
CHARACTERIZATION OF ANTIMONY SPECIES USING MICRO-

ANALYTICAL SYNCHROTRON TECHNIQUES ON HOUSEHOLD 

DUST SAMPLES FROM OTTAWA, CANADA 
 

 

 

by 

 

Zoey Walden 

 

 

 

 

 

A thesis submitted to the School of Environmental Studies 

In conformity with the requirements for 

the degree of Master of Environmental Studies 

 

 

 

 

 

Queen’s University 

Kingston, Ontario, Canada 

(December, 2010) 

Copyright ©Zoey Walden, 2010 



ii 

 

Abstract 

Rasmussen et al. (2001) observed that Sb concentrations were enriched in household dust 

relative to outdoor garden soil samples and suspected the enrichment may be due to 

anthropogenic internal sources. Antimony trioxide (Sb2O3) is commonly found in various halogen 

flame-retardants and is a suspected carcinogen (IARC, 1989). North Americans spend a 

significant proportion of their time indoors, and are frequently exposed to dust. Therefore, 

characterizing potentially harmful metal(loid)s (i.e. Sb2O3) has become of increasing priority to 

various governmental agencies.   

A combination of micro-analytical synchrotron techniques (micro X-ray fluorescence 

(µXRF), micro X-ray diffraction (µXRD), micro X-ray absorption near-edge spectroscopy 

(µXANES)) and environmental scanning electron microscopy (ESEM) were used to characterize 

five archived samples provided by Health Canada. Two samples were in the 90th percentile for Sb 

content in household dust from a suite of 50 houses studied by Rasmussen et al. (2001). The 

corresponding garden soils of these houses were also analysed. The fifth sample was a children’s 

bedroom from a house studied in detail by Walker et al. (2010).  

Synchrotron microanalysis of Sb presents many challenges, given its high absorption 

energy (31 KeV), and the relatively low concentrations and small particles in house dust. An 

appropriate experimental set-up was optimized after several trials. Antimony within household 

dust is currently not of toxicological concern (EU, 2008). Micro-XRF maps of household dust 

samples and corresponding garden soils from sample to sample displayed distinct element 

correlations of Sb with other elements. This suggests that Sb species present within homes are not 

restricted to a single source. Potential sources are Pb based or Sb containing pigments (Naples 

Yellow), metal alloys and possibly flame-retardants. The lack of correlation between Sb hot spots 
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in the garden soil sample compared to the household dust suggests the source of interior Sb may 

not be external.  

A collaborative project with another student in the Environmental Studies Masters 

program was conducted to examine the potential for interdisciplinary work. Effective 

communication was the greatest barrier but there was success in the creation of a forum where 

people could critically think about the various nuances of household dust.   
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Chapter 1 

General Information on Household Dust and Research 

1.1 General Overview 

 

This thesis will focus on the use of micro-analytical synchrotron techniques to identify 

antimony (Sb) compounds present in household dust and garden soil. The motivation of 

characterizing metal(loid)s is to examine potential health risks, a literature review of the 

toxicological risks of Sb is included. In conjunction an exploration of collaborative work to 

examine what happens beyond scientific analysis of household dust was undertaken between a 

fellow Master’s of Environmental Studies student (Lisa Figge) and myself.  

Dust deposited in residences is thought to arise from transportation from the outside, or 

generated from within the house from sources such as abrasion of textiles, smoking, use of 

aerosols, and cooking (Hawley, 1985). Elements present in household dust are estimated to 

originate from the outdoors (30-40%), with the rest potentially coming from numerous factors 

such as debris from smoking and combustion, textiles within, installations and renovations, 

furnishings, various organic components (pollen, insects, bacteria, fungi), from the residents and 

their activities (Butte & Heinzow, 2002).  

North Americans spend approximately 80% of their time indoors and consequently dust is the 

medium they are frequently exposed to (Turiel, 1985). There is a growing awareness of enriched 

levels of trace metals in household dust (Fergusson & Kim, 1991; Rasmussen et al., 2001). 

Young children in particular are susceptible to metal ingestion from dust as a result of frequent 

hand-to-mouth activity in close proximity to the floor. Also, in addition to a higher frequency of 
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exposure compared to adults, young children are more susceptible to toxicants present within dust 

due to their lower body weight as well as environmental pollutants may be more capable of 

interfering with their normal developmental processes (Fergusson & Kim, 1991). While many 

studies have been done on lead (Pb) and cadmium (Cd) within household dust, studies on the 

origins of antimony (Sb) enrichment in residences are sparse despite data indicating internal 

enrichment (Fergusson & Kim, 1991;Rasmussen et al., 2001).  

 

1.1.1 Ottawa Household Dust Study 

 

In 2001, a study was conducted to analyse metal(loid) concentrations in household dust 

garden soil and adjacent street dust for 50 residences located across Ottawa, Canada (Rasmussen 

et al., 2001). Thirty-one metal(loid) concentrations were measured by inductively coupled plasma 

mass spectrometry (ICP-MS) following an aggressive nitric and hydrofluoric acid digestion, and 

mercury concentrations were measured using by ICP-MS following a sulphuric acid treatment. 

Each sample batch included sample duplicates, blanks, and certified standards (Rasmussen et al., 

2001). Comparisons of metal concentrations in household dust to the corresponding garden soil 

and adjacent street dust on an individual residence and community basis were made using a 

standard particle size of 100-250 µm for all samples (Rasmussen et al., 2001). The residents 

collected indoor dust by vacuuming according to a designed protocol that collected recent 

deposition of particulates in order to differentiate from undeviating or long-term deposits of dust 

(Rasmussen et al., 2001). Street dusts were collected with a dustpan and trowel, and garden soils 

were taken from the top 5 cm of topsoil (Rasmussen et al., 2001).   
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The results indicated that many metal concentrations, especially Pb, Cd, mercury (Hg) 

and Sb, were enriched within households compared to outdoor concentrations, and that household 

dust displayed a distinct element association compared to the corresponding exterior counterparts 

(Rasmussen et al., 2001).  The Sb concentrations for household dust and garden soil respectively 

ranged from 1.17 to 57.41 ppm and 0.11 to 1.98 (Rasmussen et al., 2001). Also, when comparing 

the concentration of metals in urban settings compared with natural background concentrations, it 

was found that many elements in house dust also exceeded natural concentrations (Rasmussen et 

al., 2001). Some variations can be attributed to use of materials within homes, for example higher 

Pb concentrations occur in older homes where Pb-based paint, solders and plumbing, exist in 

building materials compared to their contemporary counterparts where alternatives for Pb-based 

products are employed (Rasmussen et al., 2001). In conjunction the mode of heating affects the 

circulation and filtration of particles throughout the home (Rasmussen et al., 2001).  Supporting 

evidence of metal enrichment from materials indoors is the lack of correlation between indoor 

and outdoor sources of certain metals such as Pb (Rasmussen et al., 2001). Other possible causes 

for enrichment maybe due to the higher organic content (approx. 40%) in indoor dust compared 

to outdoors (approx. 9%), creating an environment that naturally may attract and complex to 

metal(loid)s (Rasmussen et al., 2001).  

 

1.1.2 Comparisons to Other Household Dust Studies 

  

Fergusson (1986) reported that soil is a major contributor to both street and house dust, 

and the remainder comes from tire wear, cement, car emissions, salt and organic content. Other 

authors also reported enriched organic content and postulated that this may be a sink for 
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metal(loid)s (Rasmussen, 2004; Turner & Simmonds, 2006). In addition, many authors have 

observed elevated levels of metal(loid)s in household dusts, garden soils and urban street dusts 

(Al-Momani, 2007; Fergusson & Kim, 1991;Rasmussen et al., 2001). In particular, the following 

metal(loid)s enriched compared to soil metal concentrations were: cobalt (Co), arsenic (As), Sb, 

chromium (Cr), copper (Cu), zinc (Zn), Pb, and calcium (Ca) (Davis, 2005; Fergusson, 1986; 

Rasmussen 2001). The extent a metal may be enriched within a household is multifarious and 

depends on many factors including atmospheric deposition of various particulates, soil and street 

dust being tracked in, wear and tear of products and materials within the household, renovations 

as well as numerous other possibilities. Table 1 shows various concentrations of metals in 

household dust around the world with Table 2 showing the corresponding street dust 

concentrations. By comparing the two tables it can be surmised that metal enrichment is 

occurring within homes compared to the exterior environments and that this enrichment is not 

regional specific.  

Metal Ottawa, 
Canada 
(mg/kg)1 

Christ- 
church, New 
Zealand 
(mg/kg)2a 

Lancaster, 
U.K. 
(mg/kg)3 

Sydney, 
Australia 
(mg/kg)4 

Warsaw. 
Poland 
(mg/kg)5 
 

Amman, 
Jordan  
(mg/kg)6 

Aluminum 24281 23900 --- --- --- 1441 

Antimony 5.54 10 --- 5.5 --- --- 

Arsenic 4.9 15.8 --- 12.2 --- --- 

Barium 454 --- --- --- --- 43 

Beryllium 0.53 --- --- --- --- 3 

Bromine --- 37.1 --- --- 26 --- 

Cadmium 4.42 --- 10.7 2.2 --- 2.92 

Calcium 46714 14900 --- --- --- --- 

Chromium 75.4 103 31 159 81 66 

Cobalt 8.4 8.59 8.5 12 --- 21 
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Copper 170.69 <230 221 120 121 133 

Iron 13156 10200 --- --- --- --- 

Lead 232.61 734 131 477 131 169 

Manganese 260.3 207 --- --- --- 284 

Mercury 1.728 --- --- 1.5 --- --- 

Nickel 53.6 --- 43 26 33 31 

Potassium 10021 12600 --- --- --- --- 

Sodium 20359 11800 --- --- --- --- 

Tin 21.87 --- --- --- --- --- 

Titanium --- 2041 --- 2835 --- --- 

Vanadium 23.7 30.4 --- 107 --- --- 

Zinc 628 845 1170 577 1250 1985 

1. Rasmussen et al., 2001 
2. Fergusson et al., 1986 (mean concentrations) 
3. Harrison, 1979 
4. David & Gulson, 2005 (non-industrially contaminated dusts) 
5. M. Lisiewicz et al., 2000 
6. Al-Momani, 2007 

Table 1.1.1: Geometric means of dry weight metal mg/kg concentrations of household dust 

in various municipalities around the world 

*note: The number of samples in each sample varied for the calculation of the geometric mean. 

Metal Ottawa, 
Canada 
(mg/kg)1 

Christchurch, New 
Zealand 
(mg/kg)2a 

Lancaster, U.K. 
(mg/kg)3 

Amman, 
Jordan  
(mg/kg)4 

Aluminum 46462 48400 --- 1429 

Antimony 0.44 4.69 --- --- 

Arsenic 1 14.5 --- --- 

Barium 564 --- --- 124 

Beryllium 0.95 --- --- 3 

Bromine --- 48 --- --- 

Cadmium 0.33 0.8 4.6 0.43 

Calcium 92654 50200 --- --- 
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Chromium 41.7 27 29 52 

Cobalt 8.02 10.3 9.1 55 

Copper 38.13 90.8 143 127 

Iron 18210 20900 --- --- 

Lead 33.49 1223 1880 160 

Manganese 420 313 --- 244 

Mercury 0.019 --- --- --- 

Nickel 14.8 --- 35 38 

Potassium 14709 18300 --- --- 

Sodium 17220 17300 --- --- 

Tin 1.64 --- --- --- 

Titanium --- 2117 2835 --- 

Vanadium 32.2 58.3 --- --- 

Zinc 101.3 716 534 386 

1. Rasmussen et al., 2001 
2. Fergusson et al., 1986 (mean concentrations) 
3. Harrison, 1979 
4. Al-Momani, 2007 

 

Table 1.1.2: Geometric means of dry weight metal mg/kg concentration of street dust in 

various municipalities around the world. 

*note: The number of samples in each sample varied for the calculation of the geometric mean. 

 

Rasmussen et al. (2001) and other authors have speculated that enrichment of 

metal(loid)s indoors may be due to internal sources such as products and materials containing a 

particular metal(loid) (Fergusson, 1986). Fergusson (1986) reported that most elements in the soil 

are constant throughout a city; however, the age of a house may result in a variance of Pb 

concentrations depending on the application of concentrated Pb materials such as Pb paint. 

Nonetheless, other metal(loid)s may become enriched due to products. For example, Sb and Br 
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may become enriched through the use of brominated flame-retardants, and the presence of these 

elements has been reported as enriched in dust by television sets and as well as by other products 

using brominated flame-retardants (Wilford et al., 2005; Allen et al., 2008; Takigami et al., 

2008). Metal(loid) enrichment may come from product sources, identifying those potential 

sources, and finding alternatives to these sources, may help in reducing the level that humans are 

exposed to potentially harmful chemicals.  

Finally, in addition to product or material compositional influences on metal(loid) 

concentrations, the concentrations for various metals may fluctuate due to weather conditions, 

seasonal variations, altered traffic flows, street cleanings, atmospheric deposition, and housing 

ventilation systems (Fergusson & Kim, 1991; Rasmussen 2001). For example, Edwards et al. 

(1998) reported differences in particle-size fractions and mass loadings of household dust 

deposition during different seasons in New Jersey. They concluded that winter deposition usually 

was smaller in size than the summer deposition.  The difference may be due to increased 

ventilation in the summer from open windows, allowing for the re-suspension of larger particles 

that may have otherwise been deposited in normal heating ventilation systems (1998).  

Furthermore, the source of particulates for the wintertime may come from combustion emissions 

within residences such as cooking foods (Edwards et al., 1998). Moreover, Rasmussen et al. 

(2001) also discussed that differences in heating systems may influence the dust deposited in 

homes. For example natural-gas furnace-systems have micro-filters, which are not present in 

electric heating boards.  

In general, it has been noted by authors that house dust contains numerous particles of 

unknown or ambiguous origin and that the samples are extremely heterogeneous. Consequently, it 

is hard to determine if an individual residence samples can represent the variety and complexity 
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of dust within a home and it is likely that a large population mass is needed to observe trends in 

house dust composition (Rothenberg et al., 1989).  

 

1.2 Antimony in the Environment 

 

1.2.1 General Introduction 

 

Sb is a Group V element with an atomic mass of 121.8 and atomic number of 51 (Rish, 

2004). It is brittle but relatively resistant metalloid and has two stable isotopes 121Sb and 123Sb 

(Rish, 2004). It may exist in oxidation states of –III, +III, (+IV) or +V, shares many chemical 

properties with As and normally occurs with other elements (sulfur (S), Hg, Pb and As) (Rish, 

2004). Various Sb compounds are used in industrial processes and in the treatment of parasitic 

diseases.   

Sb occurs in the earth’s crust at an average concentration of 0.2-0.3ppm, is found in over 

100 minerals, with stibnite (Sb2S3), kermesite (2 Sb2S3•Sb2O3), valentinite (Sb2O3), cervantite 

(Sb2O4), stibiconite (Sb2O4•2H2O, tetrahedride ([Cu,Fe]12Sb4S13), jamesonite (Pb4FeSb6S14), and 

pyrargyrite (Ag3SbS) being the most mined minerals, and in over 3000 other compounds both 

industrial and natural(Leonard & Gerber, 1996; Rish, 2004).  

Typically Sb enters the atmosphere in the form of oxides from anthropogenic high 

temperature processes such as the incineration of waste, fossil fuel combustion, and the smelting 

of metals (Filella et al., 2009). There are only 950 tons emitted from natural processes compared 

to approximately 20,000 tons from industrial processes, and 18,000 tons from fuel combustion 

(Leonard & Gerber, 1996; Oorts et al., 2008). Sb in the air is likely to be emitted as submicron 
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particles or as gases that later condense onto other (sub)micron particles during various 

combustion processes (Filella et al., 2009).  

Metallic and trivalent Sb species deposited onto the soil in aerobic conditions are 

generally oxidized to pentavalent species usually associated with iron (hydr)oxides; however, 

trivalent species may also be oxidized to the more thermodynamically stable pentavalent 

(Sb(OH)6
-) in the presence of water, amorphous iron and manganese oxides (Oorts et al., 2008). 

Typically, the trivalent form of Sb is the neutral Sb(OH)3 between a pH of 2 to 8 (Oorts et al., 

2008). In general Sb is thought to essentially be immobile in soils and that the bulk of Sb in soils 

is present in the +V valence state (Filella et al., 2009, Oorts et al., 2008).  Soils that are most 

heavily polluted are typically around mines and smelters (Filella  et al., 2009).  

 

1.2.2 Antimony Compounds and Industrial Consumptive Uses 

 

Sb is the fourth member of the nitrogen family and has a valence shell configuration of 

5s25p3, allowing it to exist in multiple compounds that allow three, four, five or six covalent 

bonds. There are many complexes and compounds of Sb that are natural or man-made. The uses 

and properties of all these compounds cannot be discussed in detail and hence this section is 

mostly restricted to Sb compounds that are of industrial significance and most likely to be present 

within a household.  

Sb can be mined as an ore or as a co-constituent with other metal ores. Primary 

production of Sb in 2006 was from China (82%), Bolivia (5%), South Africa (4%), Russia (3%), 

Tajikistan (2%), and Australia (1%) (U.S. Geological Survey, 2006). The larger part of secondary 

Sb production comes from recycling of lead-acid batteries. The majority of the secondary Sb is 
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then reused in the manufacturing of new lead-acid batteries (U.S. Geological Survey, 2006). In 

2006, U.S. consumption of Sb increased by 14% with non-metal products experiencing a 53% 

increase in usage (U.S. Geological Survey, 2006). 

The greatest use for Sb compounds are in flame-retardants for plastics, paints, textiles 

and rubber (Kirk-Othmer, 2002a). However, Sb compounds are also used as catalysts, in various 

alloys, ammunition, pesticides and various medicines (Kirk-Othmer, 2002a). Antimony trioxide 

(Sb2O3) is often dissolved in an organic solvent and used to enhance flame retardant properties of 

rubber, textiles and plastics (U.S. Geological Survey, 2006). Sb also finds uses as a decolorizing 

and refining agent in the manufacturing of certain forms of glass such as optical glass (U.S. 

Geological Survey, 2006). 

Product1 2005 2006 

Metal Products   

Antimonial lead Withheld data Withheld data 

Bearing Metal and Bearings 33 20 

Solder 81 61 

Other2 2,830 2,920 

Sub-Total 2,940 3,000 

Non-Metal Products   

Ammunition primers Withheld data Withheld data 

Ceramics and Glass 421 258 

Pigments 530 215 

Plastics W W 

Other3 1,410 3,130 

Sub-Total 2,360 3,600 

Flame Retardants   

Adhesives Withheld data 664 

Plastics 2,880 2,810 
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Rubber 115 122 

Textiles 184 205 

Other4 652 10 

Sub-Total 3,840 3,820 

Grand Total 9140 10420 

1. Ref. U.S. Geological Survey, 2006.  
2. Includes ammunition, cable coverings, castings, sheet and pipe, type metal 
3.  Includes fireworks and rubber 
4. Includes paper and pigments 

Table 1.2.1: Reported industrial consumption of primary antimony in the United States by 

product (metric tons of Sb content) 

 

Sb used in flame-retardants is predicted to continue being its principal use in forthcoming 

years (U.S. Geological Survey, 2006). Since the 1970s, Sb use in automotive lead-acid batteries 

has fallen to about 0.6% batteries is expected to decline as lead-acid batteries could be Sb free by 

2020 (U.S. Geological Survey, 2006). 

Antimony Compound Industrial Significance 

Antimony Trioxide Flame retardant synergist in plastics and fabrics1 

White pigment in glass2 

Primers in pigments 

Decolorizing and fining agents in glass4 

Opacifiers in porcelain enamels4 

Stibine High purity dopant for Si in semi-conductors1 

Metallic Antimonides 

AlSb, GaSb, ISb 

Used in semi-conductors (mostly AlSb) 

GaSb, ISb  high-speed computer chips and optical information 

memories (CD’s, digital optic recordings etc.)3 

Antimony Pentoxide Flame retardant synergist 

Within oxidation and polymerization catalysts1 

Antimony (III) Chloride Catalyst for polymerization of hydrocarbons 1 
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Chlorinate olefins 1 

Antimony Pentafluoride Stain resistant products 1 

Antimony Trisulfide Fireworks1 

Certain types of matches1 

Pigment1 

Ruby Glass1 

Antimony Pentasulfide Vulcanization of red rubber1 

Pigment1 

Fireworks1 

Sodium Antimonate  Flame retardants4 

Decolorizing and fining agents in glass4 

Opacifiers in porcelain enamels4 

Antimony Alloys *See next table 

1. Antimony Compounds in Kirk-Othmer Encyclopedia of Chemical Technology 2002b 
2. Fergusson. J.E. 1990 
3. Fowler & Goering, 1991 
4. Antimony and Antimony Alloys in Kirk-Othmer Encyclopedia of Chemical Technology 

2002a 

Table 1.2.2: Various industrial Sb compounds uses 

1.2.2.1 Antimony Alloys 

 

Sb alloys are typically very brittle and used for ornamental applications or in lead alloys 

(Kirk-Othmer, 2002a) in ammunition, cable coverings, sheet and pipe and type metal, automotive 

batteries, cable sheaths, corrosion-resistant pumps and pipes, roof sheet solder and tank lining 

(U.S. Geological Survey, 2006). Sb is alloyed with Pb to make the Pb harder and corrosion 

resistant (Kirk-Othmer, 2002a). In general the largest application of antimonial lead is in grid 

metal alloys and in lead-acid storage batteries (Kirk-Othmer, 2002a). Sb is also used to harden 

tin-lead alloys (Kirk-Othmer, 2002a). Within decorative ornaments, Sb is considered a beautiful 

metal with high durability and as such Sb is used within pewter and brittania metal (Kirk-Othmer, 
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2002a). Tin (Sn) and Pb-Sb based alloys are also used in the jewelry industry (Kirk-Othmer, 

2002a). 

 

Material1 Sb wt% Sn wt % Pb wt% Others 

Type Metal 2-25 2-15 Balance Cu (0-2) 

Battery grids     

Conventional 2.5-6 0.25-1 Balance  

Low 

maintenance 

1.5-2.5 0.25-1 Balance  

Maintenance-free 0 0.25-1 Balance Ca(0.04-0 

075) 

Babbit metal     

Tin base 4-8.5 83-90 Balance Cu(3-8.5); 

As(0.1) 

Lead base 9-17.5 0.5-11 Balance Cu(0.5); As 

(0.25-1.5) 

Cable covering 1-6 0.25-1 Balance  

Sheet and pipe 4-15 0.25-1 Balance  

Collapsible 

tubes 

2-3 0.25-1 

. 

Balance  

Solder 0-6 1-100 Balance Ag(0-6); Cu(0.1-

5) 

Pewter 1-8 Balance 0-0.05 Cu(0-3) 

Britannia metal 2-10 Balance 0-9 Cu(0.2-5); Zn(0-

5) 

Bullets, 

shrapnel 

0.5-12 0.25-1 

0 

Balance  
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1. Antimony and Antimony Alloys in Kirk-Othmer Encyclopedia of Chemical Technology 
2002a. Balance refers to the remainder of the weight percentage being comprised of that 
metal. 

Table 1.2.3: Sb content in various antimonial alloys 

1.2.3  Antimony in Flame Retardants 

 

Sb is commonly used almost exclusively as a synergist within halogenated (brominated 

or chlorinated) flame-retardants. Sb is added because the amount of halogenated flame retardant 

that would need to be applied without Sb (approx. 40%) in order to impart an adequate amount of 

flame retardancy, would usually adversely affect the properties of the textile or plastic (Kirk-

Othmer, 2002c). Sb enhances the efficiency of halogenated flame-retardant by reducing the 

overall application and thereby minimizing adverse affects (Kirk-Othmer, 2002c). The 

mechanism of flame-retardancy is thought to be an Sb trihalide or oxyhalide formed within the 

polymer or fiber from an Sb oxide and a halide under flaming conditions (Kirk-Othmer, 2002c). 

The products formed from the reaction may vary depending on the molal ratios of the reactants 

and the structure of the original polymer. Generally a molal ratio of 3:1 halogen to Sb is the 

required (Kirk-Othmer, 2002c). The mechanism when the 3:1 ratio is complete is: 

Sb2O3 + 6HCl  2SbCl3 + 3H2O 

The formation of the oxyhalides, when the 3:1 ratio is not met and other alternative catalytic 

mechanisms will not be discussed as the effective flame-retarding species is the Sb trihalide 

product (Kirk-Othmer, 2002c). The following table shows common fibers that use 

halogenated/Sb flame-retardant mixtures. 

 

Fiber1 Flame Retardant Structural 
Components 

Mode of Application 
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Wool Antimony-organo-halogen-

systems 

Zirconium hexafluoride 

complexes 

Chemical Finish 

Acrylic  Halogenated comonomer (35-

50% C w/w) plus antimony 

compounds 

Copolymeric modifications 

1. NRC – Toxicological Risks of Selected Flame-Retardant Chemicals 

Table 1.2.4: Flame-retardant structural components of wool and acrylic 

 

Back-coating is a chemical finishing process where the flame-retardant formulation is applied 

to a bonding resin on the reverse surface of a flammable fabric (NRC, 2000). Sb-halogen flame-

retardants are popularly used in back-coating textile areas because of their cost and effectiveness 

(NRC, 2000). Fabrics treated this way are usually brominated flame retardants such as 

decabromodiphenyl oxide (DBDPO) or hexabromocyclododecane (HEXA), and Sb2O3(NRC, 

2000). The application method is by knife-coating methods and the formulation is usually a paste 

or foam (NRC, 2000).  These formulations are typically used on fabrics where aesthetics of the 

front facing part are of importance, such as furnishing fabrics and drapes (NRC, 2000).  Various 

antimony oxides can also be applied by topically applying soluble antimony salt to a fabric 

preceding a secondary treatment via copolymeric application that precipitates antimony oxide 

onto the fibers (Kirk-Othmer, 2002c). Sub-micrometer antimony pentoxide (Sb2O5) is added to 

molten or dissolved polymers prior to the formation of the fiber, and typically this approach 

allows the Sb to be more evenly dispersed on the fiber resulting in better physical properties 

(Kirk-Othmer, 2002c). Outdoor or Fire, Water, Weather and Mildew Residue (FWWMR) finishes 

may use Sb2O3 with a chlorinated organic compound (chlorinated paraffin). Flame-resistant 

cotton-polyester blends can also utilize DBDPO with an Sb component by means of a system that 
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binds the flame-retardant components to the fabric containing polymeric latex (polyacrylate) 

(Kirk-Othmer, 2002d). The cotton-polyester blends can also be treated using dibromoneopentyl 

glycol instead of DBDPO (Kirk-Othmer, 2002d). 

 

Fabric/Fibers/Polymer Formulation/Finish Effective Element, 
% w/w Fabric 

Add-on on 300 
gsm* (11 oz) 
Fabric 

All Fabrics1 Sb-Br/DBDPO** 12 % Br, 7% Sb 75 (50 gsm 
DBDPO; 25 
gsm Sb2O3) 

All Fabrics1 Sb-Br/HEXA*** 12 % Br, 7 % Sb 75 (53 gsm 
HEXA; 22 gsm 
Sb2O3) 

*gsm – grames per square meter  
**Decabromodiphenyl oxide  
***hexabromocyclododecane 
1. NRC – Toxicological Risks of Selected Flame-Retardant Chemicals 

Table 1.2.5: Flame-retardant of Sb-Br decabromodiphenyl oxide and hexabromocyclo 
dodecane formulation finishes for all fabrics 

 

Sb is also used in plastics to impart flame-retardant properties. For example, Polyvinyl-

chloride (PVC) is flame-retardant but very brittle, plasticizers, which are not flame-retardant, are 

added to make the PVC more pliable. Antimony-halogen flame-retardants are added to make the 

PVC flame-retardant (Kirk-Othmer, 2002c). The application methods and formulations may vary 

as Sb can be combined with other inorganic synergists to enhance flame retardancy (Kirk-

Othmer, 2002c). Examples of other inorganic synergists are zinc borate, molybdenum oxide, and 

aluminum trihydride (Kirk-Othmer, 2002c). Polystyrene and acrylonitrile butadiene styrene 

(ABS) derivatives may also use halogens and inorganic synergists (Kirk-Othmer, 2002c). Nylons 

because of the high processing temperatures use halogen-inorganic systems, but linear polyesters 

are susceptible to acid hydrolysis; therefore, sodium antimonate (NaSbO3) may be used because 
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of its basic pH (Kirk-Othmer, 2002c). Table 1.2.8 shows various plastic polymers with their 

corresponding flame-retardant and antimony oxide weight percentages. 

Polymer1&b UL-94* rating at 1.6 
mm 

Flame retardant, 
wt% 

Antimony oxide, 
wt% 

Low density 
polyethylene 

V-2 6 2 

High density 
polyethylene 

V-2 8 3 

Cross-linked 
polyethylene 

V-0 20 10 

Polypropylene with 
14% talc 

V-0 22 6 

High impact 
polystyrene (HIPS) 

V-0 12 4 

Acrylonitrile 
butadiene styrene 
(ABS) 

V-0 15 5 

Polybutylene 
terephthalate (PBT) 

V-0 10 5 

Polyamide V-0 14 5 
Thermoset epoxy 
resin 

V-0 6 3 

*UL-94 Rating is a rating that serves as a preliminary indication of the acceptable amount of 

flame-retardancy in a plastic before it can be used as part of a consumer device or product. V-O 

denotes the best and V-2 indicates that it drips or a large part of the product will burn before the 

fire is extinguished.  

1. Flame Retardants, Halogenated in Kirk-Othmer Encyclopedia of Chemical Technology 2002e 
b DBDPO contains approx. 83% bromine and for formulations using less bromine the use may go 

up.   

Table 1.2.6: Decabromodiphenyl oxide (DBDPO) and antimony oxide weight percentage 

compilations in polymers for various approved ratings of the acceptable amount of flame-

retardancy 
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DBDPO is commonly used with Sb for high impact polystyrene (HIPS) in the 

manufacturing of television cabinets, in virtually every class of polymer and many other textile 

applications (Kirk-Othmer, 2002e).  

 

1.2.4 Antimony in Pigments 

 

Compound Pigment Usage 

Antimony Trioxide Hiding Pigment1 

Flame retardant pigment2 

Antimony trisulfide Infrared camouflage pigment 

Black, vermillion, yellow and orange pigments3 

Antimony pentasulfide Black, vermillion, yellow and orange pigments3 

1. Preuss, 1973 
2. Gloger & Hurley, 1973 
3. Antimony and Antimony Alloys in Kirk-Othmer Encyclopedia of Chemical Technology 

Table 1.2.7: Antimony compounds and the pigments in which they are found 

 

Antimony oxides are predominantly used to make flame-retardant paints with special grades 

used “for plastics and porcelain enamel frits” (pp. 3, Preuss, 1973), other paints, adhesives and 

textiles (Gloger & Hurley, 1973). Antimony oxides generally are also used as white-hiding 

pigments which are pigments that help in making the paint opaque as well as protect the surface 

from ultra-violet radiation (Preuss, 1973). Other common white hiding pigments are basic lead 

carbonates, lead silicates, lead sulfates, titanium dioxide (TiO2), zinc oxide (ZnO), zinc sulfide 

(ZnS), and lithopone (BaSO4 + ZnS) (Preuss, 1973). Antimony oxides can be used in conjunction 

with other white hiding pigments; for example, in the 1930’s antimony oxide was used for 

chalking high-quality exterior enamels pigmented with anatase (TiO2) (Gloger & Hurley, 1973). 
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Antimony sulfide was commonly utilized as a pigment for infrared reflectance in World War II 

tank camouflage paints, but modern-day application of this pigment is low (Preuss, 1973). Trace 

amounts of Sb can be found in various coloured pigments such as Naples Yellow, Pb carbonate, 

chromium, titanium and antimony oxides, Pb3(SbO3)2 or Pb3(Sb2O4)2), Shepherd Brown 47 (Cr-

Sb-Ti), Hercules (Imperial) Empress Yellow IX-3145 (Pb-Sb-TiO2), Shepherd Yellow 15 (Pb-

Sb), and Shepherd Green 17 (Ti-Sb-Ni) (Preuss, 1973).  

Antimony trioxide (Sb2O3) is available in three grades: standard, premium and special 

(Gloger & Hurley, 1973).  A smaller particle size and lower levels of impurities characterize the 

premium grades, which impart a greater degree of opacity and hiding quality (Gloger & Hurley, 

1973). Special grades are usually composed of larger particles with high levels of impurities for 

lower tinting strength (Gloger & Hurley, 1973). The lower tinting strength is required for 

products such as coloured plastics where the Sb2O3 should not mask the colourant (Gloger & 

Hurley, 1973). Particle size is of importance for hiding, gloss, and film smoothness, as smaller 

particles are more effective at reflecting the light back (i.e. for antimony oxides, smaller antimony 

oxide particles give a whiter more opaque colour than larger ones).  

 

1.3 Synchrotron-Based Research Methods 

  

Techniques such as ICP-MS in the Rasmussen et al. study (2001) only measure 

metal(loid) concentrations of samples in bulk making characterization of specific sources of 

enrichment difficult to determine.  Another drawback is that the digestive methods needed for 

ICP-MS alter the sample from its natural state. To overcome these drawbacks, complementary 

and alternative modes of analysis are needed. Recently developed synchrotron methods are 
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capable of analyzing environmental samples (i.e. household dust) on an individual particle basis 

and have the additional advantage of minimal to no prior sample preparation. The ability to 

analyse samples at a micro level, while retaining the samples native state, make synchrotron 

radiation ideal for characterization of specific compounds within complex heterogeneous 

mediums such as household dust.  

Synchrotron radiation is electromagnetic radiation from the acceleration of particles to 

near the speed of light producing relativistic charged particles (Schulze & Bertsch, 1999). 

Electrons are circulated through a storage ring and synchrotron radiation is produced when their 

trajectory is bent due to a strong magnetic field. Specialized magnetic insertion devices such as, 

bending magnets, wigglers and undulators are utilized to generate X-rays with a broad spectrum 

of energies that are emitted tangentially to the storage ring of circulating electrons (Schulze & 

Bertsch, 1999). Various optical devices such as mirrors, and monochromators are then used to 

select and focus a beam of synchrotron light at the desired energy for analysis. Synchrotron 

radiation has the advantage over conventional sources of being very bright, highly collimated, has 

a smooth spectrum of energies and the beam can be made very small (Schulze & Bertsch, 1999).  

The focus of this project was on micro-analytical synchrotron techniques for individual 

characterization of antimony bearing particles in household dust.  Due to the high atomic number 

of Sb an energy of 31KeV was utilized. The techniques utilized were micro X-ray fluorescence 

(µXRF), micro X-ray absorption spectroscopy (XAS) specifically X-ray absorption near-edge 

structure (µXANES) and micro X-ray diffraction (µXRD).  

X-ray Absorption Spectroscopy (XAS) has been used in many disciplines, including soil 

sciences and geochemistry (Schulze & Bertsch, 1999). XAS is beneficial in heterogeneous 

samples, such as house dust, because the signal is a result from all atoms of a single element. This 
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is due to the absorption of an X-ray at a particular energy by an element. Every element uniquely 

absorbs energy differently for a given X-ray energy thereby different elements will generate 

different absorption spectrums (Kelly et al., 2008). The process is dependent on absorption of X-

rays by a given element, and is unique to the element, and consequently minimal sample 

preparation is needed making XAS ideal for the analysis of household dust. XAS can be applied 

for both bulk and microanalysis. A microbeam is utilized to characterize individual grains and 

ideally for XAS the beam interaction area is less than the size of the particle of interest.  

XAS can also provide information on the local environment adjacent to the element of 

interest and is constituted as X-ray absorption near-edge structure (XANES) and extended X-ray 

absorption fine structure (EXAFS). XANES sheds light on valence state, chemical form and 

coordination geometry, while EXAFS determines local molecular structure. Figure 1.3.1 shows 

the regions of XANES and EXAFS within the X-ray absorption spectrum.  
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note: The y-axis on the figure is the absorption of the X-rays 
1. George & Pickering (2009) Geol 451/898 University of Saskatchewan. 

Figure 1.3.1: High-lighting the near-edge and extended regions of a X-ray absorption 

spectrum XAS  

Figure 1.3.2 shows the basic mechanism under which XAS is thought to operate. The 

mechanism is based on the fact that each element absorbs various X-ray energies differently. X-

ray absorption spectroscopy occurs due to core-electrons absorbing X-rays and ejecting those 

core-electrons as photoelectrons. The near-edge region arises from X-ray energies having just 

enough energy to eject electrons and the far-edge regions are from easily ejected electrons.   

 
1. George & Pickering (2009) Geol 451/898 University of Saskatchewan. 

Figure 1.3.2: Basic mechanism under which absorption of X-rays is thought to operate by 

within an X-ray absorption spectrum 

 

Absorption by different core levels gives rise to different absorption edges. Figure 1.2.3 

shows the relation between different absorption edges and the core electron designation. For 

example K-edge is a result of 1s-shell electrons being ejected and the L-edges are from 2p,2s-

shell electrons. Inner or 1s-shell electrons are more tightly bound than 2s,2p or 3s,3p,3d electrons, 

higher energy is required for K-edge spectroscopy than L-edge. 
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1. George & Pickering (2009) Geol 451/898 University of Saskatchewan. 
Figure 1.3.3: Relationship between core electrons and absorption edges within X-ray 

absorption spectrums 

 

 XANES is useful when the sample is fine-grained, or the element of interest is of low 

abundance and if the sample is sensitive to redox changes or other effects during sample 

preparation (Fawcett et al., 2009). XANES determines oxidation state by measuring shifts in the 

absorption edge to higher energies as the valence charge increases. The compound the element is 

found in can be determined by comparing spectral features of the unknown compounds with 

features of model compounds. Linear Combination Fitting (LCF) of model compounds to the 

unknown can yield some quantitative information about the compositional fraction of the 

components in the unknown. LCF also makes XANES easier to crudely interpret than EXAFS 

because the analysis is based on linear combinations of known spectra to the unknown and is 

sufficient to determine some information about the physical and chemical nature of the 

particulate. Fawcett et al. (2009) mention that the advantages of doing XANES over EXAFS is 

that XANES collection is faster and has a better signal-to-noise ratio. Also, the XANES signal is 
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larger than the EXAFS signal; therefore, XANES can be done at lower concentrations and within 

heterogeneous samples. 

Another tool for determining molecular structure and distances between atoms is X-ray 

diffraction (XRD). In comparison to XAS, XRD needs atomic planes of a crystal structure that 

are symmetrical and periodic, as well as voluminous in order to generate and interpret a 

diffraction pattern. XRD has the advantage in that crystalline structures can be probed at a length 

of approximately 50 Å or more, compared to XAS, which can only probe the immediate 

environment of an element (only a few angstroms). The disadvantage of XRD is that amorphous 

or poorly crystalline materials will not diffract. For individual particles and poorly crystalline 

substances, synchrotron sources are more likely to detect diffraction than conventional sources 

due to the brilliance and intensity of a synchrotron beam increasing the likelihood of a diffraction 

event occurring with the crystal (Walker et al., 2009).  

 Finally, spatial resolution can be acquired from X-ray fluorescence (XRF). Fluorescence 

is the result of the dropping down of higher energy electrons to fill core-holes created from 

ejected electrons. XRF is possible because each element fluoresces at a unique energy and as such 

a spectrum of various energies allows the elemental distribution within a sample to be elucidated. 

Elemental mapping based on the ability for various elements to fluoresce helps to target hot spots 

and later give a detailed spectrum of the elemental association of analysed hot spots.   

 XAS, XRD, and XRF can be used as complementary techniques in order to identify and 

characterize various matrices and associations of elements, especially in heterogeneous samples 

such as household dust. The combination of these techniques is advantageous, as minimal to no 

sample preparation is required, allowing characterization of the samples in the same or similar 

state as the native environment (Walker et al., 2005). Walker et al. used µXRF, µXANES, µXRD 
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in combination to resolve specific targets and analyse them on a particle-by-particle basis (2005). 

Other authors have also used a combination of micro-synchrotron techniques to determine the 

structural forms of trace elements in heterogeneous matrices, including Ni in ferromanganese 

(Manceau et al., 2002), and Zn speciation in smelter contaminated soils (Roberts et al., 2002).  

 Antimony (Sb) based XAS is generally done at the L-edges (4132-4698eV) or K-edge 

(30491eV) depending on the complexity and heterogeneity of the system. However, for more 

complex samples where many elements X-ray lines may be close together or overlapping (i.e. Ca 

K-edge (4038.5eV) with Sb L-edges (4131-4698eV)), it is useful to use the K-edge lines that are 

further separated and quite distinctive, especially for higher energy elements such as Sb 

(30491eV). The following table summarizes various studies done at L and K edges of Sb.  

Ledge Sb Work Kedge Sb Work 

Sb within glasses or non‐crystalline 

structures (Durand et al., 1996) 

Sb‐Te systems (Hayakawa et al., 2001) 

Oxidation and reduction mechanisms in 

MoVSbNbO catalysts (Safanova et al., 

2006).  

Yellow ancient tiles (Figueiredo  et al., 2005) 

Sb incorporation into SnO2 films (Geraldo et 

al., 2007)  

Fly ash from waste treatment facilities 

(Takaoka et al., 2005).  

Sb in Naples Yellow (Cotte et al. 2009) Sb(V) dominance in soils (Mitsunobu  et al., 

2005) 

 Sb versus As behaviour under soil redox 

conditions (Mitsunobu  et al., 2006) 

 Sb in shooting soils (Scheinost  et al., 2006) 

 In situ vapour‐brine fraction of Sb in 

hydrothermal conditions (Pokrovski  

et al., 2008) 

 Reduction of Sb by nano‐particulate 
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magnetite and macinawite (Kirsch et 

al., 2008) 

 Sb complexation with O‐bearing organic 

ligands (Tella & Pokrovski, 2008),  

 Interactions of green rust with Sb (V), 

(Mitsunobu  et al., 2009) 

 Sb sinks in weathering crust of shooting 

ranges (Ackermann et al., 2009) 

 Optimizing experimental designs (Fawcett  

et al., 2009) 

 Oxidative states of Sb in marine 

ferromanganese oxides 

(Kashiwabara  et al., 2009) 

 Within PET bottles (Martin et al., 2010; 

Takahashi  et al., 2008),  

 Sb in reductive soil formed by Sb mine 

tailings (Mitsunobu  et al., 2010) 

Table 1.3.1: Previous studies of antimony L and K-edge X-ray absorption spectroscopy 

 From Table 1.3.1 it can be noted that most K-edge work has been done on 

environmentally relevant samples. Consequently, for household dust it is advantageous to look at 

the K-edge for Sb (30491eV), as there is minimal overlap with other elements. The nearest 

element edge positions are Sn (29200eV) and Te (31849eV) that are both separated from Sb by 

more than 1000eV. In contrast the Sb L-edges (4132-4698eV) are close to the Sn L-edges (3929-

4465eV), and the strong Ca K-edge (4038.5eV). The proximity of the Ca K-edge is problematic 

as Ca typically is abundant within household dust. A disadvantage of conducting K-edge of Sb 

XAS is that there is poor edge separation due to spectral broadening from a short core-hole 

lifetime (Krause & Oliver, 1979). A consequence is reduced resolution of spectral features for 



 

27 

 

various Sb compounds making it troublesome to distinguish assorted mineral structures and 

phases (Fawcett et al. 2009). Nevertheless, as mentioned above, several authors have been able to 

elucidate information of Sb within environmentally relevant samples using high-energy XAS. 

 

1.4  Dust-in Dust-out Collaborative Project with Lisa Figge 

 

Environmental phenomena and the study on environmental change embody a rather 

complex interaction encompassing several factors from social to scientific to political to 

economic.  As such the study of the environment is inherently interdisciplinary and solely 

disciplinary approaches result in variances in methodology creating an increasingly complex 

system. Consequently, the process of studying what the environment is, how humankind interacts 

with it, the resulting outcomes, and other relevant factors, often becomes ambiguous and 

inconclusive. Theoretically, interdisciplinary research should create meaning, instead of 

seemingly ambiguous interactions, by encouraging communication between various disciplines 

thereby creating new ways of structuring and representing knowledge of the world (Kitch, 2007). 

An attempt to explore interdisciplinary research arose from conversations about household dust as 

interpreted by art practice methods between Lisa Figge and myself. The outcome of these 

conversations was showcased in an art gallery exhibition in the month of May 2010.  

As stated by Bechtel (1986) in Practicing Interdisciplinarity (Weingart, 2000), patterns 

of interdisciplinary research may be composed of some of the following: conceptual links using 

perspectives in one discipline in terms of modifying the perspective of another; recognizing a new 

level of organization with its own processes to solve unsolved problems in existing disciplines; 

using research techniques in one discipline to elaborate on theoretical models of another 
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discipline; modifying and extending theoretical frameworks of one discipline to another and re-

conceptualizing research by attempting to integrate separate domains.  

Analyses of the components, nature and causation of household dust represent a 

seemingly complex problem that cannot be easily isolated through the lens of a specific 

discipline, as it is an end product of many inputs such as atmospheric deposition, wear and tear of 

products, tracking in of dust, cleaning habits, renovations, governmental regulations and policies 

etc. As such, studying household dust, the relationship of dust to health and disease, as well as 

people’s perceived risk of dust within their residences is a monumental task that would need to 

involve several disciplines. Traditional science methods of analyzing the chemical content, or the 

rate of atmospheric deposition, fail to bridge the gap between what can be measured in dust, how 

people and systems will react to the information, and what guidelines are needed to establish 

reasonable levels of contaminants within household dust. A wider scope and alternative methods 

are needed to generate knowledge and establish links that are not within traditional scientific 

scope. A proposal to bridge the gap by Keiny (1973), paraphrasing Aikenhead states that science 

should not be considered as an objective, disciplinary body but rather one that could be part of a 

social discourse in a process of discovery and part of “a human endeavor to understand and cope 

with the world” (2009, pp. 27). 

Lisa Figge’s work for her Master’s thesis in Environmental Studies explores the concept 

of ecological citizenship through the lens of her art practice. Her art process and outcomes are a 

form of research that bridges the practical and theoretical understandings of what ecological 

citizenship might become through the reflective critical engagement of everyday life. My work 

requires that I study the scientific aspect of micro-analytical techniques for characterization of 

metal(loid) species in a household dust.   By using collaborative models from art practices found 
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in Lisa’s discipline, we have explored the possibility for collaboration and interdisciplinary work.  

Expanding the results of the scientific analysis within the lens of an art practice allows for a 

human interaction with science that would not otherwise be possible by traditional scientific 

outputs and as such the new construction of knowledge may aid in the understanding of the issues 

surrounding household dust or at least start the beginnings of a discourse that encourages a 

critical debate of what is important and relevant in household dust.  

 

1.5 Scope of Research 

 

Antimony speciation within residential homes has not been studied in detail despite data 

indicating enrichment within residences (Rasmussen et al., 2001). Antimony trioxide has been 

flagged as a potential carcinogen by the International Agency on Cancer Research (IARC, 1989) 

and is an compound of interest to various governmental agencies (Health Canada and EPA), it is 

important to see what Sb species may be present in household dust in order to aid in the 

understanding and evaluation of potential risks within residences. As such, Sb speciation within 

homes, and if possible, the link to potential sources, is the focus of this study. Chapter 2 includes 

a review of the toxicity of Sb. Chapter 3 presents the results and discussion from the synchrotron 

microanalysis of household dust. Chapter 4 is an interdisciplinary attempt to look at the larger 

picture of household dust studies in order to explore how interdisciplinary research can aid in the 

transmittance of information from one discipline to another.  

 

1.6 Research Objectives 
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i) To review the known literature in order to determine the potential toxicity of Sb 

within a residential home context 

ii) To refine synchrotron techniques to find metal species containing Sb in 

heterogeneous samples such as household dust and garden soil. 

iii) To determine Sb compounds present in household dust from samples in the Ottawa 

house dust study with anomalous Sb concentrations and corresponding garden soil 

samples using microsynchrotron techniques such as µXRD, µXRF and µXANES. 

iv) To attempt to determine potential sources and causes of Sb enrichment within 

residential homes.   

v) To explore interdisciplinary means by recording and designing a project via 

collaboration between two parties based on the topic of one party and the practice of 

another.  
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Chapter 2 

Review of Antimony Toxicity 

2.1 General Metal Toxicity 

  

Most contemporary studies on metal toxicology focus on low-dose or chronic effects on 

organisms. A difficulty in chronic studies is that pinpointing agents causing toxicological effects, 

especially when the endpoint, or toxicological effect, lacks specificity due to the fact that the 

disease may have been caused by a number of different toxicants, makes it not obvious to 

establish a clear cause-and-effect relationship. Humans are usually never exposed to a single 

metal, therefore, elucidating the role of metals as toxicants can be difficult to research (Liu et al., 

2008).  

 Exposure factors include dose, route of exposure, duration, and frequency of exposure. 

The route of intake and dosage determine the intensity and duration of the harmful effects 

experienced by the organism. In general, metals are quite reactive, and most of the effect can be 

seen in an organ near the point of entry. The dose of a metal is a function of time as well as 

concentration and is typically the amount of active metal within cells or affected organs. The 

indicator for retention of the metal is its biological half-life that varies according to the metal, 

organ or tissue. Typically blood and urine show recent exposure and hair can be useful for more 

long-term measurements but can be prone to external contaminations (Liu et al., 2008). Metals 

and their compounds are generally ingested or inhaled, but other modes of exposure could be 

subcutaneous, from cuts or scratches, or from absorption via dermal contact. In a very broad 

context, oral administration provides processing by digestive enzymes, microbiotic organisms, 
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intestinal cells, and hepatic cells before transporting the material elsewhere. Inhalation allows 

direct transfer of soluble metal compounds from pulmonary tissues to the blood with the 

circulatory system potentially transporting harmful material to various organs. Cilia of epithelial 

cells may carry insoluble metal particulates from the lungs to the gastro-intestinal tract via the 

pharynx. Less commonly, macrophages may transfer metals directly to regional lymph nodes, 

blood, other tissues, or the gastro-intestinal tract. Dermal contact may provide a more prolonged 

exposure to a particular element but absorption into the body system is small and usually through 

lipid-soluble elements (Luckey & Venugopal, 1977). 

 There are a variety of ways that a metal can affect its host organism. Host-based factors 

that influence metal toxicity for humans are age at exposure, gender and capacity for 

biotransformation. Children tend to be more sensitive to metal toxicological effects because the 

major pathway of exposure for children is food and frequent hand-to-mouth activity, as well as 

children consume more calories per pound of body weight than adults and have a higher 

gastrointestinal absorption of metals (Liu et al., 2008). Chemical-related factors are the precise 

metal compound, its valence state or speciation. Life-style such as smoking may also have 

impacts on the effect of metal intoxication, and composition of diet can also affect 

gastrointestinal absorption of dietary metals (Liu et al., 2008).  

 For digestive processes, the sloughing of old epithelial cells permits the body to get rid of 

excess metals and corresponding metal salts, and other physiological processes of elimination are 

through purgation (vomiting) or diarrhea. There is a negligible amount of absorption in the 

stomach itself and the major sites of absorption of metals occur in the jejunum and ileum of the 

small intestine. Metal ions tend to react with sulfates, phosphates, oxalates and phylates to form 

precipitates. Low molecular weight organic/amino acids will solubilize many metals (Luckey & 
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Vanugopal, 1977).  Long-chain fatty acids will react with many metal salts to form insoluble 

soaps and all of the above-mentioned insoluble complexes are typically eliminated (Luckey & 

Vanugopal, 1977).  

 In the respiratory tract there are many airborne vapors and particulates that may enter. 

These are usually from aerosols (both natural and anthropogenic) that contain potentially toxic 

metal(loid)s such as cadmium (Cd), lead (Pb), antimony (Sb), selenium (Se), thallium (Th), 

vanadium (V), nickel (Ni) and zinc (Zn) (Luckey & Vanugopal, 1977). Most of these metals 

come from automobile exhausts, coal-fired power plants, garbage incinerators, metallurgical and 

refinery operations and aerosol cans used for cosmetics, pesticides, paints, varnishes, propellants 

etc. Furnaces burning coal and petroleum products contain trace amounts of most metals and Pb, 

Th, Sb, Se, Ni, Cr, and Zn are generally adsorbed onto the surfaces of particles within the fumes 

(Luckey & Vanugopal, 1977). The smaller the particle size the more the metal is adsorbed and the 

greater the concentration of the adsorbed metal. Microscopic particles may be trapped in alveoli, 

phagocytized, transported to tissues of lymphatic system or sent to the gastrointestinal (G.I.) tract. 

In general, for inhalation toxicity, the particulate matter size is the most important factor because 

smaller particulates are deposited farther down the respiratory tract and tend to be more harmful 

than their larger counter parts even when the same quantity of metal is involved. However, there 

is a limit to particle size as very small particles in aerosols are exhaled. As well as absorption into 

the system can depend on the water solubility of the metal particulate. 

 The most toxicologically important characteristic of metals is that they may react with 

biological systems by losing electrons to form cations. There are essential and non-essential 

metals, and non-essential metals may mimic essential metals to enter cells and potentially disrupt 

key cellular functions (Liu et al., 2008). Most elemental metals form ionic bonds but some metals 
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can form organometallic compounds, particularly with metalloids, like arsenic and antimony (Liu 

et al., 2008). The chemical mechanism for metal toxicology is inadequately understood but 

metals in their ionic form can be very reactive as cells present numerous metal-binding ligand 

sites (Liu et al., 2008). There are essentially three ways that metals exert toxicological effects: 

one, is the inhibition of biologically critical enzymes (i.e. Arsenic (As) binds to sulfur groups in 

proteins and causes a steric rearrangement that impairs the function of enzyme); two, is metals 

mimicking essential metals thereby occupying sites for the essential metal, or gaining access and 

potentially disrupting metal-mediated cellular functions; three, metals may cause oxidative 

damage by acting as catalytic agents for redox reactions or by producing oxidative modification 

of biomolecules such as proteins or DNA, participate in the generation of oxygen, carbon or 

sulfur-based radicals, or inhibit cellular ligands, resulting in oxidative cellular damage (Liu et al., 

2008).  

 

2.2 Antimony Sources, Absorption & Excretion 

  

Sb is a Group V element on the periodic table along with other elements such as As and 

Bi.  Sb is used for numerous industrial processes including but not limited to use in rubber, paints 

and enamels and flame-retardant chemicals added to textiles. Typically, Sb enters the atmosphere 

in the form of oxides from incineration of waste, fossil fuel combustion and during the smelting 

of metals. With only 950 tons emitted from natural processes compared to approximately 20,000 

tons from industrial processes, and 18,000 tons from fuel combustion, it is important to consider 

the toxicological properties of Sb since it is increasingly being released into the environment 

(Leonard & Gerber, 1996; Oorts et al., 2008).  
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Sb occurs in the earth’s crust at concentrations of 0.2-0.3ppm, is found in over 100 

minerals, with stibnite (Sb2S3), kermesite (2 Sb2S3•Sb2O3), valentinite (Sb2O3), cervantite (Sb2O4), 

stibiconite (Sb2O4•2H2O, tetrahedrite ([Cu,Fe]12Sb4S13), jamesonite (Pb4FeSb6S14), and 

pyrargyrite (Ag3SbS) being the most mined minerals, and in over 3000 other non-mineral 

compounds (Leonard & Gerber, 1996; Rish, 2004). Typically, Sb occurs with other elements 

(sulfur, mercury, lead, arsenic, etc.) (Rish 2004). Metallic and trivalent Sb species in soil are 

oxidized to the more thermodynamically stable pentavalent (Sb(OH)6
-) in the presence of 

amorphous iron and manganese oxides, while the trivalent form is typically Sb(OH)3 between a 

pH of 2 to 8 (Oorts et al., 2008).  

Sb concentrations in seawater are about 0.2  µg/L (generally in the chemical forms of 

Sb(OH)6
-, HSbO2, methylstibonic acid, and dimethylstibinic acid) and fresh-water concentrations 

are a few ng/L for unpolluted waters, potentially increasing a thousand fold in polluted industrial 

areas (Rish, 2004). 

The general population is typically exposed to Sb via skin contact, ingestion of food and 

drinking water, as well as inhalation (De Boeck et al., 2003; Fourth National Report, 2009). The 

data regarding exposure to Sb from household dust is ambiguous. Approximations of the daily 

amount of Sb ingested via household dust are 0.018 µg/kg/d for adults and 0.17 µg/kg/d for 

children (0-7 years), as estimated from household dust containing 26 ppm Sb (Oomen et al., 

2008). It is assumed that infants and children (0-7 years) may ingest more than 100 mg of 

household dust daily and calculations with an intake median Sb level of 13 ppm implies Sb is 

ingested in excess of 1 µg per day from household dust sources (Thompson & Thornton, 1997; 

Oomen et al., 2008). Typically, Sb content in food as measured in 10 adult diets, was 

approximately 5 µg per day with a range of 0.2 to 20µg and the principal source of ingestion 
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being milk (Cooper & Harrison, 2009; Rish, 2004; ATSDR, 1992).  

There was a concern of Sb exposure due to leaching from plastic containers, but Sb is 

considered tightly attached to materials and leached amounts of Sb, relative to the accepted 

tolerable daily intake (TDI) of 6 µg/kg body weight, showed that exposure via plastics such as 

polyethylene terephthalate (PET) were currently not of toxicological concern (Leonard & Gerber 

1996;Haldimann et al., 2007). Exposure to stibine gas (SbH3) from microbial contamination 

causing cholinesterase inhibition was thought to cause Sudden Infant Death Syndrome (SIDS) but 

later studies showed that stibine gas is not capable of inhibiting cholinesterase activity at 

toxicologically relevant concentrations (Cooper & Harrison, 2009). Furniture fabrics that have 

been treated with Sb containing flame-retardants show Sb present between 0.3-10% by weight 

and that the Sb can be transferred to the skin from fabric (McCallum, 2009).  

There does not appear to be a correlation between Sb concentrations in soil and Sb 

content within the human body as well as the rate of transfer from Sb from soil to humans seems 

low; however, there is a correlation between Sb concentrations in the air and Sb measured from 

blood and urine samples of humans exposed to Sb(Cooper & Harrison, 2009; Tylenda & Fowler, 

2007). The majority of emitted Sb comes from high-temperature anthropogenic processes such as 

smelting and coal combustion, and Sb in the air is likely to be emitted as submicron particles or 

as gases that later condense onto other (sub)micron particles (Filella et al., 2009). Unfortunately, 

knowledge of the actual speciation of Sb in the air is unknown and consequently the form in 

which Sb is deposited or its subsequent fate is unknown and deposition and exposure from 

combustion vs. break-wear aerosols may be very different (Filella et al., 2009).  

Sb is present at a concentration of less than 1 µg/g in human tissue with the lungs, lymph 

nodes and hair containing the largest amounts (Filella et al., 2002). When Sb enters the human 
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body it is typically absorbed in the lungs and GI tract, distributed to various organs and excreted 

in feces or urine (Gallicchio et al., 2001; Tylenda & Fowler, 2007; Rish, 2004). Absorption in the 

respiratory tract is influenced by particle size where 1.6 µm sized particles are absorbed to a 

greater extent then 0.7 or 0.3 µm sized particles (Tylenda & Fowler, 2007).  Absorption of Sb in 

the GI tract is poor (Gallicchio et al., 2001). Routes of ingestion show that Sb becomes localized 

in the kidney and liver, and rats fed antimony trioxide (Sb2O3) show localization in thyroid and 

adrenal glands. Major sites of accumulation are the liver, kidney, lung, spleen and blood (Liu et 

al., 2008). Antimony shows an affinity for the spleen, blood and erythrocytes and pulmonary 

absorption of Sb2O3 and stibine are virtually equal (Gebel, 1997; Tylenda & Fowler, 2007). 

Uptake and retention of Sb within the body and major organ systems is dependent on chemical 

form and oxidation state (Rish, 2004). Studies of hamsters demonstrate that trivalent species 

move more rapidly to the liver and pentavalent species move towards the skeletal system and the 

chances of Sb changing valency after incorporation is small (Tylenda & Fowler, 2007). In general 

for animal studies, Sb in drinking water tends to accumulate in the blood and spleen, and in 

vascularized organs and tissues such as the liver and kidney (Gebel, 1997; Tylenda & Fowler, 

2007).  

The absorption and metabolism of Sb is different between various chemical species. 

Accumulation in organs does not appear to be dose related (Tylenda & Fowler, 2007). Not much 

is understood about the molecular uptake transport mechanisms of Sb. Sb is a non-essential 

element and it is unlikely that there are specific transport mechanisms created for the uptake of 

Sb. It is presumed that transporters for vital elements or biological molecules required by the cell 

also take up Sb simultaneously  (Filella et al., 2007). However, organisms are also likely to have 

ways of excreting Sb in order to survive. Pentavalent species have charges in biological 
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conditions and tend to predominantly exist as [Sb(OH)6]-, and trivalent can be charged as SbO2
- or 

as the not well understood non-protein bound structures such as Sb(OH)3 (Gebel, 1997). Sb(OH)3 

is the most biologically active compound  and organoantimonials tend to exert their effects by 

generating Sb(OH)3 (Gebel, 1997). Uptake of Sb into the blood, and hence accumulation in the 

spleen, may be is due to erythrocytes having a greater affinity for uncharged Sb(III) than charged 

Sb(V), as shown by inhalation experiments with hamsters. It is thought that uncharged Sb(III) can 

freely permeate cell membranes by diffusion (Gebel, 1997).  

Excretion of Sb in animals can be done via mucocilliary clearance from lungs, bile 

excretion, urine and feces (Gebel, 1997; Tylenda & Fowler, 2007). Trivalent species are cleared 

by feces and pentavalent species via urine for animal studies (Tylenda & Fowler, 2007). There is 

limited data on the kinetics of excretion but after the initial absorption phase there is a rapid 

elimination of about 80% followed by slow clearance with a biological half-life of about 36-100 

days with an estimated elimination half-life of 95 hours (Gebel, 1997; Fourth National Report, 

2009; Tylenda & Fowler, 2007).  In the lungs there can be a retention of Sb of about 0-6% after 4 

months depending on the type and size of the particles (Tylenda & Fowler, 2007). From 

examination of workers in factories, low solubility of Sb in factory dust combined with the long 

biological half-life can result in lung accumulation of Sb for exposed workers (Tylenda & 

Fowler, 2007).  Pentavalent compounds produce a higher urinary excretion than trivalent 

compounds in humans 24 hours following a single intravenous or intramuscular injection 

(Tylenda & Fowler, 2007). Slow elimination of Sb may be attributed to in vivo conversion of 

Sb(V) to Sb(III) but the mechanisms are not well understood (Gebel, 1997). In conunction, 

pentavalent antimony used for the treatment of leishmaniasis has an active form of the drug when 

Sb(V) is reduced to Sb(III); however, the mechanism to which this happens and where it happens 
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(macrophage or amastigote or both) is largely unknown (Filella et al., 2007).  

 

2.3 Antimony Toxicity 

  

There is limited information on the toxicity of Sb in humans due to ethical restrictions on 

human testing, consequently it is difficult to assess the impact of Sb on human health and most 

information must be derived from animal studies. What is known is that the toxicological and 

physiological behavior of Sb depends on its oxidation state, the presence of ligands or chelating 

agents and the solubility of Sb compounds. Currently the Agency for Toxic Substances and 

Disease Registry (ATSDR) ranks Sb as 219 in its priority list of hazardous substances, with 

arsenic (As) leading the list as the number one hazardous substance (ATSDR, 2007). The 

rankings were based on the total points assigned from the following categories on frequency in 

the national priorities list; toxicity data, source contribution and exposure to contaminant 

(ATSDR, 2007). Sb ranks where it is because of its high frequency of occurrence and high 

potential for human exposure rather than known toxicity studies of Sb and its compounds 

(ATSDR, 2009). The toxicology of Sb for humans has largely been determined from side-effects 

of medicinal uses such as anti-schistosomal (anti-helminthic) and antiprotozoic drugs that utilize 

antimony potassium tartrate (APT) for the treatment of tropical diseases such as bilharziosis, 

schistosomiasis, leishmaniasis, and trypanosomial diseases (Gallicchio et al., 2003; Gerber, 

1996); studies of occupational exposures to Sb and studies in city environments (McCallum, 

2005). Generally the occupational studies focus on the inhalation of dust containing Sb 

pentachloride, trichloride, trioxide and trisulfide (Liu et al., 2008). Human health effects from Sb 

at low environmental concentrations and exposures are unknown (ATSDR, 2007). 
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 The adverse effects of Sb treatment commonly observed in humans are nausea and 

vomiting but there are also effects on the liver with measured rises in serum concentrations of 

glutamic-oxaloacetic transaminase and glutamic-pyruvic transaminase, which are indicators of 

damaged hepatic cells. In patients receiving long-term Sb drug treatment for parasitic diseases, 

changes have been observed in the ECG (electrocardiography) pattern, particularly with the T 

wave, which represents ventricle recovery of the heart (Tylenda & Fowler, 2007). For APT 

treatment, typically the dosage for treatment had be near-lethal concentrations of around 36 

mg/kg and it was concluded that APT was not an ideal choice of antimonial drug for long-term 

treatment for schistosomiasis and leishmaniasis (Dieter et al., 1991).  

 For biological monitoring of Sb in urine within the United States the Department of 

Health and Human Services Centers for Disease Control and Prevention in their Fourth National 

Report found a geometric mean of 0.132 µg/L with the ranges varying slightly between gender, 

age and race (2009). Interestingly, the concentrations of Sb seem to be decreasing from the years 

of 1999 to 2004. The study did not include subjects under the age of 6 years old.  

 There are various results on the toxicity of different Sb chemical compounds, but in 

general the toxicity of one compound over another has not been extensively studied. Filella 

(2007) and Leonard (1996) state that in general experimental and clinical trials indicate that the 

trivalent Sb compounds are more toxic than pentavalent compounds. The difference in toxicity is 

unknown with various authors stating that trivalent Sb compounds are 10 times more toxic than 

pentavalent Sb species (Shotyk et al., 2005; Oorts et al., 2008) but this quantification has almost 

no research backing and appears to be circulated amongst researchers; an observation that Filella 

also noted (2009). In cats and dogs, antimony potassium tartrate (APT), an Sb salt, given in 

excess of 10mg/kg caused diarrhea and vomiting, but Sb2O3 and Sb2O5 could be given in excess 
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of 100 mg/kg before any toxicological effects were visible (Tylenda & Fowler, 2007). Luckey 

and Venugopal (1977) even state that soluble Sb salts may be more harmful than similar lead or 

arsenic salts but that Sb salts occur less frequently than their lead or arsenic counterparts. Higher 

atomic weight metals of this group are supposed to exhibit greater toxicity but their poor 

solubility as cationic salts result in them largely being excreted from the body (Luckey and 

Venugopal, 1977). The ATSDR (1992) toxicological profile of Sb summarizes various animal 

studies and stibine gas (SbH3) appears to be the most toxic of all Sb compounds covered in that 

report. Pulmonary edema was thought to be the contributing factor to the death of guinea pigs or 

rats exposed to high concentrations of stibine (1,395 mg Sb/m3) for 30 minutes (ATSDR, 1992).   

Acute Sb poisoning is rare (Gallicchio, 2001). Acute Sb poisoning effects are typically 

vomiting, nausea, a metallic taste and diarrhea (Gallicchio, 2001; Tylenda & Fowler, 2007). 

Workers exposed to antimony trichloride (SbCl3) may exhibit irritation and soreness in the upper 

respiratory tract and antimony pentachloride (SbCl5) may cause severe pulmonary edema. 

However, in these studies concentrations of Sb chloride compounds in the air were unavailable so 

the concentration of Sb chloride compounds needed to cause adverse effects remains unknown 

(Tylenda & Fowler, 2007).  Acute exposure to SbH3 when inhaled damages red blood cells and 

causes hemolysis (Tylenda & Fowler, 2007). Exposure to Sb (salts) can also create Sb spots, 

which are skin rashes on the trunk and limbs that quickly disappear after ceasing exposure 

(McCallum, 2005; Tylenda & Fowler, 2007).  

 Chronic exposure in humans has largely been determined by studying industrial 

exposures of workers in smelting processes. Chronic respiratory effects and pneumoconiosis has 

been reported for workers exposed to Sb (Tylenda & Fowler, 2007). Exposure of Sb2O3 and 

Sb2O3 containing dust in excess of 8.87 mg Sb/m3 resulted in pneumoconiosis for occupational 
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exposure (ATSDR, 1992).  In Czechoslovakia, rhinitis, septal perforation, pharyngitis, bronchitis, 

and emphysema were reported for workers exposed to Sb2O3 and Sb2S3 for up to 28 years 

(McCallum, 2005). However, certain symptoms such as nose bleeds or perforation in nasal 

septum may be attributed to the co-exposure to As, which would be present in small quantities in 

the ores and also used in larger amounts in the manufacturing of Sb/As alloys (McCallum, 2005; 

Tylenda & Fowler, 2007). There is also a correlation between Sb found in the lungs and amount 

of time of exposure; this may be attributed to the low solubility of Sb in factory dust along with 

its long biological half-life in workers (Gallicchio, 2001; McCallum 2005; Tylenda & Fowler, 

2007). Rats and rabbits exposed to 3.1 to 5.6 mg/m3 of Sb2S3 for 6 weeks exhibit cardiac 

abnormalities such as inversion of the T wave in an ECG scan which may increase the chances of 

heart attack (Tylenda & Fowler, 2007). Also, studies with dogs injected with doses of sodium and 

potassium Sb of 10-15 mg/[kg of body weight] also showed changes in the S-T wave and a 

decrease in the contractile force of the heart (Bromberger-Barnea & Stephens, 1965). There is 

limited data on cardiovascular effects on humans but exposure of 2.15 mg/m3 of Sb2S3 and phenol 

formaldehyde for 8 months to 2 years of workers showed increased blood pressure and altered 

EKG readings (ATSDR, 1992). There is a concern about an increase in spontaneous abortions 

and menstrual cycle disruptions among female workers who are exposed to Sb containing 

aerosols (Sb, Sb2O3 and Sb2S5) but both Gallicchio et al. (2001) and the ASTDR (1992) state that 

there is an inconclusively proven connection due to lack of formal studies.  

 The International Agency for Research on Cancer (IARC) concluded that Sb2O3 was a 

possible carcinogen (Group 2B) due to the ambiguous results from animal and human studies, 

and that Sb2S3 had inadequate/limited evidence for carcinogenicity and hence was not classifiable 

(Group 3). Antimony trioxide is a suspected carcinogen as it was shown to induce lung tumors by 
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developed lung neoplasms in female rats after inhalation of 36-40 mg/m3 of Sb2O3 for 7 hours per 

day, 5 days a week for 52 weeks, as well as a separate study also showed increased incidence of 

neoplasms in female rats at lower doses (1.6-4.2 mg Sb/m3) for 6 hours a day, 5 days a week, for 

a year; however, it is not clear whether Sb is carcinogenic to man (Gebel, 1998; Tylenda & 

Fowler, 2007). Also mice exposed to Sb2O3 showed chromosomal aberrations in the bone marrow 

and sperm head abnormalities in germ cells (Gernani et al., 1991). Antimony has been associated 

with lung tumors in people working at smelters, but in occupational exposures workers are 

simultaneously exposed to other known carcinogenic compounds (De Boeck et al., 2003). When 

discussing co-exposure with As, Sb was shown to reduce the theoretical effect of a compounded 

genotoxicity of As (III) and Sb (III) in vitro for micronuclei in hamster V79 cells (Gebel, 1998). 

The suppression may have been due to Sb having an affinity for sulfhydryl groups and as such 

competitively inhibited As in binding of sulfhydryl groups (Gebel, 1998). Due to the similarities 

between As and Sb and the influence of one over the other, it is necessary to determine the impact 

of Sb and As co-exposure on As genotoxicity/carcinogenicity in man (Gebel 1998; De Boeck et 

al., 2003). For the most part Sb and As are considered to have carcinogenic potential and show 

genotoxic effects in-vivo and in-vitro but are not directly mutagenic (Gebel, 1997). There is 

limited data on the mechanism of Sb compounds and it is suspected that Sb exerts its genotoxic 

potential via oxidative stress. The magnitude is influenced by the valence state of Sb as Sb(III) 

has given positive results for genotoxicity for in vitro tests while Sb(V) has a negative result (De 

Boeck et al., 2003). Stibine and trimethylstibine were shown to be genotoxic through the 

generation of radical oxygen species (ROS)(Andrews et al., 2004). In conjunction with the review 

by Gebel (1998) Sb(V) compounds can be reduced to corresponding Sb (III) compounds via 

thiols such as dithioerythritol, glutathione, and L-cysteine. Also, Sb biomethylation is known to 
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occur in microorganisms but current research suggests Sb may not be methylated in mammals 

(Gebel, 1997; Andrews et al., 2004). The possibility of biomethylation as a result of biological 

metabolism indicates the possibility that human beings may become exposed to trimethylstibine 

[Sb(CH3)] along with SbH3, both of which are thought to be genotoxic.  Trimethylstibine could 

also be generated during metabolism of inorganic Sb although not many studies have looked at 

mammalian and human metabolism of Sb (Andrews et al., 2004). It is evident that the mode in 

which Sb exerts its genotoxic effects needs further investigation along with further studies in 

mechanisms of Sb metabolism within mammalian systems.  

Most acute and chronic information about Sb toxicity on humans was obtained from 

medicinal trials and from occupational exposures via inhalation of certain compounds such as 

SbCl3, SbCl5, Sb2O3 and Sb2S3 (Gallicchio et al., 2003; McCallum, 2005). Moreover, a review 

published by Filella et al., stated that a majority of the publications emphasize the danger of Sb 

without addressing toxicity issues (2009). There are many confounding variables for assessment 

of Sb toxicity on humans in industrial environments. This is because industrial exposures of Sb 

often result in co-exposure with other known harmful metal(loid)s such as As, Pb, Ni, Cd. Sb and 

As share many chemical and biological properties with most Sb compounds being less toxic than 

their As counterparts with the exceptions being SbH3 and its derivatives (Leonard & Gerber, 

1996; Filella et al., 2009). In general while Sb exhibits chemical-toxicological characteristics 

similar to As, its lower abundance in the environment and low solubility for a majority of its 

compounds indicates that it is less bio-available and probably less of an environmental (and 

possibly toxic) threat than As (Filella et al., 2009). Human carcinogenicity associated with Sb has 

not been proven satisfactorily, unlike As which is classified as a known human carcinogen. 

Humans more readily absorb As than Sb, and As is known to be metabolized via reduction from 
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glutathione conjugation and methylation in mammals (Gebel, 1997).  

2.4 Conclusions 

 

Despite many confounding variables (i.e. co-exposure to other known toxicants) on the 

toxicity of Sb on humans, there are numerous animal studies that may give an indication of the 

potential health risk to Humans. Table 2.1 summarizes some studies on toxicological studies of 

Sb with their respected doses. Table 2.2 summarizes exposure to Sb2O3 as determined from the 

EU 2008 risk assessment for Sb2O3.   

 

 

Compound  Species  Exposure 
Frequency 

Dose  Effect  Reference 

Inhalation Exposure 
stibine  guinea 

pig 
30 min  1395 

mg/m3 
death  ATSDR 

1992 
antimony 
trisulfide 

dog  10 wk 
7 hr/d 
5 d/wk 

3.98 
mg/m3 

altered EKG 
myocardial damage 

ATSDR 
1992 

antimony 
trisulfide 

human  8 mo to 2 yr  2.12 
mg/m3 

altered EKG 
elevated blood 
pressure1 

ATSDR 
1992 

antimony 
trioxide 

rat  4 hr  LC50 > 
5200mg/m
3 

death  EU 2008 

antimony 
trioxide 

rat  12 mo 
5 d/wk 

0 mg/m3 
0.06 
mg/m3 
0.51 
mg/m3 
4.5 mg/m3 

interstitial fibrosis 
granulomatous 
inflammation 
bronchiolar/ 
alveolar hyperplasia 
increased numbers of 
alveolar/ 
intraalveolar 
macrophages  
particulate 
material in alveolar/ 
intraalveolar 

EU 2008 
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macrophages 
 
LOAEC and NOAEC 
considered to be 4.50 
mg/m3 and 0.51 
mg/m3, respectively 

antimony 
trioxide and 
pentoxide 

human  9‐31 yr  8.87 
mg/m3 

pneumoconiosis 
 

ATSDR 
1992 

Oral Exposure 
metallic Sb  rat  single dose  7000 mg 

Sb/kg 
no death   ATSDR 

1992 
metallic Sb  rat   12 wk  500 mg 

Sb/kg/d 
decreased total 
plasma protein 

ATSDR 
1992 

antimony 
potassium  
tartrate 

rat  single dose  300 mg 
Sb/kg 

increased mortality 
(myocardial failure) 

ATSDR 
1992 

antimony 
potassium 
tartrate 

rabbit  single dose  60 mg  fatty degeneration 
convoluted tubules 
kidneys and liver 

Gallicchio et 
al. 2001 

antimony 
trioxide 

rat  single dose  Oral LD50 > 
20,000 mg 
Sb/kg bw 

‐‐  EU 2008 

antimony 
trioxide 

rat  30 d  894 mg 
Sb/kg/d 

increased RBC count  ATSDR 
1992 

Dermal Exposure 
antimony 
trisulfide 
and 
pentasulfide 

rabbit  1 d  100mg  eye irritation  ATSDR 
1992 

antimony 
trioxide 

rabbit  1 d  LD50>8300 
mg/kg bw 

‐‐  EU 2008 
 

Intravenous Injections 
sodium and 
potassium 
antimony 

canine 
hearts 

‐‐  10‐15 
mg/kg bw 

decreased contractile 
force 
changes to S‐T wave 

Bromberger
‐Barnea & 
Stephens 
1965 

Table 2.4.1: Summary of various toxicity studies conducted showing exposure time, dose 

and observed effects 

*note: The term “bw” refers to body weight.  
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Route of Exposure1  Concentration of Exposure 

PET Bottle (oral exposure)  0.035 µg/kg bw/day 

Fabrics (dermal exposure)  1.8 µg/kg bw/day 

Cuddly Toys (oral exposure)  0.25 µg/kg bw/day 

Indoor air (inhalation exposure)  3.15 x 10‐6 mg/m3 

Ingestion of dust from air ( child oral 

exposure) 

0.60 µg/kg bw/ day  

Food (oral exposure)  0.096 µg/kg bw/day 

Breast milk (infants 0‐3 mo. oral exposure)  0.087 µg/kg bw/day 

Drinking water (oral exposure)  0.029 µg/kg bw/day 

Outdoor air (inhalation exposure)  3.12 ng/m3 

1. EU Risk Assessment 2008 
Table 2.4.2: Summary of concentration of exposure for various scenarios as reported by the 

EU 

 Oomen et al. (2008) also estimated that Sb within household dust could be ingested in 

excess of 0.45 µg/kg/day in worst-case scenarios. The total concentration of exposure from Sb 

from products, homes and the environment are far lower than the concentrations reported in 

animal or human toxicological studies that produced noticeable or serious effects. For example 

the no observable adverse effect concentration (NOAEC) is estimated to be approximately 0.51 

mg/m3 while the current level of exposure is at most 3.15 x 10-6 mg/m3. For oral exposure in 

animals dosages needed to be in the hundreds to thousands of mg/kg before serious effects were 

observed, as well as 6µg/kg day is considered the acceptable TDI level. The low concentrations 

observed for exposure make Sb an improbable toxicological risk in residential homes.  

Although the toxicity of multiple metal compound exposures is poorly understood, the 

results from the As/Sb co-exposure studies indicate that investigating the role of co-exposures to 

overall toxicity may be of interest to study. As suggested by Gebel, Sb may competitively inhibit 
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As and there is a possibility that Sb may influence the additive toxicity of co-exposure to multiple 

compounds (1998). Moreover, there are numerous other metals within household dust that are of 

toxicological concern such as As and Pb. Of interest is the association of Sb with Pb and to a 

lesser extent Cu and Zn and there may be similar decreased additive toxicities (Thompson & 

Thornton, 1997). 
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Chapter 3 

Micro-analytical Characterization of Antimony in Household Dust from 

Ottawa, Canada 

3.1 Introduction 

 

 Metals and metal(loid) particulates are present in household dust as a result of their 

widespread use in numerous consumer products present in homes,  atmospheric fall out of fly ash 

or other particulates suspended in the atmosphere, tire wear, corrosion of metallic parts, roof tiles, 

paints, release from carpets, smoking and other sources (Fergusson & Kim, 1991).  The toxicity 

of metal(loid)s can be dependent on valence state, and chemical speciation. Children are more 

susceptible to adverse effects from metal(loid)s,  and are more frequently exposed to metal(loid)s 

in household dust due their tendency to interact with the world in close proximity to the floor as 

well as their frequent hand-to-mouth activity. Consequently, determination of the source and form 

of metal(loid)s in household dust is of increasing priority.  

Antimony (Sb) is used in many industrial applications, including, but not limited to use in 

paints, ceramics, fireworks, enamels, glass and as a flame-retardant in textiles and plastics. People 

are primarily exposed to Sb through food, oral ingestion, inhalation of Sb bearing particles, and 

dermal contact with Sb within soil, or dust, or Sb containing products (ATSDR, 2009).  

Antimony trioxide (Sb2O3) is the most commonly used compound for industrial applications. It is 

typically used in materials containing polyethylene terephthalate (PET), other products such as 

cuddly toys, upholstered furniture and seating, various textiles, wall coverings, electrical 
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equipment (cables, PVC wire etc.) and many others. Due to the wear and tear, the Sb-bearing 

materials may become part of household dust as fibers are decomposed into smaller particles. 

Depending on the size of the particle, the most common route of exposure for Sb containing 

consumer products is through digestion or inhalation (EU, 2008). A report compiled by the EU 

(2008) suggested that the worst-case Sb2O3 indoor air exposure was 3.15 x 10-6mg/m3, and oral 

exposure for a child from dust of indoor air was 0.60 µg/kg bw/day.   

Synchrotrons as X-ray sources typically have detection sensitivity orders of magnitude 

higher than conventional sources of X-ray radiation, such as X-ray tubes, due to the high intensity 

of photons (up to 11 orders of magnitude brighter than conventional sources) (Lanzirotti et al., 

2010). Also, use of complementary and coincident micro-synchrotron techniques such as µXRF, 

µXRD and µXANES allows for the fast, simultaneous collection of samples/sample composition 

with minimal to no sample preparation, hence most environmental samples can be analysed in a 

state similar to their native environments.  

The focus of this study is to expand upon the work done by Walker et al. (2010) with 

household dust and attempt to better characterize the cause and source of Sb enrichment within 

residential dust. Walker et al. (2005) and Manceau et al. (2002) used micro-synchrotron 

techniques such as micro X-ray fluorescence (µXRF), micro X-ray absorption near-edge structure 

(µXANES), and micro X-ray diffraction (µXRD) in combination to resolve specific targets in 

mine tailings and analyse them on a particle-by-particle basis. Walker et al. (2010) later used 

these coincident micro-synchrotron techniques to examine household dust in detail in a home 

from Ottawa, Canada. However most of Walker et al.’s (2010) work was done primarily at the 

Mo K-edge (17KeV), which is of insufficient energy for Sb µXANES K-edge (31KeV) work. 
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This study also provides an opportunity to develop methods of analyzing high atomic number 

elements such as Sb in household dust using synchrotron microanalysis.  

 

3.2 Methods 

 

3.2.1  Sample Information 

 

In 2001, a study was conducted to analyse metal(loid) concentrations in household dust, 

garden soil and adjacent street dust from 50 residences in Ottawa, Canada (Rasmussen et al.). The 

results indicated that many metal concentrations, especially lead (Pb), cadmium (Cd), mercury 

(Hg) and Sb, were enriched within household dust compared to garden soil, and that household 

dust displayed a distinct element association compared to the corresponding exterior counterparts 

(Rasmussen et al., 2001). From this study, samples 051HD, 039HD and corresponding garden 

soil samples 051GS and 039GS were selected for Sb analysis by micro-analytical synchrotron 

techniques because they were in the upper 10th percentile for total Sb content, as determined by 

ICP-MS measurements (Rasmussen et al, 2001). These samples were chosen because of the 

higher likelihood of detecting Sb within samples. The geometric mean of Sb concentration in the 

household dust for the study was 5.54 ppm with the 90th percentile concentration being 12.50 

ppm (Rasmussen et al., 2001).  The concentrations of Sb utilized for this study in household dust 

were 57 ppm for 051HD and 12 ppm for 039HD. The corresponding garden soil sample 

geometric mean of Sb content was 0.44 ppm with the 90th percentile being 1.12 ppm (Rasmussen 

et al., 2001). A finer grain size of 75-125 microns, determined by a sieve, was used for samples in 

this study, as compared to the 100-250 micron grain size used for samples analysed in the Ottawa 



 

52 

 

2001 study (Rasmussen et al.). The results from the bulk analysis as done by Rasmussen et al. of 

the anomalous Sb content samples are summarized below (2001). 

  

Element MDL (ppm)* 039HD (ppm)* 051HD (ppm)* 

Aluminum 5 21100 21650 

Antimony 0.02 11.74 57.41 

Arsenic 0.5 8.4 3.8 

Barium 1 455 671 

Beryllium 0.02 0.55 0.78 

Bismuth 0.02 2.03 0.55 

Cadmium 0.01 4.29 4.3 

Calcium 5 59200 46400 

Chromium 0.5 72.2 52 

Cobalt 0.10 9.29 9.2 

Copper 0.50 101 487 

Iron 20 11200 17350 

Lead 0.05 254 1502 

Lithium 0.1 6.3 5.7 

Magnesium 1 10100 9250 

Manganese 1 275 250 

Mercury 0.005 0.958 0.76 

Molybdenum 0.10 3.03  1.34 

Nickel 0.2 33.9 74 

Phosphorus 10 1360 1165 

Potassium 20 9740 8275 

Rubidium 0.1 26.1 23.1 

Selenium 0.5 2.0 1.8 

Silver 0.01 2.73 0.77 

Sodium 10 18040 52295 
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Strontium 0.1 325 241 

Tellurium 0.02 0.11 0.07 

Thallium 0.01 0.15 0.17 

Tin 0.10 13.2 22.5 

Uranium 0.01 0.71 0.50 

Vanadium 0.5 25.4 22.4 

Zinc 1.0 1120 799 

*MDL is the minimum detection limit and 039HD and 051HD are the samples studied for this 

project.  

Table 3.2.1: Concentrations of elements in household dust from the Rasmussen et al. 2001 

Ottawa household dust study as determined by ICP-MS 

 

Element MDL (ppm)* 039GS (ppm)* 051GS (ppm)* 

Aluminum 5 53200 52100 

Antimony 0.02 1.98 0.77 

Arsenic 0.5 2.8 2.9 

Barium 1 705 690 

Beryllium 0.02 1.38 1.31 

Bismuth 0.02 0.10 0.00 

Cadmium 0.01 0.32 0.32 

Calcium 5 34900 30100 

Chromium 0.5 42.5 46.9 

Cobalt 0.10 9.9 9.9 

Copper 0.50 18.4 13.0 

Iron 20 23400 25200 

Lead 0.05 33.8 81.0 

Lithium 0.1 9.9 9.1 

Magnesium 1 11000 10200 

Manganese 1 570 662 
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Mercury 0.005 0.041, 0.036 0.047 

Molybdenum 0.10 0.6 0.5 

Nickel 0.2 15.9 17.0 

Phosphorus 10 1110 1100 

Potassium 20 18000 15600 

Rubidium 0.1 48.5 41 

Selenium 0.5 0.5 0.6 

Silver 0.01 0.4 0.3 

Sodium 10 21900 22900 

Strontium 0.1 369 362 

Tellurium 0.02 0.00 0.00 

Thallium 0.01 0.33 0.22 

Tin 0.10 1.3 2.0 

Uranium 0.01 1.10 0.77 

Vanadium 0.5 42.7 47.1 

Zinc 1.0 89.2 145 

*MDL is the minimum detection limit and 039GS and 051GS are the samples studied for this 

project. 

Table 3.2.2: Garden soil concentrations from the Rasmussen et al., 2001 Ottawa household 

dust study as determined by ICP-MS 

The 014CBR sample is a children’s bedroom sample that had high Pb content from a 

2008 study by Rasmussen et al. (not mentioned above) and is a separate study where household 

dust samples were collected in individual rooms in the Ottawa area for trace metal analysis.  This 

sample is different from 051HD and 039HD as it is dust collected from a single room as opposed 

to being a composite sample from the entire house. Walker et al. (2009) later determined that 

014CBR had an abundant pigment presence. The 014CBR sample was selected because it showed 
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Sb hot spots when analysed at the 20-ID beamline at APS. 014CBR had a bioaccessible Sb 

concentration of 2 ppm (Rasmussen personal communication).  

 

3.2.2 Environmental Scanning Electron Microscopy (ESEM) 

 

The samples were analysed in two sessions utilizing the Environmental Scanning 

Electron Microscope (ESEM) at the Geological Survey in Ottawa, Canada. The ESEM was 

utilized as an alternative way of viewing the samples to see what might be present other than Sb 

as well as if possible find any Sb bearing particles. There were two modes of preparing the 

samples. One was that the samples were placed onto double-sided carbon tape by tipping the 

sample jar containing the household dust over onto the carbon tape. The other method was to use 

the sample that was originally prepared for synchrotron microanalysis (section 3.2.3) by 

removing the UltraleneTM covering with a spatula. Antimony-rich areas (hereafter called hot 

spots) were identified using the back-scattered electron detector, with the machine using an 

acceleration voltage of 20KeV and a pressure of 150-200 Pa.  

 

3.2.3 Synchrotron Microanalysis 

 

The samples were loaded for analysis by µXRD, µXRF and µXANES by placing 

KaptonTM tape over the jar containing the sample of interest, which was then tipped to create a 

monolayer of 5-to-50 microns thick on the tape. The sample was then covered with Ultralene 

filmTM. 
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Standards for Sb µXANES analysis were chosen based on common industrial 

applications of Sb, potentially toxic Sb species and mineralogical and other compounds 

representing various oxidation states. Particular attention was paid to Sb2O3 due to its frequent 

application in industrial and household products as well as being considered a possible 

carcinogen by the International Agency for Research on Cancer (IARC, 1989).  The antimony 

oxides, stibnite (Sb2S3) and Sb-metal used were from samples prepared previously by Fawcett 

(2009). The Sb2O5 was obtained commercially from Fisher Scientific. Lewisite 

[(Ca,Mn,Na)2(Sb,Ti,Fe)2O7], cervantite (Sb2O4), Sb-metal, and Sb2S3 were obtained from Miller 

museum at Queen’s University and verified by X-ray diffraction (Fawcett, 2009). These standards 

were ground, spread thinly and uniformly on KaptonTM tape that was folded 8-10 times (Fawcett, 

2009).   

 Amspec provided samples for Sb2O3 flame-retardants, including Amsperse FR-21 and 

Amspec KR Grade Antimony Oxide. The Amsperse FR-21 was spread onto KaptonTM tape and 

left to evaporate in a fumehood before covering the sample with tape. Naples Yellow (a lead-

antimonate pigment) was purchased at an art store and was also spread over KaptonTM tape and 

left to evaporate in a fumehood overnight before closing over with tape. A metal alloy product 

was provided by KimcoTM (Fe,Sb,Sn,Pb), and two different types of solders were obtained from 

Home Hardware (Sn,Sb) and Plumber’s World (Sn,Pb).  The metal alloys were ground with a 

metal filer and spread over the KaptonTM before closing the tape over itself.  

Micro-XRF maps were used to determine element associations and target spots for 

µXRD and µXANES work. Micro-XRF was also used to help elucidate the specific character of 

complicated or non-diffracting targets. Micro-XRD was used to compliment µXANES data for 

diffracting targets by indicating the crystal structures that matched diffraction patterns of the Sb-
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bearing particles. Micro-XANES was used to help determine the species based on comparison of 

the samples to multiple Sb standards. The K-edge of Sb was utilized for µXANES work as the Sb 

L-edges (3929-4465eV) are too close to the very strong Ca K-Edge(4038.5eV), and Ca is 

typically found in large concentrations in soil and household dust media  

 Two beamlines were used for the collection of data: X27A at a bending magnet beamline 

at the National Synchrotron Light Source (NSLS), Brookhaven, New York and the PNC-XOR 

undulator beamline 20-ID at the Advanced Photo Source (APS), in the Argonne National 

Laboratory at Argonne, Illinois.  A Si(311) fixed channel monochromator was used at NSLS and 

a Si(311) double-crystal monochromator was used at APS to control the X-ray energy. The 

monochromator was calibrated with Sn-metal foil at NSLS and one run at APS and Sb-metal was 

used for one run at APS. For APS and NSLS no detuning was done as the Kirkpatrick-Baez (KB) 

mirrors provided enough harmonic rejection when the beam was focused and the high energies of 

the higher harmonics were considered negligible (approximately 90KeV) once focusing had been 

done. The standards for µXANES spectra were collected in transmission mode using 20-cm 

ionization chambers filled with nitrogen gas and the samples were collected in fluorescence mode 

using a 13-element Canberra Ge(Li) detector. Three to twelve scans were collected for each 

standard and sample depending on noise and peak resolution of the resulting spectra. The internal 

standards for µXANES at APS were Sb2O3 for the March 2009 run and powdered Sb-metal for 

the December 2009 run. The first and last scans showed the same edge position indicating that no 

oxidative damage from the beam had occurred. Micro-XRF maps and spectrums were collected 

using a 13-element Canberra Ge(Li) detector and for one run with a vortex Si-drift detector. 

Micro-XRD patterns were collected with an MARS-345 image plate at NSLS and a FugiBAS 

2500 image plate at APS.   



 

58 

 

Beamline NSLS x27a 
Oct 2009 

APS PNC-XOR  
Mar 2009 

APS PNC-XOR 
Dec 2009 

µXRF Detector 13 element Ge(Li) Si-drift 13 element Ge 
(Li) 

µXRD Detector 345 mm Mars Image 
Plate 

CCD FugiBAS 2500 
image plate 

µXANES N/A N2 Filled Ion 
Chambers 

N2 Filled Ion 
Chambers 

Monochromator Si (311) Fixed 
Channel 

Si (311) Double 
Crystal 

Si (311) Double 
Crystal 

Monochromator 
Calibrant 

Sn-metal Foil Sn-metal Foil Powdered Sb-
metal 

µXRD Calibrant Corundum (Al2O3) Si LaB6 
µXANES Internal Ref N/A Sb2O3 Powdered Sb-

metal 

Table 3.2.3: Summary of synchrotron experimental set-ups for each beamline session at 

NSLS and APS 

 

Diffraction data was refined using Fit2DTM software (Hammersley, 1998) with 

verfication of compounds done in HIGHSCORE PLUSTM.  Micro-XANES data processing and 

linear combination fitting (LCF) analysis was conducted using ATHENATM software with the fit 

being performed 80eV over the absorption edge (Ravel, 2007). Linear combination fitting is 

when unknown spectra are compared to known standards and the combination of standards that 

best fits the unknown is computed. 

 

3.3 Results 

 

3.3.1  Sample 014CBR (children’s bedroom) 
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3.3.1.1 General Observations for 014CBR 

 

ESEM images of 014CBR showed Pb-containing particles that were often associated 

with Ca and sometimes Zn and supported Walker et al. (2010) results for the presence of 

hydrocerussite, a Pb-carbonate paint pigment. Most of the particles were a conglomeration of 

smaller particles, some of which contained more Pb than others. Figure 3.1 has an example of 

such a Pb-bearing particle, the image is in backscatter mode with the Pb making up a majority of 

the bright white spots shown on the image. 

 

a) Back-scattered image of the particle 
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b) Corresponding XRF spectrum of the point indicated 

Figure 3.1: Backscattered ESEM image and fluorescence spectrum of a Pb containing 

particle in 014CBR 

   

The µXRF maps (Figure 3.2) of the 014CBR sample showed a combination of discreet 

Sb hot spots and Sb fluorescence signals that were in elongated structures resembling fibers 

within the sample. Discrete Sb hot spots could be as large as around 100 microns in the size. The 

typical element associations of the discrete Sb spots were of Sb with Zn, Pb, Ti, Ca and Fe.  The 

fibrous structures tended to show Sb. Other elements recorded as present within µXRF spectrums 

of Sb containing particles were Mn, Ni, Ga, Cu, Br, Rb, Sr, Zr, Mo, Cd, Rh, Pd, Sn and Te. The 

intensity of the Sb peak relative to other elements varied greatly from one particle to another.  

 

 

Figure 3.2: Sb µXRF map from the 014CBR sample 

*note: The map is 0.875 mm x 1 mm and each pixel size was 7 microns 
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Micro-XRD analysis of targets identified as Sb containing particles showed diffraction of 

the following compounds: rutile (TiO2), anatase (TiO2), calcite (CaCO3), wurtzite (ZnS), 

hydrocerussite [Pb3(CO3)2(OH)2],  zinc oxide (ZnO), and potentially lead antimonate [Pb(Sb2O6)] 

a compound both found in some versions of the pigment Naples Yellow and in lead-acid 

batteries. Although these compounds were identified with some areas targeted as Sb hot spots, the 

majority of targeted Sb hot spots either did not produce a diffraction pattern, or produced 

diffraction patterns that could not be associated with particular compounds. The presence of 

almost complete rings in some of the diffraction patterns associated with Sb-bearing particles 

suggests the presence of a material that is finely crystalline with respect to the beam diameter.  

Micro-XANES data indicated that both +III and +V antimony species are present. For a 

majority of the spots the spectrum was too noisy to find a reliable Eo for analytical purposes. One 

reason for this is due to the absorption edge not being well defined due to a weak signal from 

small Sb (less than 5 microns) containing particles or from larger particles with lower 

concentrations of Sb. Another was that the absorption edge was broadened out due to the small 

particle size or from merges of several noisy spectra resulting in difficulties obtaining an accurate 

edge position. These restraints were true of all the samples and were not restricted to solely 

014CBR. Figure 3.3 has various µXANES standards used for LCF comparison as well as the 

014CBR sample µXANES spectra  
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Figure 3.3: Micro-XANES normalized spectra of the sample 014CBR with relevant 

standard spectra 

*note: The x-axis is the energy of the X-rays in eV and the y-axis is absorption as a function of 

energy. The normalization is to ensure that all spectra have a similar step in the absorption edge 

in order to accurately do LCF analysis. The SM designation is to designate that the spectrum was 

smoothed prior to plotting in this image.  

 

3.3.1.2 Specific Spots of Interest for 014CBR 

 

Rarely were µXRF, µXRD, and µXANES coincidentally obtained and each component 

successfully analysed for the same spot on a sample. One successful case of correlation between 

the three techniques was a particle in 014CBR. Micro-XRD analysis indicated the presence of 

anatase (TiO2), wurzite (ZnS), and potentially lead antimonate [Pb(Sb2O6)] a compound thought 
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to be present in Naples Yellow as well as antimonial lead-acid batteries (Figure 3.4; Figure 3.5). 

Micro-XRF exhibited Ti, Zn, Sb, and Pb as major peaks within the spectrum. Lastly, the 

µXANES spectrum (SM_014CBR_1 in Figure 3.3) corresponded well with Sb2O5 supporting the 

presence of Pb(Sb2O6) indicated from diffraction because Pb(Sb2O6)]  is thought to contain Sb5+-

O bonds (Hill, 1987).  The presence of anataze and wurzite from the µXRD, which are known to 

be associated with pigments (Preuss, 1973), supports evidence of pigments rather than lead-acid 

batteries.  

 

Figure 3.4: Debye-Scherrer rings in 2D as intercepted from the image plate detector at APS 

for a Sb containing particle in sample 014CBR 

*note: The highest d-spacing visible for complete rings is around 4 Å due to a large amount of 

diffuse scattering from the beam center.  
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Figure 3.5: 1D analysed integration pattern of the Debye-Scherrer rings in Figure 3.4 for 

the sample 014CBR 

*note: The area fitted corresponds from a d-spacing of 4 to 1 and the entire region is not shown in 

this image. For the x-axis 0.4000 Å is the incident x-ray wavelength corresponding to 31KeV, the 

y-axis is the amount of counts detected.  

 

  Another interesting spot was a multi-metal bearing particle. Micro-XRF suggests that the 

particle is composed mostly of Pb and Zn but there is also the presence of numerous trace 

elements (Ca, V, Mn, Fe, potentially Ni and Mo, Cd, Sn, and Sb). The µXRF map also correlates 

spatially with this multi-metal association (Figure 3.6). Diffraction data for this particle correlates 

well with hydrocerussite [Pb3(CO3)2(OH)2], and zinc oxide (ZnO) but there are numerous 

ambiguously identifiable peaks that may fit bassanite (Ca(SO4) 0.5 H2O), calcite (CaCO3) and 
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antimony iodide sulfide (SbSI). Bassanite and calcite are associated with the weathering of 

concrete materials such as Portland Cement (Harvey & Murray, 2006). The association of 

pigments with weathering of building materials does not seem like an unreasonable association 

for components found in household dust. No µXANES data was available for this spot, which 

makes it difficult to eliminate Sb alloys.  

 

 

Figure 3.6: Micro-XRF maps of a multi-element particle found in the 014CBR sample 

*note: The map size is 0.1 mm x 0.1 mm and each pixel box corresponds to 5 microns.  

 

3.3.2  051HD Sample (composite household dust) 

 

3.3.2.1 General Observations for 051HD 
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The ESEM showed two types of particles: one is an Sb-rich particle with some Pb present 

in it (Figure 3.7), and the other scenario is very small grains of Sb (approx. 1 micron) dispersed 

within a Ca-containing matrix with the occasional presence of Zn- or Ba-rich regions as 

determined by XRF spectrums taken at various points in the particle (Figure 3.8). There are also 

Pb-containing particles similar in size and shape to the 014CBR Pb-containing particles (Figure 

3.1) previously observed indicating potentially similar sources of Pb for the two samples. The 

particles are similar in that very fine grains of Pb are conglomerated together but differ in that the 

signal for Ca is weaker in the XRF spectrum (Figure 3.9).  There are also Pb-rich regions that 

were determined by XRF to be associated with Zn and Ba.  

 

a) Back-scattered ESEM image of the region surrounding the Sb rich particle 
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b) Corresponding XRF spectrum for the region highlighted. 

Figure 3.7: ESEM backscattered image of an Sb-rich particle containing Pb (Scenario 1) in 

051HD 

 

Figure 3.8: Backscattered ESEM image of Sb dispersed within a Ca matrix (Scenario 2) of 

051HD. Element associations were determined from XRF spectrums taken of the sections 

labeled. 
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a) Back-scattered ESEM image of particle 
b) XRF spectrum of the region highlighted. 

Figure 3.9: ESEM backscattered image of a Pb-rich region within 051HD 

 

The µXRF maps (Figure 3.10) of the 051HD sample showed discrete Sb spots. Most 

spots were small (Less than 20 microns), but occasionally there were particles of approximately 

100 microns. In a majority of cases the µXRF spectrums indicated that Sb was associated with 

Zn, Pb, Ca, Ti and Fe; however, µXRF maps generated occasionally showed Zn and Pb spatially 

together with smaller regions of Sb present within the Pb/Zn region (Figure 3.9). Other elements 

identified from µXRF spectrums of Sb containing particles were Ba, V, Cr, Mn, Ni, Ga, Cu, Br, 

Rb, Sr, Zr, Mo, Sn and Cd. Sb peaks in the µXRF spectrums were dominant in some of the 
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spectra. In some cases µXRF spectrums show intense Sb peaks with a smaller Pb peak, similar to 

the spectrum taken for one of the particles at the ESEM (Figure 3.7) and although quantification 

is not possible, and spatial resolution from the corresponding µXRF maps indicate slightly 

separate regions, the two could be of similar origin (Figure 3.11:Figure 3.12). 

  

Figure 3.10: Micro-XRF element maps of a Sb containing particle on a Zn and Pb rich spot 

within the 051HD sample 

*note: Size of map is 0.3 x 0.3 mm with each pixel box being 5 microns. PbLb stands for the Pb 

Lβ fluorescence emissions lines.  
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Figure 3.11: Micro-XRF element maps of a highly concentrated Sb particle within the 

051HD sample 

*note: Map is 0.075 mm x 0.075 mm and pixel size is 5 microns.  

 

Figure 3.12: Micro-XRF spectrum of highly concentrated Sb particle in 051HD 
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*note: Counts refers to the number of hits picked up by the Canberra Ge(Li) detector after a 120 s 

of exposure. Only the Sb, Sn and Pb peaks have been labeled to highlight them but other elements 

present are Cr, Mn, Fe, Cu and Zn.  

 

Diffraction data was successfully collected and interpreted for only one Sb bearing 

particle and the analysis of that spectrum indicated a hematite particle. Corresponding µXRF 

maps of that particle suggested that the Sb region is adjacent to the Fe region. The Sb component 

did not appear to diffract. 

Micro-XANES data indicated only +III species present in 051HD, but it is hard to 

distinguish the type of Sb compounds present. It seems plausible that mostly antimony oxides are 

present as the sample spectrum line up well with the Sb2O3 standard spectrum (Figure 3.13). This 

is evident from the characteristic hump and dip of various antimony oxides (i.e. dip at around 

30530 eV), which is not present in various antimony sulfides (spectrum not shown) (Fawcett et 

al., 2009).  For a majority of the spots, the data were either not available, or the spectrum was too 

noisy to find a reliable Eo for determining the valence state of Sb. However, all species appeared 

to be higher in energy than the Eo for Sb metal, suggesting that all Sb species are either already 

+III species or have been oxidized from a metallic form.  
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Figure 3.13: Micro-XANES spectra of 051HD as well as relevant standard spectra 

*note: The x-axis is the energy of the X-rays in eV and the y-axis is absorption as a function of 

energy. The normalization is to ensure that all spectra have a similar step in the absorption edge 

in order to accurately do LCF analysis. The SM designation is to designate that the spectrum was 

smoothed prior to plotting in this image.  

 

3.3.2.2 Specific Spots of interest in 051HD 

 

The Sb and Pb rich region shown in Figure 3.11 corresponded well with Sb2O3 for 

µXANES analysis (Figure 3.13 SM_051HD_2). Most LCF of this sample to various 

combinations Sb-metal, Sb2O3, Sb2O5, NaSbO3 and Naples Yellow, resulted in approximately 

90% of the composition being Sb2O3. Fits that did not include Sb2O3 gave errors in the reliability 

of the fit supporting evidence that a +V specie was unlikely to be present.  
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3.3.3  039HD Sample (composite household dust) 

 

3.3.3.1 General Observations for 039HD 

 

The ESEM showed Pb-containing particulates (Figure 3.14) similar to those found in 

014CBR (Figure 3.1) and 051HD (Figure: 3.9). In general 039HD was the most heterogeneous 

sample in terms of variability of particles containing Sb. Unlike the previously analysed samples, 

there were no large discreet hot spots of Sb.  However, there was elongated Sb-bearing fiber like 

structures, similar to those observed in sample 014CBR (Figure 3.15). Discrete Sb bearing spots 

were typically small (1-20 microns) with Sb associated with Zn, Pb, Ti (Ba) and Ca. Other 

elements that were determined from the µXRF spectrums were 

Cl,K,Cr,Mn,Ni,Cu,Br,Rb,Sr,Zr,Mo,Cd,Sn, and Te.  
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a) Back-scattered image of Pb-rich region in 039HD 
b) Corresponding XRF spectrum for a) 

Figure 3.14: ESEM Backscattered image of Pb rich particle in 039HD 

*note: The darker regions were observed to be Ca containing. 
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Figure 3.15: Sb K-edge µXRF map of a region within the 039HD sample 

*note: Map is 0.7mm x 0.7mm with each pixel being 7 microns. 

 

Diffraction data (Figure 3.17) was successfully collected for a Fe or Fe-Ni alloy in the 

sample (Figure 3.18).  Antimony is present in the µXRF spectrum (Figure 3.16) but it is difficult 

to determine whether the Sb is associated with the alloy as the map for the spot was originally 

collected due to the high Cd signal. There is also no µXANES data for this spot. 

 

Figure 3.16: Micro-XRF spectrum of Fe-Ni diffractiong spot in 039HD 

*note: Counts refers to the number of hits picked up by the Canberra Ge(Li) detector after a 120 s 

of exposure. Other elements present but not labeled Cl,K,Mn,Br and Sr.  
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Figure 3.17: Diffraction pattern of 039HD Fe-Ni alloy collected with a CCD detector at APS 

 

Figure 3.18: Analysed diffraction data showing Fe-Ni in 039HD 

*note: The area fitted corresponds from a d-spacing of 4 to 1 and the entire region is not shown in 

this image. For the x-axis 0.4000 Å is the incident x-ray wavelength corresponding to 31KeV, the 

y-axis is the amount of counts detected. The second peak in the diffraction pattern at around 13 
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degrees is a bright spot from the 2D pattern that resulted in a large peak due to the low counts 

detected.  

 

Micro-XANES data indicated both +III and +V antimony species were present in the 

house dust sample.  It seems unlikely that both valence states are present for the same spot even if 

both are present within the entire sample. This was inferred because most peaks correspond well 

with either the +III or +V standards but not both simultaneously. However, one analysed area in 

the sample (Figure 3.19; spot 039HD_3) did correspond with the Naples Yellow standard and 

was definitely in a +V oxidation state.  Naples Yellow seemed like a likely candidate because the 

absorption edge for Naples Yellow is slightly higher than Sb2O5 (approx. 30496eV for Naples 

Yellow compared to 30495eV for Sb2O5) as well as Naples Yellow displays a hump at around 

30565eV not present in any antimony oxide or sulfide standards. For a majority of analysed spots 

on the sample, the spectrum was too noisy to find a reliable Eo for determining the valence state. 

However, all species appeared to have a higher absorption edge than the Eo for Sb metal 

indicating that the samples are higher than a 0 oxidation state and most likely +III or +V since no 

mixed oxidation states seemed present. Figure 3.19 showcases the various µXANES spectra that 

were found in the 039HD sample and chosen standards.  
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Figure 3.19: Micro-XANES normalized spectra of the sample 039HD with relevant 

standard spectra 

*note: (039HD_3 has not been smoothed unlike the other samples to showcase it’s similarity to 

Naples Yellow). The x-axis is the energy of the X-rays in eV and the y-axis is absorption as a 

function of energy. The normalization is to ensure that all spectra have a similar step in the 

absorption edge in order to accurately do LCF analysis. The SM designation is to designate that 

the spectrum was smoothed prior to plotting in this image.  

 

3.3.3.2 Specific Spots of interest for 039HD 

 

A variety of alloys were identified in the house dust sample. For example, in the above 

mentioned Cd-enriched spot (Figure 3.16), the µXRF spectrums indicated elemental associations 

of Sn-Sb, and Sb-Te bearing particles with trace amounts of Mo which were also spatially within 
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the same region suggesting the potential presence of Sb alloys. Figure 3.20 shows µXRF map of 

one of the potential multi-metal alloys of interest.  

 

Figure 3.20: Micro-XRF element maps of a multi-metal association in the 039HD sample 

*note: Sn and Cu are the major elements present, but Zn,Sb,Cd, and Pb are also associated. Map 

is 0.1 mm x 0.1 mm with each pixel being 5 microns.   

 

There are a couple of spots that seem to show the characteristic Pb, Zn signal. In one 

example µXRF maps seem to indicate Sb may or may not be part of this complex but in close 

proximity to it (i.e. adsorbed or on top). Diffraction data for this spot was difficult to interpret but 

it is possible that it could be hydrocerussite or Portland cement (Figure 3.21; Figure 3.22). The 

lack of visualization of higher d-spacing makes other large unit cell possibilities, such as 

detergents and zeolites that also potentially fit into the diffraction pattern, difficult to eliminate, 

and hence characterization is rather ambiguous.   
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Figure 3.21: Micro-XRF element maps of a Sb spot within a PbLb and Zn region in the 

039HD sample 

*note: PbLb is the Lβ emission for Pb. Map is 0.06 mm x 0.06 mm with each pixel being 5 

microns.  

 

 

Figure 3.22: 2D diffraction of Pb,Zn,Sb containing region in the 039HD sample from the  
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Figure 3.23: Analysed 1D diffraction pattern of Figure 3.22 in the 039HD sample 

*note: The area fitted corresponds from a d-spacing of 4 to 1 and the entire region is not shown in 

this image. For the x-axis 0.4000 Å is the incident x-ray wavelength corresponding to 31KeV, the 

y-axis is the amount of counts detected. Various undetected peaks are due to bright spots that 

can’t unambiguously be fitted into rings that have generated a detectable signal.  

 

The other Pb, Zn association corresponds closer spatially with the Sb hot spot (Figure 

3.24) but there is no other unambiguously interpreted data with this spot.  The last spot of interest 

is the µXANES data corresponding with Naples Yellow appears to be a discrete Sb hotspot on the 

µXRF maps (Figure 3.15).  
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Figure 3.24: Micro-XRF element maps of a Sb hot spot in the 039HD sample 

*note: The Pb/As is the combined signal of the Pb Lα lines that overlaps with the As Kα. Map is 

0.1 mm x 0.1 mm with each pixel being 5 microns.  

 

3.3.4 051GS Sample (garden soil) 

 

051GS yielded sparse occurrences of small Sb-bearing particles that were typically in 

close proximity to Fe particles (Figure 3.25). Diffraction of the particles indicates a clay mineral, 

possibly a mica or phyllosilicate, but the fit is also somewhat ambiguous (Figure 3.26; Figure 

3.27).  Another diffraction pattern indicates other clay minerals but also some quartz. The garden 

soil maps differ from the household dust samples as Sb particles does not show up nearly as 

frequently, is smaller and does not exhibit the same type of elemental associations (Figure 3.26). 

The µXANES data of one spot corresponded well with Sb2O3 (Figure 3.29). Most of µXANES 

data was too noisy to interpret reliably but there is likelihood that +V species may be present.  
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Figure 3.25: Micro-XRF element maps of a region within the 051GS sample 

*note: The blue areas are increased backscattering from the larger particle size than the household 

dust sample and the white green regions denote various hot spots mapped. Map is 0.3 mm x 0.3 

mm with a 7 micron pixel size.   

 

 

Figure 3.26: 2D µXRD pattern of an Sb-containing spot with image plate from the 051GS 

sample 

*note: The spot corresponds to the central white spot on Figure 3.26. 
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Figure 3.27: Analysed diffraction pattern of Figure 3.26 of an Sb hot spot in the sample 

051GS 

*note: Some peaks have not been selected due to being a bright spot that was not easy to mask 

out due to the low amount of counts and is not part of a ring. The area fitted corresponds from a 

d-spacing of 4 to 1 and the entire region is not shown in this image. For the x-axis 0.4000 Å is the 

incident x-ray wavelength corresponding to 31KeV, the y-axis is the amount of counts detected.   

 

Figure 3.28: Smoothed µXANES derivative spectra of a point on 051GS and corresponding 

standard derivative 
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*note: Standards are the two oxide standards and Sb metal. If one looks at the peak of the 

derivative the Sb2O3 and 051GS corresponds quite well with each other and noise in the later part 

makes it harder to correlate.  

 

3.4 Discussion 

 

3.4.1 014CBR Sample: 

 

The large discrete Sb hot spots on this house dust sample correlate best with element 

signatures and diffraction patterns associated with several different pigments used in household 

paints. Hydrocerussite (Pb3(CO3)2(OH)2), was identified from the µXRD. ESEM showed 

numerous particles of what could be a Pb-based white hiding pigment, as well as other white 

hiding pigments such as zinc oxide (ZnO), zinc sulfide (wurzite ZnS) and calcium carbonate 

(CaCO3) (Preuss, 1973). Within this list of white hiding pigments, µXRF spectrums and µXRD 

patterns showed a few distinct sets of associations with Sb bearing particles. One association is 

Sb with pigments containing Pb [Pb3(CO3)2(OH)2] and Zn (i.e. ZnO, ZnS), another is titanium 

(TiO2) or calcite (CaCO3) and lastly anatase (TiO2) or rutile (TiO2) with wurtzite (ZnS) and a 

potential lead antimonate (Naples Yellow). Occasionally within particles containing 

Pb3(CO3)2(OH)2, Cd was detected. It is likely the Sb was in the hydrocerussite white hiding 

pigment as an impurity or for colouration. Lastly, the multi-metal particle found in 014CBR had 

diffraction patterns that matched Pb3(CO3)2(OH)2 and ZnO and potentially bassanite [Ca(SO4) 0.5 

H2O] and CaCO3, supports the presence of pigments within the home. However, in this last 

example it is thought that the pigment and a weathered version of concrete are associated with 
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each other.  Walker et al. (2010) found evidence of renovations within this home that would also 

explain the presence of building materials within the home and lend credibility to pigmented 

weathered associations.  

Sb presence as a white hiding pigment would be in the form of Sb2O3 for older homes 

with more modern compositions being NaSbO3 or Sb2O5. Antimony oxides use in pigments 

peaked primarily in the 1930’s due their ability to prevent chalking of high-quality exterior 

enamels, as well as improved tint retention (Gloger & Hurley, 1973). However, since then rutile- 

based pigments were introduced, which were cheaper and more effective as well as compounds of 

chromium, tin, titanium, zinc and zirconium substitute for many Sb-chemicals in pigments (U.S. 

Geological Survey, 2006). Antimony trioxide is still used for flame retardant pigments but use of 

Sb2O3 is also declining as some organic compounds and hydrated aluminum oxide are becoming 

accepted substitutes for flame retardants (U.S. Geological Survey, 2006). The presence of Pb- 

based pigments such as Pb3(CO3)2(OH)2 indicate a higher likelihood of Sb2O3 because Pb was 

used as a pigment and drying agent in oil-based paints, and a majority of homes built before 1940 

used paints with a high concentration of Pb. The 1970’s saw the reduction of Pb content in paints, 

with the U.S. Consumer Product Safety Comission setting a standard of 0.06% Pb content 

maximum in 1978 (CPSC, 2010). In conjunction, both Sb2O3 - and Pb-based pigments are being 

phased out of paint composition due to their potential and known toxic properties (IARC, 1989; 

ATSDR, 2007). Antimony trioxide was identified using µXANES analysis supporting evidence 

of an older home; however, it cannot be unambiguously deduced that the home is older due to the 

modern widespread use of Sb2O3 in flame-retardants. The potential presence of Naples Yellow 

(Figure 3.5) supports the presence of pigments being present in the house. While the fit of Sb2O5 
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corresponds well with the expected bond type of Naples Yellow, the lack of distinct spectral 

features such as the hump at 30565eV for Naples Yellow make the correlation less certain.  

Pigment Name1 Chemical Formula 

Basic Carbonate of White Lead 

(hydrocerussite) 

2PbCO3⋅Pb(OH)2 

Basic Silicate of White Lead 2PbO⋅SiO2 

Basic Sulfate of White Lead 2PbSO4⋅PbO 

Titanium Dioxide TiO2 

Zinc Oxide ZnO 

Leaded Zinc Oxide ZnO + 2PbSO4⋅PbO 

Zinc Sulfide ZnS 

Antimony Oxide Sb2O3 

Lithopone 29% ZnS, 71% BaSO4 

Calcium Carbonate  CaCO3 

1. Preuss, 1973 

Table 3.4.1: Common white-hiding pigments by chemical formula 

 

3.4.2 051HD 

 

The µXANES data of the pure Sb spots denoted the presence of Sb2O3, which is a 

common white hiding pigment as mentioned above, but the Pb association is difficult to interpret, 

and may either be an impurity or purposefully added to impart a desired property (i.e. hardness). 

Another possibility is that there are two separate layers of pigments, one an Sb2O3 hiding pigment 

layer and the other a Pb-based layer. The presence of small (~ 1 micron) sized conglomerated Sb 

bearing particles observed with the ESEM and other particles of small Sb fragments dispersed 

within a Ca matrix with some Zn and Ba rich regions also support evidence of Sb pigments. 
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Moreover, ESEM of the Pb-based particles appeared similar to the particles in 014CBR indicating 

the presence of pigments though not as extensively as within the 014CBR (Figure 3.1; Figure 

3.9).  

However, pigments cannot be unambiguously identified and the Pb present in that sample 

may not be from same source as in 014CBR, and it is possible there is some other Sb-Pb 

association not pigment related. For the Sb dispersed within a matrix of Ca, Zn, and Ba, calcite 

(CaCO3) is also used in a wide range of industrial applications beyond pigment application such 

as within the plastics industry for flexible and rigid PVC (Kirk-Othmer, 2010f). CaCO3 is also 

used to extend the life of titanium dioxide (Kirk-Othmer, 2010f).  Regardless, the anomalous Sb 

concentrations measured in this sample are probably due to these small but highly concentrated 

Sb particles dispersed throughout the sample. At the very least, the consistent µXANES spectrum 

showing a +III valence state when Sb is thought to be +V in Fe-rich soils (Oorts et al., 2008), and 

the ESEM images, suggest that the Sb particles within this household dust are most likely from 

industrial applications rather than a natural source. 

 

3.4.3 039HD 

 

The majority of the Sb particulates were not relatively large hot spots like the previously 

discussed house dust samples. The total Sb concentration of 039HD (11.74 ppm) is closer in 

concentration to the median value (5.12 ppm; n=48;) measured in the 2001 Ottawa house dust 

study (Rasmussen et al., 2001) study, it is possible that the size and type of Sb-bearing 

compounds identified in this sample is closer to what would reasonably be expected in a majority 

of the houses. Of interest is that there are metal alloy like particles present in this house rather 
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than pigments. For example, the Sn-Cu particle (Figure 3.20) may be an alloy for bronze plating 

or as part of pewter that contains trace amounts of Sb retained from the refinement process, or Sb 

that was added to harden the metal (Kirk-Othmer, 2010h). Another metal alloy is a Fe-metal 

fragment that may contain Ni. Lastly, there were indicators of Sb-Te systems from µXRF 

spectrums where Sb-Te applications range from being a lead hardener/deoxidizer to within the 

semi-conductor industry (Kirk-Othmer, 2010g). However, none of the µXANES results indicate a 

0 oxidation state as would be expected in a metal alloy and there maybe some sort of oxidation 

process happening to the metals within the household dust.  

Another unique attribute of this sample is the presence of Sb with Cr, Cu, and As, three 

elements typically found in CCA treated wood (Walker et al., 2010). The Sb could be associated 

with the As or with the Zn and Sn present in close proximity. If CCA wood contains Sb it points 

again towards anthropogenic sources of enrichment rather than natural geological sources such as 

soil.  

The closest indicator to the pigments seen in the other samples is the spot identified by 

ESEM (Figure 3.14) and a spot identified where Sb is potentially present as Sb2O3 and has the 

familiar Ti, Zn, and Pb element association of white hiding pigments (Figure 3.21). The other 

indicator of potential pigment enrichment is the discrete Sb hotspot with the µXANES signal 

corresponding well with Naples Yellow (Figure 3.15). Since only a few spots were identified like 

this the probability of pigment-based Sb seems low. 

 

3.4.4 051GS 
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 The lack of Sb hot spots in the garden soil sample indicated that external sources were 

probably not a large source of enrichment. It is difficult to determine if the Sb is adsorbed onto a 

particle in the soil (clay mineral or quartz or other) or if it is a part of a substitution within the 

mineral structure. 

It is surprising to note is that the µXANES data for one of the particles was in a +III 

oxide state. Generally, it is thought that Sb particles in an iron-oxide-rich soil medium are in the 

+V state and such Sb particles adhered onto iron (hydro/oxy) oxides are essentially immobile in 

soils (Oorts et al., 2008; Filella et al., 2009). However, results of the antimony valence state in 

soils are slightly contradictory as Oorts et al. (2008) found that 70% of Sb2O3 species added to 

soil samples became their Sb +V counterpart within 2 days, while Filella et al. (2009) reports in 

his review that around mine smelters some Sb remains as an unreactive oxide after being 

deposited as Sb2O3. Any outdoor sources of Sb would be evident indoors as being adhered or 

potentially substituted onto an iron particle or clay mineral, but maps of the indoor Sb bearing 

particles indicated no such association, which adds to the evidence that Sb enrichment within 

residences did not originate from an external source.  

 

3.4.5 Pb and Pigments 

  

All the samples when scanned with the ESEM showed Pb-enriched particles where the 

Pb was present as many small conglomerated particles. In 014CBR the source was most likely 

[2PbCO3⋅Pb(OH)2] but for the other two it is unclear whether the origin is Pb pigment based or 

some other form of Pb enrichment. However, in all samples there appears to be a correlation 

within some of the particles between Sb and Pb as Pb can be identified in nearly all Sb rich hot 
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spots when the individual µXRF spectrums are analysed. Unfortunately the µXRF 

characterization only denotes an association and the reason for this correlation remains unclear. 

There is evidence that it is thought to arise from the wear and tear of Pb containing pigment 

materials but this source of enrichment is not unambiguously deduced. In general it is difficult to 

determine if there was a similar source between 039HD, 051HD and 014CBR due to resolution 

issues as well as discrepancies between the elemental associations of Pb with other elements.  

 

3.4.6 039HD and 014CBR Fibrous Structures 

 

Micro-XRF maps from both samples show the occurrence of long fibrous looking Sb-

bearing structures throughout.  There is none of the expected Br or Cl association of halogen-Sb 

flame retardant formulations with these fibers in either the µXRF maps or spectrums. 051HD also 

shows a rod like structure (Figure 3.29) that is both structurally and compositionally unique in 

comparison to structures in the other two samples.  

For all fibrous structures in both samples, it is possible that chemical back-coating (back-

coating is a thin coating topically applied to the back side of a fabric) methods for flame-retardant 

application may have precipitated the Sb along the fibers. The absence of a Br signal may be due 

to the characteristic X-ray emissions of Br being less energetic than Sb, hence the Br emission is 

more likely to be absorbed by the sample or scattered/absorbed by the air prior to detection due to 

the fact that Br characteristic emissions have a lower probability of being transmitted through 

medium. Bromine is present within the maps but there doesn’t appear to be a Br-Sb correlation in 

the maps and rarely is there one in the µXRF spectrums. Antimony precipitated via a back-

coating method would also account for the varying grades of brightness visible from the µXRF 
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maps in the house dust sample fiberous looking regions. In support of the back-coating method 

theory, the estimated size of the Sb regions (less than 5 microns) correlates well with most 

manufacturing standards of 1-2 microns for particleback-coating. 

 

Figure 3.29: Sb K-edge µXRF map of a rod-like structure from the 051HD sample 

*note: Map is 0.1 mm x 0.1mm with each pixel size being 5 microns.   

 

3.4.7 Challenges with collecting µXRF maps and spectrums 

 

One of the initial challenges faced with this project was being able to detect Sb-rich 

regions within the sample. This was due to the small signal generated from small Sb-containing 

spots as well as increased background noise from the Compton tail/scattering and elastic 

scattering. The inelastic scattering when the incident beam was at an energy of 31KeV happened 

at approximately 28 KeV and generated a large hump in the µXRF spectrum that was large and 

broad enough to generate a signal within the Sb K-edge fluorescence region at around 26KeV. 

These background effects could cause the Sb-signal within the sample to become undetected so 
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various methods were established to try and minimize the background effects while maximizing 

the ability to detect Sb K-edge fluorescence lines.  To better detect the Sb-fluorescent X-rays a 

Ge(Li) detector replaced the Si Vortex detector. The rational was due to Ge being a heavier 

element than Si, thereby making Ge more likely to detect an incoming X-ray via absorption than 

Si. This replacement was successful as the fibrous regions became visible, as well as there was an 

increased incidence of Sb-rich regions for various maps generated. To minimize the effects from 

the Compton tail and scattering the incident beam was increased to 32.5KeV to shift the hump 

further away from the Sb K-edge fluorescent region. However, the downside with increasing 

energy is that photon flux is lost making the incident and fluoresced number of X-rays decrease.  

It was determined that an incident X-ray of 31KeV with a Ge(Li) detector was sufficient to 

elucidate and target several Sb rich regions within the sample as mapping the same region of a 

small Sb-bearing particle at 31KeV vs. 32.5KeV did not appear to produce a noticeable difference 

in the detection capabilities.  

3.4.8 Challenges with High-Energy Synchrotron µXRD 

 

X-ray diffraction is limited by the detector, monochromator, path of the beam, mirrors, 

sample and the air (Lanzirotti et al., 2010). For the most part, it was difficult to obtain diffraction 

data for the majority of spots analysed in the household dust samples from the Ottawa study. A 

large component for this difficulty is due to the heterogeneous nature of household dust, which 

introduces several variables that may interfere with diffraction from Sb-bearing particles as well 

as other particles capable of diffracting. Some examples are, poorly crystalline or amorphous 

components that interfere with the outgoing diffraction signal.  
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Most industrial applications of Sb and hence potential sources of Sb enrichment (i.e. 

pigments, plastics, flame-retardants etc.) utilize mineral/crystalline forms of Sb that theoretically 

should diffract. This raises the question of the extent and parameters under which particles 

capable of diffracting can diffract within a household dust medium at high energies.  

The rule of thumb for diffraction is that the crystallites should be randomly oriented with 

a size of less than 1/10 of the focused spot size to illuminate enough reflections of the reciprocal 

lattice space (Lanzirotti  et al., 2010).  This means that for a focused beam of around 5 microns 

the crystal sizes should not be more than 0.5 microns large and that there should be a large 

number of them to generate enough orientations for a complete Debye-Scherrer ring. This type of 

requirement is difficult to produce within a household dust medium, therefore, many structures 

not meeting this requirement will either not diffract or diffract poorly.  

The number of X-rays transmitted through a sample is dependent on the thickness of the 

sample and the absorption coefficient of the sample. Assuming no inelastic effects or energies 

close to the absorption edge of a sample, the amount of transmission is dependent on Beer’s law.  

 

It = Ioe(-µx) 

 

Where It is the number of X-rays transmitted, Io is the incident X-ray intensity, µ is the absorption 

coefficient of the sample and x is the thickness of the sample. This equation works for both 

XANES measurements and XRD. This discussion will be restricted to the relevance of this 

equation in XRD measurements. However, there are implications about the amount of particles 

and composition of those particles between an outgoing X-ray diffracted or fluorescence signal 
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and the detection of that signal. Also, due to various absorption edges of a sample, the diffraction 

energy should never be close to the absorption edge of an element.  

The absorption coefficient (µ) is both element and energy specific. Calculations of 

various absorption coefficients of elements at various energies can be found at 

http://www.csrri.iit.edu/periodic-table.html.  In order for a sample to diffract an incoming X-ray, 

the X-ray must first interact with the sample elastically and become diffracted. The absorption 

coefficient is an indicator of the likelihood the X-ray will interact with the sample. At high X-ray 

energies the absorption coefficient is lower than at low X-ray energies, therefore at high energies 

the probability of the X-ray interacting with the sample is lower and diffraction is weaker.  

The absorption coefficient cannot be changed, therefore, the sample thickness has to 

increase to allow for more diffraction. For a sample such as household dust this is impossible, as 

compound identification requires element correlation from a monolayer of particulates placed on 

the KaptonTM tape. At higher energies the sample and particulate of interest is more transparent to 

the incoming beam than at lower energies and hence longer exposure times are needed to have an 

adequate number of photons pass through the sample. Due to constraints of various detectors and 

scattering from the incoming beam it is impossible to have indefinite exposure times. This is 

because long exposure times may damage the detector, or scattering from the beam may over 

saturate the detector making it impossible to visualize diffraction rings from the sample.  

However, there are some considerations for detectors. A CCD detector typically over saturates 

with long exposure times, an image plate can be exposed indefinitely but requires a long read out 

time of the image to the computer. In terms of sensitivity the CCD phosphor is typically more 

sensitive (Lanzirotti et al., 2010).  
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There are advantages to doing diffraction at higher energies and that is lower d-spacing 

can be visualized for the same amount of area on the detector (Fawcett, 2009). This is due to 

Bragg’s Law: 

 

nλ = 2dsinθ 

 

Where n is an integer, λ is the wavelength of the incident beam, d is the spacing between planes 

of the atomic lattice, and θ is the angle between the incident beam and the scattered planes. If λ 

changes and the d-spacing is characteristic of the crystal then θ must change in order to satisfy the 

equation. The result is that the cones of diffraction become compressed together allowing for 

visualization of lower d-spacing. The ability to see farther into “d-space” is useful for the 

identification of pigments containing compounds such as wurzite and hydrocerussite that do not 

have particularly large unit cells but display a wide variety of possible diffraction cones due to the 

asymmetry of their crystal structure.  

Conversely, the ability to see low d-spacing means that high d-spacing becomes difficult 

to see as the large d-spacing diffraction cones become lost in the scattering produced from the 

beam. This is problematic when particles possess large unit cells such as in the case of polymers, 

or clay minerals or zeolites and can make such compounds difficult to identify. A possible 

solution to account balance both large and highly asymmetric unit cells is to diffract at both 20 

and 31KeV. 

 

3.4.9 Difficulties with High-Energy Synchrotron µXANES 
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Most of the particles that were Sb bearing were extremely small and there were 

difficulties in keeping the particle and beam aligned. This, along with the heterogeneous 

composition of household dust samples, introduced an abundance of signal noise making 

unambiguous characterization of sample µXANES to one or a set of Sb compounds difficult. 

Some of the noise issues were overcome by doing several small area maps and re-centering the 

beam after each small area scan as well as experimenting with the count times for various regions 

of spectra collection. There are also broadening effects due to the noise of individual spectra 

making alignment difficult prior to merging. Other alignment difficulties may be from the 

position of the beam as a µXANES spectrum is collected causing the beam and particle to go out 

of alignment if the particle is quite small.  Also, a shorter core-hole lifetime for high energies 

results in broadened spectral resolution, (Heisenberg’s uncertainty principle [∆E∆t ≥ (1/2) h 

where ∆E is experimental linewidth and ∆t is the core hole lifetime]); therefore, various Sb 

compounds are not well separated making them difficult to distinguish if the edge positions are 

not well defined. Other possible reasons for broadening are various thickness distributions and 

non-uniformity within the sample that distort the spectra (Bunker, 2009). Lastly, some particles 

maybe large enough to be capable of reabsorbing characteristic X-rays of the outgoing 

fluorescence (Bunker, 2009).  

 

3.4.10 The use of ESEM in Household Dust Studies 

 

  

ESEM is a tool that can be complementary to synchrotron micro-analytical techniques for 

household dust studies. By setting the software to locate signals of a certain backscattering 

brightness, it is possible to scan an entire sample mounted on KaptonTM tape and target the metal 
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bearing particles. By being able to directly image the particle instead of depending on a 

fluorescence map, it is easier to determine if the metal is integrated within a multi-element 

particulate or if it is adsorbed onto the surface of another particulate, or other possibilities. It can 

also help clarify ambiguities in the micro-synchrotron work. For example in the sample 051HD, 

the large Sb containing spots sometimes had a varying degree of brightness and it was unclear if 

it was one large Sb spot or multiple small Sb-particles in a matrix. Imaging with the ESEM data 

showed both Sb, Pb bearing particles and Sb, Ca particles where Sb was dispersed amongst a Ca 

matrix. This may help clear up why some Sb hot spots are bright (Sb, Pb) and others had a 

varying degree of brightness within a large area (Sb, Ca matrix). The disadvantage to utilizing the 

ESEM is that many trace-metal associations may not be observed due to the poorer detection 

capabilities of the electron beam (typically 0.5% by weight composition). 

 

3.4.11 Health Effects 

 

 The European Union (EU) (2008) compiled an extensive report on Sb2O3 and the results 

for exposure were broken up into 4 scenarios: PET bottles, fabrics, cuddly toys and indoor air. 

The worst-case exposure from drinking from PET bottles was 0.035 µg/kg bw/day. From fabrics 

the worst-case dermal exposure was 1.8 µg/kg bw/day for an adult sitting on upholstery. Cuddly 

toys had a worst-case exposure of 0.25µg/ kg /day for a child sucking on the toy. Lastly, worst-

case indoor air concentrations were about 3.15 x 10-6 mg/m3. The report found that oral LD50 was 

in excess of 20,000mg/kg for rats but doses as low as 160-225 mg/kg could result in liver 

discolouration. The LD50 for dermal exposure is greater than 8300 mg/kg (EU, 2008). There are 

no mutagenic effects if Sb2O3 exposure is via dermal contact, oral ingestion or inhalation. 
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Mutagenicity is possible with specific site contact, as well as long-term exposure via inhalation, 

suggesting Sb2O3 trioxide may be a potential carcinogen of the lungs if the antimony air 

concentrations are in excess of 0.51 mg/m3
, as quantified by NOAEC (EU. 2008). The mutagenic 

effects are thought to arise from impaired clearance of particulates from the lungs causing an 

inflammatory response, fibrosis and tumours (EU, 2008). In general considering the low exposure 

levels for non-industrial contact with Sb, Sb enrichment within household residences is not 

currently at toxicologically relevant concentrations.  Consequently, it is concluded that the risk of 

Sb2O3 to consumers needs no further risk reduction measures (EU, 2008).  

 

3.5 Conclusions 

 

3.5.1 Sources of Antimony in Household Dust 

 

A majority of anomalous Sb concentrations may come from white hiding pigments, 

coloured Sb pigments or alloys containing Sb. Some of the pigments appeared to be Pb based 

(hydrocerussite), with Sb as an impurity or within Sb containing pigments such as Naples Yellow, 

this source of Sb enrichment will not be a factor in the if Pb content within paints is discontinued. 

There appears to be an Sb-Pb correlation, in general, and if there is legislation that discontinues 

use of Pb in products, Sb content may also fail to become as enriched in the future. Likely sources 

for Sb enrichment in newer products will probably come from, flame-retardants (although Sb 

containing flame-retardants are under more scrutiny), Sn-Sb solders used to replace Pb based 

ones, and from Sb usage in semiconductors and electronics.  
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3.5.2 High-Energy Micro-Synchrotron Work in Heterogeneous Samples (Household Dust) 

 

 Due to the decreased absorption cross-section at higher energies, Sb- containing particles 

are difficult to characterize without long exposure times and high photon fluxes. Work at both 

higher and lower energies may be helpful in characterizing particulates in household dust 

mediums; moreover, pre-mapping with an ESEM prior to synchrotron work may help target 

regions of interest. 
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Chapter 4 

Collaborative Project and Creation of Dust-In Dust-Out 

4.1 Introduction 

 

Household dust is not as simple and innocuous as it would appear at a cursory overview. 

It is the consequence of many inputs such as atmospheric deposition, wear and tear of products, 

tracking in of dust, cleaning habits, renovations, the shedding of our skin and more.  

Consequently, studying household dust, the composition of the dust in relation to health and 

disease, as well as people’s perceived risk of the dust within their residences, is a monumental 

task that would need to involve several disciplines.  Various scientific methods of assessing the 

cause and composition of household dust inadequately bridge the gap between the results and the 

utilization of the information; for example, how people and systems will react to the information, 

what they consider important or meaningful information and what guidelines are needed to 

establish a reasonable level of contaminants within household dust. The bridging of results to 

outcome is not trivial, and attempts to account for and appropriately handle the relevant factors 

frequently make the studying of what household dust is, and how people relate to it, ambiguous 

and inconclusive.  

In general, the field of environmental studies needs to address social problems and 

environmental problems, and accomplishes this via a loosely defined integrated understanding of 

human activities and biophysical events (Robinson, 1996). The concept of interdisciplinarity 

allows a framework for integration of disciplines and is therefore ideal for problems, such as 
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those encountered within environmental studies that involve multiple perspectives. Theoretically, 

interdisciplinary research should create meaning, instead of seemingly ambiguous interactions, by 

encouraging communication between various disciplines; thereby, creating new ways of 

structuring and representing knowledge of the world (Kitch, 2007). One significant obstacle to 

interdisciplinarity in environmental studies is the communication across disciplines. In 

conjunction with communication barriers, and of less immediate relevance, there are issues in 

evaluating interdisciplinary research and conveying frameworks or institutions that help guide 

interdisciplinarity coherently (Robinson, 1996).  Robinson suggests that for environmental studies 

interdisciplinarity should address three criteria (pp. 89-90, 1996): 

“1) The degree to which the research contributes to addressing real social and political 

problems.  

2) The degree to which the research contributes to the development of theory about the 

interaction of human and natural systems.  

3) The degree to which research is self-conscious about general epistemological critiques 

of disciplinarity. “ 

 

 The second point of the research contributing to the theory of interaction is pertinent to 

the aforementioned gap between results and outcomes. For a medium as multifarious as 

household dust it is imperative that integrated methodologies are explored and that non-traditional 

methods of approaching the question of household dust help clarify or resolve ambiguities that 

existed may arise from a transition from scientific analysis to political outcomes. 

Lisa Figge is an artist and fellow student with me in the Master’s of Environmental 

Studies program. Lisa’s work explores the concept of ecological citizenship through the lens of 

her art practice. Her art process and outcomes are a form of research that attempt to bridge 

practical and theoretical understandings of what ecological citizenship might become through the 
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reflective critical engagement of everyday life. Lisa’s work is centered on the concept of action 

within politics. My work requires that I study the scientific aspect of micro-analytical techniques 

for characterization of metal(loid) species in household dust.   Expanding the results of the 

scientific analysis within the lens of an art practice allows for a human interaction with science 

that would not otherwise be possible by traditional scientific outputs and as such the new 

construction of knowledge may aid in the understanding of the issues surrounding household 

dust, or promote a discourse that encourages a critical debate of what is important and relevant in 

household dust.  

 

4.2 Theoretical Discussion 

  

There are a couple of authors who served as the basis of the theoretical areas Lisa and I 

might be exploring.  One is Keiny who looked at interdisciplinarity in teaching systems and ways 

to get future researchers engaged in the concept of ecological thinking (2009).  To Keiny the 

current educational system concentrated towards objectivity, especially in the sciences, where 

knowledge is in distinct categories or compartments known as disciplines (2009).  Each discipline 

in itself has developed its characteristic “language” and methodologies in order to define various 

concepts (Keiny, 2009).  Keiny observes that what can begin as cross-disciplinary research can 

translate into interdisciplinary research through the use of “common system variables” and new 

interdisciplinary connections (2009). Effective communication and the establishment of 

“common system variables” across disciplines are also considered pivotal by other authors (Salter 

& Hearn, 1996).  
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 In Keiny’s paper, “ecological thinking” represents a circular based learning framework 

where there is a continual process of collaboration and interactive orientation (2009). In general 

the process is dialectical between the participants (2009). This interaction is necessary because of 

the fact that the ecological paradigm is complex, dynamic, interactive (mutual dependence) and 

involved (has a degree of moral and personal participation) (2009). In the end researchers within 

interdisciplinary settings who identify real-world problems and turn them into research studies 

have the potential to gain a deeper understanding of the context, become critically engaged in the 

problem, and eventually instigate effective solutions (2009).  However, interdisciplinary research 

does not have to be restricted to solely a solution/problem dynamic and taking a broader approach 

could be strictly to find out what “useful” knowledge is and initiate other ways of getting work 

done. 

There are a few problems with creating multi/trans/inter-disciplinary research methods. 

One is that there is a communication rift with basic concepts used in the discussion often because 

of variances in concepts and vocabulary (Keiny, 2009). For example words such as “data”, 

“experiment”, and “theory” may mean very different things to different people and hence it is not 

just new vocabulary that needs to be learned but learning new meanings of established terms. 

Secondly, interdisciplinarity is rather ambiguous compared to a traditional disciplinary approach 

where there is a degree of certainty within the established methods (Keiny, 2009).  The ambiguity 

is due to the process of knowledge construction being dynamic, there may be a large numbers of 

changes, and there is no predetermined or predictable direction or outcome from a collaborative 

learning process (Keiny, 2009). When Messing reflects upon her interaction with sociologists in a 

socio-ergonomic study on occupational health of female workers, she notes that her collaborator 

Anne often felt demoralized due to not conforming to the standards of her discipline (1996).  For 
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Anne, there was no obvious sociological method that the research she had generated with 

Messing belonged too.  As a result the research neither fits easily into ergonomics or sociology 

and the conclusions were often not satisfactory (Messing, 1996).  Lastly, the issue of determining 

whether the research is valid arises.  Not much shall be said about validity other than it has roots 

within the institution that is conducting the research and the beliefs of the researchers entering the 

research. The reason for taking out a discussion on validity is because this project is an 

exploration of how to apply interdisciplinary methodologies rather than the creation of definitive 

interdisciplinary method. 

 The second writer whose writing gives guidance for this collaboration is Bruno Latour 

(1999). Latour’s observation of two pedologists, a botanist, and a geographer, in “Circulating 

Reference: Sampling the soil of the Amazon Rain Forest”, culminated into an examination of the 

epistemology of the scientific reference (1999). Latour examined how scientists reference things 

and their manner of speaking about the world. He concluded that scientists constructed 

representations of the world that pushed the world away but at the same drew it closer through a 

process of organizing and deriving meaning from observations at the field site (Latour, 1999).  

Knowledge is not a direct representation of the environment but an outcome of multiple layers of 

transition derived through an alignment from the beginning (the forest field work) to the 

published analysis of the forest (culmination and organization of data) (Latour, 1999).  This 

alignment known as a “reference” connects words to the world because the “reference” is 

constantly processed through a series of reductions and amplifications which allow the observable 

phenomena to circulate and describe various characteristics of the field site or transformations in 

the forest (Latour, 1999).  The entire complex of alignment, reductions and amplifications of 

what one could know about the site is labeled as the “circulating reference”.  These two ideas of a 
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transforming “circulating” reference and how one undertakes collaborative/interdisciplinary 

research were themes that arose when attempting to merge art practice with a scientific topic.  

 There is a relation between a circulating reference and communication between 

disciplines to create an interactive forum that establishes new ways of researching.  Even if there 

is no “absoluteness” to the system, it still engages with phenomena and elucidates knowledge 

about the system.  In this case a framework of a conversation and the ideas that came out are 

important to help bridge the gap between Lisa’s concept of “art practice” which I have no 

experience with and with “micro-synchrotron” work which is entirely new to her.  

 

4.3 Description of Dust-to-Dust 

  

Dust-to-Dust is an interdisciplinary conversation between Lisa Figge and myself. Lisa is 

an artist looking at “Art as Research” and I am a scientist.  The objective of the project is to add 

to the enrichment of learning through interdisciplinary means by recording and designing a 

project through collaboration between Lisa’s art practices and my thesis topic.  Dust-in Dust-out 

began as conversations centered on the topic of household dust and science’s role in the analysis 

of that dust.  Lisa was exposed to scientific instruments such as a scanning electric microscope 

(SEM) and the images from the SEM were collected and exhibited in an installation at the Verb 

Gallery. The project was very much oriented towards exploration of how both parties could 

contribute in a true collaborative form in order to visualize and textualize something for people to 

engage with.   The installation that was presented to the public was a partial creation of a home 

installation (a kitchen table with a tea setting, a rug, t.v., wallpapering), a video of Lisa and 

myself sweeping in our homes with splices of conversations between Lisa and myself in Smitty’s 
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restaurant, and SEM images that correspond to XRF spectrum analysis and the dust in spiced jars 

and on SEM pins.  The purpose of the installation was to superimpose the micro world of the 

technique with the original environment of a home in order to create an atmosphere that could 

promote the engagement and interaction with the topic of household dust.  

 

4.4 Outcomes of project 

 

Figure 4.1: Final art installation as shown to the public in May 2010 
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 The process between Lisa and I was extremely hard, at times, due to the fact that it was 

difficult to communicate the ideas between us. For example, Lisa’s focus on “Ecological 

Citizenship” and “Politics of Nature” was extremely hard to interpret from a scientific viewpoint, 

and conversely use of terminology such as “chemical signature” within household dust profiles 

was equally prone to lack of comprehension by Lisa. A signature to Lisa was one that someone 

signed to authenticate or verify a document, not a unique elemental profile of the dust as was the 

meaning used between Health Canada and myself. Frequently, our conversations revolved around 

the fact that we can’t communicate effectively with each other. We also became lost in what the 

outcome of the project could be and how we know if we are successful with the objectives of the 

project. Lisa faced challenges of whether or not the work was art or had an environmental slant, 

and I frequently faced criticism on whether the work was academic or scientific. Lisa wanted to 

explore how to start a conversation with people who are invested in environmental questions and 

I wanted to make sure that people didn’t become hypochondriacs from misunderstood 

information about household dust composition. Both of these were monumental tasks that were 

difficult to summarize or merge together in a project.  

The conversations on how the interdisciplinary work would be accomplished frequently 

went off topic as we constantly became engrossed with the question, “What is it that we are 

doing?” Whether or not the installation successfully created a merged a methodology geared 

towards the application of interdisciplinary work is not obvious from a scientific or art practice 

point of view.  However, the meetings determined that in a broad sense, we were looking at the 

difference in methodologies between us and how they could be brought together for producing an 

art installation, and whether or not what we were doing was answerable to the environment. 
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Ideally we should be able to bring people into a conversation about what dust is and get them 

critically engaged. It became important that we find a way that a person can become engaged in 

the space, without overwhelming them or ourselves, and that is of interest to help guide the 

audience through “What is dust? Why is it important? What is our collaboration?” In tandem the 

space should also give the audience a visual indicator of what Lisa and I had thought while 

creating the space.  

The process of deciding what an installation should be was quite complicated as there 

were many different sources of inspiration from collaborative works of other artists, theoretical 

works and limitations on time and space. Until we decided on something fairly simple, trying to 

tackle something that incorporated scientific elements without too heavily going into the art 

practices, and becoming lost in ambiguity or complexity, was challenging. Frequently, it seemed 

the project was taking on a multidisciplinary (two disciplines working separately towards a 

common solution) rather than interdisciplinary (two disciplines creating a shared methodology or 

disciplinary integration) approach, which we attempted to bridge by trying to make SEM images 

into artwork but leaving an XRF elemental spectrum below to retain a scientific aspect. In 

conjunction, a video of our attempts to untangle the intricacies of dust and the process of 

collaboration helped to showcase the interaction between the two of us and recreate the setting 

that the dust was originally found in.  

Getting people to critically engage in the topic of household dust was a success from the 

art installation. The reactions of people to the installation were usually of curiosity and in some 

case disgust that there were metals within the household dust. Unsurprisingly, most people were 

interested in what cleaning products were available to clean up their dust. However, like the 

discussions between Lisa and I, people tended to drift or leap from one area to the other on what 
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they thought was an important avenue for looking at dust. Conversations with people ranged from 

curiosity of the scientific practices, to ideas about where the art installation could go next, to what 

the government or consumers could be doing, to potential sources of contamination.  What was 

not successful was trying to bridge some of the larger elements such as how do scientists bring 

elements of their knowledge into a more political/social sphere? How do people’s values affect 

the way this knowledge is utilized? Did this form of installation successfully meet some of Lisa’s 

objectives of creating a conversation and trying to use art to create a more ecologically self-

conscious society? It was probably unrealistic in the time frame to answer these questions. 

Nevertheless, people became engaged in what household dust was, and more importantly realized 

how complicated environmental studies could be. This exploration resulted in the generation of 

questions that neither Lisa or I would probably have asked without the collaboration and seemed 

like a good start in tackling the many dimensions required to regulate contaminants within a 

medium such as household dust.  

 

4.5 Conclusions 

 

The possible interdisciplinary work surrounding dust could have been a monumental task 

involving many years and forums.  Frequently, the outcomes did not have the concrete objective 

basis that I was used to in science and as such I couldn’t determine what it was we had 

accomplished. Conversely, Lisa struggled with the concept of what is art, who are 

environmentalists, and what is science’s role in the environment? Probably the most successful 

aspect of this project was the forum of discussion between Lisa and me, and later between Lisa, 

the audience and me.  The success came from the conversation and the ability to transfer 
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knowledge from various parties and create an atmosphere where “hybrid” ideas and questions 

could be generated. The possibilities on how a topic of household dust could be portrayed could 

branch off indefinitely but all of viewpoints were educational to the people engaged with the 

collaboration.  Future work on this topic could help establish a clearer framework on how we 

answer some of the larger questions, such as, how does one bridge the gap between scientific 

knowledge and political utilization of that knowledge? How can education or these collaborative 

processes help create ecological citizens? Regardless of the unanswerable, or almost intangible 

sections of this project, collaborative work could help to formulate and answer questions that 

previously were ambiguous.  
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Chapter 5 

Conclusions 

5.1  Antimony Species and Sources Present in Household Dust 

  

Antimony had a geometric mean of 0.25 mg/kg in the soil and 5.54mg/kg in the 

household dust for 50 residential homes measured within the Ottawa vicinity (Rasmussen et al., 

2001). For the anomalous Sb samples, the preponderance of Sb species present in the household 

dust appeared to originate from Sb containing pigments from either Pb-based paints 

(hydrocerussite) or Sb coloured pigments such as Naples Yellow. The fibrous structures present 

in 039HD and 014CBR suggest the presence of Sb containing flame-retardants. However, flame-

retardant treated fibers could not be unambiguously deduced from the samples due to the lack of a 

halogen element correlation such as Br or Cl and must be inferred from the shape indicated from 

the µXRF mapping and the potential presence of Sb2O3 species from the µXANES data. The 

presence of metal alloys such as Sb-Sn and potential Sb-Te systems in 039HD also showed 

potential sources of enrichment from solders or electronic equipment. While Sb content is low 

within homes the concentration in the future will depend on the removal of Pb-based paints and 

increased usage of Sb-Sn solders as replacement for Pb-Sb solders as well as the use of Sb-Te in 

semiconductors for electronic devices.  
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5.2  Synchrotron Methods for Household Dust Studies 

 

 The minimum concentrations of Sb within household dust make high-energy synchrotron 

work (31KeV) challenging due to the complexity of the household dust matrix as well as the 

small particle size of Sb bearing particles. For µXRF work a Ge(Li) Canberra detector may offer 

better detection capabilities than a Si Vortex detector due to Ge being a heavier element and more 

likely to absorb characteristic X-rays.  

The minimum concentration of Sb suggested by Fawcett (2009) of 226 ppm for bulk 

XANES analysis may not apply to µXANES work as individual Sb containing particles have 

higher concentrations than the sample as a whole and may produce a sufficient signal for LCF 

analysis and potential identification of the Sb species. For small Sb particles, several scans can be 

taken in quick succession of each other to obtain enough of a detectable signal for LCF but there 

may be numerous broadening effects from alignment and margining which may make 

unambiguous identification improbable.  Regardless, most identification of particles is made 

easier by the complementary and coincident use of µXRF, µXANES and µXRD.   

 The decreased absorption cross-section at high energies, as well as the variance of 

absorption cross sections throughout the sample, makes it necessary to use long exposure times 

and high photon fluxes for high energy synchrotron work. While CCD detectors are more 

sensitive to incoming photons, the indefinite exposure times for image plates as well as the ability 

to set up image plates with coincident µXANES work make image plates more desirable for 

household dust work.  Moreover, for µXRD work at higher energies the increased visibility of d-

spacing may make identification of small asymmetrical particles easier at the loss of visualization 

of higher d-spacing.  
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Lastly, use of an ESEM prior to synchrotron work helps target potential and may reduce 

the time spent for µXRF mapping.  

 

5.3 Toxicological Risk of Antimony in Household Dust 

 

Based on a literature review, Sb appears to be of low toxicological risks to residents. 

Canadian soil-quality guidelines for residential homes/parklands are around 20ppm; 

consequently, a majority of residential homes are below the recommended guidelines, suggesting 

that Sb enrichment in homes is an improbable toxicological risk to a majority of residents 

(CCME, 2007). In support of the soil quality guidelines are the EU risk assessment report of 2008 

and the report by Oomen et al. (2008), where it was concluded that Sb in residential homes was 

probably not found in significant concentrations to be a potential health hazard to any resident. 

Antimony trioxide is considered a potential carcinogen by IARC (1989) with the mutagenic 

effects thought to arise from impaired clearance of Sb2O3 particles (EU, 2008). Antimony trioxide 

is expected to continue to be used in flame-retardants but scrutiny of the environmental and 

health impacts of decabromodiphenyl ether (DBDPE) are arising and alternatives are being 

investigated (U.S. Geological Survey, 2006; EU, 2007). Also as Pb content within consumer 

products is reduced, Sb may be used as an alternative and as such exposure to Sb alloys may 

increase but the toxicological risk of Sb alloys may be less than Sb2O3 or Sb-Pb based products.  

 

5.4 Collaborative Work with Lisa Figge  
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 The collaborative process with Lisa was often ambiguous and frustrating due to barriers 

in communication and lack of focus on the possibilities and outcomes of the project. The most 

successful part was the art installation creating a venue for which people could discuss their 

viewpoints and interact with the dust. However, without grounding in a set disciplinary 

methodology trying to find a coherent conclusion, or indicator, was impossible as both the results 

and the analysis of the results were difficult to assess. The ambiguity was balanced out by the fact 

that the entire process was educational for all parties involved and the generation of “hybrid” 

ideas between disciplines could help bridge the gap between scientific results and outcomes and 

practices for those results. Unfortunately, it is clear that a larger amount of time is needed to over 

come barriers in communication and methodologies in order to establish a clearer framework to 

assess the outcomes and potential directions to coherently explore the topic of household dust.  

 

5.5 Recommendations for Future Work 

 

1. X-ray diffraction and X-ray fluorescent mapping at both high and low energies in order to 

take advantage of more reciprocal space at higher energies with visualization of higher d-

spacing at lower energies.   

2. Use of an ESEM to map the location of metal particles by setting a backscattering 

brightness limit to target potential targets before attempting micro-analytical synchrotron 

work.  

3. Investigate the role of Cd, a known neurotoxin, within household dust samples and 

determine if its presence correlates with identified  pigment standards,  as was the case 

with antimony. 
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4. Investigate forums where scientists and the general community can interact, in order to 

establish clearer frameworks on what household dust is beyond the context of scientific 

analysis. 
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Appendix A: Standard Compounds for µXANES analysis 

Sb Compound/Mineral  Source  Prepared by: 

Sb Metal  Miller Museum  Skya Fawcett 

Sb2O3  Fisher Scientific  Skya Fawcett 

Sb2O5  Fisher Scientific  Skya Fawcett 

NaSbO3  Fisher Scientific  Myself 

Cervantite  Miller Museum  Skya Fawcett 

FR‐21  Amspec  Myself 

Naples Yellow  Wallack’s Art Supplies  Myself 

Sn‐Sb Solder  Home Hardware  Myself 

Fe‐Pb‐Sn‐Sb alloy  Kimco  Myself 

Skya’s Miller Museum compounds have been verified with XRD. The alloys and solders were 

not successful as standards. FR-21 was verified via µXANES by LCF comparison to the Sb2O3 

standard. Naples Yellow was verified by conventional XRD powder diffraction with the 

following compounds identified: PbCO3, ZnO and Rutile (TiO2). 
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Appendix B: Environmental Scanning Electron Microscope (ESEM) 

Compounds, Photos and Spectra 

*note: For all ESEM images the XRF spectrums are located below the back-scattered image of 
the particle of interest. For the XRF spectrums the x-axis is the energy in KeV and the y-axis is 
counts per second.  

June 2009 Session: 

039HD (composite household dust sample) 

039HD Compounds, Images and Elements Identified:  

Barite, Pb, Zircon, NaCl, gypsum, monozite, pyrite, K-feldspar, pollen, carbonates, quartz, 
fiberglass, iron oxides 
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051HD (Composite Household Dust Sample) 

051HD Compounds, Images and Elements Identified: 

Barite, Pb rich particles, Zn, Sn, zenotine, bismuth with Cl, cellecite, Cu, monozite, salt, iron 
oxides 
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June 2010 Session: 

014CBR (Children’s Bedroom Sample) 

014CBR Compounds, Images and Elements Identified: 

Silicates, Quartz, Gypsum, Zn particle with Cr, round balls (fly-ash?), barite, Pb-Sn solder, iron 
oxides (illmenite), Pb-Ca particles (hydrocerussite), Dental amalgam, Cu-Zn particle, PbCl, 
stainless steel, chromite, zinc oxide, Ni-Fe species 
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051HD Sample: 

051HD Compounds, Images and Elements: 

barite, silicate 
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Appendix C: Micro X-ray diffraction images with corresponding micro 

X-ray fluorescence spectrums 

XRD Patterns of Sb hot spots are the only ones displayed. 

APS March 2010: 

051HD: 

Map1 Spot1: No match for diffraction data 
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039HD: 
Map1 Spot8: Compounds Identified: Fe-Ni alloy (background subtracted because Pb shield 
fluoresced onto sample) 
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NSLS October 2010: 

014CBR: 

Map1 Spot6:  

Compounds Identified: rutile, calcite 

 

 

Map1 Spot7,8 also have diffraction patterns but are in the same region and identified as the same 
compounds as Spot6 and have not been included. 
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Map1 Spot9: No match to diffraction pattern 
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051HD: 
Map2 Spot24: Compounds identified: hematite 
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APS Dec 2009: 
014CBR: 
Map1 Spot1: Compounds identified: anatase, wurzite, possibly lead antimonate 
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Map1 Spot2: Compounds Identified: rutile, wurzite 
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Map1 Spot4: No Match Identified 
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Map1 Spot5: No matches identified 
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Map1 Spot6: hydrocerussite, zinc oxide, and potentially antimony iodide sulfide 
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039HD: 

Map2 Spot1: No matches identified 
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051GS: 

Map1 Spot1: Compounds identified: Mica, montmorillonite 
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Map1 Spot2: No compounds identified 
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Appendix D: Micro X-ray fluorescence maps 

APS Mar 2009 Data: 

*note: For APS diffraction data, black denotes regions of minimal signal and white is typically a 
region of high signal. In some cases where not much signal was generated the background may be 
primarily green or red due to the software doing relative intensities from one region to another. 
The following picture gives an indicator of the colouring scheme for APS maps.  

 

014CBR Map1, Map coordinates are 1mm x 1mm with 10 micron step sizes 
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051HD Sample: 

Map 1: 1 mm x 1mm with 10 micron step size: 

 

Map2: 1 mm x 1 mm with 10 micron step size 
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039HD Sample: 

Map 1: 1 mm x 1 mm with 10 micron step size: 
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NSLS October 2009: 

014CBR: Can only show SbKa because other maps had to much background to properly elucidate 
the spots. 

Map1 

 
Map2 and Map3 had no Sb present within them 

Map4 
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051HD: 

Maps1,3 and 4 had no Sb present: 

Map 2: 

 

 

Map 5: 
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APS Dec 2010: 
014CBR: 
Map 1: 1 mm x 0.875 mm with 7 micron step size 
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051HD: 

Map 1: 0.06 mm x 0.06mm with 7 micron step size 

 

Map 2:0.9 mm x 0.9 mm with 7 micron step size 
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Map 3: 0.5 mm x 0.5 mm with 7 micron step size 
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039HD Sample: 
Map 1: Originally run as 0.7 mm x 0.7 mm with 7 micron step size but stopped approximately 
halfway through 

 
 

Map 2: 0.5 mm x 0.5 with 7 micron step size 
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051GS: 
Map 1: 0.3 mm x 0.3 mm with 7 micron step size (note: error with software distorted image) 

 
 
Map 2: 0.3 mm x 0.3 mm with 7 micron step size 
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039GS: 
Map 1: 0.3 mm x 0.3 mm with 7 micron step size 
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Appendix E: Summary of elements identified per household dust 

sample for APS 

NSLS not included because µXRF spectra did not produce a large enough signal to make reliable 
element correlations.  

APS Data: 
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Appendix F: Raw synchrotron data, ESEM raw data, and video from 

collaborative project 

Please see DVD in sleeve 

 


