydrolysis products 

corresponding to the reactions (1), (2), (3), and (4), the reason being that polynuclear 

hydrolysed species are unstable at the high temperatures and low ionic strengths of those 

studies (Tremaine & LeBlanc, 1980).   

   (  )    
                                                              (1) 

   (  )   
                                                               (2) 

   (  )        (  ) 
 
(  )

                                          (3) 

   (  )         (  ) 
                                       (4) 

 

The same cannot be said for the in vitro systems in the present study, which were also 

carried out at relatively low ionic strengths, but at low temperatures as well.  Arguably, there 

may not be a use for thermodynamic equilibrium data in the assessment and physicochemical 

modelling of Ni bioaccessibilities, since in vitro assays rarely, if ever, approach chemical 
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equilibrium.  Since the existence of the polynuclear species Ni2OH3+ and Ni4(OH)4
4+ is 

established, it stands to reason that their formation at the NiO particle surface interface with 

the acid may be a factor in influencing NiO solubility, since a considerable volume of solution 

would be required to remove them by preferential dissolution.  In fact, given that the proton-

promoted dissolution of NiO is essentially a diffusion-controlled reaction, where the rate of 

reaction is governed by the rate at which H+ diffuses through the medium, the formation of any 

product which would interfere with this process would cause a decline in solubility rate.  If the 

physicochemical conditions which exist at higher extraction ratios promote the formation of 

these products, then the rate of NiO dissolution will be negatively affected, regardless of the 

higher proton: contaminant ratio which may exist in those systems.  However, it should be 

noted that given the equilibrium reaction (5): 

       (  )        
                          (5) 

it is unlikely at the acidic pH ranges relevant to these in vitro incubations that polynuclear 

species will be a major product.  Should pH increase to more alkaline levels (pH ≈ 8), then it 

would stand to reason that the formation of these products will interfere with NiO solubility; 

however at alkaline pH, NiO solubility will primarily be limited by H+ supply. 

 Given the scope of the current study, the question of why NiO dissolution is limited in 

this manner - specifically the mechanism behind this effect - cannot be answered definitively.  

The evidence seems to suggest that some mechanism related to or affecting surface access at 

the particle:solution interface is limiting Ni release from NiO.  Whether this involves the 

formation of polynuclear Ni species at the particle surface, or some other mechanism related to 
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the physical surface structure of the NiO particle in vitro (such as “surface pitting”), cannot be 

determined without further study.  For example, another experiment that would help define 

this problem would be to assess how changes in ER affect the surface of the NiO particle, since 

SSA was determined on the particles before exposure to acid.  Specifically this would involve 

running a series of high and low ER incubations, and then separating the particulates for 

analysis (SEM and SBET).  Yet another course of action could be to model the time-dependant 

speciation of NiO.  This would require the generation of NiO chemical constants relevant to 

these in vitro systems that are currently unavailable in literature.  Discovering the factors which 

are limiting NiO dissolution at low ERs will help define the solubility relationship of this 

particular compound.  It could also serve as a framework for identifying the potential of this 

effect in other compounds (i.e. other trace element oxides) for the purposes of risk 

characterization.  It is suggested that future work in this area should focus on identifying these 

chemical relationships, possibly integrating the data sets from multiple compounds with the 

goal of predicting solubility behaviour in metal mixtures.  Ultimately, the objective is to better 

predict and understand nickel release in conditions representative of field conditions.  With 

that in mind, it is important to make the transition from pure compound data to validation 

studies in field soils.  A good intermediary step would be analysis of bioaccessibility of metal 

mixtures in well characterized artificial soils, as well as expanding current data sets to include 

other Ni compounds. 

  



92 
 

2.7 Conclusions 

The ranking of bioaccessibility for the Ni compounds tested in this study agree with what was 

predicted by existing solubility data.  Solubilities for nickel sulfate in both the present study and 

from existing solubility data were orders of magnitude greater than what was observed for the 

other compounds, especially NiO.  This highlights the importance of considering the benefits of 

site-specific absorption factors, particularly to bridge the gap between bioavailability in the 

field-contaminated soils and bioavailability in the studies which informed the critical toxicity 

value, most of which used nickel sulfate.  The bioaccessibility values for Ni compounds, with the 

exception of nickel sulfate, were lower than 50% in many cases.  Not only is bioaccessibility in 

the present study dependent on Ni mineralogy, but also on in vitro model parameters - such as 

ER and time - which were shown to be important to the control of Ni release.  This supports the 

alternate hypotheses that the bioaccessibility of Ni is compound specific and is sensitive to the 

influences of both ER and time, in vitro.   

The release of Ni from NiSO4 in most cases occurred almost instantly and completely, 

with bioaccessibility values of greater than 90%.  There was little variability with ER or time, the 

difference between the highest and lowest recorded bioaccessibility being less than 10%.  The 

present study shows that it would not be recommended to use data derived solely from NiSO4-

based assays as a predictor of bioavailability of Ni in field-contaminated soils.  Rather, 

assessments should be made based on conditions which represent the realistic average case, 

i.e. NiO or some combination of Ni compounds typical of industrial emissions, and digestion 

conditions that are simulative of the GIT.  For NiO, the data suggest that higher ERs may not 

necessarily produce more conservative risk estimates, and may in fact lead to the under-
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estimation of risk due to a surface-access limitation effect evident in NiO solubility.  Although 

the mechanism causing the limited solubility of NiO at higher ERs was not identified, there is 

enough evidence to formulate possible next research questions which may help characterize 

this unique solubility behaviour.  For nickel compounds with a positive correlation between 

bioaccessibility and ER, i.e. NiS, Ni3S2, and Ni M, there is a threshold at which ER and time are 

no longer limiting bioaccessibility.  For the purposes of generating conservative risk 

assessments for use in HHRA, i.e. worst case scenarios, this maximum bioaccessibility may be a 

justified.  Additional data are needed: first, there is a need to compare the in vitro 

bioaccessibility data to relevant in vivo data.  Second, these models and parameters should be 

based on the processes of the human GIT and it is therefore necessary to verify these 

threshold/plateau ER values as representative of true biological conditions.   

Bioaccessibility assays have become an integral component of human exposure 

assessments for contaminated sites, in part because of ease of use and also as regulators push 

for a reduction in the utilization of animal testing for hazard and risk assessments.  As a result, 

there is a need to refine current in vitro models with respect to improving the validity and 

defensibility of bioaccessibility results for application in contaminated site risk assessment.  It is 

recommended that the following general course of actions should be taken: 

1.  For assayed soil samples, metal speciation should be determined quantitatively.  If a 

particular form of the metal is found to be dominant, then it is likely that the 

bioaccessibility data will reflect the same relationships observed in assays of the pure 
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compound in absence of soil.  This will allow for a degree of prioritization in estimating 

exposures and risks on large scale projects involving multiple plots of land. 

2. Following recommendation 1, the selection of appropriate in vitro assay parameters, 

specifically the extraction ratio, should be confirmed and validated by the appropriate 

speciation data coupled with reference pure compound data.  As with the Ni 

compounds investigated in the current study, there are characteristically three patterns 

of ER regulated dissolution.  There is a threshold relationship, an increasing relationship, 

and a decreasing relationship, the last of which presents a problem, as selecting a ratio 

of 10000:1 could potentially underestimate risk. 

3. The influence of particle characteristics such as particle shape, size, and surface area on 

bioaccessibility should be investigated in further detail.  It is likely that the rate limiting 

step in the release of Ni from particle surfaces for sparingly soluble compounds is not 

the removal of metal from the dissolving surface but rather another mechanism 

occurring around the corresponding metal in solution.  Further study is required.  
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Appendix I 

 

The effect of pH drift during extraction on NiO bioaccessibility 

pH Check and Control Procedure 
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The longer-term extractions repeated bioaccessibility for incubation times up to 24 

hours, which corresponded with and corroborated the data from the previous short-term 

incubations;  the values ranged from 2.5 - 6.5%  vs. 2.1 - 5.9% .  Incubating the same samples 

for an additional 24 hours increased bioaccessibility to between 4.5% and 16% (Table 1).  For 

the longest incubation period, 7 days, a dramatic increase in bioaccessibility was observed, with 

results ranging from 16% - 90% (Table 1).  The ranges of percent bioaccessible nickel within ERs 

for the most part, increase dramatically as incubations approach times greater than 48 hours, 

indicating greater absolute leaching as incubation time progressed within each ER; similar to 

what was previously observed in the short-term samples. 

The long-term data were consistent with those obtained from the short-term NiO data.  

Differences were found among levels of ER, incubation time, and between the two factors.  

Generally a decrease in percent bioaccessible nickel occurred as ER was increased.  However, 

the results from the ER=50 samples were unusual in that the bioaccessible Ni in samples for all 

incubation times, including 7 days, was less than 20%.  In fact, no differences were found 

between the 50 ER/168 hours and the 3000/168 hours.  In contrast, for the 24h extraction, the 

greatest decrease in percent bioaccessible nickel was observed between the 50 ER and 3000 

ER- suggesting that at least for the 50 ER, the leaching rate decreased after 48 hours of 

incubation, and also as incubation time increased. Most of the other data were consistent with 

what was observed in the short-term NiO extractions.  With the exception of the data from 50 

ERs, the extractability of nickel was shown to decrease as ER increased for these long-term NiO 

extractions.  In other words, the solubility of nickel from NiO decreased as the ratio of acid to 
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metal is increased.  Moreover, the observed discrepancy is likely an artefact of the 

experimental design. 

ER
 (

m
L/

g)
 

 2 hours 4 hours 24 hours 48 hours 168 hours 

50 0.66±0.08 1.10±0.02 6.95±0.55 16.0±0.62 18.2±0.15 

500 0.65±0.08 1.02±0.08 4.95±0.16 14.2±0.27 89.2* 

1000 0.69±0.08 0.93±0.10 3.94±0.49 8.19±1.67 69.2±3.02 

3000 0.62±0.15 0.83±0.13 3.05±0.28 4.79±0.17 16.1±1.25 

Table 1. Bioaccessibility (% Ni Leached) (arithmetic mean ± standard error) of Ni for in vitro 
extractions of 50-3000 ER for up to 168 h incubation.  
*treatment combination contained only one observation due to sample contamination. 
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Figure 1. Bioaccessibility (% Ni Leached) (arithmetic mean ± standard error)  of NiO for in vitro 
extractions of 50-3000 ER  incubated for 2 – 168 hours. 
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pH During Dissolution 

Solution pH in the long-term NiO incubation experiment increased for samples at 50 ER 

(Fig 2), indicating a deviation from the nominal experimental conditions established at the 

onset of the study, which were intended to represent those of the human gastric system.  

Although some pH drift was expected, this was beyond the tolerable variation.  The tolerance 

was defined by the variance in measured pH values from 500, 1000, and 3000 ERs; where pH 

drift above one standard deviation from pH = 1.00 indicated a drift from nominal experimental 

conditions (pH < 1.06).   With the exception of 50 ER, solution pH within ER groups remained 

within tolerance.  Thus at the 50 ER, pH confounded the measured bioaccessibility.  Since the 

effective liberation of Ni from NiO is driven by the consumption of H+, a pH shift (Fig 2) towards 

basic conditions likely limited dissolution of NiO. 
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Figure 2.  Solution pH for NiO in vitro extractions at sample extraction following filtration. 
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To determine the true bioaccessibility of Ni in NiO, at ER=50, an amendment to the 

original method was necessary to maintain solution pH that is comparable with the other 

treatments. Originally, pH was not expected to drift beyond the acidic conditions of the 0.15M 

HCl extractant. Since this was not the case, a pH check and control procedure was 

implemented.  The first step was to measure pH in all in vitro extractions twice per day, four 

hours apart.  If the pH deviated more than 0.06 from 1.00, point additions of small volumes of 

concentrated HCl acid (100 μL) were added to the solution.  If the observed pH was greater 

than pH = 1.06, then 1.0 mL of concentrated HCl was added to the solution, up to a maximum 

of 2.0 mL per day which controlled solution pH (Fig 3, A).  With and without pH control 

produced two very distinct bioaccessibility relationships for the 50 ER (Fig 3, A).  With “pH 

control” it is evident that more leaching of Ni occurred (85%), compared to 20% with no pH 

control.  At low ER, protons appeared to be consumed, and given that there is no buffering 

capacity in HCl, the solution pH rose.  At circumneutral pH, leaching of Ni was reduced. If pH is 

not controlled and maintained at the pH expected in the human stomach, then the measured 

bioaccessibility values would be confounded by a “pH-limitation” effect. 

 

The effect of ER and Time on NiO Dissolution 

The data from the comparative pH control experiment for the NiO extractions were 

consistent with the hypothesis that a pH limitation in original experimental design was 

confounding the extractability of affected samples.  With the understanding that it is necessary  
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Figure 3. A) pH throughout the 7 day NiO extractions for 50, 500, 1000, and 3000 ER.  B) Bioaccessibility of Ni from 7 day NiO 
extractions with and without pH “check and control”.  X-axis in moles of HCl per g of Ni to account for HCl additions from pH “check 
and control” procedure. 
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to control the pH of these experimental extractions, particularly for a compound such as NiO, 

the questionable data points from the original experiment were consequently rejected.  The 

revised model for the long-term NiO extractions replaced the data for 168h data where pH was 

not controlled, measurements that were within acceptable range for the other levels of ER 

were augmented with the additional data from the pH-controlled experiment (Table 4, Figure 

5).  The pH “check and control” data for long-term extractions validate the observations from 

the short-term NiO extractions:  bioaccessible nickel decreased linearly as ER increased, at all 

incubation times.  Furthermore, the greatest decrease in leaching (Nibioaccessible, 89% to 15%) 

occurred after roughly 48h of incubation, and the effect was more pronounced as ER is 

increased, in spite of the greater ratio of acid extractant: nickel; suggesting that the release of 

nickel from NiO, driven by the chemical equilibrium given by eq. 1., is obstructed at the higher 

ERs. 

 

ER (mL/g) 2 h 4 h 24 h 48 h 168 h 

50 0.66±0.08 1.10±0.02 6.95±0.55 16.0±0.62 - 

236† - - - - 88.6±5.11 

500 0.65±0.08 1.02±0.08 4.95±0.16 14.2±0.27 80.2±10.91* 

1000 0.69±0.08 0.93±0.10 3.94±0.49 8.19±1.67 50.9±11.46** 

3000 0.62±0.15 0.83±0.13 3.05±0.28 4.79±0.17 14.9±1.02** 

Table 2. Bioaccessibility (% Ni Leached) (arithmetic mean ± standard error) for long-term NiO 
extractions for 50-3000 ER for up to 168 h incubation, with pH control.  
*n=3  
**n=4 
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Figure 4.  A) Bioaccessibility (% Ni Leached) (arithmetic mean ± standard error) of long-term NiO in vitro extractions for 50 – 3000 ER 
samples incubated for 2 – 168 hours.  B) An enlargement of the same data.
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Appendix II 

 

Raw Data Sets for Multi-point BET Specific Surface Analyses 
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BET specific surface area measurements of the experimental nickel compounds used in these in 
vitro extractions. (a) the first BET plot for NiO; and (b) the second BET plot for NiO.  (c) the first 
BET plot for NiSO4; and (d) the second BET plot for NiSO4.  (e) the first BET plot for NiS; and (f) 
the second BET plot for NiS.  (g) the first BET plot for Ni3S2; and (h) the second BET plot for 
Ni3S2.  (i) the first BET plot for nickel metal; and (j) the second BET plot for nickel metal. 
 

 

  

i j 
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Appendix III 

 

Summarized ANOVA Outputs from Statistical Analyses  
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Short Term NiO Extractions 
Dependent Variable: percentNi   Bioaccessible Ni (%) 
 
                                     Sum of 

Source            DF         Squares     Mean Square    F Value    Pr > F 
Model             16     83.08432835      5.19277052      62.35    <.0001 
Error             15      1.24918445      0.08327896 
Corrected Total   31     84.33351280 

 
 

R-Square     Coeff Var      Root MSE    percentNi Mean 
0.985188      20.74480      0.288581          1.391100 

 
 

Source           DF     Type III SS     Mean Square    F Value    Pr > F 
rep              1      0.17919091      0.17919091       2.15    0.1631 
time             3     67.66450220     22.55483407     270.83    <.0001 
ER               3      3.95389635      1.31796545      15.83    <.0001 
ER*time          9     11.28673889      1.25408210      15.06    <.0001 

 
 

 
Long Term NiO Extractions 

Dependent Variable: percentNi   Bioaccessible Ni (%) 
 
                                               Sum of 

Source                      DF         Squares     Mean Square    F Value    Pr > F 
Model                       20     15215.31773       760.76589     466.55    <.0001 
Error                       18        29.35104         1.63061 
Corrected Total             38     15244.66876 

 
 

R-Square     Coeff Var      Root MSE    percentNi Mean 
0.998075      11.48780      1.276955          11.11574 

 
 

Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
rep                          1         0.05604         0.05604       0.03    0.8550 
time                         4     10732.62944      2683.15736    1645.49    <.0001 
ER                           3      1618.88896       539.62965     330.94    <.0001 
ER*time                     12      5201.34805       433.44567     265.82    <.0001 

 
 
 

pH Control Long Term NiO Extractions 
 
Dependent Variable: percentNi   Bioaccessible Ni (%) 
 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
       Model                       20     33057.61272      1652.88064      20.09    <.0001 
       Error                       24      1974.38328        82.26597 
       Corrected Total             44     35031.99601 
 
 
                      R-Square     Coeff Var      Root MSE    percentNi Mean 
                      0.943641      49.88695      9.070059          18.18123 
 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
       rep                          1       389.54073       389.54073       4.74    0.0396 
       time                         4     14608.47920      3652.11980      44.39    <.0001 
       ER                           4      3369.81800       842.45450      10.24    <.0001 
       ER*time                     11      4512.20996       410.20091       4.99    0.0005 
 
 



117 
 

 
NiSO4 Extractions 

Dependent Variable: percentNi   Bioaccessible Ni (%) 
 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
       Model                        7     111.2226589      15.8889513       4.70    0.0022 
       Error                       23      77.7974527       3.3824979 
       Corrected Total             30     189.0201116 
 
 
               R-Square     Coeff Var      Root MSE    percentNi Mean 
               0.588417      2.017064      1.839157          91.17992 
 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
       rep                          1      7.95677787      7.95677787       2.35    0.1387 
       time                         3     16.83727473      5.61242491       1.66    0.2035 
       ER                           3     79.65760157     26.55253386       7.85    0.0009 
 
 

 

Nickel Sulphide Extractions 
Dependent Variable: percentNi   Bioaccessible Ni (%) 
 
                                              Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
       Model                       20     233.6150000      11.6807500      14.79    <.0001 
       Error                       19      15.0027500       0.7896184 
       Corrected Total             39     248.6177500 
 
              R-Square     Coeff Var      Root MSE    percentNi Mean 
              0.939655      5.862476      0.888605          15.15750 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
       rep                          1       1.4822500       1.4822500       1.88    0.1866 
       time                         4      99.9865000      24.9966250      31.66    <.0001 
       ER                           3     103.5487500      34.5162500      43.71    <.0001 
       ER*time                     12      28.5975000       2.3831250       3.02    0.0154 

 
 
Nickel Subsulphide Extractions 

Dependent Variable: percentNi   Bioaccessible Ni (%) 
 
                                              Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
       Model                       20     8337.740668      416.887033     362.15    <.0001 
       Error                       19       21.871514        1.151132 
       Corrected Total             39     8359.612182 
 
               R-Square     Coeff Var      Root MSE    percentNi Mean 
               0.997384      5.709365      1.072908          18.79208 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
       rep                          1        0.125743        0.125743       0.11    0.7446 
       time                         4     3475.751011      868.937753     754.85    <.0001 
       ER                           3     3698.149313     1232.716438    1070.87    <.0001 
       ER*time                     12     1163.714601       96.976217      84.24    <.0001 
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Nickel Metal Powder Type 123 Extractions (Nickel Metal) 
Dependent Variable: percentNi   Bioaccessible Ni (%) 
 
                                               Sum of 
       Source                      DF         Squares     Mean Square    F Value    Pr > F 
       Model                       15     26891.38549      1792.75903     678.25    <.0001 
       Error                       16        42.29132         2.64321 
       Corrected Total             31     26933.67681 
 
                      R-Square     Coeff Var      Root MSE    percentNi Mean 
                      0.998430      2.561604      1.625794          63.46783 
 
       Source                      DF     Type III SS     Mean Square    F Value    Pr > F 
       time                         3     14986.91998      4995.63999    1889.99    <.0001 
       ER                           6      7399.74040      1233.29007     466.59    <.0001 
       ER*time                      6       241.18843        40.19807      15.21    <.0001 
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Appendix IV 

 

Screenshots of Aqueous Speciation Model Interfaces and Matrices 
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Dim A(20, 20) As Single 
Dim Z(20, 20) As Single 
Dim Q(20, 20) As Single 
Dim color(9) As Integer 
Dim CompName(20), SpecName(20) As 
String 
Dim logB(20), logX(20), logC(20) As 
Single ' X conc of species, C conc of 
component 
Dim C(20), PropC(20), T(20) As Single 
Dim X(20), Y(20), W(20), P(20) As Single 
Dim NoSpecies, NoComps, 
NoTotCompKnown As Integer 
Dim N, I1 As Single 
Dim ProppH(2000), PropNi(2000), 
PropNiOH(2000), PropNiHCO3(2000), 
PropNiCO3(2000), PropNi4OH4(2000) As 
Single 
Dim PropNiOH2(2000), 
PropNiOH3(2000), PropNiCl(2000), 
PropNiSO4(2000), PropNiSO42(2000) As 
Single 
Dim InitialpH, FinalpH As Single 
Dim LenX, LenY, OrigX, OrigY As Integer 
Dim IntervalX, IntervalY As Single 
Dim InitialY, FinalY As Single 
Dim TotNoIt, Tol As Single 
Dim leftoffset, rightoffset, topoffset, 
bottomoffset As Integer 
Private Sub Species() 
NoSpecies = 18 
SpecName(1) = "Ni" 
SpecName(2) = "NiOH" 
SpecName(3) = "NiOH2" 
SpecName(4) = "NiOH3" 
SpecName(5) = "Ni4OH4" 
SpecName(6) = "NiHCO3" 
SpecName(7) = "NiCO3" 
SpecName(8) = "NiCl" 
SpecName(9) = "NiSO4" 
SpecName(10) = "Ni(SO4)2" 
SpecName(11) = "H2CO3" 
SpecName(12) = "HCO3" 
SpecName(13) = "CO3" 
SpecName(14) = "Cl" 
SpecName(15) = "SO4" 
SpecName(16) = "HSO4" 
SpecName(17) = "OH" 
SpecName(18) = "H" 
Rem LogB values at zero ionic str 
'logB(1) = 0 
'logB(2) = -9.9 
'logB(3) = -19 
'logB(4) = -30 
'logB(5) = -27.7 
'logB(6) = -5.73 
'logB(7) = -13.58 
'logB(8) = -0.43 
'logB(9) = 2.3 
'logB(10) = 3.2 
'logB(11) = -1.47 
'logB(12) = -7.82 
'logB(13) = -18.15 
'logB(14) = 0 
'logB(15) = 0 

'logB(16) = 1.99 
'logB(17) = -14 
'logB(18) = 0 
If opt3000ER.Value = True Then GoTo 
1000 
Rem LogBs for 50 ER (I=0.70) 
logB(1) = 0 
logB(2) = -10.1 
logB(3) = -19.146 
logB(4) = -29.846 
logB(5) = -26.997 
logB(6) = -5.978 
logB(7) = -13.828 
logB(8) = -0.927 
logB(9) = 1.305 
logB(10) = 2.205 
logB(11) = -1.47 
logB(12) = -7.569 
logB(13) = -17.401 
logB(14) = 0 
logB(15) = 0 
logB(16) = 1.493 
logB(17) = -13.7 
logB(18) = 0 
If opt50ER.Value = True Then GoTo 1200 
1000 
Rem LogBs for 3000 ER (I=0.15) 
logB(1) = 0 
logB(2) = -10.38 
logB(3) = -19.72 
logB(4) = -30.72 
logB(5) = -28.18 
logB(6) = -5.97 
logB(7) = -13.82 
logB(8) = -0.91 
logB(9) = 1.34 
logB(10) = 2.24 
logB(11) = -1.47 
logB(12) = -7.578 
logB(13) = -17.427 
logB(14) = 0 
logB(15) = 0 
logB(16) = 1.51 
logB(17) = -14 
logB(18) = 0 
1200 
End Sub 
Private Sub Components() 'hydrogen ion 
must always be the last component 
  NoComps = 5 
  NoTotCompKnown = 3 
  CompName(1) = "Ni" 
  CompName(2) = "Cl" 
  CompName(3) = "SO4" 
  CompName(4) = "CO2" 
  CompName(5) = "H" 
 T(1) = Val(txtConcMe.Text) 
 T(2) = Val(txtConcCl.Text) 
 T(3) = Val(txtConcSO4.Text) 
 T(4) = Val(txtpCO2g.Text) 
 T(5) = 0 
 logX(1) = -9:  X(1) = 10 ^ logX(1) 
 logX(2) = -9:  X(2) = 10 ^ logX(2) 
 logX(3) = -9:  X(3) = 10 ^ logX(3) 
 logX(4) = Log(T(4)) / 2.3026: X(4) = 10 ^ 
logX(4) 

 logX(5) = -9:  X(5) = 10 ^ logX(5) 
End Sub 
 
 
Private Sub Matrix() 
Open 
"C:\Users\Wilson\Desktop\Dropbox\MS
c Research\Thesis Resources\Nickel 
Speciation\NickelSpeciation 
(50ER)\matrixNiSpec.txt" For Input As 
#1 
For I = 1 To NoSpecies 
     For J = 1 To NoComps 
        Input #1, A(I, J) 
     Next J 
Next I 
Close #1 
End Sub 
 
Private Sub cmdTable_Click() 
frmTable.Visible = True 
Call Species 
Call Components 
For I = 1 To NoSpecies 
  For J = 1 To NoComps 
       Call Matrix 
  Next J 
Next I 
picTable.Print Tab(8); "------Relative 
Proportion of Species-------" 
     picTable.Cls 
     picTable.Print Tab(2); "pH"; 
     picTable.Print Tab(8); SpecName(1); 
     picTable.Print Tab(16); SpecName(2); 
     picTable.Print Tab(24); SpecName(3); 
     picTable.Print Tab(32); SpecName(4); 
     picTable.Print Tab(40); SpecName(5); 
     picTable.Print Tab(48); SpecName(6); 
     picTable.Print Tab(56); SpecName(7); 
     picTable.Print Tab(64); SpecName(8); 
     picTable.Print Tab(72); SpecName(9); 
     picTable.Print Tab(80); 
SpecName(10); 
 For pH = InitialpH To FinalpH Step 1 
     logX(NoComps) = -pH 
    NoIt = 0 
    I1 = I1 + 1 
300 
Call MassAction 
Call MassBalance 
Call Jacobian 
Rem CONVERGENCE CHECK 
     F = 1 
     For J = 1 To NoTotCompKnown 
         If Abs(Y(J)) / W(J) > Tol Then F = 0 
     Next 
    If F = 1 Then GoTo 800: Rem branch to 
output if converged 
Rem SOLVE N x N, IMPROVE X     NoIt = 
NoIt + 1 
    If NoIt > TotNoIt Then Stop 
     Rem newton-raphson 
     N = NoTotCompKnown 
Rem Matrix Operations 
Call GaussElim 
Call BackSub 
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    GoTo 300 
800 Rem OUTPUT 
  Call Proportions 
     picTable.Print Tab(0); 
FormatNumber(-logX(NoComps), 2); 
     picTable.Print Tab(8); 
FormatNumber(PropC(1), 3); 
     picTable.Print Tab(16); 
FormatNumber(PropC(2), 3); 
     picTable.Print Tab(24); 
FormatNumber(PropC(3), 3); 
     picTable.Print Tab(32); 
FormatNumber(PropC(4), 3); 
     picTable.Print Tab(40); 
FormatNumber(PropC(5), 3); 
     picTable.Print Tab(48); 
FormatNumber(PropC(6), 3); 
     picTable.Print Tab(56); 
FormatNumber(PropC(7), 3); 
     picTable.Print Tab(64); 
FormatNumber(PropC(8), 3); 
     picTable.Print Tab(72); 
FormatNumber(PropC(9), 3); 
     picTable.Print Tab(80); 
FormatNumber(PropC(10), 3); 
    
     
  Next pH 
End Sub 
 
Private Sub cmdGraph_Click() 
frmGraph.Visible = True 
' clears memory of any previous runs of 
graph 
I1 = 0 
 
 
 Call Graph 
 Call Species 
 Call Components 
 Call Legend 
  For I = 1 To NoSpecies 
    For J = 1 To NoComps 
         Call Matrix 
    Next J 
Next I 
 For pH = InitialpH To FinalpH Step 0.01 
    logX(NoComps) = -pH 'concentration 
of H 
    NoIt = 0 
    I1 = I1 + 1 
300 
    Call MassAction 
    Call MassBalance 
    Call Jacobian 
Rem CONVERGENCE CHECK 
     F = 1 
     For J = 1 To NoTotCompKnown 
       If Abs(Y(J)) / W(J) > Tol Then F = 0 
     Next 
    If F = 1 Then GoTo 800: Rem branch to 
output if converged 
Rem SOLVE N x N, IMPROVE X 
    NoIt = NoIt + 1 
    If NoIt > TotNoIt Then Stop 
     Rem newton-raphson 

     N = NoTotCompKnown 
 Call GaussElim 
 Call BackSub 
 GoTo 300 
800 Call Proportions 
    X1 = (pH - InitialpH) * IntervalX 
    Y1 = PropC(1) * IntervalY 
    Y2 = PropC(2) * IntervalY 
    Y3 = PropC(3) * IntervalY 
    Y4 = PropC(4) * IntervalY 
    Y5 = PropC(5) * IntervalY 
    Y6 = PropC(6) * IntervalY 
    Y7 = PropC(7) * IntervalY 
    Y8 = PropC(8) * IntervalY 
    Y9 = PropC(9) * IntervalY 
    Y10 = PropC(10) * IntervalY 
    picGraph.PSet (X1, Y1), 
QBColor(color(0)) 
    picGraph.PSet (X1, Y2), 
QBColor(color(1)) 
    picGraph.PSet (X1, Y3), 
QBColor(color(2)) 
    picGraph.PSet (X1, Y4), 
QBColor(color(3)) 
    picGraph.PSet (X1, Y5), 
QBColor(color(4)) 
    picGraph.PSet (X1, Y6), 
QBColor(color(5)) 
    picGraph.PSet (X1, Y7), 
QBColor(color(6)) 
    picGraph.PSet (X1, Y8), 
QBColor(color(7)) 
    picGraph.PSet (X1, Y9), 
QBColor(color(8)) 
    picGraph.PSet (X1, Y10), 
QBColor(color(9)) 
    picGraph.DrawWidth = 1.5 
 ProppH(I1) = pH 
 PropNi(I1) = PropC(1) 
 PropNiOH(I1) = PropC(2) 
 PropNiOH2(I1) = PropC(3) 
 PropNiOH3(I1) = PropC(4) 
 PropNi4OH4(I1) = PropC(5) 
 PropNiHCO3(I1) = PropC(6) 
 PropNiCO3(I1) = PropC(7) 
 PropNiCl(I1) = PropC(8) 
 PropNiSO4(I1) = PropC(9) 
 PropNiSO42(I1) = PropC(10) 
 
 Next pH 
End Sub 
 
Private Sub cmdTableau_Click() 
frmTableau.Visible = True 
Call Species 
Call Components 
picTableau.Cls 
picTableau.Print Tab(2); "Species"; 
picTableau.Print Tab(15); 
CompName(1); 
picTableau.Print Tab(22); 
CompName(2); 
picTableau.Print Tab(28); 
CompName(3); 
picTableau.Print Tab(36); 
CompName(4); 

picTableau.Print Tab(44); 
CompName(5); 
picTableau.Print Tab(52); 
CompName(6); 
picTableau.Print Tab(60); "log B"; 
For I = 1 To NoSpecies 
  picTableau.Print Tab(1); I; Tab(6); 
SpecName(I); Tab(15); 
   For J = 1 To NoComps 
     Call Matrix 
     picTableau.Print A(I, J); "        "; 
   Next J 
  picTableau.Print Tab(60); 
FormatNumber(logB(I), 2); 
Next I 
End Sub 
 
 
Private Sub MassAction() 
Rem MASS ACTION 
     For I = 1 To NoSpecies 
       V = logB(I) 
        For J = 1 To NoComps 
           V = V + logX(J) * A(I, J) 
        Next J 
        logC(I) = V 
        C(I) = 10! ^ V 
     Next I 
End Sub 
 
Private Sub MassBalance() 
 For J = 1 To NoComps 
        V = -T(J) 
        U = Abs(V) 
       For I = 1 To NoSpecies 
        V = V + A(I, J) * C(I) 
        U = U + Abs(A(I, J) * C(I)) 
       Next I 
       Y(J) = V 
       W(J) = U 
     Next J 
End Sub 
 
Private Sub Jacobian() 
 
    For J = 1 To NoTotCompKnown 
     For K = 1 To NoTotCompKnown 
      V = 0 
       For I = 1 To NoSpecies 
        V = V + A(I, K) * A(I, J) * C(I) 
      Next I 
       Z(J, K) = V 
       Next K 
      Next J 
End Sub 
Private Sub GaussElim() 
    For J = 1 To N: For K = 1 To N 
      Q(J, K) = Z(J, K): Next: Q(J, N + 1) = 
Y(J): Next 
      For I = 1 To N - 1 
        QII = Q(I, I) 
          For J = I + 1 To N 
             QJI = Q(J, I) / QII 
             For K = I To N + 1 
             Q(J, K) = Q(J, K) - Q(I, K) * QJI 
           Next K 
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        Next J 
   Next I 
End Sub 
       
Private Sub BackSub() 
 
For I = N To 1 Step -1 
   PI = Q(I, N + 1) 
    For J = I + 1 To N 
      PI = PI - Q(I, J) * P(J) 
    Next J 
   P(I) = PI / Q(I, I) 
Next I 
    For J = 1 To NoTotCompKnown 
       If P(J) < 1 Then X(J) = X(J) * (1 - P(J)) 
Else X(J) = X(J) / 10 
       logX(J) = Log(X(J)) / Log(10!) 
    Next J 
End Sub 
 
Private Sub Graph() 
MaxNumX = FinalpH - InitialpH 
MaxNumY = 1 
picGraph.Cls 
picGraph.Scale (OrigX - leftoffset, LenY + 
topoffset)-(LenX + rightoffset, OrigY - 
bottomoffset) 
picGraph.Line (OrigX, OrigY)-(LenX, 
OrigY)    ' x-axis 
picGraph.Line (OrigX, LenY)-(OrigX, 
OrigY)    ' y-axis 
IntervalX = LenX / (MaxNumX) 
IntervalY = LenY / (MaxNumY) 
For I = 0 To MaxNumX Step 2    'x-axis 
xPos = IntervalX * I 
picGraph.Line (xPos, 0)-(xPos, 3) 
ticLabel = FormatNumber(I + InitialpH, 
0) 
picGraph.CurrentX = IntervalX * I - 
picGraph.TextWidth(ticLabel) / 2 
picGraph.CurrentY = -1 
picGraph.Print ticLabel; 
Next I 
For I = 0 To MaxNumY Step 0.5    'y-axis 
yPos = IntervalY * I 
picGraph.Line (0, yPos)-(2.5, yPos) 
ticLabel = FormatNumber(I, 1) 
picGraph.CurrentY = IntervalY * I + 5 
picGraph.CurrentX = -20 
picGraph.Print ticLabel; 
Next I 
    picGraph.CurrentX = 75 
    picGraph.CurrentY = -10 
    picGraph.Print "pH" 
    End Sub 
 
Private Sub Proportions() 

  PropC(1) = C(1) / T(1) 
  PropC(2) = C(2) / T(1) 
  PropC(3) = C(3) / T(1) 
  PropC(4) = C(4) / T(1) 
  PropC(5) = C(5) / T(1) 
  PropC(6) = C(6) / T(1) 
  PropC(7) = C(7) / T(1) 
  PropC(8) = C(8) / T(1) 
  PropC(9) = C(9) / T(1) 
  PropC(10) = C(10) / T(1) 
End Sub 
 
 
Private Sub Form_Load() 
TotNoIt = 500  ' Total number of 
iterations allowed in newton-raphson 
Tol = 0.000005 
InitialpH = 0 
FinalpH = 14 
' Graph setup 
InitialY = 0 
FinalY = 1 
LenX = 150 
LenY = 100 
OrigX = 0 
OrigY = 0 
MaxNumX = FinalpH - InitialpH 
IntervalX = LenX / MaxNumX 
MaxNumY = FinalY - InitialY 
IntervalY = LenY / MaxNumY 
topoffset = 20 
bottomoffset = 20 
rightoffset = 50 
leftoffset = 20 
 
'colors for graph 
color(0) = 0 
color(1) = 1 
color(2) = 5 
color(3) = 14 
color(4) = 9 
color(5) = 10 
color(6) = 11 
color(7) = 12 
color(8) = 13 
color(9) = 3 
 
 
End Sub 
 
Private Sub Legend() 
StartY = 100 
StartLine = 165 
EndLine = StartLine + 10 
picGraph.DrawWidth = 1.5 
picGraph.CurrentX = LenX + 5 
picGraph.CurrentY = StartY 
 

' Draw the legend 
For N = 1 To 10 Step 1 
    picGraph.Print SpecName(N) 
    picGraph.Line (StartLine, StartY - (5 + 
((N - 1) * 10)))-(EndLine, StartY - (5 + ((N 
- 1) * 10))), QBColor(color(N - 1)) 
    picGraph.CurrentX = LenX + 5 
    picGraph.CurrentY = StartY - N * 10 
Next 
 
 
End Sub 
 
 
 
 
Private Sub mnuSaveData_Click() 
dlgBox.Flags = 3 
dlgBox.Filter = "Text Files|*.txt" 
dlgBox.FileName = "" 
dlgBox.ShowSave 
 
Open dlgBox.FileName For Output As #1 
    Write #1, "pH"; "Ni"; "NiOH"; 
"NiOH2"; "NiOH3"; "Ni4OH4"; 
"NiHCO3"; "NiCO3"; "NiCl"; "NiSO4"; 
"Ni(SO4)2" 
    For J = 1 To I1 
        Write #1, ProppH(J); PropNi(J); 
PropNiOH(J); PropNiOH2(J); 
PropNiOH3(J); PropNi4OH4(J); 
PropNiHCO3(J); PropNiCO3(J); 
PropNiCl(J); PropNiSO4(J); 
PropNiSO42(J) 
    Next J 
Close #1 
 
End Sub 
 
Private Sub opt3000ER_Click() 
picGraph.Cls 
picTable.Cls 
picTableau.Cls 
txtConcMe.Text = 0.00562 
txtConcSO4.Text = 0.00562 
txtConcCl.Text = 0.15 
End Sub 
 
Private Sub opt50ER_Click() 
picGraph.Cls 
picTable.Cls 
picTableau.Cls 
txtConcMe.Text = 0.341 
txtConcSO4.Text = 0.341 
txtConcCl.Text = 0.15 
End Sub 
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Appendix V 

 

Raw Data for in vitro Extractions 
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Experiment ID Sample ID ER 
Incubation 
Time (h) 

mass of 
NiO(g) 

mass of 
Ni(g) 

mg Ni 
Leached 

% Ni 
Leached 

Short-term NiO 1A-A 50 1 2.546 2.001 5.5228 0.276 

Short-term NiO 1B-A 50 1 2.547 2.002 6.494 0.324 

Short-term NiO 2A-A 500 1 0.254 0.200 0.5985 0.300 

Short-term NiO 2B-A 500 1 0.254 0.200 0.5941 0.298 

Short-term NiO 3A-A 1000 1 0.127 0.100 0.2659 0.267 

Short-term NiO 3B-A 1000 1 0.125 0.099 0.2465 0.250 

Short-term NiO 4A-A 3000 1 0.039 0.030 0.09223 0.302 

Short-term NiO 4B-A 3000 1 0.045 0.036 0.12029 0.337 

Short-term NiO 1A-B 50 2 2.547 2.002 9.681 0.484 

Short-term NiO 1B-B 50 2 2.542 1.998 10.544 0.528 

Short-term NiO 2A-B 500 2 0.256 0.201 0.9354 0.464 

Short-term NiO 2B-B 500 2 0.255 0.200 0.9693 0.484 

Short-term NiO 3A-B 1000 2 0.130 0.102 0.4895 0.481 

Short-term NiO 3B-B 1000 2 0.127 0.100 0.5029 0.505 

Short-term NiO 4A-B 3000 2 0.039 0.031 0.15543 0.507 

Short-term NiO 4B-B 3000 2 0.041 0.032 0.1873 0.581 

Short-term NiO 1A-C 50 4 2.547 2.002 19.483 0.973 

Short-term NiO 1B-C 50 4 2.544 1.999 20.535 1.027 

Short-term NiO 2A-C 500 4 0.259 0.203 1.7438 0.858 

Short-term NiO 2B-C 500 4 0.252 0.198 1.609 0.813 

Short-term NiO 3A-C 1000 4 0.128 0.101 0.8364 0.830 

Short-term NiO 3B-C 1000 4 0.126 0.099 0.7461 0.752 

Short-term NiO 4A-C 3000 4 0.038 0.030 0.28956 0.969 

Short-term NiO 4B-C 3000 4 0.042 0.033 0.2769 0.839 

Short-term NiO 1A-D 50 24 2.548 2.003 114.21 5.702 

Short-term NiO 1B-D 50 24 2.544 2.000 120.86 6.043 

Short-term NiO 2A-D 500 24 0.257 0.202 9.689 4.795 

Short-term NiO 2B-D 500 24 0.252 0.198 7.107 3.592 

Short-term NiO 3A-D 1000 24 0.129 0.102 3.7805 3.723 

Short-term NiO 3B-D 1000 24 0.127 0.100 3.0634 3.079 

Short-term NiO 4A-D 3000 24 0.044 0.035 0.87086 2.524 

Short-term NiO 4B-D 3000 24 0.039 0.031 0.49653 1.607 

Long-term NiO NiG-50-2A 50 2 2.540 1.997 14.8 0.741 

Long-term NiO NiG-50-2B 50 2 2.542 1.998 11.7 0.586 

Long-term NiO NiG-500-2A 500 2 0.257 0.202 1.48 0.734 

Long-term NiO NiG-500-2B 500 2 0.255 0.200 1.15 0.574 

Long-term NiO NiG-1000-2A 1000 2 0.123 0.097 0.748 0.773 

Long-term NiO NiG-1000-2B 1000 2 0.124 0.097 0.591 0.608 

Long-term NiO NiG-3000-2A 3000 2 0.040 0.031 0.242 0.772 

Long-term NiO NiG-3000-2B 3000 2 0.045 0.035 0.162 0.462 

Long-term NiO NiG-50-4A 50 4 2.542 1.998 22.5 1.126 

Long-term NiO NiG-50-4B 50 4 2.540 1.997 21.5 1.077 

Long-term NiO NiG-500-4A 500 4 0.259 0.204 2.24 1.099 

Long-term NiO NiG-500-4B 500 4 0.254 0.199 1.87 0.939 

Long-term NiO NiG-1000-4A 1000 4 0.126 0.099 1.03 1.038 

Long-term NiO NiG-1000-4B 1000 4 0.130 0.102 0.85 0.829 

Long-term NiO NiG-3000-4A 3000 4 0.040 0.031 0.301 0.962 

Long-term NiO NiG-3000-4B 3000 4 0.047 0.037 0.262 0.706 
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Experiment ID Sample ID ER 
Incubation 
Time (h) 

mass of 
NiO(g) 

mass of 
Ni(g) 

mg Ni 
Leached 

% Ni 
Leached 

Long-term NiO NiG-50-24A 50 24 2.544 1.999 128 6.402 

Long-term NiO NiG-50-24B 50 24 2.545 2.000 150 7.499 

Long-term NiO NiG-500-24A 500 24 0.250 0.196 9.4 4.789 

Long-term NiO NiG-500-24B 500 24 0.254 0.200 10.2 5.105 

Long-term NiO NiG-1000-24A 1000 24 0.132 0.104 4.6 4.434 

Long-term NiO NiG-1000-24B 1000 24 0.130 0.102 3.53 3.452 

Long-term NiO NiG-3000-24A 3000 24 0.041 0.032 1.07 3.337 

Long-term NiO NiG-3000-24B 3000 24 0.040 0.031 0.87 2.767 

Long-term NiO NiG-50-48A 50 48 2.543 1.999 332 16.610 

Long-term NiO NiG-50-48B 50 48 2.548 2.003 308 15.378 

Long-term NiO NiG-500-48A 500 48 0.258 0.202 28.2 13.933 

Long-term NiO NiG-500-48B 500 48 0.252 0.198 28.6 14.468 

Long-term NiO NiG-1000-48A 1000 48 0.125 0.098 9.7 9.865 

Long-term NiO NiG-1000-48B 1000 48 0.123 0.097 6.3 6.522 

Long-term NiO NiG-3000-48A 3000 48 0.040 0.032 1.46 4.621 

Long-term NiO NiG-3000-48B 3000 48 0.041 0.032 1.58 4.951 

Long-term NiO NiG-1000-7A 1000 168 0.132 0.104 67.1 64.772 

Long-term NiO NiG-1000-7B 1000 168 0.124 0.098 72.5 74.207 

Long-term NiO NiG-3000-7A 3000 168 0.039 0.030 5.29 17.391 

Long-term NiO NiG-3000-7B 3000 168 0.039 0.031 4.59 14.897 

NiO pH Control NiGpH-50A 239 168 2.500 1.965 1640 83.474 

NiO pH Control NiGpH-50B 234 168 2.553 2.007 1880 93.692 

NiO pH Control NiGpH-500A 500 168 0.256 0.201 187 92.899 

NiO pH Control NiGpH-500B 500 168 0.255 0.200 117 58.489 

NiO pH Control NiGpH-1000A 1000 168 0.131 0.103 44 42.831 

NiO pH Control NiGpH-1000B 1000 168 0.126 0.099 22 22.249 

NiO pH Control NiGpH-3000A 3000 168 0.045 0.035 5.3 14.984 

NiO pH Control NiGpH-3000B 3000 168 0.044 0.035 4.31 12.378 

Prelim NiSO4 1-1 100 0.08 4.478 0.999 0.912 91.335 

Prelim NiSO4 1-2 100 0.17 4.485 1.000 0.895 89.486 

Prelim NiSO4 1-3 100 0.25 4.484 1.000 0.938 93.813 

Prelim NiSO4 1-4 100 0.33 4.482 1.000 0.902 90.238 

Prelim NiSO4 1-5 100 0.42 4.480 0.999 0.827 82.772 

Prelim NiSO4 1-6 100 0.50 4.477 0.998 0.871 87.248 

Prelim NiSO4 1-7 100 0.67 4.480 0.999 0.925 92.599 

Prelim NiSO4 1-8 100 0.83 4.483 1.000 0.896 89.622 

Prelim NiSO4 1-9 100 1.00 4.478 0.999 0.868 86.930 

Prelim NiSO4 2-1 100 0.08 4.479 0.999 0.879 88.006 

Prelim NiSO4 2-2 100 0.17 4.477 0.998 0.885 88.644 

Prelim NiSO4 2-3 100 0.25 4.480 0.999 0.869 86.985 

Prelim NiSO4 2-4 100 0.33 4.484 1.000 0.888 88.802 

Prelim NiSO4 2-5 100 0.42 4.478 0.999 0.889 89.021 

Prelim NiSO4 2-6 100 0.50 4.479 0.999 0.871 87.207 

Prelim NiSO4 2-7 100 0.67 4.482 0.999 0.906 90.657 

Prelim NiSO4 2-8 100 0.83 4.480 0.999 0.847 84.789 

Prelim NiSO4 2-9 100 1.00 4.483 1.000 0.889 88.918 

NiSO4 7A-A 50 1 8.969 2.000 1.806 90.294 

NiSO4 7A-B 50 2 8.966 1.999 1.764 88.227 

NiSO4 7A-C 50 4 8.967 2.000 0.58 29.006 
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Experiment ID Sample ID ER 
Incubation 
Time (h) 

mass of 
NiO(g) 

mass of 
Ni(g) 

mg Ni 
Leached 

% Ni 
Leached 

NiSO4 7A-D 50 24 8.967 2.000 1.758 87.916 

NiSO4 7B-A 50 1 8.969 2.000 1.716 85.800 

NiSO4 7B-B 50 2 8.966 1.999 1.74 87.025 

NiSO4 7B-C 50 4 8.971 2.001 1.78 88.972 

NiSO4 7B-D 50 24 8.968 2.000 1.79 89.505 

NiSO4 8A-A 100 1 4.488 1.001 0.895 89.436 

NiSO4 8A-B 100 2 4.483 1.000 0.85 85.034 

NiSO4 8A-C 100 4 4.486 1.000 0.845 84.472 

NiSO4 8A-D 100 24 4.480 0.999 0.878 87.884 

NiSO4 8B-A 100 1 4.487 1.001 0.855 85.445 

NiSO4 8B-B 100 2 4.485 1.000 0.864 86.387 

NiSO4 8B-C 100 4 4.481 0.999 0.847 84.764 

NiSO4 8B-D 100 24 4.481 0.999 0.967 96.773 

NiSO4 9A-A 200 1 2.243 0.500 0.471 94.152 

NiSO4 9A-B 200 2 2.240 0.500 0.464 92.873 

NiSO4 9A-C 200 4 2.242 0.500 0.486 97.211 

NiSO4 9A-D 200 24 2.247 0.501 0.488 97.381 

NiSO4 9B-A 200 1 2.245 0.501 0.481 96.095 

NiSO4 9B-B 200 2 2.240 0.500 0.504 100.897 

NiSO4 9B-C 200 4 2.246 0.501 0.481 96.052 

NiSO4 9B-D 200 24 2.239 0.499 0.478 95.739 

NiSO4 10A-A 500 1 0.897 0.200 0.18425 92.131 

NiSO4 10A-B 500 2 0.895 0.200 0.1835 91.951 

NiSO4 10A-C 500 4 0.895 0.200 0.18725 93.851 

NiSO4 10A-D 500 24 0.898 0.200 0.18675 93.277 

NiSO4 10B-A 500 1 0.895 0.200 0.18275 91.545 

NiSO4 10B-B 500 2 0.896 0.200 0.184 92.088 

NiSO4 10B-C 500 4 0.900 0.201 0.18575 92.603 

NiSO4 10B-D 500 24 0.900 0.201 0.18425 91.845 

NiSO4 11A-A 1000 1 0.447 0.100 0.092 92.294 

NiSO4 11A-B 1000 2 0.445 0.099 0.09125 91.912 

NiSO4 11A-C 1000 4 0.447 0.100 0.0925 92.755 

NiSO4 11A-D 1000 24 0.451 0.101 0.09175 91.268 

NiSO4 11B-A 1000 1 0.446 0.099 0.0905 90.973 

NiSO4 11B-B 1000 2 0.444 0.099 0.089 89.868 

NiSO4 11B-C 1000 4 0.447 0.100 0.091 91.210 

NiSO4 11B-D 1000 24 0.446 0.099 0.08925 89.797 

NiSO4 12A-A 3000 1 0.148 0.033 0.02875 87.229 

NiSO4 12A-B 3000 2 0.146 0.033 0.02975 91.313 

NiSO4 12A-C 3000 4 0.147 0.033 0.0325 99.210 

NiSO4 12A-D 3000 24 0.148 0.033 0.03075 93.360 

NiSO4 12B-A 3000 1 0.149 0.033 0.0305 92.102 

NiSO4 12B-B 3000 2 0.146 0.032 0.03025 93.166 

NiSO4 12B-C 3000 4 0.149 0.033 0.03025 90.979 

NiSO4 12B-D 3000 24 0.150 0.033 0.03075 92.112 

NiS NiS-50-2A 50 2 3.092 2.000 245 12.248 

NiS NiS-50-2B 50 2 3.091 2.000 240 12.000 

NiS NiS-50-4A 50 4 3.089 1.999 244 12.209 

NiS NiS-50-4B 50 4 3.089 1.999 245 12.259 
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Experiment ID Sample ID ER 
Incubation 
Time (h) 

mass of 
NiO(g) 

mass of 
Ni(g) 

mg Ni 
Leached 

% Ni 
Leached 

NiS NiS-50-24A 50 24 3.092 2.001 251 12.545 

NiS NiS-50-24B 50 24 3.094 2.002 256 12.788 

NiS NiS-50-48A 50 48 3.089 1.999 246 12.308 

NiS NiS-50-48B 50 48 3.089 1.999 256 12.807 

NiS NiS-50-7A 50 168 3.094 2.002 258 12.887 

NiS NiS-50-7B 50 168 3.095 2.003 257 12.834 

NiS NiS-500-2A 500 2 0.307 0.199 27.1 13.639 

NiS NiS-500-2B 500 2 0.310 0.201 27.5 13.702 

NiS NiS-500-4A 500 4 0.314 0.203 28.7 14.149 

NiS NiS-500-4B 500 4 0.305 0.197 27 13.700 

NiS NiS-500-24A 500 24 0.309 0.200 29.8 14.930 

NiS NiS-500-24B 500 24 0.314 0.203 31 15.259 

NiS NiS-500-48A 500 48 0.313 0.202 33.1 16.350 

NiS NiS-500-48B 500 48 0.308 0.199 32.5 16.298 

NiS NiS-500-7A 500 168 0.310 0.200 35.5 17.711 

NiS NiS-500-7B 500 168 0.312 0.202 36.9 18.285 

NiS NiS-1000-2A 1000 2 0.153 0.099 13.5 13.638 

NiS NiS-1000-2B 1000 2 0.152 0.098 13.9 14.153 

NiS NiS-1000-4A 1000 4 0.150 0.097 13.8 14.229 

NiS NiS-1000-4B 1000 4 0.154 0.100 14.6 14.644 

NiS NiS-1000-24A 1000 24 0.152 0.098 15 15.253 

NiS NiS-1000-24B 1000 24 0.151 0.098 15.9 16.275 

NiS NiS-1000-48A 1000 48 0.150 0.097 15.7 16.177 

NiS NiS-1000-48B 1000 48 0.154 0.100 17.6 17.652 

NiS NiS-1000-7A 1000 168 0.160 0.103 20.7 20.046 

NiS NiS-1000-7B 1000 168 0.156 0.101 19 18.837 

NiS NiS-3000-2A 3000 2 0.053 0.034 4.8 13.971 

NiS NiS-3000-2B 3000 2 0.053 0.034 4.8 14.024 

NiS NiS-3000-4A 3000 4 0.051 0.033 4.8 14.490 

NiS NiS-3000-4B 3000 4 0.052 0.033 4.8 14.378 

NiS NiS-3000-24A 3000 24 0.054 0.035 5.5 15.771 

NiS NiS-3000-24B 3000 24 0.052 0.034 5.3 15.753 

NiS NiS-3000-48A 3000 48 0.049 0.032 5 15.869 

NiS NiS-3000-48B 3000 48 0.047 0.030 6.4 21.002 

NiS NiS-3000-7A 3000 168 0.054 0.035 7.3 20.972 

NiS NiS-3000-7B 3000 168 0.049 0.032 6.4 20.187 

NiS Offgass NiS-50-2A 50 2 3.092 2.000 245 12.248 

NiS Offgass NiS-50-2B 50 2 3.091 2.000 240 12.000 

NiS Offgass NiS-50-4A 50 4 3.089 1.999 244 12.209 

NiS Offgass NiS-50-4B 50 4 3.089 1.999 245 12.259 

NiS Offgass NiS-50-24A 50 24 3.092 2.001 251 12.545 

NiS Offgass NiS-50-24B 50 24 3.094 2.002 256 12.788 

NiS Offgass NiS-50-48A 50 48 3.089 1.999 246 12.308 

NiS Offgass NiS-50-48B 50 48 3.089 1.999 256 12.807 

NiS Offgass NiS-50-7A 50 168 3.094 2.002 258 12.887 

NiS Offgass NiS-50-7B 50 168 3.095 2.003 257 12.834 

NiS Offgass FNiS-og-A 50 168 3.091 2.000 338 16.899 

NiS Offgass FNiS-og-B 50 168 3.093 2.001 327 16.341 

Ni3S2 NiS2-50-2A 50 2 2.727 2.001 54 2.698 
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Experiment ID Sample ID ER 
Incubation 
Time (h) 

mass of 
NiO(g) 

mass of 
Ni(g) 

mg Ni 
Leached 

% Ni 
Leached 

Ni3S2 NiS2-50-2B 50 2 2.721 1.998 58 2.904 

Ni3S2 NiS2-50-4A 50 4 2.725 2.000 63 3.150 

Ni3S2 NiS2-50-4B 50 4 2.725 2.000 66 3.300 

Ni3S2 NiS2-50-24A 50 24 2.728 2.002 79 3.945 

Ni3S2 NiS2-50-24B 50 24 2.721 1.997 73 3.655 

Ni3S2 NiS2-50-48A 50 48 2.728 2.002 85 4.245 

Ni3S2 NiS2-50-48B 50 48 2.725 2.000 88 4.399 

Ni3S2 NiS2-50-7A 50 168 2.727 2.001 111 5.546 

Ni3S2 NiS2-50-7B 50 168 2.729 2.003 103 5.142 

Ni3S2 NiS2-500-2A 500 2 0.273 0.200 15.2 7.591 

Ni3S2 NiS2-500-2B 500 2 0.274 0.201 13.8 6.862 

Ni3S2 NiS2-500-4A 500 4 0.270 0.198 18.9 9.526 

Ni3S2 NiS2-500-4B 500 4 0.272 0.200 18.2 9.103 

Ni3S2 NiS2-500-24A 500 24 0.274 0.201 36.7 18.262 

Ni3S2 NiS2-500-24B 500 24 0.271 0.199 35 17.622 

Ni3S2 NiS2-500-48A 500 48 0.276 0.202 52.8 26.111 

Ni3S2 NiS2-500-48B 500 48 0.276 0.202 46 22.748 

Ni3S2 NiS2-500-7A 500 168 0.272 0.199 62.8 31.502 

Ni3S2 NiS2-500-7B 500 168 0.273 0.200 61.7 30.825 

Ni3S2 NiS2-1000-2A 1000 2 0.133 0.098 7.6 7.785 

Ni3S2 NiS2-1000-2B 1000 2 0.134 0.098 7.5 7.654 

Ni3S2 NiS2-1000-4A 1000 4 0.134 0.098 11.4 11.634 

Ni3S2 NiS2-1000-4B 1000 4 0.139 0.102 11.4 11.190 

Ni3S2 NiS2-1000-24A 1000 24 0.140 0.102 25.7 25.099 

Ni3S2 NiS2-1000-24B 1000 24 0.136 0.100 23.9 23.942 

Ni3S2 NiS2-1000-48A 1000 48 0.133 0.098 28.6 29.275 

Ni3S2 NiS2-1000-48B 1000 48 0.134 0.098 32.7 33.296 

Ni3S2 NiS2-1000-7A 1000 168 0.135 0.099 40.8 41.083 

Ni3S2 NiS2-1000-7B 1000 168 0.133 0.097 39.2 40.246 

Ni3S2 NiS2-3000-2A 3000 2 0.041 0.030 3.6 11.992 

Ni3S2 NiS2-3000-2B 3000 2 0.042 0.031 3.7 12.088 

Ni3S2 NiS2-3000-4A 3000 4 0.043 0.031 4.9 15.708 

Ni3S2 NiS2-3000-4B 3000 4 0.042 0.031 5.2 16.908 

Ni3S2 NiS2-3000-24A 3000 24 0.042 0.031 9.8 31.564 

Ni3S2 NiS2-3000-24B 3000 24 0.046 0.034 10.2 30.014 

Ni3S2 NiS2-3000-48A 3000 48 0.041 0.030 10.8 35.627 

Ni3S2 NiS2-3000-48B 3000 48 0.044 0.032 12.3 38.523 

Ni3S2 NiS2-3000-7A 3000 168 0.043 0.032 17.4 54.621 

Ni3S2 NiS2-3000-7B 3000 168 0.042 0.031 16.7 54.301 

Ni3S2 Offgass NiS2-50-2A 50 2 2.727 2.001 54 2.698 

Ni3S2 Offgass NiS2-50-2B 50 2 2.721 1.998 58 2.904 

Ni3S2 Offgass NiS2-50-4A 50 4 2.725 2.000 63 3.150 

Ni3S2 Offgass NiS2-50-4B 50 4 2.725 2.000 66 3.300 

Ni3S2 Offgass NiS2-50-24A 50 24 2.728 2.002 79 3.945 

Ni3S2 Offgass NiS2-50-24B 50 24 2.721 1.997 73 3.655 

Ni3S2 Offgass NiS2-50-48A 50 48 2.728 2.002 85 4.245 

Ni3S2 Offgass NiS2-50-48B 50 48 2.725 2.000 88 4.399 

Ni3S2 Offgass NiS2-50-7A 50 168 2.727 2.001 111 5.546 

Ni3S2 Offgass NiS2-50-7B 50 168 2.729 2.003 103 5.142 
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Experiment ID Sample ID ER 
Incubation 
Time (h) 

mass of 
NiO(g) 

mass of 
Ni(g) 

mg Ni 
Leached 

% Ni 
Leached 

Ni3S2 Offgass FNi3S2-og-A 50 168 2.722 1.998 282 14.113 

Ni3S2 Offgass FNi3S2-og-B 50 168 2.724 1.999 276 13.806 

NiM NIM-50-2A 50 2 2.015 1.997 182 9.115 

NiM NIM-50-2B 50 2 2.022 2.003 172 8.586 

NiM NIM-50-24A 50 24 2.020 2.002 375 18.735 

NiM NIM-50-24B 50 24 2.018 2.000 376 18.801 

NiM NIM-50-48A 50 48 2.014 1.996 380 19.038 

NiM NIM-50-48B 50 48 2.018 2.000 370 18.498 

NiM NIM-50-7A 50 168 2.014 1.996 371 18.589 

NiM NIM-50-7B 50 168 2.021 2.002 373 18.628 

NiM NIM-500-2A 500 2 0.202 0.200 37 18.456 

NiM NIM-500-2B 500 2 0.205 0.203 43 21.207 

NiM NIM-500-24A 500 24 0.206 0.204 133 65.086 

NiM NIM-500-24B 500 24 0.203 0.201 134 66.577 

NiM NIM-500-48A 500 48 0.204 0.202 156 77.052 

NiM NIM-500-48B 500 48 0.198 0.196 151 76.955 

NiM NIM-500-7A 500 168 0.201 0.199 179 89.953 

NiM NIM-500-7B 500 168 0.201 0.199 178 89.540 

NiM NIM-1000-2A 1000 2 0.101 0.100 23 23.093 

NiM NIM-1000-2B 1000 2 0.101 0.100 26 26.028 

NiM NIM-1000-24A 1000 24 0.101 0.100 72 71.792 

NiM NIM-1000-24B 1000 24 0.101 0.100 73 73.078 

NiM NIM-1000-48A 1000 48 0.101 0.100 84 84.257 

NiM NIM-1000-48B 1000 48 0.101 0.100 84 83.924 

NiM NIM-1000-7A 1000 168 0.101 0.100 90 90.366 

NiM NIM-1000-7B 1000 168 0.101 0.100 91 91.279 

NiM NIM-3000-2A 3000 2 0.034 0.033 13.6 40.966 

NiM NIM-3000-2B 3000 2 0.034 0.033 13.6 40.966 

NiM NIM-3000-24A 3000 24 0.033 0.033 32 96.678 

NiM NIM-3000-24B 3000 24 0.033 0.033 29.2 89.019 

NiM NIM-3000-48A 3000 48 0.034 0.034 31.5 93.488 

NiM NIM-3000-48B 3000 48 0.034 0.034 31.3 92.622 

NiM NIM-3000-7A 3000 168 0.033 0.033 31.9 97.250 

NiM NIM-3000-7B 3000 168 0.034 0.034 32.7 96.765 

NiM pH Control NiM-pH-24A 129 24 2.049 2.030 642.6 31.650 

NiM pH Control NiM-pH-24B 129 24 2.040 2.022 642.6 31.786 

NiM pH Control NiM-pH-48A 169 48 2.043 2.025 968.2 47.819 

NiM pH Control NiM-pH-48B 169 48 2.046 2.027 937.3 46.236 

NiM pH Control NiM-pH-A 273 168 2.016 1.998 1582.5 79.206 

NiM pH Control NiM-pH-B 273 168 2.018 2.000 1603.6 80.175 

 


