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1. Introduction  

Metals occur naturally in the earth's crust, and their contents in the environment can vary 
between different regions resulting in spatial variations of background concentrations. The 
distribution of metals in the environment is governed by the properties of the metal and 
influences of environmental factors (Khlifi & Hamza-Chaffai, 2010). Of the 92 naturally 
occurring elements, approximately 30 metals and metalloids are potentially toxic to humans, 
Be, B, Li, Al, Ti, V, Cr, Mn, Co, Ni, Cu, As, Se, Sr, Mo, Pd, Ag, Cd, Sn, Sb, Te, Cs, Ba, W, Pt, 
Au, Hg, Pb, and Bi. Heavy metals is the generic term for metallic elements having an atomic 
weight higher than 40.04 (the atomic mass of Ca) (Ming-Ho, 2005). Heavy metals enter the 
environment by natural and anthropogenic means. Such sources include: natural 
weathering of the earth’s crust, mining, soil erosion, industrial discharge, urban runoff, 
sewage effluents, pest or disease control agents applied to plants, air pollution fallout, and a 
number of others (Ming-Ho, 2005). Although some individuals are primarily exposed to 
these contaminants in the workplace, for most people the main route of exposure to these 
toxic elements is through the diet (food and water). The contamination chain of heavy 
metals almost always follows a cyclic order: industry, atmosphere, soil, water, foods and 
human. Although toxicity and the resulting threat to human health of any contaminant are, 
of course, a function of concentration, it is well-known that chronic exposure to heavy 
metals and metalloids at relatively low levels can cause adverse effects (Agency for Toxic 
Substance and Disease Registry [ATSDR], 2003a, 2003b, 2007, 2008; Castro-González & 
Méndez-Armenta, 2008). Therefore, there has been increasing concern, mainly in the 
developed world, about exposures, intakes and absorption of heavy metals by humans. 
Populations are increasingly demanding a cleaner environment in general, and reductions 
in the amounts of contaminants reaching people as a result of increasing human activities. A 
practical implication of this trend, in the developed countries, has been the imposition of 
new and more restrictive regulations (European Commission, 2006; Figueroa, 2008).  

Considering the importance of this subject, this chapter gives an overview of the main 
features of heavy metals and their health effects. The early part of this chapter is dedicated 
to the most found and toxic heavy metals, lead, cadmium, mercury, and arsenic. The next 
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piece deals with several approaches for assessment of human exposure, namely the use of 
biomarkers. The most widely applied separation and detection techniques for quantification 
of these elements in biological and environmental samples is included, as they provide 
valuable toxicological data for hazard and risk assessments. Then, finally, the example of the 
wood preservative chromated copper arsenate (CCA) illustrates the effect of some 
hazardous substances on the health of humans and the environment. 

2. Heavy metals  

Lead (Pb), cadmium (Cd), mercury (Hg), and arsenic (As) are widely dispersed in the 
environment. These elements have no beneficial effects in humans, and there is no known 
homeostasis mechanism for them (Draghici et al., 2010; Vieira et al., 2011). They are 
generally considered the most toxic to humans and animals; the adverse human health 
effects associated with exposure to them, even at low concentrations, are diverse and 
include, but are not limited to, neurotoxic and carcinogenic actions (ATSDR, 2003a, 2003b, 
2007, 2008; Castro-González & Méndez-Armenta, 2008; Jomova & Valko, 2011; Tokar et al., 
2011). 

2.1 Lead 

Lead as a toxicologically relevant element has been brought into the environment by man in 
extreme amounts, despite its low geochemical mobility and has been distributed worldwide 
(Oehlenschläger, 2002). Lead amounts in deep ocean waters is about 0.01-0.02 μg/L, but in 
surface ocean waters is ca. 0.3 μg/L (Castro-González & Méndez-Armenta, 2008). Lead still 
has a number of important uses in the present day; from sheets for roofing to screens for X-
rays and radioactive emissions. Like many other contaminants, lead is ubiquitous and can 
be found occurring as metallic lead, inorganic ions and salts (Harrison, 2001). Lead has no 
essential function in man.  

Food is one of the major sources of lead exposure; the others are air (mainly lead dust 
originating from petrol) and drinking water. Plant food may be contaminated with lead 
through its uptake from ambient air and soil; animals may then ingest the lead-
contaminated vegetation. In humans, lead ingestion may arise from eating lead-
contaminated vegetation or animal foods. Another source of ingestion is through the use of 
lead-containing vessels or lead-based pottery glazes (Ming-Ho, 2005). In humans, about 20 
to 50% of inhaled, and 5 to 15% of ingested inorganic lead is absorbed. In contrast, about 
80% of inhaled organic lead is absorbed, and ingested organic Pb is absorbed readily. Once 
in the bloodstream, lead is primarily distributed among blood, soft tissue, and mineralizing 
tissue (Ming-Ho, 2005). The bones and teeth of adults contain more than 95% of the total 
body burden of lead. Children are particularly sensitive to this metal because of their more 
rapid growth rate and metabolism, with critical effects in the developing nervous system 
(ATSDR, 2007; Castro-González & Méndez-Armenta, 2008).  

The Joint FAO/ World Health Organization Expert Committee on Food Additives (JECFA) 
established a provisional tolerable weekly intake (PTWI) for lead as 0.025 mg/kg body 
weight (bw) (JECFA, 2004). The WHO provisional guideline of 0.01 mg/L has been adopted 
as the standard for drinking water (WHO, 2004a).  
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2.2 Cadmium 

The use of cadmium by man is relatively recent and it is only with its increasing 
technological use in the last few decades that serious consideration has been given to 
cadmium as a possible contaminant. Cadmium is naturally present in the environment: in 
air, soils, sediments and even in unpolluted seawater.  Cadmium is emitted to air by mines, 
metal smelters and industries using cadmium compounds for alloys, batteries, pigments and 
in plastics, although many countries have stringent controls in place on such emissions 
(Harrison, 2001). 

Tobacco smoke is one of the largest single sources of cadmium exposure in humans. 
Tobacco in all of its forms contains appreciable amounts of the metal. Because the 
absorption of cadmium from the lungs is much greater than from the gastrointestinal tract, 
smoking contributes significantly to the total body burden (Figueroa, 2008; Ming-Ho, 2005). 

In general, for non-smokers and non-occupationally exposed workers, food products 
account for most of the human exposure burden to cadmium (ExtoxNet, 2003). In food, only 
inorganic cadmium salts are present. Organic cadmium compounds are very unstable. In 
contrast to lead and mercury ions, cadmium ions are readily absorbed by plants. They are 
equally distributed over the plant. Cadmium is taken up through the roots of plants to 
edible leaves, fruits and seeds. During the growth of grains such as wheat and rice, 
cadmium taken from the soil is concentrated in the core of the kernel. Cadmium also 
accumulates in animal milk and fatty tissues (Figueroa, 2008). Therefore, people are exposed 
to cadmium when consuming plant- and animal-based foods. Seafood, such as molluscs and 
crustaceans, can be also a source of cadmium (Castro-González & Méndez-Armenta, 2008; 
WHO 2004b; WHO 2006). 

Cadmium accumulates in the human body affecting negatively several organs: liver, kidney, 
lung, bones, placenta, brain and the central nervous system (Castro-González & Méndez-
Armenta, 2008). Other damages that have been observed include reproductive, and 
development toxicity, hepatic, haematological and immunological effects (Apostoli & 
Catalani, 2011; ATSDR, 2008). 

The Joint FAO/WHO has recommended the PTWI as 0.007 mg/kg bw for cadmium 
(JEFCA, 2004). The EPA maximum contaminant level for cadmium in drinking water is 
0.005 mg/L whereas the WHO adopted the provisional guideline of 0.003 mg/L (WHO, 
2004a). 

2.3 Mercury 

Mercury is one of the most toxic heavy metals in the environment (Castro-González & 
Méndez-Armenta, 2008). Man released mercury into the environment by the actions of the 
agriculture industry (fungicides, seed preservatives), by pharmaceuticals, as pulp and paper 
preservatives, catalysts in organic syntheses, in thermometers and batteries, in amalgams 
and in chlorine and caustic soda production (Oehlenschläger, 2002; Zhang & Wong, 2007). 
Exposure to high levels of metallic, inorganic, or organic mercury can permanently damage 
the brain, kidneys, and developing fetus (ATSDR, 2003b).  

The toxicity of mercury depends on its chemical form (ionic < metallic <organic) (Clarkson, 
2006). Up to 90% of most organic mercury compounds are absorbed from food (Reilly, 2007). 
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Mercury can be detected in most foods and beverages, at levels of < 1 to 50 μg/kg (Reilly, 
2007). Higher levels are often found in marine foods. Organic mercury compounds easily 
pass across biomembranes and are lipophilic. Therefore elevated mercury concentrations are 
mainly found in liver of lean species and in fatty fish species. Methyl mercury has a 
tendency to accumulate with fish age and with increasing trophic level. This leads to higher 
mercury concentrations in old fatty predatory species like tuna, halibut, redfish, shark, and 
swordfish (Oehlenschläger, 2002). In the year 2003, the JECFA revised its risk assessment on 
methylmercury in fish and adopted a lower PTWI of 1.6 g/kg body weight/week to 
replace the previous PTWI of 3.3 g/kg b.w./week of total mercury for the general 
population (Castro-González & Méndez-Armenta, 2008; JECFA, 2004). This risk assessment 
was based on two major epidemiology studies which investigated the relationship between 
maternal exposure to mercury through high consumption of contaminated fish and seafood 
and impaired neurodevelopment in their children (Castro-González & Méndez-Armenta, 
2008; Grandjean et al., 1997; Murata et al., 2007). Because of the extreme health effects 
associated with mercury exposure, the current standards for drinking water were set by 
EPA and WHO at the very low levels of 0.002 mg/L and 0.001 mg/L, respectively (WHO, 
2004a). 

2.4 Arsenic  

Arsenic is a metalloid. It is rarely found as a free element in the natural environment, but 
more commonly as a component of sulphur-containing ores in which it occurs as metal 
arsenides. Arsenic is quite widely distributed in natural waters and is often associated with 
geological sources, but in some locations anthropogenic inputs, such as the use of arsenical 
insecticides and the combustion of fossil fuels, can be extremely important additional 
sources. Arsenic occurs in natural waters in oxidation states III and V, in the form of 
arsenous acid (H3AsO3) and its salts, and arsenic acid (H3AsO5) and its salts, respectively 
(Sawyer et al., 2003).  

The toxic effects of arsenic depend specially on oxidation state and chemical species, among 
others. Inorganic arsenic is considered carcinogenic and is related mainly to lung, kidney, 
bladder, and skin disorders (ATSDR, 2003a). The toxicity of arsenic in its inorganic form has 
been known for decades under the following forms: acute toxicity, subchronic toxicity, 
genetic toxicity, developmental and reproductive toxicity (Chakraborti et al., 2004), 
immunotoxicity (Sakurai et al., 2004), biochemical and cellular toxicity, and chronic toxicity 
(Mudhoo et al., 2011; Schwarzenegger et al., 2004). Drinking water is one of the primary 
routes of exposure of inorganic arsenic (Mudhoo et al., 2011; National Research Council, 
2001). Ingestion of groundwater with elevated arsenic concentrations and the associated 
human health effects are prevalent in several regions across the world. Arsenic toxicity and 
chronic arsenicosis is of an alarming magnitude particularly in South Asia and is a major 
environmental health disaster (Bhattacharya et al., 2007; Chakraborti et al., 2004; Kapaj et al., 
2006). Chronic arsenic ingestion from drinking water has been found to cause carcinogenic 
and noncarcinogenic health effects in humans (ATSDR, 2003a; Mudhoo et al., 2011; USEPA 
2008, 2010a, 2010b). The growing awareness of arsenic-related health problems has led to a 
rethinking of the acceptable concentration in drinking water (Sawyer et al., 2003). Following 
a thorough review and in order to maximize health risk reduction, the USEPA in 2001 
decided to reduce the drinking water maximum contaminant limit (MCL) to 0.010 mg/L, 
which is now the same as the WHO guidelines (USEPA, 2005a).  
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The adverse effects of arsenic in groundwater used for irrigation water on crops and aquatic 
ecosystems are also of major concern. The fate of arsenic in agricultural soils is less 
characterized compared to groundwater. However, the accumulation of arsenic in rice field 
soils and its introduction into the food chain through uptake by the rice plant is of major 
concern mainly in Asian countries (Bhattacharya et al., 2007; Duxbury et al., 2003). In foods, 
the major source of arsenic is mainly fish and seafood. The organic arsenic in food and 
seafood appears to be much less toxic than the inorganic forms (Uneyama et al., 2007). The 
presence of arsenic in fish has been detected in several species such as; sardine, chub 
mackerel, horse mackerel (Vieira et al., 2011) blue fish, carp, mullet tuna, and salmon 
(Castro-González & Méndez-Armenta, 2008). The results show that arsenic concentration is 
low in most fish, being always its highest concentration in muscle (Vieira et al., 2011). The 
JECFA established a PTWI for inorganic arsenic as 0.015 mg/kg body weight (FAO/WHO, 
2005, JECFA 2004). Organo-arsenic intakes of about 0.05 mg/kg body weight/day seemed 
not to be associated to hazardous effects (Uneyama et al., 2007).  

3. Assessment of exposure to heavy metals  

Human exposure is defined by WHO as the amount of a substance in contact, over time and 
space, with the outer boundary of the body (WHO, 2000). The assessment of human 
exposure to contaminant chemicals in the environment can be measured by two major 
methods, each based on different data profiles, thus permitting the verification and 
validation of the information. One approach involves environmental monitoring i.e., 
determining the chemical concentration scenario. The second methodology is based on 
estimations of exposure through the use of biomarkers (Peterson, 2007). 

Biomarkers are relevant indices in human health studies and are defined by the National 
Institute of Health (NIH) as a characteristic that is objectively measured and evaluated as an 
indicator of normal biological processes, pathogenic processes, or pharmacologic responses 
to a therapeutic intervention" (NIH, 2001). Biomarkers may be used at any level within 
biological organization (eg. molecular, cellular, or organ levels). These tools may be used to 
identify exposed individuals or groups, quantify the exposure, assess the health risks, or 
assist in diagnosis of environmental or occupational disease (Aitio et al., 2007). 

A crucial measure for the assessment of exposure to hazardous chemicals, such as those 
from waste sites is evaluation of potentially exposed populations. This step also includes the 
degree, incidence extent, and routes of potential exposure. A most significant  
direct approach to assess exposure to hazardous substances within potentially exposed 
populations is to determine chemicals or their metabolic products on some biological fluids 
such as blood or urine, with certain defined levels being a reliable indicator of metal 
exposure.  

However, long term storage of some toxic metals takes place in hard tissues such as teeth 
and bones. Additionally, samples of keratinous tissue components such as hair and nails are 
commonly used for routine clinical screening and diagnosis of longer-term exposure of 
metals. For example, the levels of lead in bones, hair, and teeth increase with age, suggesting 
a gradual accumulation of lead in the body. Therefore, contamination of food with lead and 
the possibility of chronic lead intoxication through the diet need constant monitoring 
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(Janssen, 1997). In addition, during mineralization of teeth cadmium and lead may persist 
within the matrix (Fischer, 2009). 

Most of ingested arsenic is rapidly excreted via the kidney within a few days. However, 
high levels of arsenic are retained for longer periods of time in the bone, skin, hair, and nails 
of exposed humans (Mandal et al., 2003). Studies of arsenic speciation in the urine of 
exposed humans indicate that the metabolites comprise 10–15% inorganic arsenic and 
monomethylarsonic acid and a major proportion (60–80%) of dimethylarsenic acid 
(Bhattacharya et al., 2007). Recent studies have found monomethylarsonous acid and 
dimethylarsinous acid in trace quantities in human urine (Bhattacharya et al., 2007; Mandal 
et al., 2003).  

Potential biomarkers include DNA and protein adducts, mutations, chromosomal 
aberrations, genes that have undergone induction and a host of other “early” cellular or 
subcellular events thought to link exposure and effect. Silins & Högberg (2011) in their 
review focus on three classes of biomarkers (exposure, effect and susceptibility). Biomarkers 
of exposure include measurements of parent compound, metabolites or DNA or protein 
adducts, and reflect internal doses, the biologically effective dose or target dose. Biomarkers 
of effects could be changes on a cellular level, such as altered expression of metabolic 
enzymes, and may also include markers for early pathological changes in complex disease 
developments, such as mutations and preneoplastic lesions. Biomarkers of susceptibility 
indicate an often constitutive ability of an individual to respond to specific exposures. The 
three categories of biomarkers cited above were exemplified by Nordberg (2010) in studies 
of health effects after heavy metal exposures. 

Progress in the fields of genomics and proteomics is also reported, and more recent attention 
is focussed on proteomics technologies involved in finding new and relevant biomarkers for 
metal assessment.  For example, preclinical changes in people exposed to heavy metals were 
recently monitored by proteomics biomarkers. In addition to urine and blood analysis 
proteomic profiling of serum samples, one representing the metal-exposed group and the 
other a control group, revealed three potential protein markers of preclinical changes in 
humans chronically exposed to a mixture of heavy metals (Kossowska et al., 2011). In this 
scope, and using these new tools, the effects of arsenic on human health were also illustrated 
(Vlaanderen et al., 2010). 

Other symptoms associated with heavy metal exposure may also be evaluated such as 
effects on human skin damage, namely stress signals.  For example, heavy metals down-
regulated the phosphorylation levels of HSP27, and  the ratio of p-HSP27 and HSP27 may be 
a sensitive marker or additional endpoint for the hazard assessment of potential skin 
irritation caused by chemicals and their products (Zhang et al., 2010). 

Middendorf & Williams (2000) have critically reviewed early indicators of cadmium damage 
in kidneys, such as a low-molecular-weight protein (2-microglobulin), usually reabsorbed 
by the proximal tubules. Glycosuria, aminoaciduria, and the reduced ability of the kidney to 
secrete PAH are also indicators of nephrons damage by cadmium.  An increase in urinary 
excretion of low- and high-molecular-weight proteins occurs as damage increases, reflecting 
the decline in glomerular filtration rate. This review also underlines that cadmium renal 
damage may occur after many years in workers removed from exposure in factories where 
nickel/cadmium was excessive.  
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More recently, some cellular functions have been used as biomarkers. For example, the 
autophagy pathway was proposed as a new sensitive biomarker for renal injury induced by 
cadmium (Chargui et al., 2011). 

Non-invasive or a minimally invasive monitoring techniques are nowadays preferred, 
although these assays may require further improvement and validation. For example, the 
use of the buccal micronucleus assay as a biomarker of DNA damage is a contribution for 
epidemiological studies (Ceppi et al., 2010). Previously, children hand rinsing was used as a 
biomarker of short term exposure to As (Shalat et al., 2006). This method, added to the 
determination of total arsenic analyses in next morning urine was described by those 
authors for children using playground equipments treated with CCA. 

In addition to the biomarkers mentioned above, various other groups of indicators have 
become widely used and play a significant role in trend analysis of exposures and chemical 
management response strategies. For example, higher plants, fungi, lichens, mosses, 
molluscs, and fish are important biomonitors for heavy metals contamination within the 
environment. 

Another key point for human health risk evaluation is the mode of action analysis (MOA), 
defined by USEPA (2005b) as ‘‘a sequence of key events and processes, starting with 
interaction of an agent with a cell, proceeding through operational and anatomical changes, 
and resulting in cancer formation’’. The description of the adverse reactions in animal 
bioassays may provide relevant information for a better understanding of human health 
risk. In a recent review Thompson and co-workers (2011) focused on this parameter to 
illustrate the role of hexavalent chromium on human health assessment. Moreover, the 
relevance of animal testing data to humans is well established. However, the differences in 
metabolism between species, added to some intra-specific differences (e.g. gender, 
nutritional status, age, genetic predisposition, and frequency of exposure) are some 
limitations. In order to overlap these differences, a safety margin must be considered.  

Finally, the complexity and number of available potential biomarkers for heavy metals 
exposure may be led to the development of improved prognostic and diagnostic tools.  

4. Heavy metals analytical methods 

4.1 Quantitative determination  

Various approaches are described in the literature for detailed analysis of heavy metals in 
environmental, biological and food samples. Analytical methods frequently require sample 
preconcentration and/or pretreatment for the destruction of the organic matrix such as wet 
digestion, dry ashing, and microwave oven dissolution or extraction. Research has been 
carried out in sample collection, preservation, storage, pre-treatment, quantitative 
determination, speciation and microscopic analysis. Most of the new information about 
chemistry of heavy metals results mainly from continuing improvements in speciation and 
microscopic trace element analysis (Ortega, 2002). It is a tremendous challenge to develop 
sensitive and selective analytical methods that can quantitatively characterize trace levels of 
heavy metals in several types of samples (Rao, 2005). Table 1 summarizes the optical and the 
electrochemical methods applied for heavy metals determination (Karadjova et al., 2007; 
Draghici et al., 2010). 
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Technique Principle type of analysis Applications 

Atomic absorption 
spectrometry 

(AAS) 

absorption of radiant 
energy produced, by a 

special radiation source, 
by atoms in their 

electronic ground state 

-single element; 
-multielement 

analysis  
(2-6 elements) 

widely used 

Inductively 
coupled plasma 

with atomic 
emission 

spectrometry  
(ICP-AES) 

measures the optical 
emission from excited 

atoms 

simultaneous 
multielement 

analysis 

widely used method 
for environmental  

analysis 

Inductively 
coupled plasma 

with mass 
spectrometry  

(ICP-MS) 

- argon plasma used as 
ion source; 

–used for separating 
ions based on their 

mass-to charge ratio 

simultaneous 
multielement 

analysis 

-widely used; 
-isotope determination 

Atomic 
fluorescence 
spectrometry 

(AFS) 

measures the light that 
is reemitted after 

absorption 
single element 

-mercury, arsenic, and 
selenium; 

-complementary 
technique to AAS 

X-ray fluorescence 
(XRF) 

-X-rays –primary 
excitation source; 

-elements emit 
secondary X-rays of a 

characteristic 
wavelength 

simultaneous 
determination of 

most elements 

-non-destructive 
analysis; 

-less suitable for 
analysis of minor and 

trace elements 

Neutron activation 
analysis 
(NAA) 

-conversion of stable 
nuclei of atoms into 

radioactive ones; 
-measurement of the 
characteristic nuclear 

radiation emitted by the 
radioactive nuclei 

simultaneous 
multielement 

analysis 

-most elements can be 
determined; 

- highly sensitive 
procedure 

Electrochemical 
methods 

-controlled voltage or 
current; 

-polarography; 
-potentiometry; 

- stripping voltammetry; 

consecutive 
analysis of 

different metal 
ions 

-analysis for transition 
metals and metalloids 

(total content or 
speciation analysis) 

Table 1. Most usual methods applied for heavy metals determination (adapted from 
Draghici et al., 2010) 
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Atomic absorption spectrometry (AAS) and atomic emission spectrometry (AES) are the most 
widely used techniques for heavy metals quantitative analysis in environmental samples.  

Several AAS can be distinguished depending on the mode of sample introduction and 
atomization. Flame (FAAS), graphite furnace (GFAAS), hydride generation (HGAAS), and 
cold vapor (CVAAS) systems have been described extensively (Ortega, 2002). FAAS and 
GFAAS are applicable for quantitative analysis of nearly 70 and 60 elements, respectively. 
Detection limits of GFAAS are approximately 100 times lower than those for FAAS. In 
HGAAS, the analyte is reduced to its volatile hydride and this technique is only applicable 
for the elements forming covalent gaseous hydrides, Ge, As, Se, Sn, Sb, Te, Bi, and Pb. 
Finally, CVAAS applies solely to Hg as it is the only analyte that has an appreciable atomic 
vapour pressure at room temperature (Ortega, 2002). 

AES measures the optical emission from excited atoms to determine analyte concentration. 
Nowadays, Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES) has 
clearly superseded FAAS because it is a truly multi-element technique.  

Inductively coupled plasma-mass spectrometry (ICP-MS), a more recent technology, can 
also be used for rapid ultratrace multielement analysis. It consists of an ICP ion source, a 
quadrupole or magnetic sector mass filter, and an ion detection system. The detection 
sensitivity of ICP-MS is generally better than the graphite furnace AAS. One important 
feature is that it can detect and quantify small variations on isotopic compositions in 
geological and environmental samples (Zhang & Zhang, 2003). However, trace element 
quantification in biological and clinical samples present analytical complications associated 
with these sample types, such as non-spectroscopic interferences from the complex salt- and 
protein-rich matrix.  

Atomic fluorescence spectrometry is a single-element technique that measures the light that 
is reemitted after absorption. It is a complementary technique to AAS that allows the 
determination of mercury, arsenic and selenium (after mineralization of the samples) using 
a specific atomic fluorescence spectrometer equipped with hydride generation (Biziuk & 
Kuczynska, 2007). The limits of detection are about 0.5 g/L. 

Radiochemical methods such as X-ray fluorescence spectrometry and neutron activation 
analysis are also strictly connected with atomic structure. 

X-ray fluorescence analysis, one of the oldest nuclear techniques, is based on subjecting the 
sample to electromagnetic radiation of sufficient energy to remove electrons from the inner 
orbitals (Biziuk & Kuczynska, 2007). The fluorescence X-radiation is characteristic for each 
element and thus enables determination of elements with high selectivity. This radiation, 
however, has a low energy, that easily can be absorbed by the sample matrix; therefore, this 
technique is more suitable for very thin, very flat, and homogenous samples. USEPA 
published a standard method for elemental analysis using a field X-ray fluorescence 
analyzer (Poley, 1998). Applications include the in situ analysis of metals in soil, sediments, 
air monitoring filters, and lead in paint. Fluorescence radiation can also be obtained after 
bombardment of atoms with protons or charged particles produced by accelerator (Particle-
Induced X-ray Emission; PIXE) (Biziuk & Kuczynska, 2007).  

The sensitivity of X-ray spectrometry is lower than that of the neutron activation method 
(NAA). NAA is a non-destructive technique that is, in general, appropriate for materials that 
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are difficult to convert into a solution for analysis. The required amount of samples is ca., 
maximally, 200 mg and is simply packaged in an irradiation container (quartz, polyethylene, 
or aluminium foil), sealed, and irradiated with neutrons for a time determined by the half-
life of the radionuclide or the composition of the sample (Biziuk & Kuczynska, 2007). NAA 
can be applied for analysis of several heavy metals by measuring the gamma activities of 
their activated radioisotopes such as: 76As;115Cd; 122Sb, 124Sb; and 203Hg (Ortega, 2002; Chéry, 
2003). The limits of detection may as low as 0.1 ng/g. 

Another group of detection techniques is the electroanalytical methods. This group has 
gained considerable ground in the environmental and health analysis because of the 
simplicity, rapidity, and relative low cost of the techniques. Many of them exhibit excellent 
detection limits coupled with a wide dynamic range. They usually enable the determination 
of metals concentration at the level of their occurrence in the environment (Szyczewski, 
2009). Measurements can generally be made on very small samples, typically in the 
microliter volume range. The principal methods include polarography, potentiometry and 
voltammetry. Stripping voltammetric analysis (especially the differential pulse anodic 
stripping voltammetry and adsorptive stripping voltammetry) is the most common and 
interesting option for the quantitation of heavy metals. Advantages of this technique include 
its sensitivity (10-10 mol/L in some cases) and accuracy; typically, minimal pretreatment of 
the sample is required. One major difficulty in the application of electroanalytical 
techniques to complex real-world samples has been the susceptibility of the electrode 
surface to fouling by surface active material in the sample. Metals commonly analyzed with 
this technique include Al, Fe, Cr, Co, Mo, Cd, Pb, Zn, Cu, and Ni, although others have also 
been reported. Typical results compare well with those obtained by GFAAS.  

International organisation such as USEPA ( http://www.epa.gov/), European Environment 
Agency (EEA; http://www.eea.eu.int/), WHO (http://www.who.int/peh/site map.htm), 
Occupational Safety and Health Administration (OSHA; http://www.osha.gov/),  
The National Institute for Occupational Safety and Health (NIOSH; 
http://www.cdc.gov/niosh/homepage.html), National Institute of Standards and 
Technology (NIST; http:// nvl.nist.gov/) and national structures established sampling and 
analytical techniques for pollutants determinations in different matrixes, different types of 
limits of pollutants in different matrixes and other regulations. Specialised laboratories use 
previously mentioned analytical methods but is also entitled to use other validated 
techniques. 

4.2 Speciation analysis 

The chemical species of an element are the specific forms of an element defined as to 
molecular, complex, or nuclear structure, or oxidation state (Ortega, 2002). The main 
analytical challenges concern speciation determination of redox and organometallic forms of 
arsenic and antimony, protein-bound cadmium, organic forms of lead (i.e. alkyllead 
compounds), organomercury compounds, inorganic platinum compounds, inorganic and 
organometallic compounds of selenium, organometallic forms of tin, and redox forms of 
chromium and vanadium. Recently, speciation analysis plays a unique role in the studies of 
biogeochemical cycles of chemical compounds, determination of toxicity and ecotoxicity of 
selected elements, quality control of food products, control of medicines and pharmaceutical 
products, technological process control, research on the impact of technological installation 
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on the environment, examination of occupational exposure and clinical analysis (Kot & 
Namiesnik, 2000; Michalski, 2009). The fields of health and nutrition benefit tremendously 
from the information that speciation analysis provides (Rao & Talluri, 2007).  

Chromatographic methods (liquid chromatography (LC), ion chromatography (IC) and gas 
chromatography (GC) and capillary electrophoresis (CE) are the most popular separation 
techniques which are mainly combined with AAS, AES, ICP-AES or ICP-MS (X. Zhang & C. 
Zhang, 2003). Table 2 presents the more relevant separation methods and hyphenated 
techniques for metal speciation.  
 

Technique Principle Type of analysis Applications 

Liquid 
chromatography 

(LC) 

repartition of the 
analyte between a 

stationary phase and 
a mobile liquid one 

simultaneous 
multielement 

analysis 

-environmental metal 
speciation; 

- hyphenated techniques 
for speciation: 

LC-AAS, LC-AES, 
LC-ICP-AES, 
LC-ICP-MS 

Gas chromatography 
(GC) 

repartition of the 
analyte between a 

stationary phase and 
a mobile gas one 

simultaneous 
multielement 

analysis 

-volatile or thermally 
stable compounds (Hg, 

Sn, Pb alkyl 
compounds); 

- techniques for 
speciation: 
GC-AAS, 
GC-AES, 
GC-MS 

Ion 
chromatography  

(IC) 

LC technique which 
uses ion- exchange 

resins 

simultaneous 
multielement 

analysis 

-lack of selectivity 
control; 

-hyphenated techniques 
for metal speciation: 

IC-AAS, 
IC-ICP-AES, 
IC-ICP-MS 

Capillary 
electrophoresis 

(CE) 

differential 
migrationof charged 

analytes along a 
capillary filled with 

a suitable 
conducting 
electrolyte 

simultaneous 
multielement 

analysis 

-cations, organic and 
inorganic compounds of 

the same metal, 
metalloids; 

- hyphenated 
techniques: 

CE-MS, 
CE-ICP-MS 

Table 2. More relevant separation methods and hyphenated techniques for metal speciation.  
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Most of the current approaches to As, Pb and Hg speciation analysis rely on complete (or 
partial) extraction of species, with or without previous de-fatting and clean up of crude 
extracts, followed by high performance liquid chromatographic (HPLC) or CE separation 
and element-selective detection (Karadjova et al., 2007). Widely used extractants are water, 
methanol (MeOH)–water and MeOH–chloroform. HPLC separations or CE with ICP-MS 
detection are mostly used, while HGAAS detection for As and Pb is gradually declining 
because of poorer sensitivity (ca. 10-fold) (Leermakers et al., 2006; Mattusch & Wennrich, 
2005). Volatile compounds of Pb, Hg, Sn and Se may be also detected by gas 
chromatography coupled with AAS, AES or mass spectrometric detection.  

Concerning speciation studies for cadmium, several methods have been applied being the 
most used in soils IC followed by FAAS or ICP-AES (Ortega, 2002). For protein-bound 
cadmium speciation, size-exclusion chromatography and ICP-MS are the preferred methods 
(Rao & Talluri, 2007).  

Ultraviolet and visible molecular absorption spectrometry depends on the chemical form of 
the element and gives information about its speciation. It is based on the formation of 
coloured compounds with appropriate reagents, and on the absorption of characteristic 
electromagnetic wavelength by this compound. Formations of metal–organic complex are 
well characterized (Biziuk & Kuczynska, 2007). The use of specific complexing agents and 
solid phase extraction has improved the technique’s selectivity and lowered its limits of 
detection to the sub-μg/L level. It is the cheapest method for the speciation determination of 
Al(III), V(V), Cr(VI), Fe(II), Se(IV), Sn(IV), Pt(II), Pt(IV) and Tl(III) (Szyczewski, 2009). 
Examples include Cr (III) and Cr(VI) species in soil extracts (Jankiewicz & Ptaszyński, 2005) 
and water samples (Michalski, 2005).  

Electro-analytical techniques find their main application in the investigation of dissolved 
species in environmental samples. They are species selective rather than element selective 
that can be deployed in situ with minimal sample perturbation. If the main targets of 
speciation analysis are grouped into redox states, metal(loid) complexes and 
organometal(loid) compounds, analytes in all three areas can be determined by 
electroanalysis (Town et al., 2003). 

5. Case study: The wood preservative chromated copper arsenate  

Chromated copper arsenate (CCA) has been used  extensively in the past as a chemical 
wood preservative, and  several risks for human and environmental health have been 
associated with its widespread use. CCA type C (34.0% As2O5, 47.5% CrO3 and 18.5% 
CuO, w/w), was the most frequently used chemical formulation due to the products 
durability, performance, and leach resistance. The high durability of CCA-treated wood, 
added to the persistence of CCA residues from chemical industries within the 
environment (water, soil, food crops) thus creating a great danger to the public health, 
including cancer. Furthermore  the disposal of CCA-treated wood remains a public health 
problem, due to elevate arsenic levels released into the environment. For this reason a 
better understanding of chemical-induced target toxicity on both humans, and other 
animals is progressively becoming an important part of the impact of hazardous 
substances on human health. 
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5.1 Inherent toxicity associated to chemical components in CCA  

The characterization of the components of CCA is relevant to better understand the hazards 
of CCA-treated wood on human health. In this mixture, arsenic and copper act as   
insecticide, and fungicide, respectively. In addition, chromium plays a key role in the 
fixation of copper and arsenic to the wood. The toxicity of chromium, copper and arsenic 
compounds was reviewed by Katz & Salem (2005) in different taxa of animals, and humans. 
The effects of CCA on aquatic and agricultural environment were also mentioned by these 
authors. Both arsenic and hexavalent chromium are hazardous chemicals, and detailed 
arsenic effects on human health were described at the beginning of this chapter.  

Cr(VI) has been classified as a human carcinogen by inhalation routes of exposure (IARC, 
1990). Although hexavalent chromium may occur naturally in the environment, it is 
commonly generated by production industries (eg. stainless steel, painting, welding, leather 
tanning, and electroplating, among others). Previously, an elegant review performed by 
Costa (1997) underlined the hazards of chromium compounds on animals and human 
systems, and organs (e.g. respiratory, gastrointestinal, immune, liver, and kidney). More 
recently, a great number of laboratory and epidemiological studies were reviewed focussing 
on the health hazards induced by hexavalent chromium-based chemicals (Singh et al., 1999; 
Thompson et al., 2011). An increased incidence of lung cancer was described in those studies 
on workers exposed to chromate dust (Tokar et al., 2011). In addition, several adverse 
changes on haematological parameters were noted in tannery workers (Ramzan et al., 2011). 

Copper is a naturally occurring element and a well recognized essential nutrient for human 
health, since it is involved in several biological processes. It is present within a wide range of 
food sources such as beef/calf liver, shrimp, nuts, avocados, and beans (ATSDR, 2004). 
Relevant aspects of whole body copper metabolism, cell and molecular basis for copper 
homeostasis were recently reviewed by De Romaña and co-workers (2011). In addition, as a 
brief summary, copper essentiality and toxicity were also reported, and, although acute or 
chronic copper poisoning is not common, adverse reactions on liver after chronic copper 
exposure were underlined in this review. The potential health hazards associated to varying 
levels of copper intake was also recently described (Stern, 2010).  

Acute nephrotoxicity of CCA compounds per se, Na2Cr2O7, Na3AsO4 and CuSO4 was 
previously described on rats by Mason and Edwards (1989). Although these authors had 
reported the synergistic effect of different dosage of those compounds, experimental 
evidences on the nephrotoxicity of CCA on mice have also been described. For example, a 
set of experiments was designed to study the effects of arsenic pentoxide and chromium 
trioxide on kidneys, based on histopathology, and histochemistry. In addition, chromium 
and arsenic analyses (ICP-MS and GFAAS) were used for evaluation. Acute tubular necrosis 
and the individual effects of those compounds were reported after administration of CCA 
solution (Matos et al., 2009a, 2009b, 2010).  

The sensitizing activity of CCA, namely lymphocyte proliferation was reported in mice 
using the local lymph node assay (Fukuyama et al., 2008).  

5.2 Human exposure to chromated copper arsenate 

Human contact with CCA is mainly due to environmental and/or occupational exposures. 
It occurs during the handling of treated wood and related equipment. Skin exposure and 
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ingestion are the main routes of absorption, and inhalation is another probable route 
(Cocker et al., 2006). This investigation correlates exposure data based on urinary arsenic 
and chromium from workers.  

Consequently, concerns have been raised owing to the high levels of arsenic and chromium 
concentrations in CCA treated wood, due to the potential human contact in occupational 
environments and to the ecological exposure (Chou et al., 2007; Zartarian et al., 2006). In this 
perspective, concerns about the safety of children have prompted more attention. In fact, 
children's exposure to these hazardous compounds may occur through hand-to-mouth 
playing activities. These include incidental ingestion of residues and dermal contact with the 
soil or sand beneath structures made of CCA-treated wood. Owing to this problem, a model 
was used in order to estimate children's absorbed dose of arsenic from CCA, using dermal 
contact and ingestion of soil (The probabilistic Stochastic Human Exposure and Dose 
Simulation model for wood preservatives - SHEDS-Wood) (Barraj et al., 2007; Xue, et. al., 
2006; Zartarian et al., 2006). 

6. Conclusion 

Heavy metals have been proved to be toxic to both human and environmental health. 
Owing to their toxicity and their possible bioaccumulation, these compounds should be 
subject to mandatory monitoring. Several suitable separation and detection methods are 
available for laboratories engaged daily in routine analysis of a large number of biological or 
environmental samples. Also, the rapid development of molecular biological methods is 
bringing valuable advantages to the analytical field. Governments should promote 
harmonized data collection, research, legislation and regulations, and consider the use of 
indicators. Each of the two assessment methods outlined above (determining the chemical 
concentration scenario and the use of biomarkers) provide useful data helping to set 
standards and guideline values designed to protect human and environmental health from 
heavy metals contaminants. Exposure measurements are essential for the protection of high 
risk populations and subgroups. Furthermore, governments should, when setting 
acceptable levels or criteria related to chemicals, take into consideration the potential 
enhanced exposures and/or vulnerabilities of children. 
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