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Over the past few decades the pace of change in spec­
troscopic techniques has been remarkable. Spectroscopic 
techniques are emerging as important, powerful, and ver­
satile tools in determining exposure levels of hazards 
generated in working environments. Occupational safety 
and health studies employ spectroscopic techniques to 
analyze hazardous chemicals, biomarkers, and particulate 

. matters of exposure. In comparison with many traditional 
detection techniques such as gravimetric methods, spec­
trometric techniques are much more sensitive, selective 
and accurate. The major spectroscopic techniques used 
in industrial hygiene include mass spectrometry (MS), 
scanning electron microscopy (SEM), X-ray microanal­
ysis (XM), atomic spectrometry (AS), ultraviolet/visible 
(UVNIS) photometry, fluorescent spectrometry (FS), 
Fourier transform infrared (FTIR) spectroscopy, and 
Raman spectroscopy (RS). Interest in using MS in indus­
trial hygiene is driven by its value in understanding basic 
physical, chemical, and biological processes related to 
workers' exposure to occupational hazards, and in devis­
ing new methodologies to monitor exposures. SEM has 
become particularly usefu.l in the study of pneumoconioses 
and workplace environmental particles since being com­
plemented with energy dispersive X-ray (EDX) analysis 
and automated image analysis capabilities. SEM and EDX 
have been used extensively to characterize particles found 
in lung tissues. Atomic spectrometric methods are used 
widely for occupational health evaluation of inorganic 
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metals. The development of inductively coupled plasma 
atomic emission spectrometry (/CPAES) techniques has 
become increasingly attractive, and has been applicable 
to analysis of nearly all the elements. FTIR and Raman 
spectroscopies are employed to detect highly toxic gas and 
vapor mixtures. Additionally, field-portable methods for 
monitoring airborne workplace contaminants and toxins 
have received increasing attention. To date, highly spe­
cific, selective, and sensitive spectroscopic technologies 
have allowed for the development of novel methodologies 
and new indicators for exposure characterization. Assess­
ment of actual body burden of chemicals, which are more 
directly related to potential adverse occupational health 
effects, can be accomplished. The major spectroscopic 
techniques and their applications to industrial hygiene are 
described in this article. 

1 INTRODUCTION 

The pace of change in spectroscopic techniques has been 
remarkable. They are emerging as important, power­
ful, and versatile tools, and have increasing applications 
in the workplace. For occupational safety and health 
studies, spectroscopic techniques are primarily used to 
detect and analyze hazardous chemicals, biomarkers (e.g. 
metabolites, DNA adducts, protein conjugates, and aller­
gens), and to investigate pneumoconioses and workplace 
environmental particles. They play an important role in 
determining exposure levels of hazards generated in the 
working environment, and in finding the adverse effects 
of exposures and their mechanisms of action~ In com­
parison with many traditional detection techniques such 
as gravimetric methods, spectrometric or spectrophoto­
metric techniques are much more sensitive, selective and 
powerful. The major spectroscopic techniques used in 
industrial hygiene studies include MS, SEM, XM, AS, 
UVNIS photometry, FS, FTIR, and RS. In this article, 
the basic principles of these major spectroscopic tech­
niques and their applications to industrial hygiene are 
described. 

The interest in using MS by scientists in studies per­
tinent to industrial hygiene is driven by the need to 
understand the basic physical, chemical, and biological 
processes related to workers' exposure to occupational 
hazards and to devise new methodologies to monitor 
exposures in the work environment. MS is capable of 
looking at the details of exposures, and as the most sensi­
tive tool, to analyze small molecules and macromolecules 
in biological systems. With tandem mass spectrometry 
(MS/MS) techniques, MS brought special capabilities to 
providing specific characterization of molecular struc­
tures and to detecting target analytes at trace levels. 
The development of new ionization methods such as 
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electrospray ionization, atmospheric pressure chemical 
ionization (APCI), and matrix-assisted laser desorption 
ionization (MALDI) have contributed to great strides 
forward in the study of biological macromolecules. The 
ability to ionize polar, labile and involatile species has 
been the fundamental basis upon which MS extends 
its applications. It is important for us to recognize the 
breakthroughs in ionization techniques of the 1980s 
and 1990s. These advances have allowed application 
of MS to progress and develop rapidly. Additionally, 
combining gas chromatography (GC) or liquid chro­
matography (LC) with MS offers the possibility of 
taking advantage of both chromatography as a pow­
erful separation technique and MS as a powerful and 
sensitive detection and identification technique. Further­
more, Fourier transform ion cyclotron resonance mass 
spectrometry (FTICRMS), and a new generation of high 
performance time-of-flight mass spectrometry (TOFMS), 
which includes nanoflow electrospray hybrid quadrupole 
time-of-flight mass spectrometry (QTOFMS) and matrix­
assisted laser desorption ionization/time-of-flight mass 
spectrometry (MALDI/fOFMS) technologies, are just 
beginning to add much needed analytical power to our 
arsenal for macromolecular identification and characteri­
zation. These developments will bring important method­
ology to scientists and thus accelerate the integration 
of MS into work-related research strategies. The range 
of applications in environmental health and industrial 
hygiene studies includes development of qualitative and 
quantitative analytical procedures, structural determina­
tion of aberrant proteins, investigation of biomarkers for 
exposure to hazards, characterization of allergens related 
to occupational asthma, and identification of microbial 
products in complex samples. MS and its related tech­
niques and applications are described in section 2. 

SEM is introduced in section 3. It is ideally suited 
to study pneumoconioses and workplace environmental 
particles when it is equipped with an EDX analysis system 
and an image analyzer (IA). Particle matter has been 
recognized as a cause of various lung diseases for many 
years. Specific pneumoconioses such as coalworker's 
pneumoconiosis, asbestosis, and silicosis may result from 
inhalation of particles in the workplaces. SEM and EDX 
have been used extensively to characterize particles found 
in lung tissues. While it is not possible to compare a 
measured lung dust burden to the actual exposure due to 
the lack of exposure data and to particle clearance, the 
measured lung particulate burden does represent retained 
particle dose. The SEM and EDX analysis may be used 
for a number of applications in occupational safety and 
health including the analysis of particles collected on 
air filter samples taken from the working environment, 
analysis of individual particles found in bulk dusts, and in 
the study of pneumoconioses. 
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Bulk compositional analyses of respirable particulate 
material, and even particle-by-particle compositional 
analyses, may not always be sufficient to predict the 
level of biological activity of respirable particles or the 
health risks of exposure to them. Toxicants may be 
located on the particle surface or may be more heavily 
concentrated there, resulting in heightened biological . 
availability and expression of toxic activity. Or, in some 
cases, surface coating materials may have a prophylactic 
effect on expression of the toxicity of the underlying 
bulk of the particle. An example of the latter effect 
is the modified activity of the quartz component of 
some mixed composition mineral dust exposures for 
causing mixed dust pneumoconioses. SEM with EDX 
or wavelength dispersive X-ray spectroscopy can provide 
some information about the elemental composition with 
depth into a particle, by acquiring X-ray spectra at 
two or more electron beam accelerating voltages. This 
method has been used to detect thin submicrometer 
aluminosilicate coatings or clay "surface occlusion" on 
respirable quartz particles. Applications of SEM to 
the study of pneumoconioses, including determination 
of lung particulate burden, particle chemistry, and 
respirable particle surface characterization, are described 
in section 3 of this article. 

Atomic spectrometric methods continue to be used 
widely for occupational health evaluation of inorganic 
metals and are documented briefly in section 4. The 
development of ICPAES techniques has been increasing, 
and has been applied to elemental analysis of nearly all 
the elements. ICP AES offers a simultaneous or rapid 
sequential multielement determination capabiJity at the 
major, minor, and certain trace concentration levels. It 
has become established as a widely accepted methods 
for the analysis of metallic aerosols, powders of metals, 
dusts, and fly ashes. A vast amount of published atomic 
spectrometric methodology is available, covering a wide 
range of application a·reas. This is because trace elements 
released into the atmosphere in industrial processes 
have aroused great interest. Major advantages include 
specificity, speed, and ease of use. However, for ultratrace 
or trace level analysis atomic spectrometric methods 
have been increasingly replaced by inductively coupled 
plasma mass spectrometry (ICPMS). AS and its related 
techniques and applications are described in section 4. 

Spectrophotometric detectors coupled to chromato­
graphic separation techniques are often used to character­
ize the workplace environment and are discussed briefly 
in section 5. These techniques are employed to confirm 
the accuracy of direct reading instruments or when direct 
reading instruments are not available for the environ­
mental contaminant, when the workplace environment 
is complex and contains multiple chemicals that need to 
be measured, for regulatory documentation of exposure 
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levels, and for biological monitoring. Spectrophoto­
metric detectors that are coupled to high-performance 
liquid chromatography (HPLC) or GC include UVNIS, 
fluorescent, light scattering, refractive index, diode array, 
MS, infrared (IR), radioactivity, and luminescence. The 
choice of detector is dependent on the analyte's spectral 
properties, and the required sensitivity and selectivity. 
Both the sensitivity and selectivity of spectroscopic detec­
tors are dependent, in part, on wavelength(s) employed. 
In addition, it is desirable to choose a detector _with 
a wide linear working range to be able to assess both 
major and minor chemical components in the workplace 
environment. In monitoring the workplace environment, 
the most commonly employed HPLC detectors are the 
UVNIS and fluorescent photometers, whereas, the most 
commonly used GC detectors are the flame photometric 
detector (FPD) and the mass spectral detector (MSD). 

With the increased use of highly toxic gas and 
vapor mixtures in science and industry, FTIR and 
Raman spectroscopies have played an important role 
in industrial hygiene monitoring. Although FTIR and 
Raman spectroscopies are similar in that both techniques 
provide information on vibrational frequencies, there 
are many differences between the two techniques. 
For example, some vibrations are only Raman active 
while others are only IR active; the vibration of a 
heteropolar diatomic molecule is IR active, whereas 
that of a homopolar diatomic molecule is not IR 
active. The method for determining quartz content in 
respirable coal dust is often based on dispersive IR 
or FTIR spectroscopy. Like IR, RS is a powerful 
technique and has a variety of applications. They are 
complementary, and both are utilized whenever possible. 
IR and Raman spectroscopes and their related techniques 
and applications are discussed briefly in section 6. 

Finally, field-portable methods, which have received 
increasing attention, are summarized in section 7. Field­
portable methods for monitoring airborne workplace 
contaminants and toxins have received increasing atten­
tion. A number of portable monitors for airborne 
contaminants have been commercially available for many 
years, but new developments may provide for on-site com­
pliance monitoring, which has heretofore been more the 
exception than the rule. The ability to conduct measure­
ments on-site in the occupational setting offers significant 
advantages. Field-portable methods are often desired so 
that decisions regarding worker protection, engineering 
controls, and so on can be made quickly. The capability 
for rapid decision-making offered by on-site monitor­
ing can help to save costs, and also offers a means to 
assess, and thereby prevent, worker overexposures to 
toxic substances in a timely manner. Field-based monitor­
ing is especially useful for applications in the construction 
industry, in agriculture, and in other situations where 
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jobs may be short-term and the workforce is transient. 
On-site techniques can also be beneficial in instances 
where short-term monitoring is desired. In section 7, field­
portable spectrometric techniques are covered, and some 
applications are presented. 

To date, highly specific, selective, and sensitive spec­
troscopic technologies have allowed for the development 
of novel methodologies and new indicators of exposures. 
Therefore, the assessment of the actual body burden of 
chemicals, which is directly related to potential adverse 
occupational health effects, can be accomplished. 

2 MASS SPECTROMETRY 

2.1 Introduction 

The mass spectrometer is an instrument capable of 
producing a beam of ions by converting neutral molecules 
into gaseous ions, and then separating these ions 
according to their mass-to-charge ratio and recording the 
relative abundances of the separated ion species as a mass 
spectrum.<1> Today MS has brought special capabilities to 
a wide variety of scientific research by providing specific 
analyses of substances, their metabolites, and biological 
macromolecules, often with structural information. The 
range of applications includes qualitative and quantitative 
analytical procedures employed in environmental health 
and industrial hygiene. 

In instrumentation, the mass detector has been devel­
oped in a variety of types, shapes, and sizes.<2- 4> The 
selection of the detector is based on the needs gf the user 
and its functions:<1> the quadrupole analyzer is employed 
to provide an electron ionization (EI) or chemical ioniza­
tion (CI);<2> the ion trap spectrometer, which is a highly 
geometrically modified quadrupole analyzer, is adequate 
for low-energy collision;<3> the ion cyclotron resonance 
spectrometer, which is the basis for Fourier transform 
MS, has high resolution;<4> the time-of-flight (TOF) spec­
trometer, which separates ions in time rather than space 
and has an almost unlimited mass range, is used for 
detection of macromolecules; and<5l the magnetic sector 
instrument, in which ion separation is achieved spatially 
by the application of a magnetic field (sometimes coupled 
with an electrostatic field), is suited to conduct collision­
ally activated dissociation at high energy. Furthermore, 
by coupling of two or more types of the above-mentioned 
mass analyzers, an MS/MS or an ion trap mass spec­
trometry (MSn) technique is achieved. MS/MS is a key 
instrumental development in analytical and bioanalytical 
chemistry. It is widely applied in the characterization of 
molecular structures and in the trace analysis of targeted 
analytes. The most widely used activation method is called 
collisionally induced dissociation, in which precursor ions 
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are selected in the first MS of multistage MS for repulsive 
collisions with inert gases such as helium or argon. In 
addition, the coupling of MS with separation techniques 
and the development of new ionization methods such 
as electrospray ionization, APCI, and MALDI have con­
tributed to great strides forward in this field. The ability to 
ionize polar, labile and involatile species has been the fun­
damental basis upon which MS extends its applications. 
It is important for us to recognize the breakthroughs 
in ionization techniques of the 1980s and 1990s. These 
advances have allowed application of MS to progress and 
develop rapidly. 

The interest in using MS by scientists in studies per­
tinent to industrial hygiene is driven by the need to 
understand the basic physical, chemical, and biologi­
cal processes related to workers' exposure to hazards 
and to devise new methodologies to control exposures 
in the work environment. MS is capable of looking at 
the details of exposure, and is a highly sensitive tool 
for structural determination of aberrant proteins, devel­
opment of biomarkers for exposures, identification of 
microbial products in complex samples, and characteriza­
tion of hazards in occupational and environmental health 
evaluations. 

2.2 Gas Chromatography/Mass Spectrometry 

2.2.1 Principles and Instrumentation 

The coupling of GC with MS was first achieved in 1957.<5> 

It is a combination of two microanalytical techniques: 
a separation technique, GC, and an identification tt!ch­
nique, MS. The gas chromatography/mass spectrometry 
(GC/MS) combination overcomes certain deficiencies or 
limitations caused by using each technique individually, 
and gives a two-dimensional identification consisting of 
both a GC retention time and a mass spectrum for each 
component of the mixture. This combination has sev­
eral advantages. First, it can separate components of a 
complex mixture so that mass spectra of individual com­
pounds can be obtained for qualitative purposes; second, 
it can provide quantitative information on these same 
compounds. GC/MS can provide a complete mass spec­
trum from as little as 1 pmol of an analyte, which gives 
direct evidence for the molecular weight and a character­
istic fragmentation pattern or chemical fingerprint that 
can be used as the basis for identification. Although the 
direct GC/MS method is limited to the analysis of those 
compounds that can be made volatile without thermal 
decomposition, many compounds that are nonvolatile 
can be handled successfully after chemical derivatiza­
tion. The instrumentation of GC/MS consists essentially 
of three components: the gas chromatograph, the mass 
spectrometer and a data system. GC/MS has developed 
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into one of the most sensitive and selective analytical tech­
niques for the separation, identification and quantification 
of components of complex mixtures. 

The GOMS technique has been utilized in a diverse 
range of applications such as toxicology, environmental 
monitoring, molecular biology, clinical health, and indus­
trial hygiene, as well as many others. In these applications, 
the analyte is often present in a complex matrix consist­
ing of a great number of compounds which may mask its 
presence or otherwise inhibit its detection. One of the 
most common ways in which GOMS is used in industrial 
hygiene is as a diagnostic tool, which is particularly useful 
in the analysis of complex mixtures where the analytes 
are present in low quantities. GC/MS is also widely used 
in determining hazardous materials, derived metabolites, 
and protein/DNA adducts in biological fluids ( e.g. blood 
or urine) from workers exposed to specific hazards. 

2.2.2 Methodology 

2.2.2.1 Sample Preparation Sample preparation is 
important for successful analyses by GC/MS. Industrial 
airborne hazards include gases, vapors, liquids, and par­
ticulates. Air sampling is of course a crucial step within 
the total scheme of air analysis. There are a variety of 
methods available for the collection of airborne particles. 
Generally, a method selected will often depend on the 
purpose for which the sample is being taken, and also 
depend on the type of compounds to be analyzed. A few 
preprocessing steps may be needed to manipulate the 
sample into a form ready for analysis. In addition, the 
physical state of sample material will affect the method 
to be used for the introduction of sample into the spec­
trometer. A wide variety of techniques are available for 
processing gaseous, liquid and solid samples. In indus­
trial hygiene studies, one prevalent strategy in dealing 
with air samples consists of filter collection of particles, 
followed by an appropriate second stage adsorption of 
organic chemical vapor or fumes onto XAD-2 sorbent 
[treated with 2-(hydroxymethyl)piperidine] ·or charcoal 
tubes, and then solvent desorption and GOMS analy­
sis. There have been considerable improvements in air 
sampling and GOMS detection.<6,7> 

Another commonly used strategy of GC/MS analysis 
is the derivative method. Derivatization is an approach 
for increasing volatility of target analytes which is partic­
ularly useful for biological samples. In those cases where 
compounds are too polar or thermally unstable to be 
amenable to GC analysis, the situation can be improved 
by the formation of a suitable derivative with character­
istics that render it more amenable to GC. In addition, 
derivatization can enhance sensitivity and selectivity by 
altering the fragmentation mechanism of the molecule. 
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A further beneficial effect of derivatization is that it nor­
mally results in a compound possessing characteristic ions 
at mass-to-charge ratios. In tissue analysis, the sample usu­
ally requires dialysis after homogenization to remove free 
monomeric sugars and amino acids. Sample pretreatment 
of microorganisms for GOMS analysis generally involves 
extraction of the class of compounds of interest ( e.g. lipids, 
proteins, or carbohydrates) followed by derivatization. 

2.2.2.2 Electron Ionization and Chemical Ionization 
EI is one of the main ionization methods employed 
in GOMS system, <8> while CI has also been employed 
occasionally. In EI, energy sufficient for ionization and 
fragmentation of the analyte molecules is acquired by 
interaction with electrons ( ca. 70 e V) from a hot filament. 
Some structural features of the analyte molecule can be 

.deduced from the fragmentation pattern of the molecu­
lar ion. During the ionization process, in addition to the 
production of positive ions, a small number of molecules 
undergo addition of one or more electrons to form nega­
tive ions. At the operating ionizing energy of the analytical 
mass spectrometer ( 60-100 e V) the sensitivity of negative 
ion formation is several orders of magnitude less than that 
for positive ion production. Compared with EI, CI is a soft 
ionization technique. It achieves ionization of the analyte 
by collision with reagent ions (usually proton-rich ions), 
but without transferring excessive energy to the nascent 
analyte ions. The result is the formation of abundant 
adduct ions, often protonated molecules, that contain 
the intact molecular species of the analyte. In this way, 
CI and EI are complementary. Because of the soft ion­
ization process, the even-electron molecular adduct ions 
undergo little fragmentation compared with that of the 
odd-~lectron molecular ion produced during EI. Often, 

· CI spectra of individual analytes are sufficiently simple 
to allow the direct analysis of mixtures, and therefore 
can be used to provide structural information that is not 
available from an EI spectrum. 

2.2.2.3 Quantitative Analysis and Selected Jon Monitoring 
The quantitative applications of MS are based on compar­
ison between the ion current obtained from the analyte in 
the sample matrix and the ion current from another com­
pound chosen as an internal standard, or the ion current 
obtained from analyses of standard aliquots of the pure 
analyte. The method of recording the ion current is usually 
by selected ion monitoring (SIM), although the technique 
of repetitive scanning over a narrow mass range is some­
times employed. The technique of SIM is one of the most 
versatile and commonly used spectrometric methods. It 
allows a mass spectrometer to record simultaneously the 
intensities of a limited number of chosen ions only. This 
allows the instrument to dwell for a greater proportion 
of the analysis time on those mass-to-charge ratios of 
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greatest significance in the mass spectrum of the analyte 
of interest, resulting in an increase in sensitivity. A major 
application of this technique is to provide quantitative 
analysis of compounds at low concentrations. <9> 

2.2.3 Applications 

In the 1990s, the application of GC/MS and related 
techniques for the characterization and quantitation of 
organic compounds and biomarkers has grown spectacu­
larly in environmental health and occupational exposure 
studies. One such example is the use of GC/MS in the 
analysis of the health effects of the environmental aro­
matic hydrocarbons. Polycyclic aromatic hydrocarbons 
(P AHs) are ubiquitous, and some of them are potentially 
carcinogenic substances, to which humans are exposed in 
the environment and in certain workplaces. Estimation of 
the resulting health risk is therefore of great occupational 
health importance. The determination of PAHs and their 
metabolites or protein/DNA adducts as biomarkers is the 
most suitable way to assess the exposure and to estimate 
this risk. 

Sturaro et al. <10> have reported a GC/MS investigation 
of polycyclic aromatic compounds (PACs) in the qian­
ufacture of rubber tubes, using a two-stage air sampler 
and a GC/MS method to monitor eight PACs. With this 
method, detection limits of 8-15 ng mL - 1, correspond­
ing to a level of 12-23ngm-3 in the workplace, were 
achieved. Workers exposed to airborne aromatic amines 
in another rubber manufacturing process were evaluated 
by Menichini et al. <11> Samples were collected .pn a glass 

Table 1 Typical applications based on GOMS methods 

No. Chemical hazards 

1 PAHs (glass manufacturing) 
2 P AHs in diesel fuel 
3 PAHs (cooking plant and foundries) 
4 PACs (energy laboratory) 
5 PACs (manufacture of rubber tubes) 
6 Perchloroethylene (five dry cleaning firms) 
7 Airborne aromatic amines (rubber 

manufacturing) 
8 N-Nitrosamines 
9 voes 

10 Polychlorinated biphenyls ( electrical workers) 
11 Polybrominated dioxins, dibenzofurans, 

octachlorostyrene 
12 Glycol ethers (newspaper printing plant) 
13 Organic vapor pollutants 
14 Resin acid compounds 
15 Semivolatile organic compounds 
16 Airborne chemical agents 
17 Coal tar pitch volatiles 

voes, volatile organic compounds. 
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fiber filter, processed through a silica gel tube, and ana­
lyzed by GC/MS/SIM. Their work outlines a procedure 
for the determination of occupational exposure to air­
borne aromatic amines in the rubber industry and the 
application of this method in a tire manufacturing plant. 
In related work, Menichini et a1.<12> determined PAHs 
in mineral oils and oil aerosols in glass manufacturing. 
P AHs were analyzed by GC/MS in graphited mineral oils 
used for mold lubrication and in aerosols emitted dur­
ing their application in two plants. High boiling P AHs 
were detected in oils but generally not in air. Volatile 
P AHs were found in oil samples and to a lesser extent 
in air near the emission source. Additionally, Bundt 
et a1.<13> have investigated structure-type separation of 
diesel fuels by solid-phase extraction (SPE) and identifi­
cation of the two- and three-ring aromatics. Commercially 
available standards were used for identification. Sulfur­
containing P AHs in diesel fuel are mainly represented 
by methyl-substituted dibenzothiophenes. Cooper<14> has 
developed a GC/MS method to confirm the presence of N­
nitrosamines in workplace air samples. Detection limits of 
the three procedures and retention time precision of both 
SIM techniques are good. Typical examples of the use of 
these techniques for confirmation of N-nitrosamines are 
described by Cooper. <14> More applications are summa­
rized in Table 1. 

Urinary naphthols (1- and 2-naphthol) have been 
suggested as route-specific biomarkers for exposure to 
airborne P AHs. <27> The application of urinary naphthol 
levels as biomarkers in 119 Japanese male workers 
was reported. The urinary 1- and 2-naphthol levels 
were observed three and sevenfold higher, respectively, 

Sample type Ref. 

Mineral oils and oil aerosols 12 
Petroleum 13 
Workplace air, and dust 21 
Coal combustion product 16 
Workplace air 10 
Workplace air, and blood of exposed workers 19 
Workplace air 11 

Workplace air 14 
Indoor air 18 
Workroom surfaces, tools, palms, and blood 22 
Combustion, and flame retardants 20 

Workplace air 17 
Ambient atmospheres 15 
Emitted from rosin in soldering flux 23 
Workplace atmospheres 24 
Air 25 
Cold tar pitch fume 26 
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among smokers than among nonsmokers. Also the ratios 
of urinary 2-naphthol to 1-naphthol were significantly 
higher among smokers than nonsmokers. In another 
study, a method for the simultaneous determination of 
urinary phenanthrene, fluoranthene, pyrene, chrysene 
and benzo[ a ]pyrene metabolites has been developed 
for individual risk assessment at a PAR-burdened 
workplace. <ZS) The method allows the determination of 
25 different components. The P AH exposure of coke 
plant workers during several consecutive days resulted in 
fairly constant individual urinary metabolite profiles. <29> 

It was also demonstrated that in the case of coke plant 
workers there is a correlation between inhaled P AHs and 
metabolites excreted. Mass relationships between inhaled 
P AHs and metabolites excreted were found to differ from 
one individual to another. 

The exposures of agricultural workers to organochlo­
rine pesticides were studied by Guardino et al. <30> The 
chlorinated pesticides and their metabolites in whole 
blood samples from 30 farmers and 24 nonoccupation­
ally exposed workers were determined by GC/MS. The 
potential that sawmill workers might be exposed to 

. chlorophenols w.as investigated by Kontsas et al. <31> A 
GC/MS procedure for the determination of chlorophe­
nols in urine was developed. The concentrations of 
urinary chlorophenols in previously exposed workers 
were of the same magnitude as those found in non­
exposed controls and · in the general population. The 
feasibility of using plasma, blood and hemoglobin 
(Hb) adducts for monitoring occupational exposure to 
the suspected human carcinogen 4,4' -methylenebis(2-
chloroaniline) (MOCA) was investigated by Vaughan 
et al.<32> The levels of MOCA in the blood and urine of 
five individuals who were exposed to MOCA during the 

· manufacture were determined by the GC/MS method. It 
was found that the use of blood samples for monitoring 
exposure to MOCA offers advantages over the currently 
used urinary MOCA measurements. 

Occupational exposure to toluene diisocyanate (TDI) 
among workers in a polyurethane foam factory<33> was 
studied during 48-h periods and biological samples from 
nine subjects. Five workers were found to show high 
average urinary elimination rates of TDI. The elimina­
tion rate curves for all of the subjects studied had a linear 
relationship with exposure to TDI. The study indicates 
that it is possible to monitor exposure to TDI by moni­
toring urinary concentrations ofTDI by GC/MS. A study 
of exposure to benzidrine was reported by Hsu et al. <34> 

Exposure to benzidine, which is subsequently ac_etylated 
to N-acetylbenzidine and N,N'-diacetylbenzidine, has 
been implicated in the development of bladder cancer in 
humans. In this study, an isotope dilution GC/negative ion 
CI MS method was developed to quantitate urine concen­
trations of benzidine and its acetylated metabolites. The 
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method is applicable to the measurement of other aro­
matic amines and their acetylated metabolites. Worker 
exposure to sawing fumes from pine was investigated 
by Eriksson et a1.<35> Three metabolites from a-pinene 
have been identified in human urine after occupational 
exposure to it. Urine was enzymatically hydrolyzed, 
and metabolites were identified by GC/MS using EI 
and CI with isobutane as the reagent gas. The use of 
Hb and serum-protein adducts of hazard reagents as 
biomarkers for occupational and environmental expo­
sure assessment has received increasing interest. The 
environmental pollutant 2,4,6-trinitrotoluene (TNT) is 
an important occupational health hazard, and is taken up 
through the skin and by inhalation. It is therefore essen­
tial to have fast and reliable methods to monitor human--­
exposure. In a related work, a GC/MS method, which 
quantifies Hb adducts of TNT for 50 workers and con­
trols from a Chinese munition factory, was reported by 
Sabbioni et al. <36> The Hb adduct levels ranged from 3.7 
to 522ng. However, in control samples no adducts could 
be found. In another study,<37> alachlor:...protein adducts 
wen~ examined as potential biomarkers of alachlor expo­
sure, a genotoxic and carcinogenic herbicide. The method 
developed was based on the observation that cleavage of 
S-cysteinyl alachlor-protein adducts by methanesulfonic 
acid gave the rearrangement product. 

Hb samples from ethylene oxide-exposed workers and 
nonexposed referents were analyzed by Farmer et al. <38> 

GC/MS was used to determine an Hb adduct as its methyl 
ester heptafluorobutyryl derivative, after hydrolysis of 
the protein and isolation of the alkylated amino acid. 

.Ranasinghe et a1.<39> have reported an application of 
GC/electron capture negative CI high-resolution MS 
for characterization and quantitation of DNA and 
protein adducts. The method has adequate sensitivity 
and specificity to measure accurately DNA and protein 
adducts as low as endogenous concentrations in rodent 
and human tissues. Additional applications are listed in 
Table 2. 

2.3 Liquid Chromatography/Mass Spectrometry, Liquid 
Chromatography Tandem Mass Spectrometry and 
Liquid Chromatography Ion Trap Mass 
Spectrometry 

2.3.1 Principles and Instrumentation 

The history of liquid chromatography/mass spectrometry 
(LC/MS) starts in the early 1970s,<62> and since then 
the technique has been developed rapidly. There are 
several general reviews<63- 66> and books published on this 
subject.<67- 70> The combination of LC and MS offers 
the possibility of taking advantage of both LC as a 
powerful separation technique and MS as a selective 
and sensitive detector. A considerable number of LC/MS 
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Table 2 Typical biomonitoring based on GOMS ~ethods 

No. Biomarkers 

Alachlor-protein adducts (alachlor exposure) 
Hb adducts (ethylene oxide exposure) 
Hb adducts (methyl bromide exposure) 
Trinitrotoluene and metabolites 
Hb adducts (3,3-dichlorobenzidine exposure) 
PAHs and metabolites (PAR-exposed workers) 

INDUSTRIAL HYGIENE 

Sample type 

In vitro and in vivo 
Blood 
In vitro erythrocytes 
Urine 
Rat erythrocy~es 
Urine 

Ref. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

DNA adducts (2,3-epoxy-4-hydroxynonanal exposure) 
Metabolites (monoterpenes o:-pinene and ~-pinene exposure) 
Hb adducts (TNT) 

Calf thymus DNA 
Urine 
Blood 

37 
38 
40 
42 
43 
28 
44 
35 
36 
34 
32 
45 
29 
30 
31 
41 
46 
47 
48 
49 
50 
51 
33 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 

Benzidine and metabolites (benzidine exposure) 
Hb [ ( 4,4-methylenebis(2-chloroaniline)] 
Hb adducts .and metabolites (MDI exposure) 
PAHs (at various workplaces) 

Urine 
Blood, plasma, and urine 
Urine 
Urine 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

DDT and related compounds (agricultural workers) 
Chlorophenols (sawmill workers) 

Whole blood 
Urine 

voes 
MDA and metabolites (MDA exposure) 
Hb adduct 
Pesticide metabolites (pesticides exposure) 
N-Phenylvaline (benzene exposure) 
S-Benzyl-N-acetyl-L-cysteine (toluene exposure) 
DNA damage (benzo[a]pyrene exposure) 
Toluenediamine (TDI) 
Polyaromatic carcinogen-DNA adducts 
Hb adducts (P AH exposure) 
Phenol and metabolites (phenol exposure) 

Whole blood 
Urine and blood plasma 
Rat erythrocytes 
Urine 
Blood 
Urine 
Human lymphocytes 
Urine and plasma 
Review (humans) 
Blood 

Hb adducts (ethylene oxide exposure) 
S-(2-Carboxyethyl)cysteine ( acrylamide exposure) 
DNA-protein adducts (PAH exposure) 

Urine and plasma 
Blood 
Blood 
Review 

DNA adducts (trace organic exposure) 
PAH-DNA adducts (PAH exposure) 
DNA adducts (exposure assessment) 
DNA adducts (chemical carcinogenesis) 

Review 
Review 
Review 
Review 

DDT, 1,1,1-trichloro-2,2-bis[p-chlorophenyl]eth~e; MDI, methylenediphenyl diisocyanate; MDA, methylenebisaniline. 

interfaces have been developed. Widely used interfaces 
included particle beam, thermospray, continuous-flow 
fast atom bombardment (FAB), electrospray and APCI. 
Electrospray ionization was one of the most important 
ionization methods in the 1990s, and is extensively used 
in LC/MS systems. Electrospray is the result of charging 
a liquid at a needle tip by applying a high potential. With 
the increase in the potential, the droplet size is reduced 
and the droplets begin to have a horizontal component in 
their movement as well as a higher speed. Nowadays most 
types of atmospheric pressure ion sources can be used 
in combination of an electrospray and APCI interface, 
which is the most widely adapted interface to LC/MS 
systems. 

As a hyphenated technique, LC coupling to MS results 
in a powerful and versatile analytical tool. Furthermore, 
LC coupling to a tandem or an ion trap mass spectrom­
eter (LC/MS/MS or LC/MSn) plays another important 
role in the development of new analytical strategies. 
MS/MS, generally, includes a collision cell in which 

deliberate fragmentation of parent ions can be achieved. 
Collision-induced fragmentation provides daughter ions 
by collisional energy transfer between parent ions and a 
collision gas, normally helium, nitrogen or argon, at an 
elevated pressure. The most widely used MS/MS config­
uration is the triple quadrupole instrument, where mass 
analysis is performed in the first and third quadrupole 
while the second quadrupole is used as a collision cell. 
It offers a major advantage for structural characteri­
zation of components in mixtures and trace analysis. 
Successful interfacing of this technique has created an 
effective methodology in the analysis of nonvolatile, 
labile, and macromolecular compounds. A wide vari­
ety of important applications include determination of 
large portions of protein sequences with either on-line 
or off-line enzymatic hydrolysis, and development of 
molecular biomarkers, which represent a more accurate 
determinant of potential risk of exposure to hazards or 
carcinogens than those which only assess external expo­
sure. 
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2.3.2 Methodology 

2.3.2.1 Sample Preparation Both on-line and off-line 
sample pretreatment by SPE are commonly employed in 
LC/MS, LC/MS/MS, and LC/Msn methods. In quantita­
tive studies of metabolites, and protein-DNA adducts, 
off-line sample pretreatment appears to be preferred. 
This is partly due to the composition of biological sam­
ples, where the presence of proteins may cause clogging 
of the SPE columns or cartridges used. For example, a 
typical Hb and DNA adducts assay involves extraction 
of DNA or Hb from its biological matrix ( e.g. blood or 
tissue), cleavage of the macromolecule to smaller com­
ponents, and the use of enrichment techniques, such as 
derivatization and/or SPE preconcentration. To speed 
up a complete procedure, the sample pretreatment can 
be performed on an automated batch-scale SPE. Some­
times, improving the speed and/or performance of the 
sample pretreatment prior to LC/MS analysis is a matter 
of considerable research. 

After determination of the molecular mass and the 
elemental composition, the next step in the qualitative 
analysis is the interpretation of fragment ion peaks in 
the mass spectrum to achieve structure elucidation. A 
powerful tool in structure elucidation is the use of MS/MS. 
The information from a measured spectrum is reduced 
to a small number of the most significant peaks and then 
compared with the library spectra. Computerized library 
searching is very useful as it provides ideas on which 
direction to search when a completely · unknown analyte 
must be identified, or provides adequate confirmation 
when the presence of a compound is to be contirmed. 

2.3.2.2 Interface Technology In the 1970s, 1980s and 
1990s, LC/MS development has resulted in a considerable 
number of different interfaces. A major effort for 
this research was to improve the instrument capability 
to ionize analytes including highly polar, labile and 
biomacromolecules directly from the liquid phase. The 
most widely used interfaces are electrospray, APCI, 
thermospray, particle beam, and continuous-flow FAB. 
Detailed interfacing strategies· are available from a book 
by Niessen.<62> The electrospray interface provides one 
of the most promising interfaces for LC/MS in that it 
disposes of the mobile phase during spray generation and 
offers detection limits into the femtomole range. It has the 
following advantages: (1) direct ionization from solution; 
(2) production of multiply charged ions which extend the 
effective mass range of the mass analyzer; (3) introduction 
of methods to aid in desolvation of the analyte; and ( 4) low 
background from the ionization process. It is remarkable 
that we can obtain the mass spectrum of a protein with a 
large molecular mass, and consume an amount of sample 
of the order of picomoles to femtomoles. APCI is also 
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used for continuous monitoring of an HPLC column. The 
vaporized eluate from the HPLC is forced through the 
APCI source with a slow heated stream of nitrogen gas. 

2.3.3 Applications 

Application of LC/MS in the analysis of workplace 
and environmental samples has been increasing, espe­
cially in the development of exposure indicators. For 
example, direct analysis of DNA adducts by using LC 
combined with electrospray ionization MS can obviate 
those problems arising from the employment of chemical 
derivatization needed for GC/MS. That is because DNA 
adducts are usually very polar, and the derivatization is 
often difficult and less successful. A number of studies 
have demonstrated that protein-DNA adducts in biolog­
ical samples can be quantified precisely and accurately 
by using LC coupling to MS or MS/Ms.<71 - 75> Workers 
are occupationally exposed to a wide array of chemi­
cal compounds. The compounds or their metabolites can 
interact with biological macromolecules such as proteins, 
RNA, and DNA. These interactions can result in cova­
lent bonding between the chemicals and macromolecules, 
leading to DNA damage and the formation of DNA 
adducts. If these damages are not enzymatically repaired, 
they can be the cause of mutations and might lead to 
chemically induced carcinogenesis. The structural eluci­
dation of these DNA adducts is an important research 
topic in cancer prevention. The use of DNA adducts 
as biological markers for risk assessment and occupa­
tional and environmental monitoring has generated great 
interest because they represent direct indications of pri­
mary damage to genetic material by chemicals. Therefore, 
protein-DNA adducts may prove to be more accurate 
and reliable than measurement of external exposure. To 
accomplish these goals, a sensitive and specific LC/MS 
method is capable of detecting low picomole quantities of 
adduct in relatively small complex biological samples, and 
is specific enough to confirm the structure of the adducts. 

The coupling of LC to MS and MS/MS pertinent to 
industrial hygiene studies has been reported by a number 
of researchers. Some of them are summarized in Table 3. 
In one study,<76> sensitive and specific isotope dilution 
LC/MS and LC/MS/MS methods were developed for the 
detection and quantitation of DNA adducts formed upon 
exposure of animals to carcinogenic 1,2-dihaloethanes, 
1,2-dichloroethane and 1,2-dibromoethane. These are 
important industrial chemicals used as additives in 
gasoline, as intermediates in the production of vinyl 
chloride, vinyl bromide, and other halogenated organics, 
as components of grain or soil fumigants, and as solvents 
for cleaners and other industrial products. In another 
study, an HPLC/electrospray MS method was developed 
for the analysis of 7-(2-hydroxyethyl)guanine, the major 
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Table 3 Typical applications based on LOMS, LOMS/MS, and LOMSn methods 

No. Chemical hazards and/or biomarkers Methods Ref. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

DNA adduct (1,2-dichloroethane and 1,2-dibromoethane exposure) 
Benzene metabolites (benzene exposure) 

LOMS/MS 
LOMS/MS 
LOMS 
LOMS/MS 
LOMS/MS 
LOMS/MS 
LOMS 
LOMS 
LOMS 
LOMS 
LOMS 
Review 
LOMS/MS 
LOMS 
LC/MS 
LOMS 
LOMS 

76 
82 
71 
81 
80 
83 
79 
72 
78 
73 
77 
74 
75 
85 
86 
87 
88 

Aromatic sulfonates (textile industry or construction) 
CP and IF (health care personnel occupationally exposure) 
DNA adducts (1,3-butadiene exposure) 
Hb adducts (methyl bromide exposure) 
DNA adducts (treated with N-nitrosodiethylamine) 
PAH-DNA adducts (in vitro reaction with PAHs) 

10 
11 
12 
13 
14 
15 
16 
17 

DNA adducts (in vitro reaction with bisphenol A diglycidyl ether) 
Ethylene oxide-DNA adduct (ethylene oxide exposure) 
DNA adducts (vinyl chloride exposure) 
P AH metabolites (P AH exposure) 
DNAadducts (in vitro reaction with bisphenol A diglycidyl ether) 
Hazardous industrial chemicals 
Aliphatic isocyanates 
Polymeric MDI and other isocyanates 
TDI 

CP, cyclophospharnide; IF, ifosfamide; MDI, rnethylenediphenyl diisocyanate. 

DNA adduct formed after exposure to ethylene oxide. 
The method is based on-DNA neutral thermal hydrolysis, 
adduct microconcentration, and final characterization 
and quantification by HPLC coupled to single-ion 
monitoring electrospray MS. The method was found to be 
selective, sensitive, and easy to handle with no need for 
enzymatic digestion or previous sample derivatization. 
Yen et al. CJ7> have developed a method to quantify N,3-
ethenoguanine, a promutagenic DNA adduct of vinyl 
chloride exposure. The applicability of the method was 
established by determining DNA adduct in rats treated 
with chloroethylene oxide and an unexposed htnnan liver. 
It was observed that the concentration of DNA adduct 
in the rat livers increased with increasing dose, but was 
inversely related to the time after exposure. This trend 
suggests rapid DNA repair and that adducts reduce in rat 
livers. 

Vanhoutte et al.<78> developed a nanoscale LOelectro­
spray MS methodology for the detection and identifi­
cation of DNA adducts by in vitro reaction mixture 
resulting from the interaction of calf thymus DNA with 
bisphenol A diglycidyl ether. In other work, Singh et al. <79> 

developed an HPLOelectrospray MS method to detect 
and characterize two major ethylated DNA adducts for 
monitoring exposure to genotoxic ethylating agents. This 
approach was shown to be capable of detecting the DNA 
adduct in liver tissue from mice treated intraperitoneally 
with N-nitrosodiethylamine. A major chemical in rub­
ber and plastics manufacture, 1,3-butadiene, inducing 
DNA adducts in vivo and in vitro, was investigated by 
Tretyakova et al. <80> The LC/electrospray" MS/MS meth­
ods developed in this work provide the means to study 
accumulation, repair and dose-response relationships of 
1,3-butadiene-DNA adducts in vivo. 

Occupational exposure to cyclophosphamide (CP) and 
ifosfamide (IF) was investigated by Minoia et al. <81> An 
LOMS/MS system was employed to monitor CP and 
IF exposure of 24 workers. The extent of exposure was 
assessed by the analysis of air samples, wipe samples, 
dermal pads, and urinary excretion at the beginning and at 
the end of the work shift. The results of this investigation 
demonstrate that higher risk may be caused by incorrectly 
using airflow hoods. 

Benzene is an important industrial chemical and 
ubiquitous environmental pollutant. It is used in the 
manufacturing of a wide variety of consumer products. 
Melikian et al.<82> developed a sensitive and specific 
LC/MS/MS assay for determination of urinary benzene 
metabolites. The objective of this study was to investigate 
how various levels of exposure affect the metabolic 
activation pathways of benzene in humans and to examine 
the relationship between urinary metabolites and other 
biological markers. Ferranti et al. <83> used LOMS/MS for 
the structural study of adducts formed in human Hb 
by in vitro exposure of erythrocytes to the alkylating 
agent methyl bromide (MeBr). MeBr is a highly toxic 
gas widely used as a fumigant of field soil for control 
of a wide spectrum of pests and diseases. Peptide 
mapping by this method allowed location of methylated 
amino acids within the protein sequence. The results 
demonstrated the usefulness of the analytical approach 
for the characterization of Hb adducts with methyl 
bromide or similar compounds, which can constitute the 
basis for biomonitoring of human exposure. 

The LC/MS, LOMS/MS, or LOMSn techniques have 
been developed for characterization and quantitation of 
pesticides, herbicides, and insecticides. <84> For example, 
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carbamate pesticides are used in large quantities. Since 
their thermal liability prohibits GC analysis, the analysis 
of these compounds and their metabolites is usually 
performed by LC/MS. They have been analyzed using 
most commercially available interfaces. Positive ion 
detection with a soft ionization technique is the method 
of choice. Phenylurea herbicide is one of a group of 
herbicides which are frequently analyzed by LC/MS or 
LC/MS/MS. <84) Chlorinated phenoxy acid herbicides have 
been extensively analyzed by means of particle-beam, 
thermospray, and electrospray LC/MS.<84> 

2.4 Inductively Coupled Plasma Mass Spectrometry 

2.4.1 Principles and Instrumentation 

The inductively coupled plasma (ICP) was first utilized 
as an ion source for analytical MS by Montaser.<89> The 
degree of ionization of most elements is 90% or greater. 
Since its introduction, ICPMS has exhibited a large num­
ber of special attributes. The most important and unique 
characteristics of the argon ICP are as a viable source for 
simultaneous multielement analysis with high sensitivity. 
In ICPMS, the test sample is typically converted to an 
aerosol and transported into the plasma where the desolv­
ation-vaporization -atomization-excitation-ionization 
processes occur. In comparison with classical combustion 
flames, the argon ICP exhibits a high gas tempera­
ture ( 4500-8000 K) and a high electron temperature 
(9800-10 000 K). Such conditions coupled with the rel­
atively long plasma-sample interaction times lead to 
nearly complete vaporization-atomization of sample 
aerosol, and also reduce the chemical and physi.cal inter­
ferences in the plasma. 

In general the ICP source coupled with a quadrupole 
MS allows a multiple-elemental, multiple-isotope analysis 
to be performed. Increasingly, the argon ICPMS is replac­
ing established atomic emission and atomic absorption 
spectrometries for trace or ultratrace element research. 
ICPMS offers simultaneous or rapid sequential multiele­
ment determination capability at major, minor, trace, and 
ultratrace concentration levels. Indeed, it is the most pow­
erful means for determination of trace inorganic metals. 

2.4.2 Methodology 

2.4.2.1 Sample Preparation The sample preparation 
for ICPMS measurement is not substantially different 
from that encountered in other atomic spectrometric 
methods. Dissolution of a heterogeneous sample which 
provides homogeneity at the molecular level is usu­
ally required. Elemental analysis can be performed in 
nearly all kinds of matrices. The development of sample 
decomposition for ICPMS is an important step in sam­
ple preparation. It relies on sample type, specific analyte 
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species of interest, and analyte molecular interactions. 
Most biological samples are prepared by decomposing 
the sample using thermal or chemical means, followed by 
dissolution of the ash residue and dilution to a specific vol­
ume prior to analysis. Microwave digestion is often used. 
Another common technique is a hot-plate dissolution 
procedure, but there are several primary limitations, such 
as long dissolution times and the potential loss of volatile 
elements. In a microwave digestion technique, closed ves­
sels are utilized to decompose samples and minimize loss 
of volatile elements during the digestion process. Dur­
ing sample preparation, the elements being determined, 
their analysis requirements, and specific interferences 
that might be encountered for their determination dictate 
whether separation and preconcentration steps might 
be required. Sometimes, sample preparation may be a 
lengthy and complex process, depending on the form of 
the sample and the specific elements being determined. 

2.4.2.2 Quantitative Analysis Quantitative analysis 
by ICPMS can be achieved by the use of a precise 
peak-hopping/signal integration procedure. Two modes 
of operation typically are used: rapid spectral scanning 
and peak hopping. The most commonly used mode, the 
rapid scanning method, covers the entire mass range. By 
closely matching the bulk chemical composition of the 
calibration standards to the known matrix of the samples, 
improved accuracy can be obtained. The use of internal 
standards is highly recommended to achieve maximum 
precision and accuracy. The calibration curves for selected 
elements, when plotted on logarithmic axes, demonstrate 
linearity over a wide dynamic range. Most modern ICPMS 
instruments offer a wide dynamic range. The lCPMS 
technique also provides sufficient isotope ratio precision 
and sensitivity to enable isotope dilution quantitation at 
trace concentration levels. Additionally, flow injection 
analysis (FIA) has been successfully used to improve the 
quantitative determination of trace elements in samples 
with high dissolved solids. Chemical modification of the 
sample can be performed by the addition of reagents 
to · the transport line. Another significant advantage 
of the flow injection technique is the ability to make 
measurements on microsized samples, especially when 
high efficiency nebulizers are used. 

2:4.2.3 Laser Ablation Laser ablation was first 
reported for sample introduction into ICPMS by Gray. <90> 

With this method, samples can be analyzed with minimal 
sample preparation. Usually specimens of metal alloys or 
similar materials are prepared by grinding or polishing a 
flat surface. Similar to other solid sampling techniques, 
it provides viable analytical results when suitable solid 
standards are available. Laser ablation ICPMS also gives 
important spatial resolution, which is particularly use­
ful for the determination of the chemical composition 
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of grain boundaries or mineral inclusions. It is a very 
powerful method for the analysis of particulates or solid 
samples. 

2.4.3 Applications 

ICPMS has been utilized effectively in industrial work 
environments. It has been effectively used for trace anal­
ysis with high sensitivity, especially for the traditionally 
"difficult-to-excite" refractory elements such as molyb­
denum (Mo), vanadium (V) and zirconium (Zr), and 
with multielement detection capability. The applications 
include the determination of trace elements in air, 
exhaust, liquid, and dust in various working environments. 

Monitoring occupational exposure to heavy metals 
with the ICPMS technique had been reported by several 
researchers, although atomic absorption spectrometry has 
until now been used most extensively in occupational and 
environmental health. In one study, Schramel et al. <91 l 

established an I CPMS analytical method to determine the 
concentration of antimony (Sb), bismuth (Bi), lead (Pb), 
cadmium (Cd), mercury (Hg), palladium (Pd), platinum 
(Pt), tellurium (Te), tin (Sn), thallium (Ti) and tungsten 
(W) in urine. The aim of this work was to develop a 
method which is equally suitable for the determination 
of occupationally as well as environmentally caused 
metal excretion. In another study, Apostoli et a1.<92l 

evaluated multiple exposure to metals in eight types 
of metal welding, such as manual metal arc for mild 
and stainless steel, continuous wire, submerged arc, 
and brazing. Environmental monitoring was carried 
out in eight different occupational situation~ and the 
ICPMS technique was adopted in order to characterize 
exposure to several elements simultaneously and with 
high accuracy. The results showed that up to 23 elements 
could be measured. The highest concentration was found 
for aluminum (Al), manganese (Mn), iron (Fe), nickel 
(Ni), chromium (Cr), copper (Cu) and zinc (Zn). Karpas 
et al. c93l presented a simple method, based on I CPMS, for 
determination of uranium in urine at levels that indicate 
occupational exposure. Sample preparation involves a 
50-fold dilution of the urine by nitric acid (2% HN03) 
and no other chemical treatment or separation. The 
analytical procedure is fully automated so that over 
100 analyses may be performed per day. Measurement 
by ICPMS of lead in plasma and whole blood of lead 
workers and controls was reported by Schutz et a1.<94l 

The levels of lead in blood plasma and whole blood were 
measured by ICPMS in 43 male lead smelter workers and 
seven controls. The samples were handled under routine 
laboratory conditions. By a simple dilution procedure, 
lead in plasma may be determined accurately and with 
good precision down to the concentrations present in 
controls. It suggested that lead in blood plasma should 
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be considered as a complement to current indicators of 
lead exposure and risk. Application of ICPMS to monitor 
radionuclide was reported by Vita and Mayfield. <95) An 
ICPMS method was developed to detect U-235 and 
U-238 in urine. The strong nitric and hydrochloric acid 
digestion of the urine and the application of the anion 
exchange resin for the uranium separation provided 
dependable recovery. In addition, multiple exposure to 
arsenic (As), antimony (Sb), and other elements in art 
glass manufacture was studied by Apostoli et al. <96l The 
results confirmed that arsenic; which is the main hazard 
in glass production, reaches a high air concentration. 

2.5 Time-of-flight Mass Spectrometry, Fourier 
Transform Ion Cyclotron Resonance Mass 
Spectrometry and Future Trends 

2.5.1 Introduction 

TOFMS was introduced commercially in the late 1950s. <'m 
However, it was only in the 1990s that the high mass range 
and the high sensitivity multichannel recording capabili­
ties were realized, which make this type of spectrometry 
an attractive instrument for contemporary research. A 
typical TOFMS system contains three main components: 
ion source, ion drift region, and detection system. A 
new generation of high-performance TOFMS instrumen­
tation includes nanoflow electrospray hybrid quadrupole 
TOFMS and MALDI/TOFMS. Modem TOFinstruments 
have many intrinsic advantages. They are ideally suited 
for pulsed ion sources because they have a sufficiently nar­
row pulse width, and a fast response. They can provide 
macromolecular measurements of proteins with consid­
erably higher accuracy than gel electrophoresis, or can be 
used to map enzymatic digests, reveal post-translational 
modifications, determine the positions of disulfide bonds, 
assess carbohydrate heterogeneity in glycopeptides, or 
provide amino acid sequences. 

FTICRMS is now an established viable analytical 
technique.<4l FTICRMS allows in principle an unlimited 
mass range to be reached with an extremely high 
resolution. As a technique based on Fourier transform, 
the resolution depends on the observation time, which 
is linked to the disappearance of the detected signal. In 
order to achieve high resolution, a very high cell vacuum 
is necessary, which is a major limitation of this technique. 

The advancing technologies of hybrid QTOFMS, 
MALDI/TOFMS and FTICRMS are just beginning to 
add much needed analytical power to our arsenal for 
macromolecular identification and characterization. An 
application of more efficient collision-induced dissoci­
ation and product-ion detection is using a hybrid of 
quadrupole and TOF analyses in QTOFMS. These 
developments will bring important methodology to sci­
entists and thus accelerate the integration of MS into 
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work-related research strategies. Research will include 
structural determination of aberrant proteins, devel­
opment of biomarkers for specific hazard to exposed 
workers, characterization of protein allergens related 
to occupational asthma, and identification of microbial 
products in complex environmental samples. 

2.5.2 Matrix-assisted Laser Desorption/Ionization 
Time-of-flight Mass Spectrometry 

A rapidly advancing area in which TOFMS plays a major 
role is in MALDI/TOFMS. It has developed into a power­
ful tool for characterizing biological macromolecules. In 
a MALDI/fOFMS experiment, the analyte of interest 
is mixed with an appropriate matrix material which 
facilitates the desorption and ionization of intact analyte 
molecules with masses up to several hundred thousand 
m/z. This absorbs strongly at the wavelength of the inci­
dent laser light. Many very large biomolecules have been 
mass analyzed by this technique. MALDI/TOFMS is able 
accurately to sequence single strands from DNA without 
the need for labels or primers, <98> and to identify sin­
gle base mutations within a polymerase chain reaction 
(PCR) product. Although the effective range of sequenc­
ing may not be as wide as with conventional methods, 
MALDI/TOFMS can sequence short DNA strands in 
less time with the ability to identify all of the bases in 
the strand. Single strands and PCR products of up to 
500 bases have also been detected, but it is not clear 
whether the mass accuracy and resolution will be suffi­
cient for sequencing long strands. Peptide mapping by 
MALDI/fOFMS is gradually reaching a confic!ence level 
owing to improved mass accuracy and sample prepara­
tion methods and the availability of complete genomic 
information for a number of organisms. 

MALDI/TOFMS has been applied and established as 
a valuable analytical technique for the detection of P AHs 
with high spatial resolution in the work environment. 
Bezabeh et al.<99> investigated nitrated PAH pollutants 
generated by incomplete combustion using negative 
ion laser desorption ionization TOFMS. In related 
work, spatially resolved laser desorption/laser ionization 
TOFMS has been used for the detection of P AH-picrate 
complexes,000> and PAHs in individual micrometer-sized 
diesel particulate. <101> 

2.5.3 Hybrid Quadrupole Time-of-flight Mass 
Spectrometry 

The development of a hybrid QTOFMS instrument over­
comes the mass range and precursor ion resolution 
limitations of a triple-quadrupole mass spectrometer. 0°2> 

A particular advantage that this hybrid has over the 
triple-quadrupole instrument is that it can provide high 
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precursor ion resolution by virtue of its double focusing 
properties and it may be used to obtain MS/MS infor­
mation from precursor ions of the same nominal mass. 
The sequencing of larger proteins by enzymatic cleavage 
and subsequent MS/MS analysis of the resulting peptides 
by QTOFMS is well documented. With the advantage 
of electrospray, also enabling an on-line nanoflow LC 
coupling to QTOFMS, this approach has found a few 
applications.<103> For example, Deforce et a1.<104> charac­
terize DNA oligonucleotides by coupling of capillary zone 
electrophoresis to electrospray ionization QTOFMS. A 
procedure for fast and precise molecular weight, purity, 
and base composition determination of oligonucleotides 
was described. This method has been useful not only 
for determination of the purity and the length of bases in"-- . 
oligonucleotides, but also for confirmation of the expect'ed · ···-
base composition, making this technique an extren:{~ly 
useful tool for quality control in the field of oligonu­
cleotide research. Hybrid QTOFMS has just started to be 
applied to occupational health studies. 

3 SCANNING ELECTRON MICROSCOPY 
AND X-RAY MICROANALYSIS 

3.1 Introduction 

The scanning electron microscope, when equipped with 
an EDX analysis system and an IA, is ideally suited 
to study pneumoconioses and workplace environmental 
particles. The salient features of this instrumentation 

·which make it valuable in occupational safety and health 
applications are discussed very briefly below. For a 
comprehensive description of the instrumentation and 
theory, the reader is referred to the texts by Goldstein 
et al. OOS) and Lee. <106> An excellent short description of 
SEM and X-ray analysis principles and instrumentation 
is given by Ingram et al. <107> 

3.1.1 Instrumentation 

In SEM, a focused beam of electrons is scanned in a 
raster pattern across a specimen of interest. Numerous 
complex events occur at each point where the electron 
beam impinges on the atoms of the specimen. Some, but 
by no means all, of the signals produced by the electron 
beam-specimen interaction are illustrated in Figure 1. 

By utilizing an appropriate detector for a specific 
signal, an image of the specimen can be constructed 
on a point by point basis. For instance, the detection 
of secondary electrons, which are very low energy 
electrons arising from very near the surface of the 
specimen, is used to produce the secondary electron 
image (SEI). The SEI is the three-dimensional-like image 
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Auger electrons 
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Electron beam 
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Backscattered electrons 

Secondary electrons 
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Figure 1 Some signals resulting from the interaction of the 
electron beam with a specimen. 

Figure 2 BEi of a 5-µm thick section of lung tissue from 
a subject with silicosis showing numerous particles (brighter 
areas). Marker= lOµm. 

typically associated with SEM. A second image which is 
particularly valuable in the study of pneumoconioses is 
the backscattered electron image (BEI). Backscattered 
electrons result when the original beam electrons are 
elastically scattered from the nuclei of atoms within the 
substrate. Hence, the backscattered electron signal is 
affected by atomic number. Furthermore, the BEI may 
provide some information about composition beneath the 
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specimen surface. In our laboratory, we generally use the 
BEI for our pneumoconiosis studies since the exogenous 
particles generally are of higher average atomic number 
than the surrounding lung tissue and are easily identified. 
Figure 2 shows a BEI image from a 5-µm thick section of 
lung tissue from a subject with silicosis. 

X-rays are generated by the inelastic interaction of the 
electron beam and atoms of the specimen. Two types of X­
ray are produced: (1) white radiation or bremsstrahlung 
and (2) characteristic X-rays. The bremsstrahlung results 
from the interaction of the beam electrons with the 
nucleus of the specimen atoms, and . forms a continuous 
background over which characteristic X-ray signals are 
superimposed. Characteristic X-rays result from the 
ejection of inner shell electrons of the specimen atoms by 
the electron beam. The generation of characteristic X-rays 
forms the basis for chemical analysis of the specimen since 
both the wavelength and the energy of the characteristic 
X-rays can provide definitive information about the 
atoms from which they emanate. In SEM, X-rays may 
be measured through the use of either a wavelength 
dispersive spectrometer (WDS) or an energy dispersive 
spectrometer (EDS). With the WDS, the wavelengths 
of X-rays are determined using crystal diffraction and 
Bragg's law. The EDS detects the energies of X-rays using 
a lithium-drifted Si crystal.The WDS has better spectral 
resolution compared with the EDS, and is capable of light 
element detection. However, only one element at a time 
can be determined with a WDS. The characteristic peaks 
of all elements with an atomic number of 9 (fluorine) or 
greater can be detected simultaneously with the standard 
EDS. Light element detection is also possible with EDS 
systems that have windowless detectors or detectors with 
ultrathin windows. The texts by Goldstein et at.,<1°5> 

Lee,006> Heinrich,0°8> and Frie1<109> contain extensive 
discussions of X-ray analysis and instrumentation. 

Another extremely valuable attachment for SEM is 
an IA. A computer-based IA permits rapid, real-time 
automated characterization of SEM image features, 
including size measurements and chemical analyses when 
used in conjunction with an EDS. The system currently 
used in our laboratory is PC-based (personal computers) 
and controls the scanning of the electron beam across the 
specimen. A regular grid point spacing pattern is used with 
a preset point density to locate features. At each point, the 
image signal (we use the backscattered electron signal) 
is compared to an adjustable threshold to determine 
whether the beam is on a feature of interest. Once a 
feature is found, a narrower grid point spacing pattern is 
used to determine physical parameters, and subsequently 
an X-ray analysis of the feature is performed. For more 
information on IAs, the reader is referred to the review 
paper by Lee and Kelley, <110> and the text by Friel. <109> 
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3.1.2 Listing of Occupational Safety and Health 
Applications 

SEM and EDX analysis may be used for a number of 
applications in occupational safety and health including 
the analysis of particles collected on air filter samples 
taken from the working environment, analysis of indi­
vidual particles found in bulk dusts, and in the study of 
pneumoconioses. Applications of SEM to the study of 
pneumoconioses, including determination of lung partic­
ulate burden, particle chemistry, and respirable particle 
surface characterization, will be described in the subse­
quent sections. 

3.2 Sample Preparation 

There are two ways to · study particles found in lung 
tissue. One examines the particles in situ, i.e. particles 
may be located by SEM (usually using the BEI) and 
an EDX analysis performed while the particles are still 
in the tissue. An alternative procedure is to extract the 
particles from the tissue matrix followed by EDX analysis. 
Sample preparation procedures and the advantages and 
disadvantages of these two techniques are described 
briefly below. A complete discussion of SEM preparation 
techniques is given by Shelburne et al.Clll) The paper by 
DeNeeC112> also describes various preparation techniques. 

3.2.1 Tissue Preparation for In Situ Particle Analysis 
.. 

The key advantage of SEM in situ analysis in the study of 
pneumoconioses is the opportunity to correlate the loca­
tion, types, and concentration of particles found with any 
tissue pathology seen by light microscopy. On the other 
hand, in situ analysis is very time-consuming because 
particles must be identified and analyzed manually. The 
preparation of lung ( or other types of) tissue for light 
microscopic and SEM examination generally involves 
formalin fixation, followed by paraffin embedding. Serial 
sections (5-µm thick) are cut from the paraffin block both 
for light microscopy and SEM analysis. The sections for 
SEM are mounted on a carbon substrate (we use 1-inch, or 
2.5-cm, diameter carbon planchets), de-paraffinized using 
xylene, and air dried. The final specimens generally do 
not need coating for conductivity. However, if specimen 
charging is a problem, the specimen may be coated with 
carbon using a vacuum evapora.tor. Metal coatings should 
be avoided because they may interfere with subsequent 
EDX analyses. As can be seen in Figure 2, particles are 
easily located in the 5-µm section; however, they may 
occur in aggregates, making individual particle analyses a 
challenge. 
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3.2.2 Tissue Particle Isolation Techniques 

The key advantage of isolating particles from the tissue 
matrix is the speed with which subsequent analyses may 
be performed. Once the tissue matrix is removed, a filter 
containing the residual particles may be prepared, and 
the particles analyzed using an automated SEM/EDX/IA 
procedure. The analysis procedure used in our laboratory 
is described in section 3.3.1. The primary disadvantage 
of the particle isolation technique is that the opportunity 
to relate tissue pathology to particle type, location, and 
concentration is lost. Two procedures most often used to 
extract particles from the tissue matrix, low-temperature 
ashing and chemical digestion, are described below. 

3.2.2.1 Low-temperature Ashing In the low-tempera­
ture ashing process, an oxygen plasma is used to oxidize 
the organic components of the tissue matrix. A review of 
the application of low-temperature ashing in preparing 
samples for SEM analysis is given by Thomas and 
HollahanY13> The procedure we use for lung tissue 
consists of the following steps: 1-2g of fresh tissue 
is selected and diced into 1-2-mm cubes, and freeze 
dried to constant weight. Approximately 0.1-0.2 g of 
the dry tissue is accurately weighed, placed in a clean 
glass vial, and ashed in a low-temperature asher at 
90 W for 7 h at an oxygen pressure of 2 Torr. The ash 
is suspended in 50 mL of a solution of 0.05% Aerosol 
OT® in filtered, deionized water, and then placed in an 
ultrasonic bath for 15 min. One milliliter of glacial acetic 
acid is added to the suspension which is then made up to 
a final volume of 100 mL with filtered, deionized water 
and allowed to stand overnight. Since the particulate 
burdens of lungs vary considerably, preparation of 
samples with the proper particle loading for automated 
analysis is accomplished by filtering varying aliquots of 
the final suspension onto 25-mm diameter, 0.1-µm pore 
size polycarbonate (Nuclepore®) filters. The filters are 
attached to carbon planchettes with colloidal graphite, 
and may be examined uncoated under SEM. Filters 
with proper loading have minimal particle overlap and 
generally contain approximately 50-100 particles per 
field of view at a magnification of lOOOX. It should be 
noted that some particles present originally as aggregates 
in the tissue may not be broken apart during the low­
temperature ashing procedureY14> 

3.2.2.2 Chemical Digestion Biological tissues may be 
chemically digested using a number of different agents 
including oxidizing agents (sodium hypochlorite), strong 
alkaline solutions (sodium or potassium hydroxide), and 
proteolytic enzymes (ficin). Digestion with each of these 
agents is reviewed briefly in the paper by Mastin et al. c115> 

In our laboratory, we have used an adaptation of the 
sodium hypochlorite digestion procedure described by 
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Coin et al. <116) to prepare lung tissue for particle analysis. 
Approximately 0.1-0.5 g of wet, formalin-fixed tissue is 
accurately weighed and placed in a clean glass vial. A 
second piece of wet tissue is also weighed and then dried 
to constant weight to determine the wet-to-dry weight 
ratio. Ten milliliters of triple-filtered sodium hypochlorite 
are added to the glass vial containing the wet tissue, 
and the vial is then shaken gently for 30-45 min. The 
digestate is filtered onto a 0.2-µm pore size polycarbonate 
filter and washed with 10 mL of deionized water. Lipids 
and other undigested debris are then extracted from the 
filtrate by two treatments with the following sequence of 
triple-filtered reagents: 10 mL of isopropanol, 10 mL of 
7% oxalic acid, 10 mL of Clorox®, and 10 mL of deionized 
water. The filter may now be dried and processed as before 
for SEM analysis. We have found that this digestion 
procedure takes less time to prepare samples than low­
temperature ashing. There are a couple of negatives, 
however. The washing steps may lead to an uneven 
redistribution of the particles on the filter. In addition, 
achieving the proper particle loading on. the filter may 
require some experimentation with the initial sample wet 
weight or separation of the initial digestate into aliquots 
of varying volumes. 

3.3 Lung Particle Analysis 

Particulate matter has been recognized as a cause of 
various lung diseases, the pneumoconioses, for many 
years. Specific pneumoconioses such as coalworker's 
pneumoconiosis, asbestosis, and silicosis may result 
from inhalation of particles at the worksite. Numerous 
methods, as reviewed by Mastin et a1.,<115) have been 
used to analyze particulate matter deposited in human 
lungs. SEM and EDX have been used extensively to 
characterize particles found in lung tissue (see reviews 
by Shelburne et al.<111 ) and Baker et aI.C117l) . While 
it is not possible to compare a measured lung dust 
burden to the actual exposure because of the lack of 
exposure data and to particle clearance, the measured 
lung particulate burden does represent retained particle 
dose. 

Everyone has a background lung particulate burden 
resulting from inhalation of respirable particles present 
in the ambient environment. Hence, a good database 
for the particle contents of the lungs of subjects 
with no pneumoconioses and/or history of occupational 
exposures, i.e. "normal" lungs, is needed so that the 
particle analysis data from diseased lungs can be properly 
interpreted. The application of SEM and EDX to 
the determination of inorganic particulate burdens for 
.normal and diseased lungs, as well as respirable particle 
surface characterization, will be discussed in the next 
sections. 
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3.3.1 Normal Lung Inorganic Particulate Burdens 

We have used an automated SEM/EDX/IA method 
to determine the lung nonfibrous, inorganic particulate 
burdens for a large set of subjects with no overt 
pneumoconioses. This procedure is not suitable for fiber 
analyses because mineral fibers usually have very small 
diameters and do not produce a BEI with enough contrast 
for automated analysis. In addition, organic particles, 
such as coal, are destroyed in the low-temperature ashing 
process. Complete details of the automated method for 
nonfibrous particles are given in the paper by Stettler 
et al.<118) Briefly, a small portion of freeze-dried lung 
homogenate from each subject was ashed in a low­
temperature asher and filters containing the residue 
prepared as described earlier in this report. The filter 
samples were analyzed in the electron miscroscope which 
was equipped with an EDS and an IA using the BEI 
image. After a field of view is selected, particles in the 
field are · automatically detected by the IA, sized, and 
then analyzed for 31 elements using an X-ray spectrum 
acquire time of 5 s. In our procedure, a minimum of 1000 
exogenous particles in a minimum of20 randomly selected 
fields of view at a magnification of lOOOX are analyzed. 
The IA grid point spacing density used in the procedure 
is set to find particles 0.2 µm in diameter and larger. 
After X-ray analysis, the particles are classified by the IA 
using a chemistry definition file which defines particle 
types by their major elemental components and net 
fractional X-ray intensities. The list of elements analyzed 
and a description of the chemistry definition file are 
given in the book chapter by Stettler et al. <119) More than 
145 000 individual particles were analyzed in this study. 
The average (±standard deviation) exogenous particle 
concentration found in 87 lungs was 476 ± 380 x 106 

particles per gram (ppg) of dry lung with a range 
of 71-1860 x 106 ppg. On average, various aluminum 
silicates accounted for 38.1 % and particles classified 
as silica accounted for 21.0% of the particles in the 
87 lungs. Large numbers of various metal-containing 
particles, primarily titanium and iron occurring singly or 
in combination with Si, were also found in the lungs. The 
particle levels seen in the study by Stettler et al. <119) were 
similar to those seen in other studies of normal lungs 
by Churg and Wiggs<120•121l and by Paoletti et a1.<122l 
Analytical transmission electron microscopy methods 
were used in the other studies with average particle 
concentrations in the range 180-465 x 1D6 ppg. 

3.3.2 Inorganic Particulate Burdens of Lungs with 
Pneumoconioses 

Although the automated SEM/EDX/IA method des­
cribed above has been used to determine the particulate 
burdens in lungs with suspected occupational exposures 
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by Stettler et a1.,014> many studies have involved manual 
in situ analyses using 5-µm thick sections of lung tissue. 
Of particular note is the work of Abraham et al. (123- 125> 

who have developed and used an in situ procedure to 
determine the nonfibrous, inorganic particulate burdens 
of over 400 lungs. Their procedure uses 5-µm thick 
sections mounted on carbon. Complete descriptions of 
their SEM analysis procedure are given elsewhereY24,125> 

Briefly, a morphometric point counting approach using 
both the SEI and BEi at a magnification of 6000X is 
used to locate particles in randomly selected fields. The 
number of particles in 100 consecutive fields are counted. 
If fewer than 100 particles are counted, additional fields 
are analyzed. The particles are sized and analyzed 
using a 20-s X-ray analysis. Size and elemental data 
in the form of net X-ray counts per second for each 
element observed are recorded. EDX data are used to 
sort exogenous particles into three major classes: silica 
(showing only a silicon peak), silicates (showing silicon 
and other cations such as Al, Mg, K, Ca, Fe), and other 
(mostly metals, either singly or in combinations). Particle 
concentration data are reported in terms of particles 
per cubic centimeter. The average total exogenous 
particle concentration for 433 cases by this technique was 
473 ± 113 x 106 particles cm-3 with concentrations in the 
range 1-33 450 x 106 particles cm-3• c123> The major types 
of particles found included silica, aluminum silicates, 
inetals, and talc. 

· · 3.3.3 Respirable Particle Surface Characterization 

Bulk compositional analyses of respirable }1articulate 
material, and even particle-by-particle compositional 
analyses, may not always be sufficient to predict the 
level of biological activity of respirable particles or the 
health risks of exposure to them. Toxicants may be 
located on the particle surface or may be more heavily 
concentrated there, resulting in heightened biological 
availability and expression of toxic activity. Or, in some 
cases, surface coating materials may have a prophylactic 
effect on expression of the toxicity of the underlying bulk 
of the particle. An example of the latter effect is the 
modified activity of the quartz component of some mixed 
composition mineral dust exposures for causing mixed 
dust pneumoconioses by LeBouffant et al., <126> Kriegseis 
and Scharmann, <127> and Harrison et al. c128> 

3.3.3.1 Multiple-voltage Scanning Electron Microscopy 
with X-ray Spectroscopy: Experimental SEM with 
EDS or WDS X-ray spectroscopy can provide some 
information on the elemental composition with depth 
into a particle, by acquiring X-ray spectra at two or 
more electron beam accelerating voltages. <129> The depth 
of penetration of electrons and of the excitation of 
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characteristic X-rays is dependent on the incident electron 
energy and on the density of the particle target. For 
densities in the range of most respirable particulate 
minerals, a 20-30keV electron beam will excite spectra 
to a depth of the order of one to a few micrometers. 
This range is a function of electron voltage such that 
a 5-ke V electron will excite spectra to a depth of the 
order of 0.1-0.01 µmin such materials. Thus, comparing 
spectra acquired at 20keV and at SkeV can provide 
some indication of the homogeneity or heterogeneity of 
elemental distribution with depth into a particle. This 
method has been used to detect thin submicrometer 
aluminosilicate coatings or clay "surface occlusion" on 
respirable quartz particles. Cl30) To control for correction 
factors, comparison is not made of the absolute values 
of elemental spectral line intensities; instead, the ratio of 
spectral line intensities of different elements in a particle 
is measured at one voltage and compared with the ratio 
measured at another excitation voltage. For example, the 
ratio of the silicon line intensity to the aluminum line 
intensity of a particle is measured at 20-keV excitation 
and then is measured at 5-ke V excitation, or is measured 
at a series of voltages, e.g. 20, 11, 9, 7, 5 keV. The beam 
generally must be relocated on the particle of interest after 
a voltage change. This can be done in an automated mode 
with modern SEM/EDS computer-controlled systems. 
Using such systems, several fields of particles can be 
analyzed for several hundreds of particles at one voltage, 
and the same fields can be reanalyzed at a second voltage. 
Typically, some smaller particles identified at one voltage 
in computer-controlled data acquisition will be missed 
at the other voltage. But visual editing of the resultant 
files can easily assure proper matching of particles for 
comparison of the ratio of elemental line intensities 
between the two voltages. Obviously, the electron beam 
voltage must be greater than the energy (frequency) of the 
X-ray lines used in the analysis. This can be a problem for 
analyses at the low electron beam accelerating voltages: 
5-ke V electrons will not excite the K series lines for 
heavier elements. In some cases this can be circumvented 
by using the higher series lines. (L, M, ... ) which occur 
below2keV. 

3.3.3.2 Multiple-voltage Scanning Electron Microscopy 
with X-ray Spectroscopy: Interpretation Change in 
measured spectral line intensity ratios versus electron 
beam accelerating voltage can be predicted as a function 
of particle density and size and structure with an analytical 
formula. c13o> Diminution of the electron beam intensity · 
with depth of penetration into a material can be modeled 
in one dimension as a Beer's law process, i.e. differential 
loss of intensity is proportional to intensity in a differential 
thickness of material. c131> Empirical relationships are 
available for this proportionality constant as a function 
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of electron voltage. 0 32> In the differential thickness of 
material the electron beam will stimulate characteristic 
X-rays. An X-ray line intensity is a function of the 
intensity of the electron beam with adequate energy 
to stimulate the given X-ray line, of the concentration 
of target atoms, of the cross-section for ionization 
of the target atom shell by those electrons, and of 
the fluorescence yield or probability that the electron­
excited atom will decay by the specific X-ray emission. 
A simple empirically determined function provides a 
model for the effective scattering ionization cross-section 
versus incident electron energy and X-ray spectral line 
frequency.<133> Tabulated values of fluorescence yield are 
available. <134> These together can be used to describe the 
generation of X-rays with depth by the electron beam. 
Then a Beer's law model can describe extinction of the 
generated X-ray as it leaves the particle.<134> Together 
these models of electron stimulation of X-rays and of 
X-ray emission provide a differential equation for X-

. ray line intensity as a function of material thickness, 
material density, electron beam voltage, X-ray spectral 
line frequency, and fluorescence yields. This differential 
equation can be solved across the particle boundaries for 
alternative models of particle structure with depth, e.g. 
for a homogeneous mixed composition particle versus 
a heterogeneously structured particle. This provides 
a prediction of the change in measured elemental 
composition ratios versus electron beam accelerating 
voltage. These predictions then can be used to interpret 
measurements of X-ray elemental spectral line intensity 
ratios of a particle versus electron beam accelerating 
voltage in terms of particle compositional strueture with 
depth. An example in the literature details· application 
of the model to aluminosilicate-contaminated silica 
particles. <135> Predictive models for a silica particle 
homogeneously contaminated with aluminum and for a 
silica core particle with an aluminosilicate clay coating 
were compared with experimental data of silicon to 
aluminum line intensity ratios measured at 20-5-ke V 
electron beam accelerating voltages. As an example 
of "occluded" particle behavior, for a 2-µm thick 
particle of 97% Si/(Si + Al) overall composition, the 
measured fraction of silicon drops to below 80% at 
5 ke V, in concert with the prediction for a clay-coated 
particle. <136> 

3.3.3.3 Scanning Electron Microscopy with Scanning 
Auger Spectroscopy for Particle Surface Analyses 
Scanning Auger spectroscopy uses electron imaging and 
excitation of particulate samples much as SEM does. 
However, electron-excited emission of Auger electrons 
rather than characteristic X-rays provides the mecha­
nism for elemental analysis. The shallow escape depth 
of these Auger electrons results in information being 
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obtained only from the depth of a few atomic layers 
into the sample. <137> This provides a very near surface 
analysis compared to that provided by SEM/EDS, essen­
tially measuring elemental composition in a nanometer 
thickness compared to a micrometer thickness. Scan­
ning Auger spectroscopy also provides a more shallow 
depth of analysis by one to two orders of magnitude than 
is reasonably achievable by multiple-voltage SEM/EDS, 
that is, 1 nm depth by Auger versus 10-lOOnm min­
imum depth by multiple-voltage SEM/EDS. To some 
extent, sample preparation and purity constraints are 
alleviated in the multiple-voltage SEM method: inciden­
tal surface contamination on samples may need to be 
removed prior to Auger analysis by argon ion bom­
bardment of the sample. For analysis of particles in 
lung tissue thin sections, scanning Auger spectroscopy 
is not appropriate, while multiple-voltage SEM/EDS can 
provide some identification of surface occluded mineral 
particles in 5-µm thick tissue sections. For dust samples, a 
combination of conventional (20-30-keV) SEM/EDS, of 
multiple-voltage SEM/EDS, and of scanning Auger spec­
troscopy provides the possibility of analyzing respirable 
particle samples for elemental composition from their 
bulk to their surface. Performing these joint analyses on 
explicit particles is challenging but possible. <138> Modem 
automated methods provide the capability for perfor­
mance of that suite of analyses on a large population of 
respirable-sized particles with the same specific particles 
analyzed in all three regimens. This has been demon­
strated for the combination of SEM/EDS and scanning 
Auger spectroscopy for cobalt, chromium, and tungsten 
analyses of respirable hard metal particles. <139> 

4 ATOMIC SPECTROMETRY 

4.1 Introduction 

Atomic spectrometric techniques are the most widely 
used analytical techniques for quantitative analysis of 
inorganic metals. The techniques have been applicable to 
nearly all the elements, including most of the metals and 
semimetals. <140> The development of ICPAES techniques 
has been increasing. ICP AES offers a simultaneous or 
rapid sequential multielement determination capability at 
the major, minor, and certain trace concentration levels. 
It has become established as a widely accepted method for 
the analysis of metallic aerosols, powders of metals, dusts, 
and fly ashes. To date, a vast number of published atomic 
spectrometric methods are available, covering a wide 
range of applications. Atomic spectrometric methods 
are widely employed for occupational health evaluation, 
owing to the presence of trace elements in the atmosphere 
released froni various industrial processes. 
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4.2 Flame Atomic Absorption Spectrometry 

4.2.1 Principies and Instrumentation 

Flame atomic absorption spectrometry (FAAS) has 
been used for the determination of about 65 elements 
with detection limits ranging from a few parts per 
billion to a few parts per million.041 > Instruments are 
reliable, robust and simple to use. It is a single channel 
instrument, but operating conditions can be changed 
rapidly so that several elements can be determined in 
one sample in an automated sequential run. Two types 
of flame mixtures are commonly used: air-acetylene and 
nitrous oxide-acetylene. The latter flame is significantly 
hotter and is needed to atomize some elements such 
as aluminum, which form refractory oxides. The sample 
solution is pneumatically nebulized into a spray chamber 
where a sample mist is formed and mixed with a fuel 
gas. Then, the sample aerosol enters a flame where 
dissociation and atomization occur. During the rather 
limited residence time in the flame, the droplets are dried 
and the resulting salt particles vaporized. The resulting 
molecular species may be atomized by thermolysis or by 
chemical reaction with reducing species such as carbon 
and carbon monoxide. Generally, FAAS is selective, 
rapid, and amenable to automation with adequate 
sensitivity. 

4.2.2 Methodology 

4.2.2.l Sample Preparation In a typical FAAS assay, 
an analyte is dissolved into a solution. The sample 
preparation procedure depends strongly on the properties 
of both the target elements and the solvent matrices. 
The principal objective of sample preparation is to 
dissolve target analytes, and to remove interferences. The 
method of liquid-liquid extraction is a convenient way of 
preparing some samples in which the target analytes are 
easily dissolved in the solution. It is relatively simple, 
rapid, and favorable to FAAS. Organic solvent can 
also be used to enhance detection sensitivity. Methyl 
isobutyl ketone is the most popular solvent because 
of its extraction and nebulization efficiency as well as 
combustibility. Other solvents such as ketones or esters 
can be used as well. In the pulse-nebulization II!Ode 
of FAAS, a number of elements can be successively 
determined in an extract. Another alternative sample 
preparation is to use microwave heating as a source of 
intense energy for rapid mineralization of liquid and 
solid samples. The reduction in the digestion time and 
the higher reaction speed may be due to the fact that the 
energy transfer is improved, and the microwave field has a 
specific chemical influence on organic molecules in acidic 
media. Generally, a few sources of systematic error should 
be considered. These include contamination, losses 
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of trace elements, volatilization, and physical/chemical 
transformations of the samples. 

4.2.2.2 Flow Injection Analysis FIA has nowadays 
become a powerful analytical tool for sample prepara­
tion and introduction before measurement. It offers a 
convenient and fast approach to enhance and automate 
preliminary steps for atomic spectrometric detectors. 
Moreover, flow manifolds can ease the well-known prob­
lem of sample introduction to atomizers or even expand 
the classical scope of atomic/elemental information. Flow 
injection strategies with atomic spectrometric detectors 
are used in research and analytical laboratories. For 
detailed information, the reader is referred to a book 
by Sanz-Medel. <142> 

4.2.2.3 Interferences In FAAS assay, minor io~a­
tion interferences may be encountered with Rb and Li 
in an air-acetylene flame and additional elements such 
as Al, Ba, Be, Ga, and Si in a nitrous oxide-acetylene 
flame. <143> The interferences can be suppressed by adding 
ionization buffers. Background absorption is not a par­
ticular problem and is compensated for by using a 
deuterium background corrector. Sometimes, specific 
solute-volatization interferences are observed in the 
determination of B, Ba, Cr, Mo, Pt, and Sn. They can 
be overcome by adding suitable spectrochemical buffers. 
Transport interferences are encountered with viscous 
sample solutions. Various nonspecific matrix effects are 
observed with nebulizing solutions of high salt and/or 
acid content. In such cases, acid-matched calibration and 
standard addition checks are advisable. 

4.2.3 Applications 

FAAS is a rather selective instrument for many metals. 
It has been used in a number of studies associated 
with occupational and environmental health. In a field 
investigation carried out at a North American nickel 
alloy production facility, the levels of worker exposures 
to inhalable and total nickel-containing aerosol during 
nickel alloy production were studied by Tsai et al.044> 
Worker exposures in a range of workplaces throughout 
the facility were assessed. The results showed that 
inhalable aerosol exposure levels for both overall aerosol 
and for total nickel were consistently and significantly 
higher than the corresponding total aerosol levels. 
In related work, Torjussen et al. <145> investigated the 
concentration and distribution of heavy metals in nickel­
exposed workers and of controls. Biopsy specimens 
from 30 nickel-exposed individuals and six controls 
were analyzed by FAAS to determine the content of 
nickel, copper, cobalt, zinc and iron. Some differences 
in epithelial types between specimens from the nickel­
exposed group and the control group were seen. 
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Pilger and Broder<146> reported a method that is suitable 
for assessing exposure to toxic metals in occupational 
indoor environments. The method has been evaluated 
for 21 metals including antimony, cadmium, chromium, 
cobalt, copper, lead, iron, zinc, and so on. The method is 
element specific. In another study, Bellido-Milla et al.<147) 
detected hygiene hazards involved in naval industry 
welding processes. The metal contents of welding fumes 
produced at the shipyard were investigated to assess the 
hygiene hazards. Personal and environmental samples 
were collected on cellulose or polyvinylchloride filters. 
Samples were analyzed to encompass every possible 
working condition. Quantitative metal determinations 
were carried out by FAAS. The results obtained for 
metals and particles were compared and conclusions 
were drawn according to the type of welding procedure, 
sampling place, and use of fume extractor. 

Burguera et al. <148> reported the determination of lead 
in hair of exposed gas station workers and in unexposed 
adults by microwave-aided dissolution of samples and 
flow injection atomic absorption spectrometry (FIAAS). 
Lead content in head hair of 53 gas station workers 
together with an equal number of normal controls was 
determined. Samples of hair were washed with ethanol 
and water and were subject to microwave digestion prior 
to the determination of lead by FIAAS. The lead content 
in hair of the gas station workers (48.7±17.Sµgg-1) 
was significantly higher than that of the normal controls 
(17.2±8.lµgg-1). The effects of washing and sample 
digestion procedures, head sampling site, hair color, 
age, smoking habits and duration of · exposure to the 
metals were discussed. In related work, Othman<149> had 
reported a preliminary investigation of the lead level 
in whole blood of normal and occupationally exposed 
populations in Damascus City. Tsalev et a1.<150> studied 
the manganese in whole blood of exposed workers and 
unexposed individuals in a manganese alloy plant. The 
purpose of this work was to elucidate the state of health 
of workers employed in a manganese industry. 

4.3 Electrothermal-, Hydride Generation- and Cold 
Vapor Atomic Absorption Spectrometry 

4.3.1 Principles and Instrumentation 

An electrothermal atomic absorption spectrometry 
(ET AAS) system is equipped with a graphite tube, which 
is aligned in the spectrophotometer optical path, and 
is enclosed in an inert gas, usually argon atmosphere. 
The graphite tube furnace is electrically heated to preset 
"dry", "ash", "atomize", and "clean-out" temperatures, 
so that it sequentially removes the solvent, organic mat­
ter/volatile matrix constituents, volatizes/atomizes the 
analyte, and eventually expels matrix/analyte residues. A 
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transient peak signal is thus produced. Although graphite 
tube furnaces are most popular, there are also some 
other atomization devices such as carbon cups, Ta rib­
bon, Mo microtube, and so on. Graphite furnace atomic 
absorption spectrometry systems provide a 50-fold to 
500-fold improvement in sensitivity relative to FAAS. 
Generally, an important ETAAS technique is to apply it 
to trace element analysis of biological samples with low 
limit of detections (LODs), and small size of samples. 
A typical ETAAS analysis is at nanogram per milliliter 
levels. 0 40.141> 

Hydride generation atomic absorption spectrometry 
(HGAAS) involves the generation of a volatile hydride 
of an analyte by means of a reducing agent added to 
a reaction vessel containing an acidic solution of the 
sample. The generated hydrides are transported to a 
heated atomizer cell, which can be a heated quartz tube 
or graphite tube. Sodium borohydride is most commonly 
used as a reducing agent. The thermally decomposed 
hydride produces atomic vapors that can be measured 
quantitatively. Since the hydride is separated from the 
matrix, advantages include high sensitivity and reduced 
interferences. However, this technique is only applicable 
to a limited number of elements. Those elements that 
form . volatile hydrides include As, Se, Bi, Sb, and 
Te. c140, 14ll 

Cold vapor atomic absorption spectrometry (CY AAS) 
analysis is used for specific determination of mercury, 
which can exist in an atomic state at ambient temperature 
owing to its high vapor pressure. In a manner similar to 
HGAAS, a reducing agent is added to a reaction vessel 
containing a sample with trace levels of ionic mercury. 
Stannous chloride and sodium borohydride are the most 
commonly used reducing agents. Other constructions as 
well as automated continuous flow devices have been 
applied to biological samples. 040, 141) 

4.3.2 Methodology 

4.3.2.1 Sample Preparation The sample prepara­
tion for ETAAS and HGAAS measurements is not 
substantially different from that encountered in other 
atomic absorption spectrometry methods. Liquid-liquid 
extraction is highly suitable as a manual pretreatment 
procedure for HGAAS and speciation. The implementa­
tion of liquid-liquid extraction in a continuous fashion 
enables on-line coupling to AS instruments and con­
tributes advantages inherent in · automatic methods of 
analysis. A detailed technical description of continuous 
liquid-liquid extraction processes can be found in sev­
eral books.<140- 143> Most biological samples are prepared 
by decomposing the sample using thermal or chemical 
means. The microwave approach for sample preparation 
is becoming a powerful tool. Calibration with standard 
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addition and verification of modified procedures by means 
of certified reference materials are often used. 

4.3.2.2 Interferences ET AAS and HG AAS are meth­
ods of choice for the majority of elements. However, they 
have some drawbacks and limitations. Matrix effects in 
ET AAS are common, pronounced and complex. There­
fore, background correction must always be provided. 
An adequate calibration is then required to compensate 
for residual discrepancies. Matrix/analyte modification 
techniques are commonly used and are aimed at either 
decreasing the relative volatility of the analyte or increas­
ing the volatility of the matrix, or both. HGAAS has 
been applied to the determination of several volatile ele­
ments such as As, Se, Sn, Cd, Cu, and so on, which are 
not easily determined by flame and ETAAS. This tech­
nique is relatively selective and amenable to automation. 
In operation, the organic matter should be completely 
oxidized and the analyte should be in an oxidation state. 
Some potential interferences may be expected owing to 
acids, oxidants, and ions of noble metals. Their nature 
and extent depend on many factors such as acidity or pH, 
and the presence of oxidation states of both the analyte 
and the interferent. Generally, the important interfer­
ences and apverse effects can be reduced or eliminated 
by properly optimizing the experimental procedures. 

4.3.3 Applications 

Numerous papers have appeared that described appli­
cation of ET AAS, HG AAS, and CV AAS methods to 
workplace occupational exposure studies. Rullin and 
Nogueira<151> reported identification of aluminum frac­
tions in serum by Zeeman atomic absorption spectrom­
etry in order to ascertain the distribution of aluminum 
(Al) in normal and occupationally exposed sera. It was 
found that the relative distribution of Al between high 
molecular mass and low molecular mass fractions was sta­
tistically significantly different. This suggests that at high 
concentrations of total Al in serum, the percentage of the 
Al bound to the low molecular mass is lower, but the 
absolute quantity of Al circulating as the low molecular 
mass complex is increased. This low molecular mass Al 
complex is thought to play an important role in intra­
cellular accumulation of Al. In related work, Gitelman 
et al. <152> measured serum Al and urinary Al/creatinine · 
ratios in 235 Al workers and 44 controls in the Al industry 
to examine the association between occupational expo­
sure to airborne Al and Al absorption. Serum and urine 
samples were taken before and after 3-5-day work shifts. 
Occupational exposure was estimated from Al measure­
ments of respirable and total particulates in air. Median 
exposure values were 25 and lOOµgm- 3, respectively. 
These results are consistent with the systemic absorption 
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of Al from occupational exposure, and suggest the pres­
ence of a sensitive uptake process for airway Al. In other 
related work, Rollin et al.053> investigated the effect of 
exposure to Al on concentrations of essential metals in 
serum of foundry workers. The concentrations of Al in 
serum and urine of 33 volunteers exposed to inhalation of 
Alz03 dust were measured. These were compared with 
results from 20 normal subjects not exposed. The Al con­
centration in serum was significantly raised in the subjects 
exposed to dust, but urine showed no significant differ­
ence from controls. This redistribution was selective, as 
the serum concentration of Cu was decreased whereas 
the serum concentration of Zn was increased. The serum 
concentration of Fe did not change significantly. Biolog­
ical monitoring of occupational Al powder exposure was 
reported by Letze! et al. <154> Fifty-four workers from the 
exposed group were studied. 

The measurement of salivary cadmium by ET AAS 
and its use as a biological indicator of occupational 
exposure has been reported by White et al. <155> The 
method has been developed and employed to measure 
cadmium levels in saliva samples collected by two 
different methods from a group of ex-workers previously 
exposed to cadmium, two groups of currently exposed 
workers, and an unexposed population as a control. 
Salivary cadmium levels were significantly raised in both 
of the groups of currently exposed individuals and in 
past workers with previous long-term exposure when 
compared with an unexposed population. In related work, 
Abernathy et al.<156> developed a method for measuring 
cellular Cd and DNA-bound Cd following micromolar 
exposures to cadmium dichloride. Following low-level 
exposure to cadmium dichloride, atomic absorption 
spectrometry with Zeeman background correction was 
used to measure total cell-associated Cd in wet-ashed 
cells. The lower LODs were determined to be 100 pg 
of Cd per 106 cells. This method is sensitive and 
reproducible, and is suitable for the detection of Cd in 
biological matrixes after low levels of Cd exposure. The 
determination of silver in whole blood and its application 
to biological monitoring of occupationally exposed groups 
were studied by Armitage et al. 0 57> Blood silver levels 
were determined in 98 occupationally exposed workers 
involved in bullion production, cutlery manufacture, 
chemical manufacture, jewellery production and silver 
reclamation. Other occupational applications of the 
ET AAS methods included study of urinary excretion 
of nickel in nickel-chromium electroplaters. <158> 

HGAAS methods have been used in several studies 
of interest in occupational and environmental health. 
In a field investigation, Jensen et a1.059> reported the 
sum of concentrations of inorganic arsenic, methylarsonic 
acid and dimethylarsinic acid in urine from adults 
and children living in an unpolluted area. The results 
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from the unpolluted area were compared with the 
corresponding sum from adults and children living in 
an area polluted with arsenic, and the corresponding 
sum from persons occupationally exposed to arsenic. 
The median values for 22 adults and 10 children aged 
3-10 years living in the unpolluted area were 9.3 
and 19.8nmol As mmo1-1 creatinine, respectively. The 
corresponding ranges were 3.2-27.9 and 7.7-57.8nmol 
As mmo1-1 creatinine, respectively. The arsenic level in 
urine from adult workers handling arsenic-treated wood 
was approximately four-fold higher than controls. The 
arsenic levels in urine from two glass workers were 
nine- and two-fold higher, respectively. In another work, 
Blas et al.060> developed a method for determination and 
speciation of arsenic in human urine by HGAAS. This 
method is applicable to urine samples in studies relating 
to arsenic exposure and its monitoring. 

Another atomic spectrometric technique, the CV AAS 
method, has been used in mercury analyses. Martin 
et al. <161> reported a study of using spot urine samples 
for low-level occupational mercury exposure assessment, 
and demonstrated a relationship of Hg exposure with por­
phyrin and creatinine excretion rates. Hg and porphyrin 
levels in single void urine spot samples were compared 
with calculated 24-h urine levels in 35 practicing dentists 
who had been occupationally exposed to low levels of 
elemental Hg. The study aimed to determine the indi­
vidual variability for Hg and porphyrin concentrations in 
spot samples over a 24-h period, and determine the time 
of day at which a spot sample would give an Hg con­
centration closest to the 24-h average concentration. The 
results confirmed previous reports of a first-ord,t!r diurnal 
pattern with a mid-morning peak for Hg concentration. 
In other studies, the CV AAS method was also used in 
the determination and speciation of mercury, methylmer­
cury, ethylmercury and phenylmercury concentrations in 
urine samples taken from students and staff of a dental 
workplace. <162> 

4.4 Inductively Coupled Plasma Atomic Emission 
Spectrometry · 

4.4.1 Principles and Instrumentation 

The ICPAES technique has been available commercially 
since the mid-1970s.063> The technique is an emission 
spectroscopic method in which the sample is dissociated 
into its atomic form and excited to high energy levels 
including the ionic form by introducing the sample into the 
center of a gaseous plasma sustained inside an induction 
coil energized with a high frequency alternating current. 
The excited species then emit characteristic radiation as 
they relax back to the atomic and ionic ground states. 
Principally, in ICPMS analytes are atomized, excited, and 
ionized, and then identified by their optical spectrum. 
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Today ICP AES has become widely accepted, and 
has been applied to elemental analysis of nearly all 
the elements. It offers simultaneous or rapid sequential 
multielement determination capability at the major, 
minor, and trace concentration levels. Because of its 
simplicity of use, wide linear dynamic range, and accuracy 
of analysis, it has become established as the accepted 
method for the analysis of metallic aerosols, powders of 
metals, dusts, and fly ashes. 

4.4.2 Methodology 

4.4.2.I Sample Preparation In niultielement analysis 
by ICPAES, the dissolution of a sample can be quite 
complex. Like most classical chemical analysis and 
dissolution methods for atomic absorption spectrometry, 
the sample preparations are designed to bring the 
analytes into solution, without loss or gain. In general, 
there is no universal solvent or universal dissolution 
method. Knowledge of a wide range of sample types 
and dissolution procedures is needed to make a choice. 
When a large range of elements is under consideration, 
high temperatures can cause the loss of volatile elements, 
while low temperatures may result in the incomplete 
dissolution of refractory elements. Dry ashing methods 
can be used for large batches of samples, but there 
can be problems involving the loss of certain volatile 
elements. Acid digestion with either hot or cold is widely 
applicable to the analysis of a majority of elements. 
There are two groups of acids. One group includes 
oxidizing acids such as nitric, sulfuric and perchloric 
acids. Another group is nonoxidizing acids including 
hydrochloric, hydrobromic and hydrofluoric acids, and so 
on. Both groups can be used to dissolve metals, oxides, and 
carbonates. Microwave extraction or digestion is a safer, 
faster, cheaper procedure, and causes less contamination 
of sample prepared for trace analysis. It is increasingly 
replacing conventional techniques such as hotplate acid 
digestion. For a particular sample type, a specific method 
should be developed through experiments in which the 
acid mixture, the microwave power setting, and the 
heating period are varied to determine which combination 
gives the best results. Because ICPAES can tolerate high 
levels of organic material, the complete destruction of 
organic material is not necessary. 

4.4.3 Applications 

Many papers have been published that deal with the 
measurement of metals of interest in workplace air, 
or dust, and in biological monitoring by ICP AES. 
Lo and Arai<164> developed a rapid method for the 
simultaneous determination of 11 metals (As, Be, Cd, 
Co, Cr, Cu, Hg, Mn, Ni, Pb and Zn) in urine by 
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ICPAES. Acidification of the urine was the only sample 
preparation required. This procedure has been applied for 
routine screening of workers for occupational exposure 
to toxic metals. Biological exposure evaluation and hair 
analysis in workers handling chromium compounds were 
reported by Kudo et al. <165> The hair of 40 workers 
exposed to chromium compounds was analyzed for 18 
elements by ICP AES; 21 subjects worked in a factory 
that manufactured chromate pigments, 11 in a painting 
factory and 8 in a Cr plating factory. It was found that 
simultaneous measurements of Cr in the hair and urine 
were useful for determining the extent of exposure to 
Cr. Determination of multiple elements should be the 
best means of estimating the degree of exposure to Cr 
compounds in which they are found. 

Olson et al. <1 66> described trace element analysis of As, 
Be, Cd, Cr, Cu, Fe, Pb, V, and Zn in airborne particulates 
and in human urine by ICPAES. The principle of the 
method, range and sensitivity, interferences, accuracy 
and precision, advantages and disadvantages are detailed 
in their paper. Franzlau<167l used ICPAES in screening 
for trace metal exposures in an industrial population. A 

- heterogeneous group of asymptomatic industrial workers 
were examined and had hair and blood samples analyzed 
for 10 metals via the ICPAES technique. Hull<168> 

employed ICPAES for the multielement analysis of 
industrial hygiene samples. Experiments were conducted 
to define the lower limit of quantitative determination and 
the analytical range of each element for which an OSHA 
(occupational safety and health administration) personal 
exposure limit exists. The effects of varying solution 
matrices and interelement effects were inYestigated. 
Cadmium emissions from fumes were studied during 
processing of Cd-containing thermoplastics processing. 
Air sampling volumes of 120-388 L were collected in the 
door area, at the machine nozzle and mold vent, and 1 m 
away from the machine approximating the position of the 
operator, and analyzed for Cd by ICP AES. 

5 CHROMATOGRAPHIC SPECTRO­
PHOTOMETRIC DETECTORS 

5.1 Introduction 

Spectrophotometric detectors coupled to chromato­
graphic separation techniques are often used to char­
acterize the workplace environment. These techniques 
are employed<169l to confirm the accuracy of direct read­
ing instruments or when direct reading instruments are 
not available or when the workplace environment is 
complex and contains multiple chemicals that need to 
be measured for regulatory documentation of exposure 
levels<170> and for biological monitoring. <171> Standardized 
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methods are published by a variety of government agen­
cies and societies, including the National Institute of 
Occupational Safety and Health (NIOSH), OSHA, Mine 
Safety and Health Administration (MSHA), Environ­
mental Protection Administration (EPA), and American 
Society for Testing and Materials (ASTM). Many of 
~hese methods can now be obtained through the Inter­
net. The NIOSH Manual of Analytical Methods can 
be found at www.cdc.gov/niosh/nmam/nmampub.html. 
This site also contains links to the other organiza­
tions mentioned. Harper et al. <169> have reviewed the 
literature published in the field of industrial hygiene. 
Many references to specific air monitoring and bio­
logical techniques are sited within this review. The 
following is a short overview of chromatographic spectro­
metric detectors, emphasizing UV/VIS and fluorescence 
detectors. 

5.2 Spectrophotometric Detectors for 
High-performance Liquid Chromatography 

Spectrophotometric detectors that can be coupled to 
HPLC include UVNIS, fluorescent, light scattering, 
refractive index, diode array, MSD, IR detectors, radioac­
tivity and luminescence. The choice of detector is depen­
dent on the analyte's spectral properties, and required 
sensitivity and selectivity. Both the sensitivity and selec­
tivity of spectroscopic detectors are dependent, in part, 
on wavelength(s) employed. The wavelength where max­
imum absorption occurs for the chemical of interest may 
not necessarily be used to quantify levels in a partic­
ular occupational environment if chromatographically 
coeluting contaminants absorb at that wavelength. The 
settings may be changed slightly or moved to a sec­
ondary absorbance peak of the analyte to eliminate the 
interference. Wavelength selection can also be limited 
by mobile-phase requirements for chromatographic sep­
aration of the environmental components of interest. 
Water, methanol and acetonitrile are mobile phases used 
in reversed-phase HPLC with ultraviolet cutoff points of 
::::210 nm. Choice of detector can also be influenced by 
the linearity and dynamic range ( concentration versus 
detector response) requirements. It is desirable to choose 
a detector with a wide linear working range to be able 
to assess both major and minor chemical components 
in the workplace environment. Comparison of detector 
sensitivities for a particular analyte can be made by using 
the LOD, which is reported as the amount of analyte 
that provides a signal that is two to three times that of 
background noise. 

The most" commonly employed HPLC detectors in 
monitoring the workplace environment are the UV NIS 
photometric and fluorescent detectors. UVNIS detec­
tors are available as fixed, variable and scanning­
wavelength detectors. Diode array detectors, which 
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Table 4 NIOSH Manual of Analytical Methods: HPLC-spectroscopic method•.b 

Method number Chemical/chemical class Detector Wavelength(s) (nm) LOO/sample 

3507 Acetaldehyde UV 254 0.1mg 
2514 Anisidine UV 254 0.35 µg 
5031 Aspartame UV 220 2µg 
5509 Benzidine, 3' ,3'-dichlorobenicidine UV 254 0.05µg 
5509 Benzoyl peroxide UV 254 lOµg 
5510 Bromoxynil, bromoxynil octanoate UV 254 0.6, 0.3µg 
2014 p-Chlorophenol UV 280 2.Sµg 
5001 2,4-D and 2,4,5-T UV 284 15µg 
5013 Dyes ( o-dianisidine, o-tolidine, benzidine) UV 280 3µg 
2540 Ethylenediamine UV 254 0.9µg 

Diethylenetriamine 0.16µg 
Triethylenetetramine 0.3µg 

5700 Formaldehyde UV 365 0.08µg 
2532 Glutaraldehyde UV 365 0.3µg 
5004 Hydroquinone UV 290 lOµg 
5522 Isocyanate Fluor 275/320 O.l-0.3µg 
3512 Maleic anhydride UV 254 15µg 
5029 4,4' -.Methylenedianiline UV 254 0.12µg 
5033 p-Nitroaniline UV 375 20µg 
5003 Paraquat UV 254 lOµg 
5512 Pentachlorophenol UV 254 8µg 
5032 Pentamidine isethionate Fluor 270/430 18ng 
5506 Polyaromatic hydrocarbons UV/Fluor 254; 340/425 0.1-0.8µg 
5008 Pyrethium UV 225 lOµg 
5007 Rotenone UV 290 4µg 
5016 Strychnine UV 254 0.8µg 
5005 Thiram UV 254 5µg 
5516 2,4- and 2,6-Toluene diamine UV 229 O.lµg 
2535 Toluene-2,4-diisocyanate UV 254 O.lµg 
5018 2,4,7-Trinitrofluoren-9-one UV 280 0.04µg 
5002 Warfarin UV 280 2.Sµg 

a UV, ultraviolet; fluor, fluorescent; 2,4-D, 2,4-dichlorophenoxyacetic acid; 2,4,5-T, 2,4,5-tricWorophenoxyacetic acid. 
b Fluorescent wavelengths are given for excitation/emission. 

provide simultaneous spectral data on each peak eluted 
from the column, are increasingly being employed. Sen­
sitivity of UVNIS detectors is limited by the detector 
flow cell path with respect to volume restrictions. In 
general,. the detector cell volume for standard column 
HPLC should be no greater than 8 µL cm-1 of the optical 
path length. Sensitivity for an analyte can be enhanced 
by conjugation of chemical functional groups to specific 
chromophores. 

Fluorimetric detectors are considered, in general, to 
provide better selectivity and sensitivity than UVNIS 
detectors, although both UVNIS and fluorimetric detec­
tors are available for HPLC detection. The emitted light is 
usually measured at right angles to the excitation source. 
The enhanced sensitivity in fluorescence techniques over 
absorption detectors is mainly due to the reduction in 
noise caused by background light. Flow cells for fluori­
metric detectors must optimize excitation and emission 
collection efficiency for the small volume of the cell. This 
requires use of a high-intensity excitation light that is 
usually provided by mercury or xenon arc lamps. Lasers 

are becoming more commonly employed as the excitation 
source. They can focus a high intensity beam onto a small 
capillary cell and the intensity of the source does not decay 
with age as seen with traditional excitation lamps. Lasers 
that emit light in the lower ultraviolet ranges, at present, 
are very costly, which has limited the spectrum of analytes 
and conjugates that have been employed with this tech­
nique. Secondary excitation/emission wavelengths can be 
used if interferences are encountered and derivatizing 
agents can be conjugated to a nonfluorescent analyte to 
allow for detection. This can improve the LOD for an 
analyte from 1 to 3 orders of magnitude over UV NIS 
detection. 

Table 4 is a list of HPLC/ultraviolet and fluorescent 
methods from the NIOSH Manual of Analytical Meth­
ods (4th edition) for chemical analysis of air samples. 
The majority of the methods take advantage of UV 
and/or fluorescent spectral properties of the analyte. 
The 254-nm wavelength is standard on fixed wavelenth 
detectors, because of the broad range of chemicals that 
absorb at that wavelength. Many methods in the past 
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have been developed using 254 run as the detection 
wavelength because of this. Derivatization to stabilize 
and/or enhance spectral properties is used in several 
of the methods. Naphthylisothiourea derivatives are 
employed for the measurement of ethylenediamine, 
diethylenetriamine, and triethylenetetramine (method 
number 2540), and 2-4-dinitrophenyldrazone formalde­
hyde conjugation in method number 5700. Isocyanates 
are derivatized to a stable form for analysis by either 
ultraviolet or fluorescent detectors. Newer reagents have 
been developed for trapping and detection of iso­
cyanates, such as 1-(9-anthracenylmethyl)piperazine, 9-
(methylaminomethyl)anthracen~, 1-(2-methoxyphenyl)­
pipetazine and dibutylamine, because of the potential 
exposure to · multiple polymeric forms. These reagents 
employ UV, fluorescent and/or MSDs to give a fingerprint 
of the multiple polymer isocyanate exposure. 

5.3 Spectrophotometric Detectors for Gas 
Chromatography 

Spectrophotometric detectors for GC include MSD, IR, 
FPDs, and chemiluminescence-redox detectors (CRDs). 
The majority of the GC applications for industrial hygiene 
are based on flame ionization detectors, however, the 
MSD is becoming increasingly common for both air and 
biological marker analysis. Flame photometric detectors 
(FPDs) are highly selective for both phosphorus and 
sulfur. Phosphorus-containing compounds are detected 
at 510 and 526 nm. Sulfur species emits light at around 
394 run. Applications for the FPD include analysis of 
pesticides and sulfur-containing gases and fuels,, 

FfIR is often used to complement the MSD and can 
provide functional group data and an IR fingerprint to 
help identify unknown components in the workplace envi­
ronment or a chemical metabolite following exposure. 
The traditional light pipe FTIR instrument is relatively 
insensitive. This has limited its application to mainly 
qualitative analysis, e.g. identification of trichothecene 
mycotoxins in bulk samples. One commercially avail­
able FTIR instrument has employed direct deposition 
of the analyte onto a moving ZnSe window to improve 
detectability into the pico gram ( of dodecane) range. This 
increase in sensitivity should allow for the development 
of applications for qualitative and quantitative analy­
sis of the workplace envirorunent through both air and 
biological sampling. 

CRDs are useful for compounds that are poorly 
detected by FPDs. The CRD detects the resultant 
chemiluminescence following specific redox reactions of 
compounds such as ammonia, sulfur dioxide, and thiols. 
A variety of other speciality spectroscopic detectors are 
available, including pyrochemiluminescent nitrogen and 
pyrofluorescent sulfur detectors that have been used 
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for specific types of analyses. These detectors convert 
nitrogen-containing compounds to nitric oxide (NO) and 
sulfur-containing compounds to sulfur dioxide (S02). The 
NO is reacted with ozone to form the excited state of 
N02 *, which releases a photon of light. 

6 INFRARED AND RAMAN 
SPECTROSCOPIES 

6.1 Introduction 

Emissions of hazardous chemical pollutants are con­
cerns in both the environment and the workplace for 
safety reasons. <172.i73> Identification of chemical po'i!u::_ 
tants in these places can be accomplished by various 
techniques.<174> IR spectroscopy, especially FTIR, a.nd 
RS are the techniques of choice for the identification'·of 
the majority of chemical pollutants. Many pollutants have 
chemical groups of toxicological importance that can be 
identified and quantified by IR or RS, which measures 
the vibrational excitation of atoms around the bonds that 
coniiect them. 

Although IR and Raman spectroscopies are similar in 
that both techniques provide information on vibrational 
frequencies, there are many differences between the 
two techniques. Some vibrations are only Raman active 
while others are only IR active; the vibration of a 
heteropolar diatomic molecule is IR active, whereas 
that of a homopolar diatomic molecule is not IR 
active. In molecules having a center of symmetry, a 
vibration is IR active, Raman active, or active in both; 
·however, totally symmetric vibrations are always Raman 
active. 

In IR and Raman, the spectra range from 4000 
to 50 cm-1. In both vibrational spectroscopies, the 
small quantity of samples needed, the speed with 
which a spectrum can be obtained, and the wide 
applicability of the methods combine to make IR and 
Raman spectroscopies two of the most useful tools 
available to the chemist, industrial hygiene chemist, and 
industrial hygienist. Both spectroscopies have a great 
potential because of their applicability to many different 
fields, such as in structural chemistry,<175•176> biology,<177> 
biochemistry, <178•179> medicine, <180> and industry. osii In 
the following, some specific applications of FTIR and 
Raman spectroscopies in occupational and environmental 
hygiene chemistry are presented. 

6.2 Infrared Spectroscopy 

6.2.J Fourier Transform Infrared Spectroscopy for 
Monitoring Airborne Gas and Vapor Contaminants 

With the increased use of highly toxic gas and vapor mix­
tures in science and industry, the need has come for more 
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sensitive and versatile air monitoring technologies. Of the 
instruments that are appropriate for industrial hygiene 
monitoring of gases and vapors cited herein,082- 184) 

only FTIR spectroscopy is presented in the following 
discussion. 

In the 1990s, a number of IR instruments have been 
developed, including filter, optical null and ratio record­
ing grating, Fourier transform, and tune laser diode 
spectrophotometers.<185l FTIR has been shown to be 
particularly valuable in the monitoring of airborne gas 
and vapor contaminants.<186l The earliest applications of 
IR spectroscopy for the identification and quantification 
of pollutants in air were made using a long-path gas 
cell. Stephens et al. employed a prism spectrometer (with 
thermocouple detectors) to measure atmospheric chem­
istry related to smog pollution. <187> In later studies with 
an FfIR long-path system, Tuazon et al. studied trace 
pollutants in ambient air and synthetic atmosphere.<188> 

Herget and Levine<189l used an FfIR spectrometer with 
a 20-m gas cell as a near real-time monitoring method 
for semiconductor process gas emissions. Some other 
research has been carried out using FfIR for measure­
ment of mobile source emissions, <190> polluted urban 
air,091 > and reactivity of hydrocarbons.<192> Many stud­
ies have utilized remote sensing FfIR to provide reliable 
air pollution information.<193•194> In remote systems, the 
gas cells are replaced by telescopes that are used to colli­
mate, send, and receive IR light. With an interferometer 
system, which employed telescopic optics, the remote 
sensing FfIR has been used to measure the concentra­
tion of gaseous pollutants ranging from lOppm to 1 ppb 
over a 1-km path length.<195l .. 

An open-path FfIR system has been developed 
to monitor gas and vapor contaminants quantitatively 
in the workplace. 0 96> This system was tested in the 
workplace to monitor numerous organic vapors, such 
as ammonia, methanol, methylene chloride, and sul­
fur hexafluoride.<197> An open-path FfIR system has 
also been applied to air pollution monitoring of trace 
gases in ambient air.<198> The ability of open-path 
FfIR instruments to monitor multiple compounds in 
real time makes it an ideal industrial air monitoring 
instrument. 

6.2.2 On-filter Analysis of Quartz in Respirable Coal 
Dust Using Fourier Transform Infrared 

The method for dete~g quartz content in respirable 
coal dust is based on dispersive IR spectroscopy. <199) 

This method has been adequate for many years with a 
working range capable of measuring 25-250 µg of quartz. 
A development of the FfIR method is that 10 µg of 
quartz can be detected in coal dust samples. <200l FfIR 
employs an interferometer to obtain information about 
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the transmission of IR energy of all wavelengths emitted 
by the source and passing through the sample. Since there 
are no entrance or exit slits in FfIR, a greater amount 
of energy reaches the detector, resulting in increased 
sensitivity. The interferometer in FTIR contains a fixed 
mirror and a moving mirror, and the laser tracking of 
the moving mirror results in greater precision of the 
wavelength measurement. This permits multiple scans to 
be averaged, so the signal-to-noise ratio of the FfIR 
spectrum increases. The quantitative FfIR analysis of 
quartz in respirable coal dust samples collected on filters 
would provide the analyst with many benefits, such as 
speed, convenience, and productivity. <201> 

Min-U-Sil 5 (US Silica Co.) quartz dust (pure quartz 
particles, 5 µm or smaller) is used as the standard for 
FfIR analysis. <199,202> Polyvinyl chloride or acrylonitrile 
copolymer filters used for this study have a pore size 
of 5 µm or less. The filter diameter must be appropriate 
to the sampler used. The dust samples are collected on 
the filters. After ashing the membrane filter, the dust 
samples are dispersed into isopropyl alcohol. Details 
of the sample treatments and filtration procedure are 
described by Tuchman. <200> Calibration samples, using 
Standard Reference Material, <203> are prepared over the 
range of 2-20 µg. <200l The filter samples are placed in the 
filter holder to be analyzed by FfIR. The routines for 
determining quartz using FfIR are the same as described 
by Tuchman. <200l The FfIR bands of the quartz spectrum 
have been reported at 1087, 799, 780, 695, 524, and 
467 cm-1• <200l These band intensities as shown in the 
quartz absorption spectrum<200l occur closer to the far-IR 
region and are not obscured by random noise. However, 
the absorption band at 1087 cm-1 is strong but very broad 
while the 695 cm-1 is weak; therefore, these two bands 
are problematic for quantifying quartz. The remaining 
four bands at 799,780,524, and 467 cm-1 are suitable for 
quantifying quartz. 

6.2.3 Studies on Structural Changes of Collagen in 
Silicosis Using Fourier Transform Infrared 

Silicosis is a well-known occupational disease that 
continues to spread even after exposure to dust stops, 
and there is no effective treatment. Therefore, prevention 
of exposure to dust pollutants and early detection in 
the work environment are required. Although studies 
on structural changes of collagen in silicosis can be 
accomplished by several techniques,<204,205> only studies 
on structural changes of silicotic collagen using FfIR 
are presented as follows. Test samples in the lung, 
lymph node, and other various tissues of normal and 
silicosis-affected humans or animals are used for FfIR 
studies. <206> The tissues are fixed in KBr as described by 
Yurui et al.<206l The wavenumber of FfIR spectroscopy 
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ranges from 4000 to 400 cm-1. The bands of the normal 
spectrum have been reported at 3400-3200, 2900-1200, 
and 1200-1000 cm-1 .ci06> These band intensities as shown 
in the normal spectrum <206> are broad, and their intensities 
are medium. The band positions and relative intensities 
of the differential spectrum between normal and silicosis 
spectra are compared to those of the normal spectrum. 
It has been found that there are higher band intensities 
in the differential spectrum at 3400-3200, 2900-1200, 
and 1200-1000 cm-1• <206> The higher band intensities at 
3400-3200 and 1200-lOOOcm-1 correspond to increases 
in -OH and -Si-0-R groups,<207> respectively, while 
the higher band intensity at 2900-1200 cm-:1 indicates the 
shortening of the -C-C- backbone.<206> The increase 
in -Si-0-R groups indicates that silica forms linking 
bridges between collagen which may be the cause of 
progressive enlargement of nodules. 

6.3 Raman Spectroscopy 

Like IR, RS is a powerful technique and has a vari­
ety of applications. IR and Raman spectroscopies are 
complementary, and both are utilized whenever possi­
ble. Since experimental techniques and applications of 
RS have been reviewed extensively, only microscopic 
inclusions caused by inhaled particles (including talc, 
rutile, et-quartz, and calcite) which have been identified 
in situ by Raman microspectroscopy are covered. Other 
experimental techniques and their applications should 
be referred to: nonlinear RS, <208> time-resolved RS, <209> 

matrix-isolation RS, <210> high-pressure RS, <211> Fourier 
transform RS, <212> surface-enhanced RS, <213> aHd Raman 
spectroelectrochemistry. <214> 

6.3.1 Experimental 

The sample being studied is placed on the stage of the 
microscope and illuminated by light from the transmission 
illuminator. The sample is focused and adjusted by 
viewing from the optical viewpoint. Then, the illuminator 
lamp is switched off and the laser beam is passed through 
filtering optics. The scattered light from the sample is 
collected by the objective and sent into the spectrometer. 
A cooled photomultiplier detector is used for detection. 

6.3.2 Identification of Inhaled Particles, Including Talc, 
Rutile, et-Quartz, and Calcite 

6.3.2.1 Identification of Talc A pure talc particle 
(talcum powder), used as a reference, and test parti­
cle samples in the foreign bodies in various tissues<215> 

that contain a talc particle (both are about the same 
size, 5-lOµm) are used for RS. The tissue samples are 
fixed in formaldehyde, dehydrated, and embedded in 
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Paraplast"' as described by Mul et al. <216> Sections of 
paraffin-embedded material are placed on the stage of 
the microscope for Raman measurements and control 
purposes. The wavenumber for RS ranges from 4000 
to 50 cm-1• The Raman peaks of the reference spec­
trum have been reported at 115, 197, 366, 679, and 
1049cm-1.<217> The 197 and 679cm-1 bands as shown 
in the reference spectrum<217> are very strong, the 115 
and 366 cm-1 bands are strong, and the 1049 cm-1 band 
is medium. A direct comparison between the test sample 
spectrum and the reference spectrum (the peak positions 
and their relative intensities) is sufficient to make an 
assignment for the talc particle. 

6.3.2.2 Identification of Rutile (Ti02) A pure rutile 
particle, used as a reference, and test particle samples in 
the foreign bodies in various tissues<215> that contain a 
rutile particle (both are about the same size, · 5-10 µm) 
are used for RS. The tissue samples are fixed and placed 
on the stage of the microscope as described above. The 
wavenumber of RS ranges from 4000 to 50cm-1. The 
Raman peaks of the pure rutile spectrum have been 
reported at 240, 440, and 610 cm-1• <218> The 240, 440, and 
610 cm-1 bands as shown in the pure rutile spectrum<218> 

are broad, and their intensities are medium. A direct 
comparison between the test sample spectrum and the 
pure rutile spectrum (the frequencies, relative intensities, 
and linewidths) is sufficient to make an assignment for 
rutile in test particle samples. 

6.3.2.3 Identification of et-Quartz (Si02) A reference 
particle and test sample particles in the foreign bodies in 
various tissues<215> that contain et-quartz particles (both 
are about the same size, 5-10 µm) are used for RS. The 
tissue samples are fixed and placed on the stage of the 
microscope as described above. The typical peaks of a 
reference spectrum have been reported at 128, 206, and 
466 cm-1 band.<219> The 128 and 466 cm-1 bands as shown 
in the reference spectrum<219> are sharp, and the 206 cm-1 

band is broad. A direct comparison between the test 
sample spectrum and the reference spectrum (the peak 
positions, shape, and their relative intensities) is sufficient 
to make an assignment for et-quartz samples. 

6.3.2.4 Identification of Calcite Test particle samples 
and a reference particle in the foreign bodies in various 
tissues<215> that contain a calcite particle (both are about 
the same size, 5-lOµm) are used for RS. The tissue 
samples are fixed and placed on the stage of the 
microscope as described above. The Raman peaks of 
a reference spectrum have been reported at 156, 285, 
715, and 1088 cm-1• <220> A direct comparison between the 
test sample spectrum and the reference spectrum ( the 
spectral positions and line shape) is sufficient to make an 
assignment for the calcite particle. 
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Table 5 Portable spectrometric techniques for monitoring gases and vapors 

Instrumental technique Applicable analyte(s) Comments 

IR photometers 

Colorimetric detection 

UVNIS photometers 

CO, CO2, NO_., N20, S02, 
hydrocarbons, fluorocarbons, etc. 

Detection limits sub-ppm to few percent 
range. Single-species or multigas devices 

Sub-ppm detection limits for most species. Formaldehyde, TDI, HCN, Clz, H2S, 
S02, NO_., etc. Specific for certain target analytes 

Sub-ppm to ppm detection limits. Analyte 
specific 

Hg vapor, 0 3, S02, NO_., NH3, 
organic vapors, etc. 

Ozone,NO_. Highly sensitive and selective. Detection 
limits "' 10 ppb 

. Chemiluminescent detectors 

Photometric analyzers (includes 
devices based on flame 
photometry, fluorescence, other) 

CO, S02, sulfur compounds., 
halogenated hydrocarbons, 
phosphorus compounds, etc. 

Measurement in ppb to ppm range, 
depending on type. Single- and 
multispecies devices 

7 FIELD-PORTABLE SPECTROSCOPY 

7.1 Introduction 

Field-portable methods for monitoring airborne work­
place contaminants and toxins have received increasing 
attention. A number of portable monitors for airborne 
contaminants have been commercially available for many 
years, but new developments may provide for on-site com­
pliance monitoring, which has heretofore been more the 
exception than the rule. The ability to conduct measure­
ments on-site in the occupational setting offers significant 
advantages. Field-portable methods are often desired so 
that decisions regarding worker protection, engineering 
controls, and so on can be made quickly. The capability 
for rapid decision-making offered by on-site monitor­
ing can help to save costs, and also offers a means to 
assess, and thereby provide timely prevention af, worker 
overexposures to toxic substances. Field-based monitor­
ing is especially useful for applications in the construction 
industry, in agriculture, and in other situations where jobs 
may be short term and the workforce is transient. On-site 
techniques can also be beneficial in instances where short­
term monitoring is desired. In this section, field-portable 
spectrometric techniques are covered, and some appli­
cations are presented. Because of limited space here, a 
general overview is presented; more specific information 
is available by consulting the literature referenced herein. 

7:Z Portable Gas and Vapor Analyzers 

While many commonly used portable gas and vapor 
analyzers are based on electrochemical or electrical 
measurement,<221 - 223> some rely on spectrometric means. 
Direct-reading instruments which rely on the use of IR, 
fluorescence, luminescence, or colorimetry have proven 
to be most popular. <222- 225> Other spectrometries have 
also been used for on-site real-time gas and vapor 
monitoring. Some portable instruments, e.g. IR, allow 
for multigas detection, while others are designed for 

the measurement of single species of interest, such as 
carbon monoxide or ozone. Table 5 summarizes direct­
reading spectrometric devices that are commonly used 
in the industrial hygiene field for monitoring gases and 
vapors. A wide variety of commercial instruments are 
available. 

Most portable IR gas analyzers are nondispersive 
IR instruments that ordinarily require a plug-in power 
source.<222·223•226> Some dispersive instruments have also 
been introduced. <222> Battery-powered instruments have 
been produced, but these are generally species-specific; 
for instance, an IR photometer for monitoring carbon 
dioxide over a wide concentration range relies on 
Ni-Cd batteries as an optional power source. Portable 
multigas IR analyzers are becoming more popular as 
their applicability is enhanced through interfacing of the 
instrument with spectral libraries via computer. A wide 
variety of organic and inorganic gases can be monitored 
semiquantitatively or in some cases quantitatively. For 
example, portable IR monitors for CO are ~ble to 
measure quantitatively this dangerous compound in the 
parts per million range, where such concentration levels 
are potentially hazardous to life and/or health. 

Field-portable FTIR instruments are now avai­
lable, <227•228> and a national voluntary consensus standard 
has been published which describes a portable FTIR 
method for determining gaseous compounds. c229> IR or 
FTIR monitoring allows for real-time or near real-time 
measurement of numerous toxic gases and vapors, and has 
applications in many occupational settings. An advantage 
of IR or FTIR monitoring is that sample preparation is 
minimal, and gases and vapors may be monitored follow­
ing sampling by using a suitable sampler; or alternatively 
no samples may be needed at all ( depending on the appli­
cation). Open-path FTIR for real-time in situ monitoring 
of airborne gaseous pollutants has become popular for 
remote sensing, and also offers promise for applications in 
occupational settings. <230•231 > A new IR spectral database 
standard, National Institute of Standards and Technology 
(NIST) SRM 79, has been made available recently.<232> 
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This NIST IR database contains absorption coefficient 
data for 21 hazardous air pollutants, and provides for 
quality assurance for quantitative FTIR open-path in situ 
measurements of these species. 

Colorimetric and UV NIS spectrophotometric mon­
itors for gases and vapors are widely used in the 
industrial hygiene field (Table 5). Most of these mon­
itoring devices, e.g. for ozone, mercury vapor, NOx, 
ammonia, and sulfur dioxide, function by means of ultra­
violet absorption. <222•233> Colorimetric monitors ordinarily 
employ a reaction between a selective reagent and the 
analyte of interest in order to form a colored complex 
which can be measured in the visible spectral range. 
Most commercially available colorimetric and UV MS 
photometers require an external power source for their 
operation. However, there are examples of such portable 
devices that can be operated using battery power, e.g. 
some Hg and S02 monitors. Portable, battery-powered 
devices are useful for personal monitoring, while mon­
itors requiring an external power source are limited to 
use as area (static) monitors. UVNIS and colorimetric 
instruments are able to detect most species of interest 
in the parts per million range, and many are equipped 
with alarms if readings are high. Many of the UV NIS 
direct-reading instruments offer continuous monitoring 
capability, with response times of -1 s for measurements 
in the parts per million range. 

Direct-reading chemiluminescent detectors offer a 
means for measuring ozone and oxides of nitrogen, 
with excellent specificity and high selectivity (Table 5). 
The operation of chemiluminescent detection involves 
excitation of 0 3 molecules via chemical reaction and . 
the subsequent detection of photon emission from the 
excited state species, which may either be an intermediate 
or a product of the reaction. <234> Ozone may function 
as a reagent for NOx analysis or, of course, as the 
analyte of interest. <235> Luminol has also been used 
for field-portable monitoring of N02 ,<236> and ethylene 
has been employed as a reactant for field-portable 
monitoring of ozone. <237> Owing to high power needs, 
field chemiluminescence instruments generally require 
an external power source. <222,228> 

Photometric analyzers are used widely in the industrial 
hygiene field for the on-site, real-time monitoring of 
numerous gas and vapor species (Table 5). The operation 
of the detector is via measurement of light emission from 
a high-temperature H2 flame. <238> FPDs are useful for 
selective measurement of gaseous sulfur or phosphorus 
compounds, with detection limits in the parts per billion 
range for these species. The high power required for 
operation of these devices necessitates the use of an 
external power source. 

Portable photoionization detectors (Pills) for organic 
vapors are commercially available. <239> These require less 
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power than the aformentioned photometric analyzers, 
and simple hand-held, battery-powered devices can be 
used to monitor volatile organic compounds (VOCs) in 
real time. However, for enhanced performance (such as 
minimizing interferences from more abundant hydrocar­
bons), Pills can be used as detectors for portable GC 
instruments. <240> 

Fluorescence analyzers are available for monitoring 
CO and S02 (Table 5). An Xe or Hg arc lamp is 
used to excite the analyte species, which give rise to 
sufficient fluorescence intensity so that detection limits 
in the few parts per billion range can be achieved. <222> 

Photomultiplier tubes are used for detection. Like 
photometric analyzers, there is a need for high power 
in order to facilitate source excitation and operation 
of photomultiplier detectors, and thus an external 
power source is required. The performance of the 
portable fluorimetric S02 analyzer has been shown to 
be equivalent to that of a colorimetric reference method 
promulgated by the EPA.<228> 

Other types of photometric analyzer are commercially 
available, whereby alternative chemical strategies may 
be used to produce a spectral signal or color change. <222> 

Spectral intensity analyzers, for example, can be used for 
general, nonspecific monitoring of halogenated hydrocar­
bons. Other types of photometer allow for automated 
sampling by use of media which undergo a color change 
upon reaction with target analytes ( e.g. like that already 
mentioned for monitoring S02). Reflectance may be used 
for the measurement of a variety of species such as 
ammonia, phosgene, HCN, and arsine, with detection 
limits in the parts per million range. In a few cases, 
field portability and on-site monitoring applications are 
enhanced by the use of battery power instead of an 
external power source. 

New developments in spectrometric gas and vapor 
monitors have provided for better detection limits 
and other attributes. Fiber optic chemical sensors for 
continuous monitoring have been an area of wide 
interest, <241> and applications in the measurement of gases 
and vapors are widespread. Fiber optics have proven to 
be useful for the design of field-portable devices for 
optical, <242·243> fluorimetric, <244> and IR <245> monitoring 
of such species as VOCs, Hg, explosive agents, and so 
on. The use of optical sensor arrays for multispecies 
monitoring is also an area of significant promise. <246> 

Miniaturization of TOF mass spectrometric devices has 
allowed for the on-site monitoring of gaseous analytes, 
with excellent prospects for multispecies monitoring. <247> 

Hand-held ion mobility spectrometry (IMS) instruments 
have found applications in industrial hygiene and military 
applications.<248> A hand-held IMS device was used 
to monitor VOCs on-site in the workplace. <249> The 
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performance of IMS is enhanced when used as a detection 
. scheme following GC separation. c2so.2s1) 

7:3 Portable Aerosol Monitors 

Direct-reading portable aerosol monitors which are used 
for industrial hygiene purposes are often based on light­
scattering or light-attenuation properties (Table 6). The 
most widely used are light-scattering devices known 
as aerosol photometers or nephelometers. <223> Light­
attenuating photometers are also available, as are other 
real-time aerosol monitors that are not based on optical 
techniques.<252> Portable instruments have been devel­
oped which are applicable over different aerosol size 
ranges (Table 6) and each device has its own benefits and 
limitations. 

Aerosol photometers operate by directing polychro­
matic light toward an aerosol as it is passed through an 
optical chamber, and by measuring the light which is 
scattered at a chosen scattering angle with respect to the 
incident light beam. Optical aerosol particle counters use 
a monochromatic light source such as a laser, photodiode 
or tungsten filament lamp to illuminate the aerosol sam­
ple. For both photometers and optical particle counters, 
photomultiplier tubes or photodiodes are generally used 
for detection of the scattered light. Smaller scattering 
angles are best for the detection of large particles, while 
a scattering angle of 90° offers maximum sensitivity for 
small particles. <223> Many factors contribute to the light 
scattering profile, e.g. wavelength of the incident light 
beam, size and shape of the particles, refractive index of 
the particle, density and concentration of the aerosol, and 
size distribution of the aerosol. <253> Thus it can be seen that 
these devices may suffer from numerous limitations which 
can restrict their applicability for quantitative monitor­
ing, and therefore are generally not used for compliance 
monitoring purposes. Nevertheless, they are very use­
ful for applications as on-site screening instruments and 
semiquantitative measurement of aerosol concentrations. 

Table 6 Direct-reading optical aerosol monitors 

Type of monitor 

Aerosol 
photometer or 
nephelometer 

Optical particle 
counter 

CNC 

Applicable 
aerosol size 
range (µm) 

0.1-1.0 

-O.l->10 

<0.01-1.0 

CNC, condensation nucleus counter. 

Comments 

Integral light scattering; 
aerosols with same size 
distribution 

Monochromatic or 
polychromatic source; 
light scattering 

Particles enlarged for 
photometric measurement 
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Several popular instruments for estimation of aerosol 
concentrations in real-time are based on light-scattering 
methods, and a variety of techniques have been employed 
to improve their . performance. <223.254> Techniques for 
sampling and analysis have been developed for both 
"extracted" samples and for in situ analysis.<252> Several 
devices utilize monochromatic IR or near-IR radiation 
to illuminate the sample, and some employ size-selective 
devices in order to isolate the aerosol range of interest. 
These devices are generally applicable for monitoring 
aerosols which are about 1.0 µm in diameter or greater, 
and are therefore not useful for the detection of small 
diameter aerosols. However, some have been claimed to 
give accurate aerosol concentration measurements over 
the range of 0.01-lOOmgm-3 for aerosols of 0.1-20 µm 
in diameter. <223> 

For measurement of very small aerosols, condensation 
nucleus counters (CNCs) are usually employed (Table 6). 
The CNC functions by actually enlarging the aerosol 
particles to a size which can be measured photometric­
ally. <223.252> This is usually accomplished by subjecting 
the ultrafine aerosol to a vapor, and then cooling the 
mixture to cause supersaturation. In this manner the 
aerosol particles operate as condensation nuclei upon 
which the supersaturated vapor can nucleate and cause 
the aerosol particles to grow in diameter. In so doing, the 
intensity of scattered light can be used to measure the 
concentration of the enlarged particles. CNCs are widely 
used for testing high-efficiency particulate air filters in 
respirator fit-testing.<255) 

With some exceptions, real-time aerosol monitors 
are survey instruments which can only be used to 
measure total concentrations of airborne particulates. 
Furthermore, the size ranges of aerosols which real-time 
aerosol monitors can measure tend to be limited. <256> 
Direct-reading, real-time aerosol monitoring instruments 
generally cannot give any information on the identities of 
airborne contaminants which may be present in the test 
aerosol. However, in recent instrument developments, 
efforts have been made to obtain more species-specific 
information using real-time optical monitoring. For 
example, a real-time monitor for respirable particles 
based on laser light scattering was said to be capable 
of detecting 0.1 fibers cm-3 with very short sampling 
times. <257> The instrument uses a diode array to sense 
scattered light and then assigns a particle to a particular 
class depending on its scattering characteristics. In 
most direct-reading instrumental applications, knowledge 
about the specific makeup of the aerosol being monitored 
is necessary before a survey instrument is employed. 

Portable methods for measuring chemical species in 
captured aerosols ordinarily require that an aerosol 
sample be prepared and analyzed on-site in the field . 
In some cases sample preparation may be minimal, while 
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in other instances considerable sample treatment may be 
needed prior to on-site analysis. The option of using a 
field-portable analytical method depends on the needs 
of the user. If it is desirable to have an analytical result 
quickly, then it may be necessary to perform on-site 
analysis. Another possible reason for conducting analysis 
on-site has to do with the reactivity of target analytes 
which can exist in the sampled aerosol. <258> Reactive 
compounds may need to be analyzed quickly in the 
field using field-portable instrumentation, because the 
chemical form( s) of the analyte( s) of interest may change 
if samples are stored for too long a time period ( e.g. for 
subsequent fixed-site laboratory analysis). 

Various field-portable spectrometric techniques for on­
site determination of heavy metals in collected aerosol 
samples have been evaluated. For instance, portable 
X-ray fluorescence (XRF) has been used to measure 
metal species in air filter samples.<259•260> In one study, 
portable XRF was used to determine metals in filters 
which were prepared from aerosolized metal oxides. <259> 

Excellent quantitative results for up to 18 metals were 
obtained, although detection limits for Pb and Cd were 
somewhat high compared to the action levels of interest. 
Very good correlations were obtained between portable 
XRF data and results obtained using a laboratory XRF 
instrument. Thus portable XRF offers the potential for 
on-site multielement monitoring of aerosol filter samples 
collected in the field. Since the method is nondestructive, 
the samples can be analyzed subsequently for metals 
content using a confirmatory technique such as ICPMS. 

In related studies, modern portable XRF devices have 
been used to determine lead in filter samples, w'ith a view 
toward obtaining lower detection limits for this metal. In 
one investigation, air filter samples were collected from 
construction sites where lead paint removal activities 
were undertaken.<261 > The lead loading range of the data 
set was 0.1-1500 µg of lead per sample. Portable XRF 
measurements were conducted on the filter samples using 
a protocol which accounted for the variability in the 
density of the aerosol which was deposited on the filters. 
A NIOSH reference technique, graphite furnace atomic 
absorption spectrometry, was used for confirmatory 
analysis and method evaluation purposes. <262> For the 
portable XRF method, a lower detection limit of -6 µg 
Pb/filter was determined, and the portable XRF method 
accuracy was ±16.4%. The performance of the portable 
XRF instrument indicated that the device can be used 
for the quantitative analysis of lead air filter samples over 
a wide concentration range. The practicing industrial 
hygienist can use portable XRF to produce a rapid on­
site determination of lead exposure and immediately 
communicate to workers and help identify appropriate 
levels of personal protection. 
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Some other techniques that offer promise for on­
site multimetals spectrochemical analysis include laser­
induced breakdown spectroscopy (LIBS)<263> and spark­
induced breakdown spectroscopy.<264> While neither 
instrument has been commercialized, prototypes of both 
have been evaluated for their ability to determine a 
number of heavy metals in air samples. For metals such as 
lead, LIBS may offer lower detection limits than portable 
XRF devices. <265> Efforts to make prototype LIBS devices 
more easily field portable have focused on the use of fiber 
optics. (265-267) 

Spectrometric methods for the on-site analysis of 
species present in aerosols following a sample dissolution 
step have been published. For example, a field-portable 
method for the determination of airborne hexavalent 
chromium, Cr(VI), was developed and evaluated. <268> 
The procedure employed ultrasonic extraction<269•27D)'. in 
order to solubilize Cr(VI) in test samples. Subsequently 
SPE using strong · anion exchange was employed to 
separate Cr(VI), which is anionic, from Cr(III) and 
other metal cations. Following elution of the isolated 
Cr(VI), trace concentrations of Cr(VI) were measured 
using the diphenylcarbazide method<271•272> by means of 
a field-portable battery-powered spectrophotometer. It 
is expected that additional field-portable spectrometric 
measurement methods for more analytes will become 
more widely used in the future for industrial hygiene 
monitoring. 

ABBREVIATIONS AND ACRONYMS 

APCI 

AS 
ASTM 

BEI 
CI 
CNC 
CP 
CRD 

CVAAS 

EDS 
EDX 
EI 
EPA 

ETAAS 

FAAS 

Atmospheric Pressure Chemical 
Ionization 
Atomic Spectrometry 

. American Society for Testing and 
Materials 
Backscattered Electron Image 
Chemical Ionization 
Condensation Nucleus Counter 
Cyclophosphamide 
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Detector 
Cold Vapor Atomic Absorption 
Spectrometry 
Energy Dispersive Spectrometer 
Energy Dispersive X-ray 
Electron Ionization 
Environmental Protection 
Administration 
Electrothermal Atomic 
Absorption Spectrometry 
Harne Atomic Absorption 
Spectrometry 
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FAB 
FIA 
FIAAS 

FPD 
FS 
FfICRMS 

FfIR 
GC 
GC/MS 

Hb 
HGAAS 

HPLC 

IA 
ICP 
ICPAES 

ICPMS 

IF 
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IR 
LC 
LC/MS 

LIBS 

LOD 
MALDI 

MALDI/fOFMS 

MOCA 

MS 
MSn 
MSD 
MSHA 

MS/MS 
NIOSH 

NIST 
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PAC 
PAH 
PCR 

Fast Atom Bombardment 
Flow Injection Analysis 
Flow Injection Atomic Absorption 
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Flame Photometric Detector 
Fluorescent Spectrometry 
Fourier Transform Ion Cyclotron 
Resonance Mass Spectrometry 
Fourier Transform Infrared 
Gas Chromatography 
Gas Chromatography/Mass 
Spectrometry 
Hemoglobin 
Hydride Generation Atomic 
Absorption Spectrometry 
High-performance Liquid 
Chromatography 
Image Analyzer 
Inductively Coupled Plasma 
Inductively Coupled Plasma 
Atomic Emission Spectrometry 
Inductively Coupled Plasma 
Mass Spectrometry 
Ifosfamide 
Ion Mobility Spectrometry 
Infrared 
Liquid Chromatography 
Liquid Chromatography/Mass 
Spectrometry 
Laser-induced Breakdown 
Spectroscopy 
Limit of Detection " 
Matrix-assisted Laser Desorption 
Ionization 
Matrix-assisted Laser Desorption 
Ionization/Time-of-flight Mass 
Spectrometry 
4,4' -Methylenebis­
(2-chloroaniline) 
Mass Spectrometry 
Ion Trap Mass Spectrometry 
Mass Spectral Detector 
Mine Safety and Health 
Administration 
Tandem Mass Spectrometry 
National Institute of 
Occupational Safety and Health 
National Institute of Standards 
and Technology · 
Occupational Safety and Health 
Administration 
Polycyclic Aromatic Compound 
Polycyclic Aromatic Hydrocarbon 
Polymerase Chain Reaction 

PID 
QTOFMS 

RS 
SEI 
SEM 
SIM 
SPE 
TDI 
TNT 
TOF 
TOFMS 
UVNIS 
voe 
WDS 

XAD-2 
XM 
XRF 
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Photoionization Detector 
Quadrupole Time-of-flight Mass 
Spectrometry 
Raman Spectroscopy 
Secondary Electron Image 
Scanning Electron Microscopy 
Selected Ion Monitoring 
Solid-phase Extraction 
Toluene Diisocyanate 
2,4,6-Trinitrotoluene 
Time-of-flight 
Time-of-flight Mass Spectrometry 
UltravioletNisible 
Volatile Organic Compound 
Wavelength Dispersive 
Spectrometer 
2-(Hydroxymethyl)piperidine 
X-ray Microanalysis 
X-ray Fluorescence 
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