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PREFACE

Among the health hazards of industrial processes, exposure to dusts and other airborne
particles is of particular importance because they are a common feature of the work environment
and their ill effects are often insidious. In order to be able to institute effective
measures to prevent or minimize impairment of the health of workers, it is essential to know
the concentrations of harmful substances in the work environment, their chemical and physical
characteristics, and their biological actions.

This book is one of several guidelines being issued by the World Health Organization on
subjects related to occupational hygiene. A first draft was prepared by the participants in a
WHO meeting in November 1979 and the text was finalized at a Consultation, held at the WHO
Regional Office for the Eastern Mediterranean, Alexandria, Egypt, from 22 to 25 September 1981,
A list of those who took part in this Consultation will be found in Annex 4.

The book first outlines the properties of airborne particles and their effects in the
human body. Next, it describes a rationale for sampling either '"total particles" or the
fraction termed "respirable'" particles, with emphasis on their relationship to potential
adverse health effects following inhalation. Principles of particle collection and
instruments currently in use are discussed and details of some specific procedures are
presented,

The main purpose of the book is to provide information and guidance to staff involved in
planning and implementing occupational hygiene programmes as well as to help personnel engaged
in the sampling and analysis of airborne particles in workplaces to select the most appropriate
method for any given situation. It also presents certain suggestions regarding data analysis
and interpretation, It is hoped that these guidelines will contribute to the development of
improved programmes and to the standardization of the procedures employed for evaluating
contamination of the work enviromment by airborne particles.
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1. INTRODUCTION

Occupational exposure to airborne particles (aerosols) is very common and frequently poses
a potential hazard to human health.

Depending on whether they are generated by dispersion or condensation, airborne particles
can be divided into two broad categories. Dispersion involves the breakdown from liquid or
solid bulk materials (e.g., grinding, atomization, etc.); condensation involves the build~up
from molecular dimensions after heating and cooling. Aerosols are most frequently further
classified into subcategories as follows:

- Dusts (dispersion aerosols), which are produced by subdivision of.solid materials
through mechanical action or in nature, usually occur in workplaces such as mines, foundries,
quarries, textile mills; during such operations as grinding or milling of materials; and
during the transfer of finely divided material, as well as in agricultural and forestry work,
The larger the diameter of the particle, the more quickly it will settle. In addition, the
density and shape of the particle, along with the air turbulence will affect the rate of
settling. Dust larger than 50 um settles rapidly.

- Fumes (condensation aerosols), which are produced from hot solid substances by
vaporization and condensation, usually occur in foundries and other metallurgical industries, -
as well as in welding operations.

- Mists, which can be generated from liquids by mechanical action (dispersion), or
evaporation and/or condensation of vapours (condensation), occur in modern agriculture
(pesticide spraying), metal working industries, electroplating, spray painting, and other
spraying operations.

- Smokes, partially formed by very fine solid and liquid particles, are generated by the
burning of carbonaceous material, and have been recognized as a serious hazard in fires, as
well as in the urban environment. Many smokes contain recognized carcinogens.

Although airborne particles are easier to recognize than gases and vapours, the visual
impression can often be misleading.as the fine particles responsible for a great number of
occupational lung diseases are less visible than coarse dusts, which may only be a nuisance..
Also, dust clouds with the same visual appearance can differ in their health significance,
depending on the toxicity of their components. A supposedly inert dust may be found on
analysis to contain a highly toxic substance as a minor ingredient., Moreover, there is a
growing body of evidence that some airborne particles previously considered inert or as a
"nuisance" (e.g., kaolin, talc) may have the potential for biological activity if sequestered
in the human lung for many years.

Therefore, sampling for airborne particles in the work environment is necessary in order
to characterize the exposure conditions, to determine whether the contamination represents a
potential or a real hazard, and to establish the need for control measures. It is also
important to ascertain the efficiency of such measures.

At present, many methods are used to determine the composition and concentration of
airborne particles to which workers are exposed. There are methods suitable for different
conditions and ‘for specific applications. Selective methods are used to measure only the fine
dust that reaches the inner recesses of the respiratory system.
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2, PHYSICAL AND CHEMICAL PROPERTIES OF AIRBORNE PARTICLES

The behaviour of particles in air and in the human body is dependent on their physical and
chemical properties. The size, density, and shape of the particles are of prime importance
because these factors influence not only the settling rate of the particles, and therefore the
time they remain airborne, but also their penetration and deposition in the respiratory system.
The harmful effects, if any, of the particles will also depend on their chemical and
mineralogical composition, solubility, and biological activity. w

For particles that cause only external effects, e.g., effects on the skin, particle size
is of less importance but must still be considered because of its influence on settling. If
the particles do not cause direct effects at their sites of deposition but can pass into the
blood stream and act as systemic poisons (e.g., lead, manganese, and other toxic metals), he
importance of particle size is also linked with the solubility of the agent.

. The effect of irritant particles in the respiratory tract depends very much on particle
size and solubility, varying from upper respiratory tract irritation to bronchospasm or
pulmonary ocedema. Certain moulds of relatively larger particle size cause obstructive lung
disease, whereas moulds of smaller particle size, which penetrate to the alveoli, may cause
extrinsic allergic alveolitis, The fibrogenic dusts are of particular importance as causes of
respiratory tract irritation and attention needs to be focused on those fractions consisting of
particles small enough to penetrate to the pulmonary air spaces (respiratory bronchioles to
alveoli) and to be deposited there.

Soluble particles composed of or containing toxic substances may lead to systemic
poisoning if deposited anywhere in the respiratory tract or if ingested. It is therefore
usual to obtain a sample of total dusts when assessing agents that cause systemic effects.

2.1 Particle size

Particle size is commonly regarded as the most important physical characteristic of -
airborne particulate matter.

The size of a particle is usually defined by its diameter, unless its geometric shape is
known., In the latter case, indices such as length and width can be indicated. If the
particle is a sphere, the diameter is indeed a specific index of its size, but for non- spher1ca1
particles, some conventions have to be adopted in order to specify particle size. The
commonest conventions are to express:

'~ the volume of the particle in terms of a sphere;

- the mass of the particle in terms of a sphere;

the settling velocity of the particle in terms of the .settling velocity of a sphere;

- the diameter of the particle in terms of a dimension of the projected area as seen by
microscopy.

The most widely used concept for defining particle size in connection with hygienic
evaluation is derived from the falling velocity of the particle in still air. When a particle
is released from rest and falls in air, it is subject to the downward force of gravity and the
opposing aerodynamic drag of the atmosphere, Balance between these forces is readily attained
and the particle falls with a steady velocity known as its terminal settling velocity. The
aerodynamic equivalent diameter? does not refer to an actual linear measurement of the particle
but is defined as the diameter of a hypothetical sphere of unit density (1 g/%m ) having the
same terminal settling velocity in air as the particle in question, regardless of its geometric
size, shape and true density. Aerodynamic equivalent diameter is the preferred method of
expressing particle size today since it relates most closely to the ability of the particle to
penetrate the respiratory tract, and the likelihood of its being deposited there.

a .
= Henceforth all statements of particle size will refer to aerodynamic equivalent diameter.



An alternative description sometimes employed is the Stokes' equivalent diameter, which
refers to the physical diameter of a spherical particle of the same average density and the
same falling speed. According to this description the falling speed (terminal settling
velocity) of a spherical particle with a diameter in the range 1-50 um is proportional to its
density and to the square of its diameter. Particles that are not spherical usually fall at
slower rates than predicted by the Stokes' relationship, because of their larger projected
surface area per unit mass, which creates more resistance to their falling.

Particles in the 0.005-0.05 mm range are usually formed by condensation of vapours
produced either by high temperature or by chemical processes. Particles in the 0.05-2 jum
range are usually formed by coagulation of smaller particles or from smaller particles through
" vapour condensation. Coarse particles are formed through mechanical processes, such as
grinding, which may also produce smaller particles, Usually, particles occur in certain
discrete size ranges and it is often necessary to describe the particle size distribution to
evaluate its potential risk to human health.

Fume particles usually have average diameters of less than 1 ym down to 0.01 um. Mist
particles can have average diameters as small as 0.5 jm; dusts usually range from less than

1 pm to 100 um. Examples of particle sizes of different airborne contaminants are presented
in Fig. 2-1,

In order to penetrate into the alveoli, particles must have a falling speed of less than
about 3 x 1073 s, which is equivalent to that of a 7-pm diameter unit density sphere.
Particles with aerodynamic equivalent diameters above 10 ym do not usually penetrate beyond
the nasopharynx, and for particles above 50 pm the suction at the mouth and nose originated by
the action of breathing would not be enough for inhalation. In addition, such large particles
do not remain airborne'very long.

Most airborne dust is of irregular shape and may be aggregated. The behaviour of
aggregated particles depends on their aerodynamic properties (i.e., size and shape of the total
aggregated mass) and not on their apparent microscopic size. A particle of coal dust may
appear to have a diameter of about 15 pm; however, it may settle with the same speed as, for
example, a 7-pm aerodynamic diameter sphere. Therefore, the aerodynamic size of particles is
of primary importance in their assessment.

Particle size can be determined by aerodynamic separation - sedimentation, impaction, or
centrifugation, as well as by other methods, which include optical and electron microscopy,
light attenuation and scattering, and electrical conduction. When sedimentation methods are
used to determine the size of irregularly shaped particles, the diameters obtained are Stokes'
equivalent diameters. The methods differ in their basic principles and range of applications.

The size and shape of a particle, as well as its density and surface characteristics, are
very important properties which influence not only its dynamic behaviour in air and in the

respiratory tract, but also its chemical and biological reactivity. /

2.2 Shape and aspect ratio

The particle size alone is not enough to indicate the full biological implications
following inhalation of airborne particles; physical properties, such as shape, porosity, and
roughness, may also have a bearing on the effect produced.

Particle shape is governed by the nature of the material from which it is formed and by
the method of its formation. Some typical examples are presented in Fig, 2-2.



Fig. 2-1.

- 10

Examples of sizes of some airborme particles @H)

(reproduced by courtesy of the Mines Safety Appliances Company)

0.0001

. Aerosols
Normal impurities in quiet outdoor air Fo Mist . L Rain drops
MR > . re— > =y
P Metallurgical dust and fumes >
Smelter dust and fumes
Ammonium | "
CONVENTIONS chloride flmei P Foundry dust
Range of size h b T v
4—Pp Flour mill dust
' Alkali fumes Sprayed zinc dust | Ground limestone
- L
Small range, average
Sﬂlfide [ore, pulps for flotation
Doubtful values Sutfuri ] 1
------------ ulfuric acid mis
\m A
P Cement dust |
. | Condensed X
ﬁZlnc oxide fumesAV zinc dust Pulverized coal
Plant
Insecticide dust _ | spores
Tobacco| Tobacco vy s 8 < d
mosaic | necrosis protein i
virus virus Bacteria
) L4
Carbon black Polien
+« —> 4-———‘-—W
Tobacco smoke Sneezes
. » Ll
Diameter of
gas molecules Oil smoke | | Fly ash
Ll Ll »
Mpgnesium .
¢ oxide smoke > < Sand tatlmgﬁ>
Rusi k. . Washed
osin smoke ) d d
< > < oundry sand,,
N | (Enamels) pigments (ﬂats? >
Spray-dried
P Silver iodide milk
. I - v
Combustion i
. nuclei o Human hair diameter -
. S »
Sea salt T
4| nuclei o Visible to eye
TT e 1
REFERENCE SIZES L :90 2?0 . 65 ‘ 35 1 10 §
creen mes| L 3
325 | 100 48|28 S
‘ | , £
0.0005 0.001 0.005 0.01 0.05 0.1 05 1 5 10 50 100 500 1000 5000 10000
Particle size (um)



- 11 -

Fig. 2-2. Shapes of some particles
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The shape of a particle will determine the ratio between its surface and volume (see
section 2.3).

The shape factor may in some instances be a very important characteristic of a particle,

as in the case of fibres. Fibres are defined as particles that have a length to width ratio
of at least 3. There is growing evidence that exposure to fibres may have appreciable
biological implications. It is generally accepted that the length to width ratio of fibres
in a certain size range is a critical factor; this has an influence, for example, on the
carcinogenic potential of asbestos fibres. Some animal experiments (2,3) suggest that this

might also be true for other fibres.

2,3 Surface area and volume

As previously mentioned, the shape of a particle determines the ratio between its surface
and volume. The greater the departure from the spherical shape, the greater the surface area
of a particle will be in relation to its volume; this affects particularly its falling speed
and is of great biological significance. The total area of a particle (adsorption surface)
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comprises the total particle surface, including the surface of pores to which there is an
external access. The total area and the physicochemical nature of a particle determine its
ability to adsorb gases and vapours and to hold electric charges. Certain substances, such
as diatomite, silica gel, and activated carbon, may have a complex internal pore structure
that gives a much greater surface area than expected for the particle size,

The reactivity of a particle is closely related to its surface area. For this reason,
the reactivity of dust increases when the size decreases because the relative surface area
rapidly increases; this can account for the explosibility of fine particles of flammable
substances, as well as the generally enhanced chemical reactivity of fine particles.

Particle properties related to their surface characteristics include specific surface
area, adhesion, light scattering, electrostatic charge, adsorption capacity, solubility, and
rate of evaporation. It is evident that changes in environmental characteristics, such as
temperature, humidity, and air quality, can alter the surface area and the associated
properties of airborne particles.

2.4 Solubility

The solubility of particulate matter in aqueous media or in lipids is of great biological
significance because it influences the rate of resorption in the body. Solubility :may also
influence the selection of the method of sampling and analysis.

For substances that present a hazard of irritation or systemic poisoning, the speed with
which they dissolve in tissue liquids may be of critical significance. On the other hand,
for fibrogenic particles acting directly in the pulmonary spaces this may be of less
significance; for instance, quartz, commonly regarded as insoluble, is highly harmful.

Solubility (and also vapour pressure) of liquids and even solids may seriously increase
the difficulty of representative sampling (a typical example is the sampling of polycyclic
aromatic hydrocarbons).

2,5 Composition

The chemical composition of particulate matter has a direct bearing on the resulting
health effects and is generally related to the process materials from which it is derived, but
may be modified by the process (e.g., pyrolysis of cutting oils). The need for chemical
analysis can generally be determined on the basis of the suspected hazardous substances that
may be present., Bulk samples may not be representative of the composition of the resulting
airborne dust. Therefore, air samples need to be analysed, since they best represent the
hazard to which workers are exposed. It may be necessary to collect large air samples (e.g.,
with high-volume samplers) in order to have sufficient material for the required chemical
analysis (unless micromethods are available).

The volume of hygroscopic particles can vary appreciably in atmospheres of different
relative humidity. As an example, when particles of tobacco smoke of diameters in the range
of 0.2-0.5 pm are inhaled, and therefore exposed to the conditions of high humidity in the
respiratory tract, they absorb moisture and may ircrease in volume to diameters in the range
of 2-3 pm (this accounts for the-visual difference between inhaled and exhaled cigarette smoke)
Therefore, the sizes of hygroscopic particles in the air may not represent their sizes in the
respiratory tract after inhalation. Also, sampling of such particles under appreciably
different conditions of air humidity may lead to different results concerning particle size.

Perhaps the most widely measured particles are the mineral dusts generated in many
workplaces (e.g., mines, quarries, several industries). Their health effects are greatly
dependent on the composition of the dust. For mineral dusts, mineralogical analysis may also.
be essential.

Tn addition, biological assays may be required when evaluating exposures to vegetable
dusts or viable particles.
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Moisture can be combined with a particle chemically, physicochemically, or mechanically;
it can be eliminated by drying and must be excluded where possible from the sample being
assessed,

In some cases the chemical composition may change with time under the influence of
external or internal factors. Oxidation by air and photolysis are examples of external
actions, and interactions between substances (oxido-reduction, neutralization) are examples of
internal action. Therefore, samples should be analysed as soon as possible after collection.

2.6 Radioactivity

Workers may be exposed to airborne radioactive substances in workplaces, such as in the
mining of radioactive ores or ores contaminated with radioactive materials (e.g., phosphate
mines), in the atomic energy industry, and in laboratories handling radioactive materials.
Certain problems specific to radioactive substances have been identified and special techniques
devised to obtain representative samples (4).
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3. ACCESS OF PARTICIES TO THE HUMAN BODY AND THEIR BIOLOGICAL IMPLICATIONS

3.1 Penetration, deposition, and clearance of particles in the human respiratory tract

Particles can penetrate into the human body through the respiratory system, causing a
local effect on the lungs (e.g., fibrogenesis) and other parts of the system (e.g., upper
respiratory tract irritation), and/or passing into the blood stream and causing systemic
effects (e.g., systemic intoxication by lead, manganese, or cadmium). Very soluble
substances can be absorbed from all parts of the respiratory tract; therefore the site of
deposition is of less importance for systemic effects. For insoluble particles, the site
of deposition in the respiratory system is of fundamental importance. It depends on the
aerodynamic properties of the particle, its shape (fibres), the dimensions of the airways,
and the pattern of breathing.

The Task Group on Lung Dynamics of the International Commissiob on.-Radiological
Protection (ICRP) (5), when considering the deposition of particles, divided the respiratory
system into three parts as follows:

"(1) The nasopharynx, (N-P) - This begins with the anterior nares and extends
through the anterior pharynx, back and down through the posterior pharynx
(oral) to the level of the larynx or epiglottis.

(2) Continuing caudally, the next component, (T-B), consists of the trachea
and the bronchial tree down to and including the terminal bronchioles.

(3) We recommend the third compartment be entitled pulmonary P). This region
consists of several structures, viz., respiratory bronchioles, alveolar ducts,
atria, alveoli and alveolar sacs. The region can be regarded as the
functional area (exchange space) of the lungs. Its surface consists of
non-ciliated, moist epithelium with none of the secretory elements found in
the tracheobronchial tree ...".

The epithelium of the respiratory tract down to the terminal bronchioles is ciliated;
the epithelium of the pulmonary spaces (the portion beyond the terminal bronchioles) is
nonciliated (e.g., the respiratory bronchioles are nonciliated).

The four mechanisms by which particles are deposited in the respiratory system are:

(1) Sedimentation, in which deposition is proportional to particle free-falling
speed (i.e., proportional to aerodynamic diameter squared) and to the time available for
settling.

(2) Inertial impaction, due to the tendency of particles to keep moving in a straight
line, which causes them to deposit when a change in direction of air flow occurs. Deposition
by this mechanism is also proportional to particle free-falling speed and air velocity.

(3) Brownian displacement, which is significant only for small particles (K1 pm) in the
pulmonary compartment.

(4) Interception, which occurs when the geometric dimensions of a particle following an
air stream line prevent it from clearing the obstacle. Interception may thus provide
dimension barriers to the penetration of particles, in addition to the aerodynamic barriers
provided by the other mechanisms.

Timbrell has recently found that particle charge may significantly affect deposition
in the lung.

The defence mechanism in the respiratory system, which can be very effective for a range
of particle sizes if functioning properly, includes:
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(1) Nasal filtration. Particles are deposited in the nose by filtration (nasal hairs)
and impaction (changes of direction, ‘turbinates). The retention is favoured by mucus which
lines the nose. Ciliated epithelium, covered by mucus in the nasal passages (except in the
anterior nares) contributes to the removal of particles by propelling them towards the
pharynx; particles are then swallowed. These swallowed particles are significant when
dealing with agents that can cause systemic intoxication. Therefore, in such cases, they
should not be disregarded during the environmental evaluation.

Particles with aerodynamic equivalent diameter larger than 10 pm are usually deposited in
the nasopharynx. As the particle size decreases, the percentage of particles deposited in
the upper part (N-P and T-B) of the respiratory tract decreases, being minimal for particles
of the order of 1 pm.

(2) Mucociliary clearance. The trachea and bronchi, down to the terminal bronchioles,
are lined with a ciliated epithelium covered by a mucous layer. The cilia are in continuous
and synchronized motion, which causes the mucous layer to have a continuous upward movement at
a speed usually in the range of 10-30 mm.per minute, Particles deposited on the ciliated
epithelium are moved towards the epiglottis, and then swallowed or expectorated from the
organism within a relatively short time.

(3) Peristaltic movements of the terminal bronchioles, coughing and sneezing. These
movements propel the particles towards the upper respiratory tract. The reflexes of coughing
and sneezing create strong currents of air inside the respiratory tract, which help to clear
the airways. :

(4) Phagocytosis. The epithelium of the pulmonary spaces is not ciliated; however,
insoluble particles deposited in this area are engulfed by macrophage cells (phagocytes) in
the process of phagocytosis. After engulfing the foreign particle, the macrophage can
(1) travel to the ciliated epithelium and then be transported upwards and out of the
respiratory system, (2) remain in the pulmonary space, or (3) enter the lymphatic system.
Certain particles, such as silica-containing dusts, are cytotoxic, i.e., they destroy the
macrophage cells.

3.2 Biological manifestations of exposure to airborne particles

Hazardous particles having contact with the human body can cause a variety of biological
effects, some examples of which are briefly described below. At the end of this section, a
selected bibliography on occupational diseases and conditions that may be caused by exposure
to airborne particles is given.

3.2.1 Health effects resulting from inhalation of particles

(a) Pneumoconioses. The pneumoconioses constitute a group of lung diseases that result
from the inhalation of certain types of "respirable" dust. The most serious ones are those
that lead to appreciable fibrotic changes, e.g., silicosis, asbestosis, and coal miners'
pneumoconiosis. 8ilicosis is the most important of the pneumoconioses and claims the
largest number of victims on a global basis. The silicosis risk is linked to the percentage
of free crystalline silica in the ''respirable" fraction of the inhaled particles, since the
disease is caused by free crystalline silica deposited in the pulmonary spaces. The typical
pathological changes in silicosis are determined by the cytotoxic and fibrogenic capacity of
the silica particles. Coal miners' pneumoconiosis is also a serious problem in countries
where coal mining is a significant industry, and so is asbestosis, wherever asbestos is mined
and/%r processed.

Other pneumoconioses may be produced by inhalation of excessive amounts of the following
dusts: beryllium (berylliosis); kaolin (kaolinosis); barium (barytosis); tin (stannosis);
iron oxide (siderosis); talc; graphite; and mica.
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(b) Systemic poisoning. The respiratory system provides a very effective portal of entry
for the fine particles of certain chemicals, which can then join the circulation and internal
organs of the body after dissolution. Manganese, lead, cadmium, and their compounds are
examples of toxic systemic agents occurring in particulate form.

(c) Cancer. Examples of airborne particles that can produce cancer of the lung after
inhalation are arsenic and its compounds, chromates, particles containing polycyclic aromatic
hydrocarbons, and certain nickel-bearing dusts. Asbestos fibres can cause bronchial cancer

and mesothelioma. Deposited radioactive particles expose the lungs in situ to significant
doses of ionizing radiation, which may act on lung tissue and cause carcinoma in loco, or
they may be transported from the lungs and damage other parts of the body. Soluble
carcinogens may pose a risk to both lungs and other organs.

(d) Irritation and inflammatory lung injuries. The most widely occurring irritants to the
respiratory system are gases, but many irritant airborne particles may occur in the work
environment. Exposure to irritants may lead to tracheitis and bronchitis, pneumonitis, and
pulmonary oedema. Airborne irritant particles include: cadmium fumes (pneumonitis,
pulmonary oedema); beryllium (acute chemical pneumonitis), vanadium pentoxide, zinc chloride,
boron hydrides, chromium compounds, manganese, cyanamide, phthalic anhydride, dusts or mists
of some pesticides (pulmonary oedema), acid mists, and fluorides.

‘ Certain vegetable dusts have irritant effects upon the upper respiratory tract and can

produce chronic bronchitis from continuous irritation, which can lead to chronic emphysema.

Irritation resulting from exposure to tea and certain types of wood dust has been associated
with the chemicals therein.

(e) Allergic and other sensitivity responses. The deposition and retention of inhaled
sensitizing substances may produce allergic reactions or other sensitivity responses.
Synthetic organic compounds, such-as certain amines and plastics, are examples. Many
vegetable dusts, such as dusts of bagasse, corn, cotton, flax, flour, straw, tea, tobacco, and
‘wood, may produce inhalant allergy, asthma, hay fever, or urticaria. Allergic reactions to
raw coffee have been described.

The two main respiratory diseases of allergic type caused by occupational exposure to
particles are occupational asthma and extrinsic allergic alveolitis.

(i) Occupational asthma. A number of agents in the particulate form can cause
occupational asthma, particularly vegetable dusts, such as dusts from grains and cereals
(particularly if mouldy), woods, or gum arabic. However, certain metal dusts, such as
nickel and chromium, can also lead to the same condition.

(ii) Extrinsic allergic alveolitis. Some of the usual clinical manifestations of
extrinsic allergic alveolitis are:

- acute form: sudden onset of fever, chills, shortness of breath and a dry cough
(between 4 to 8 h after exposure); :

- chronic form: dyspnoea, occasionally mild fever, lethargy; with time, dyspnoea
becomes much worse and chronic interstitial fibrosis may develop.

Some classical examples of the chronic form of extrinsic allergic alveolitis, as well as
their respective causative agents, are presented below ).
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Disease Causative agent

Farmer's lung Micropolyspora faeni and Thermoactinomyces -
vulgaris

Bagassosis Thermoactinomyces vulgaris (mouldy bagasse)

Suberosis cork dust

Maple bark disease Cryptostroma corticale (in maple bark)

Malt worker's lung Aspergillus clavatus, A. fumigatus,
A. versicolor (in mouldy barley)

Coffee worker's lung coffee bean dust

Wheat weevil disease Sitophilus granarius (in wheat flour)

(f) Byssinosis. Byssinosis is a respiratory condition caused by certain vegetable dusts

such as cotton, flax, and soft hemp.

The usual symptoms of byssinosis are chest tightness and wheezing on the first day
after returning to work. In the early course of the disease, such symptoms disappear by the
second or third day of work. However, as the disease progresses these symptoms persist for
longer and longer periods until they are present all the time. Owing to the increasing
dyspnoea, the work capacity of the byssinotic can decrease until varying degrees of incapacity
prevail,

The etiological agent of byssinosis is not yet clearly known; it might be caused by
certain biological agents contaminating the vegetable dust in question., Detailed discussion
on this subject is beyond the scope of this publication.

(g) Metal fume fever. This is a condition resulting from exposure to freshly generated
metal fumes, e.g., oxides of zinc and magnesium. The main symptoms include chills, fever,
muscle pains, nausea, and weakness. It is an acute condition, of brief duration and with no
after-effects.

(h) Infection. Particles containing fungi, viral, or bacterial pathogens may play a role in
the transmission of infectious diseases. Pulmonary anthrax may result from the inhalation of

dust containing anthrax spores.

3.2.2 Non-respiratory biological manifestations of exposure to airborne particles

(a) Skin and mucous membrane injuries. Skin irritation and dermatoses are probably the most
frequently occurring occupational diseases. Deposition on and absorption of particles of
certain harmful materials through the skin may lead to irritation or dermatitis. Subcutaneous
beryllium granuloma has been found in persons who cut themselves on broken fluorescent tubes,
which at one time contained beryllium compounds. Skin cancers may be produced by arsenic and
its compounds. Chromic acid mist may cause perforation of the nasal septum and "chromium
holes" on the skin. Prolonged exposure to mineral oil mist may cause dermatitis and probably
even skin cancer. Allergic skin reactions may be produced by contact with dusts of certain
plastics, as well as certain vegetable dusts, including wood, hemp, jute, and sugar cane.
Conjunctivitis may result from contact with certain soluble dusts.

(b) Dental erosion. Sulfuric acid mist, for example, may cause erosion of the teeth after
long exposure.

(c) Effects after entry through the skin or gastrointestinal tract. These routes of entry
can be important for those in the workplace, depending on the characteristics of the agent and
work practices. Certain soluble particles of toxic chemicals, which can penetrate through
the intact skin, may cause systemic poisoning even if their inhalation is prevented (e.g., by
adequate respirators) if skin contact exists. Entry through the gastrointestinal tract is of
major concern in facilities that utilize carcinogens and toxic metals in the form of
water-soluble compounds.

The exposure by these routes of entry can be practically eliminated through appropriate
work practices and a high standard of personal and workplace hygiene.



- 18 -

Selecfed bibliography relevant to section 3

Dosmaﬁ, J. A. & Cotton, D. J. Occupational pulmonary diseases: Focus on grain dust and health,
New York, Academic Press, 1980.

Morgan, W. K. C. & Seaton, A. Occupational lung diseases, Philadelphia, Saunders, 1976.

Parkes, W. R. Occupational lung disorders, 2nd ed., London, Butterworth, 1982.

Pepys, J. Monographs in Allergy: Hypersensitivity diseases of the lungs due to fungi and
organic dusts, vol. 4, Basel & New York, Karger, 1968.

Selikoff, I. J. & Lee, D. H. K. Asbestos and disease, New York, Academic Press, 1978.

Zenz, C. Occupational medicine: Principles and practical applications, Chicago, Year Book
Medical Publishers, 1975. )



- 19 -
4, RATIONALE FOR SAMPLING AND ANALYSIS OF PARTICLES

4.1 Guidelines for sampling methods for airborne particles based on experimental results
for human respiratory tract deposition

4.1.1 Summary of deposition results

The main facts about the penetration of particles into, and their deposition in, the
respiratory system can be summarized as follows.

(1) Particles with aerodynamic equivalent diameters above 10 pm will be retained
in the nasopharynx.

(2) Generally, for particles smaller than 10 pm, penetration will be increased with
decreasing particle size.

(3) The upper size limit for penetration into the alveoli is considered to be
approximately 10 . However, very few particles of this size reach the pulmonary spaces;
those that are found deposited on the alveolar wall are usually of considerably smaller
diameters.

(4) Maximum alveolar penetration occurs with particles of approximately 1 pm diameter
and below. However, the deposition in the pulmonary spaces, which is almost 100% for
particles of 2 pm, decreases with particle size below this value and reaches a minimum for
particles of about 0.5 pm, According to Davies (7), the deposition is as low as 10-15%
for particles in the size range 0.5-1.10 um. Below 0.5 um, there is a gradual increase in
deposition owing to increased Brownian motion, resulting in deposition by diffusion to the
collecting surface.

The available evidence on the probable site of particle deposition in the lung has been
summarized by the ICRP Task Group on Lung Dynamics ). Depositions for one pattern of
breathing are shown in Fig. 4-1; these curves show that about 65-70% of deposited particles
of 3 pm diameter will be deposited in the nose, 25-30% in the pulmonary spaces, and 5-10%
on the ciliated airways (tracheobronchial deposition). However, the deposition curves depend
on the breathing rate (5,8).

Fig. 4-1. Deposition as a function of particle size for 15 respirationq/min,
1450 cm3 tidal volume (5)
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The fraction of inhaled airborne particles that can penetrate and deposit beyond the
terminal bronchiole (in the pulmonary air spaces-P) are defined as "respirable" particles.
Dusts in this size range may, depending on their nature, cause the group of diseases known
as pneumoconioses.

Lippmann (8) has demonstrated the very large individual differences in both regional
deposition and mucociliary clearance rates among normal adult American males. He stressed
that a much larger population will have to be studied before such data can be used to develop
a deposition model applicable to a "reference' man, and that there will be individuals whose
deposition pattern diverges markedly from the reference model.

Fibrous particles behave somewhat differently. For example, fibres of 200 pm or more
in length, but of very small diameters, have been found in the pulmonary spaces of the
respiratory system. Timbrell (9) in his review of the mechanisms of pulmonary deposition of
particles, considered the specific problem of fibres. Harris & Fraser (10) .developed a
mathematical model for estimating the deposition of fibres in the respiratory system, based
on the aerodynamic behaviour of thin straight rods. Their analytical model for the
deposition of particles involves three major eiements:

(1) A description of the respiratory system architecture capable of mathematical
definition.

(2) A mathémétical description of air fiow in the respiratory system.

(3) Mathematical description of the behaviour of the particles under various flow
conditions identified in the respiratory system.

The main observations were the following:

(a) As rod length increases, the deposition in the nasopharyngeal compartment becomes
progressively greater than that for compact particles. This occurs because compact
particles with equivalent diameters up to 1 pm do not deposit in the nose, whilg rods of the
same aerodynamic equivalent size deposit by interception on nasal hairs.

(b) The longer the rod, the greater the deposition by interception in the nose, and
consequently, the smaller the number of rods remaining to deposit in the tracheobroncheal
and pulmonary compartments.

Deposition in the tracheobroncheal system of rods up to about 100 pm in length is
generally greater than that for compact particles of the same equivalent size (although the
fraction of rods removed in the nose is much greater than that for compact particles). The
results obtained by Harris & Fraser (l0) demonstrate the great effectiveness of the nose in
removing long thin rods from inhaled air. It is likely that more than 90% of rods 200 ym in
length are deposited in the nose, even if they have equivalent sizes that, for compact
particles, would permit nasal penetration. Nevertheless, around 1% of rods 200 pm long and
1 pm in diameter appear to be deposited in the pulmonary spaces.

Airborne mineral fibres are not at present evaluated by sampling with size selective
instruments; individual fibres are counted using microscopic techniques.

4.1.2 Particle size selection curves for particle-sampling instruments

It is very important to understand the penetration and deposition of particles in the
respiratory system whenever assessing human exposure to airborne particles. The instruments
selected must simulate what happens in the human respiratory tract following particle
inhalation. If the important biological implication is associated with penetration to, and
retention in, the alveoli, then the air-sampling instrument must accept only the particles
likely to reach that part of the respiratory system, i.e., the respirable dust. Criteria



- 21 -

for instruments to collect respifable dust samples have been recommended. The most widely
accepted are those recommended by the Medical Research Council of Great Britain (11) and the
United States Atomic Energy Commission,é the latter slightly modified and adopted by the
American Conference of Governmental Industrial Hygienists '(12).

The Medical Research Council (MRC) specified a selection curve for respirable dust based
on the performance of the horizontal elutriator. This recommended selection curve does not
allow the penetration to the collector of any particles with falling speeds greater than that
of a 7.1-pm sphere of unit density (that is greater than 1.5 mm/s); it permits penetration of
50% of the particles having a falling speed equal to that of 5-pm spheres of unit density
(0.75 mm/%) (Fig. 4-2). The MRC recommendations for respirable dust sampling were endorsed
by the 1959 Johannesburg International Conference of Pneumoconiosis (13).

A somewhat different selection curve ("Los Alamos curve'), based on the use of the
cyclone precollector, was proposed by the US Atomic Energy Commission,(AEC).é It does not
allow penetration to the collector of any particles with falling speeds greater than that of a
10~pm sphere of unit density; it permits penetration of 50% of 3.5-um particles and complete
penetration of l-pm particles. The American Conference of Governmental Industrial
Hygienists (ACGIH) (12) adopted the AEC curve with the slight modification that 90% of 2-pm
unit-density spheres be accepted (Fig. 4-2).

Fig. 4-2. MRC, AEC (Los Alamos), and ACGIH sampler acceptance curves
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Laboratory).
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Fig. 4-3 shows the average pulmonary deposition of particles inhaled into the human
respiratory tract and the MRC and AEC sampling acceptance curves, with a shaded area
superimposed: to represent the spread of results obtained by Lippmann 8,14). The purpose of
this figure is to show that in practice the deposition curves are really large shaded areas,
which comprise the selective collection curves of different types of equipment for the
sampling of particles. Lippmann has followed up his studies on the deposition, retention,
and clearance of inhaled particles. Variability between individuals characterizes these
later studies.

Fig. 4-3.  Comparison of respirable size criteria with experimental data by Lippmann (8,14)
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4,2 Sampling for total and "respirable" dust

It has been shown that it is possible to sample airborne particulate matter in a manner
that separates the particles as they would be separated in the human respiratory tract
(sections 4.1.1 and 4.1.2).

For sampling purposes, the operational definition of "respirable dust'" is the fraction
of airborne material that passes through a precollection system that is by convention
accepted to simulate the upper respiratory tract.

Most dust clouds contain a proportion of particles coarser than those that can be
deposited in the pulmonary compartment of the respiratory tract. Therefore, it is necessary
to separate in some way the respirable fraction from the total airborne dust whenever the
objective of the sampling is the evaluation of a hazard dependent on the penetration and
deposition of particles in that compartment. This is essential when the mass of respirable
dust is to be measured; for this purpose it is necessary to incorporate a precollector in the
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sampling instrument to simulate the action of the human nose and upper respiratory tract.
The particles penetrating the simulated upper respiratory tract would also penetrate to the
human pulmonary compartment and constitute, therefore, respirable dust.

There are numerous dusts that are not at present considered to stimulate a biological
response, e.g., calcium carbonate, cellulose, corundum, gypsum, marble, starch, sucrose,
plaster of Paris. For such dusts, often referred to as '"nuisance' dusts, the total dust
inhaled is usually determined as an index of exposure. Many countries have adopted standards
(exposure limits) for such dusts, usually referred to as '"nuisance" dust standards, the
values of which range from 10 mg/m3 (12) to 15 mg/m3 for total dust. A limit of 5 mg/rn3 for
"respirable" nuisance dust has also been recommended (12).

The method of sampling should be related to the purpose of sampling, the properties of
the sample to be measured, and the method of analysis to be used. It is possible to
classify the field methods of sampling and analysis under several broad categories, which
are presented, together with the methods most frequently used in health hazard assessment of
airborne particulate matter, in Fig. 4-4,

Fig. 4-4. Diagrammatic representation of sampling methods (modified from Corn & Esmen (15))

| Sampling

Collection without Sizing without C'Dllection w_ith
size segregation collection size segregation
| Gravimetryl Chemical Particle || Electrical 2 portion rgspirable [ Multi-portion I
‘ analysis size analysis size analysis non respirable
“m. im L_ Optical Chemic.al Impactors
ﬁ size analysis analysis L—'
IAutomateﬂ [ SIBVIHQJ lGravimetryI ‘ Elutriation |

iMicmscopyl WHO 82964
| Elutriation l
|Sedimantation

Standards or recommended levels for exposure to dust containing free crystalline
silica can be given in terms of total dust (total suspended particulate matter, TSPM)
or respirable dust, as a function of free silica content. A compilation of such standards
is presented in the publication Occupational exposure limits for airborne toxic substances (4L.
The values of exposure limits are based on the free silica content (%) of the dust. Values
for respirable dust are usually based on the free silica content in the respirable fraction
(sometimes referred to as "respirable quartz'). In Table 4-1 some examples of occupational
exposure limits for dusts containing free silica are presented.
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Table 4-1. Examples of exposure limits for free silica-containing dusts

Country Respirable dust Total dust

Usa (osHA)Z ‘ 10 mg/m> 30 mg(m3

% resp. quartz + 7 % quartz + 3
. 3
Finland . quartz, fine dust . 10 mg/m
(size less than 5 pm) (quartz less than 1%;
0.2 mg/m if >1% quartz use

respirable standard)

Czechoslovakia . free silica content concentration in mg(m3
<10% 5
10%-70% 2
>70% 1

Italy 10 mg/m3 30 mg[mB

% resp., quartz + 3 % quartz + 3
USSR free silica content concentration in mggm3
> 70% 1
10%~-70% 2
2%-10% 4
< 2%
Bulgaria : free silica content concentration in mg/ m3‘
pure. quartz fine dust = 0.07 mg/m3 < 2% 10
fine dust >2% free crystalline 2%=5% 6
silica (f.c.s.) = 0.07 x 100 5%=50% . 2
% f.c.s.
fine dust < 2% free crystalline > 50% 1

silica = 4 mg/m3

3 .
Brazil ] BﬁmgéL -

% resp. quartz + 2

2 OSHA = Occupational Safety and Health Administration.
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4,3 Personal versus area sampling

Sampling in the workplaces to determine occupational exposure to airborne particulate
matter involves procedures that determine either the exposure of selected individual workers
("personal” sampling) (16), or the concentration and/or properties of airborne particulate
matter at selected locations ('area' or '"stationary" sampling).

Personal samples are collected by a sampler attached to a worker ("personal sampler') for
the time over which sampling is desired, frequently for the full or half work shift. The
inlet to the sampler is located in the 'breathing zone' of the worker. The "breathing zone"
is a semispherical zone, with a radius of approximately 30 cm in front of the head.

If a personal sampler cannot be worn, concentrations must be determined in all plant areas
where employees work; the time spent by workers in each area must be determined from
observation, unless fixed and known work practices (therefore times spent in each task) are
followed. The workers’ average exposure can then be calculated by cumulating values obtained
by multiplying concentration (average, in each area) by the time (spent in the area), and then
dividing by the total duration of the shift. The resulting concentration is referred to as
the time-weighted average (TWA) exposure.

A growing body of data indicates that results from personal and area sampling do not
agree on a sample for sample basis. Personal full-shift samples usually result in higher
values of exposure than TWA exposure derived from area samples. The results suggest that
workers may locate their breathing zones closer to dust sources than area samples reflect.
Under unusually high exposures, the opposite may occur; the workers tend to avoid such
exposures. At any rate, personal sampling is to be preferred in hazard evaluations, since
it defines the workers' exposure more objectively.

The principal value of area samples is to evaluate the emission of particulate matter
from emission sources, to follow trends in air quality, and to evaluate the efficacy of
engineering control measures.

There are not many substances in the particulate form that may cause health impairment
during a short-term high-level exposure; therefore, there are few short-term exposure limits
for particulate matter. Among the few particles for which such short-term exposure limits
have been set in some' countries are certain highly toxic or irritant agents (e.g., asbestos
dust). For materials with short-term exposure limits, duration of sampling must be about the
same as the period associated with the exposure limit (where operating conditions permit).

Direct-reading instruments for the determination of particles in air are available (17,18).

4.4 Analytical methods

4.4.1 Chemical composition

Airborne dusts in the work environment are rarely homogeneous; in practice they usually
occur as mixed dusts.

The approach to the sampling procedure and the compositional analysis of dust is
determined by the purpose of the measurement, by the chemical and physical properties of the
-dust, and by the sensitivity of the proposed methods.

Detailed chemical or mineralogical analysis of predominantly inorganic dusts is usually
preceded by incineration to remove organic material. Determination of ash residue after
incineration at 600°C (if asbestos present, 400°C) during 2-3 hours may provide valuable
information.

Washing with acids (in some cases first with water) gives the acid or/énd water-insoluble
part of the dust.
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Whenever there is interest in the determination of organic compounds (such as polycyclic
aromatic hydrocarbons) (12) or inorganic substances (such as sulfates, nitrates, chlorides,
fluorides and others), adsorbed on the particle surface or present in the dust sample as
separate particles, the first step should be an extraction with an adequate liquid.

Methods and techniques required for the determination of the chemical composition of
particles of systemic poisons are related to analytical chemistry (20-22,25). Besides the
traditional wet chemistry methods, toxic metals in dust can be determined by atomic absorption
spectrophotometry or voltametry; inorganic salts (such as fluorides, cyanides, sulfates, or
nitrates may be determined with ion-specific electrodes; and organic compounds, such as
pesticides and polycyclic aromatic hydrocarbons, by chromatography (gaseous or liquid). For
a general qualitative and quantitative mineralogical composition of mineral dust samples,
X~ray diffraction and/or infrared spectrophotometry can be used.

Owing to the importance of total and free crystalline silica, as well as to the asbestos
content of. airborne dust, methods for their determination are discussed separately.

A review of the most widely used physical and chemical methods for free crystalline silica
determination shows that there is no universal method appropriate for all kinds of dusts. As
far as the different forms of amorphous free silica are concerned, the only method proved to be
adequate is infrared spectrophotometry. o

X-ray diffraction (20(vol.l),23) is usually regarded as the preferred method for the
analysis of a wide range of crystalline minerals, allowing mineral identification by the position
of the diffraction peaks produced by X-ray scattering and quantitative determination by the
measurement of peak height. Interference could arise in the presence of minerals with
similarly placed diffraction peaks. It should be kept in mind that the peak height is
particle-size dependent. In infrared spectrophotometry, problems can also arise owing to
interference from absorption bands of other minerals and to the influence of size distribution.

The chemical procedure using the digestion of the quartz in a mixture of KCl and KHCO3
(after Polezhaev) (24) and subsequent spectrophotometric evaluation of a silica complex
solution, has proved to be simple and quite appropriate for a very large number of silicate
minerals (see Annex 3). It has the advantage of requiring small quantities of dust for the
analysis (1-2 mg) and can, therefore,. be used for determinations in the respirable fraction of
dust. The method has the following limitations: it is not possible to determine separately
quartz, tridymite and cristobalite, .or .some forms of amorphous free silica; some silicates
(as amphiboles) interfere with the analysis.

Identification of quartz and various other mineral particles can be made by dark-field,
'phase-contrast, and interference microscopy after immersion in liquids of high optical
dispersion. These techniques are simple although subjective.

The classical phosphoric acid method for the determination of free silica (20(vol.l),
26) can be used only for analysis of bulk samples or total dust, since the amount of dust
required is rather large. The limitations in the presence of resistant silicates and the
possible losses of free silica in fine particles should be considered.

Table 4-1 summarizes the most frequently used methods for the determination of free
silica. )

With reference to the determination of asbestos, several analytical methods are
available, e.g., X-ray diffraction, infrared spectrophotometry, indirect chemical methods, and
methods utilizing the differences in the solubility of asbestos and other particles present.
Kim et al. (27) have developed a screening test for chrysotile, amosite, and crocidolite,
which can be used for bulk samples. Each method has its own specific limitations. The most
widely used methods for asbestos evaluations, however, are those based on phase-contrast
microscopy. With a phase-contrast method, fibres with lengths greater than 5 um and
diameters less than 3 um are considered to be of health significance. Since with the phase~-
contrast method only a fraction of all airborne asbestos fibres are accounted for, this method
should actually be considered as an "index measure" of fibre exposure.
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4,4.2 Biological monitoring of exposure to particles

Biological monitoring of exposure to hazardous particles has two aims: (a) to evaluate
the body burden an@/or the dose received by the exposed person; (b) to detect early
biological effects on critical organs (target organs).

The first aim is achieved by the use of analysis of one or more indicator(s) in a
representative biological fluid or tissue (blood, urine, hair, nails). The indicator(s) may
be either the substance itself or a transformation product. This approach therefore
represents a very helpful tool for the industrial hygienist since it permits the evaluation of
all routes of entry (ingestion, skin, inhalation). However, it should be used as a
complement to air sampling and not as a substitute, In some cases, it may constitute a very
effective way of periodical screening of workers, the main limitation being that it can deal,
at present, only with some systemic poisons, such as metals (Pb, Cd, As, Cr), inorganic salts

(F, Br , CN ), and pesticides.

The second aim is not the evaluation of exposure but the detection of early changes in
the organisms as the consequence of the exposure. Among methods used for this purpose, lung
function tests could also be mentioned (although not classifiable as "analytical methods");
these are indispensable tools for the early detection of impairment resulting from exposure to
certain particles, e.g., cotton dust,

4.5 Strategy of sampling

4,5.1 Introduction

The simple and ideal situation of having a single worker employed in a routine operation
not subject to appreciable envirommental variations very seldom occurs in practice.
Therefore, the exposure of a greater number of workers, selected in such a way that the
results will be representative of the exposures, must be assessed. A strategy of sampling
should be so designed as to optimize the relevance, accuracy, and economy of the evaluation of
workers' exposures. The concentration of dust in the air they breathe over a work shift may
fluctuate by factors of tenm to a hundred, in time and in space; the physical and chemical
nature of the dust may also vary. Workers may undertake different tasks at one point, or may
move from one work site to another; some jobs may involve continuous movement. Processes
may change during the working day or working week, either randomly or following a regular
pattern, and environmental conditions may vary markedly between summer and winter seasons.

The experienced occupational hygienist uses professional judgement and common sense in
selecting a strategy of sampling. To determine whether a major study or a continuous
monitoring programme is needed, the worst conditions or worst jobs may be selected for the
initial study; if these exposures are not above acceptable limits, then the process as a
whole may be considered safe.

For such initial studies, particularly when they are intended to prepare a priority list
for more detailed tests, there are-great advantages in the use of simple direct-reading
instruments, even if they do not provide reliable quantitative information on the exposure of
individual workers. The hygienist must, however, be aware of the limitations of such
instruments, and employ professional judgement in interpreting their results.

If these initial studies indicate that exposure limits are exceeded, a more complete
survey must be made.

In general, major problems should be tackled first but, in some cases, it may be found
desirable to begin with the study of relatively minor hazards that can readily be controlled
or that affect only a few workers, leaving until later such studies as may lead to major
changes in plant and processes, in capital investment, or in redeployment of labour. In this
way, support of management and workers is more likely to be obtained for any later major
changes needed. '
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It must be stressed that complete knowledge of the processes, of the substances used and
produced in the processes, and of work practice is essential for sound identification and
evaluation of hazards. The initial survey often provides an excellent opportunity to
determine what really happens in the working area, as distinct from what management believes
is occurring.

In preparing an evaluation programme, the hygienist should endeavour to.assess the
relative costs of evaluation and control. Situations are sometimes met where inhalation of
dust can be controlled by some simple change of working method or modification of existing
equipment. It may prove more economic to make such changes than to undertake an elaborate
evaluation programme, and management and workers should be persuaded to take such action.
Follow-up measurements may.then be needed to check that safe conditions have indeed been
achieved.

4.5,2 Concept of worker exposure zones for measuring exposure

A strategy of air sampling must fulfil the requirements that samples represent employee
exposures and that measurements be efficient, accurate, and obtained over a period of time

that reflects work schedule cycles and the typical exposures experienced by the worker, The
following strategy was developed for personal sampling but is applicable to stationary
sampling where the stationary sample results are representative of employee exposures. To

ensure this, the location should be carefully selected and be as close as possible to the
breathing zone.

In most instances, it is not feasible to sample every employee; therefore, a statistical
expression of results is necessary. It is usually not possible to group all employees into
one exposure group for an entire facility because different work operations, involving '
different workers, are conducted in different parts of a plant. If all employees are grouped
in one exposure group, the contributions to variation within a facility, including different
tasks and source characteristics, are lumped together in one measure of variation. If this
is done, it is likely that the range of exposures will be very large because high exposure
groups are combined with low exposure groups to estimate an "average' exposure. Also, if
results from non-polluted areas are combined with results from highly polluted areas, the
average exposure may give a false sense of security to those really overexposed. It is
better to preselect groups of workers whose exposure is to be characterized by sampling.

The basis for preselection is not physical proximity but similarity of workers' tasks,
emission sources and their location, ventilation (or air movement), and process operations.
This basis for grouping of employees allows the definition of what is referred to as an
"exposure zone" (28), with the purpose of characterizing the profile of exposures of all
workers included in the zone. The "exposure zone'", which is a hypothetical zone, not always
physically defined in the workplace, must then fulfil four basic attributes (28): '

- work similarity (workers in the zone must perform similar tasks);

- similarity with respect to hazardous agents (zone members must be exposed to the same
agents) ;

- environment similarity (physical conditions of the workplace, ventilation, process
equipment, etc. must be similar or common to all zone members);

- identifiability.

It should be kept in mind that workers considered to be in the same group must be
carefully observed and identified since it may occur that even people performing the same task
can have different exposures owing to their personal characteristics (e.g., height) and the
way they perform the tasks individually. Two employees located physically far apart may
belong to the same "exposure zone', whereas two others in close proximity might not be in the
same zone because of different job activities and different locations in relation to emission
sources and air-movement patterns. When a sufficient number of employees are sampled in each
zone, the information obtained can be used to describe the exposure levels for all workers in
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the same zone, within a range of concentrations, by a mean value and a standard deviation, and
within certain statistical confidence limits. Perhaps one of the most important decisions
made by those charged with measuring employee exposures to airborne contaminants is the
initial grouping of employees into zones for similar exposures. This decision establishes
the framework for statistical estimation of exposure.

In the simplest cases, workers stay at the same operation (grinding, welding, plating,
etc.) and in the same geographical area of the plant. Therefore, process operation or
physical plant location defines the exposure zone. In some cases, job classification defines
the exposure zone. For example, maintenance workers usually roam throughout a plant
attending to their tasks; they are usually grouped into one exposure zone.

4.5.3 Exposure zones for estimating employee average exposures

After selecting exposure zones and assigning individual workers to these zones, it is
necessary to make a random selection of those workers who will wear personal samplers for
full-shift sampling in order to estimate the average exposure and variation in exposure for
all those assigned to the zone. Usually, the sample size will be from 25 to 50% of those in
the group for groups of 10 or more. Methods are available for more reliably estimating the
minimum required sample size based on the anticipated dispersion of results (28,29).

. . . . . a
The factors to be considered in selecting exposure zones include the following:—
- location of workers in relation to the pollutant sources (for a single pollution source,
it is evident that the closer the worker, the worse the exposure; however, this may not
be so simple when there are multiple sources);

- nature of processes and relative importance of various sources;

- mobility of workers (whenever workers move around, it is important that the observation
period be long enough to cover most of the situations);

- work practices (i.e., how workers place themselves in relation to tasks, how careful
they are with spills, use of personal protection, etc.);

- time spent under worst conditions;

- air movement and ventilation conditions at the workplace.

4.5.4 Exposure zones for estimating worst exposures of employees

It should be stressed that the strategy of sampling described estimates the average
exposure of workers. Another strategy is to estimate the exposures of those workers
experiencing the worst exposure conditions in order to reach conclusions about the need for
modifications of facilities in order to reduce exposures. The worker(s) in the worst
exposure situation(s) can be reasonably well selected through careful observations of their
activities and work patterns. It should be kept in mind that operations such as maintenance
and cleaning, which are sometimes overlooked, may cause some of the worst exposures.

However, in this case only those in the worst situation are selected for sampling.

Should the results for the worst exposed workers be within permissible levels, it might
be concluded that it is so for everybody in that workroom. Otherwise, further studies along
the lines of the first strategy outlined above are required.

2 Goelzer, B. Evaluation of gases and vapours in the work environment. Geneva,
World Health Organization, 1979 (unpublished WHO document OCH/79.1 Rev.l). A limited number
of copies of this document are available, on request, from the Office of Occupational Health,
World Health Organization, 1211 Geneva 27, Switzerland.
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4.6 Statistical considerations

4.6.1 Accuracy, precision, and sensitivity of sampling and analytical methods

The accuracy of a measurement of airborne particulate matter refers to the capacity of a
single air sample to measure the true average value of the contaminant parameter in air during
the period of sampling. The precision of measurement of contaminant concentrations in air
refers to the reproducibility of measurements performed in exactly the same manner. The
sensitivity of a sampling and analytical procedure refers to the minimum detectable amount of
contaminant. Accuracy and precision of sampling and analytical methods must be determined in
a laboratory in order to evaluate the relative values of alternative methodologies.

Even supposing a hypothetical situation of an invariable work practice, many factors in
the workplace and the laboratory could still cause variations in the results or errors in the
sampling and analytical procedures. These errors are randomly distributed and can be fitted
by a normal distribution. The relative variation of a normal distribution can be described

by the coefficient of variation, CV, also known as the relative standard deviation. The CV
(of a method) is an index of dispersion defined as the standard deviation of the method
divided by the true value (estimated by the arithmetic mean of the results) (29). It may

also be expressed as a percentage.
In practice, the coefficient of variation can be computed as follows:

standard deviation
mean value

Cv =

The total coefficient of variation, CVy, is a statistical term used to describe the
reproducibility of a method (from sample collection to laboratory analysis); this coefficient
incorporates several sources of error, including sampling-flow variation and analytical error.
Such coefficients have been estimated for certain specific methods employing personal sampling
procedures and some examples are presented in Table 4-2.

Table 4-2. Selected examples of coefficients of variation (29)

Air contaminant CVrp Me iIOOdS}{\Io .

Antimony and compounds (as Sb) _ 0.09 s2
Arsenic and compounds (as As) 0.06 S309
" Asbestos 7 0.24-0.38 P & CAM239
Calcium oxide ‘ ‘ 0.06 5205
Magnesium oxide fume ‘ 0.06 ‘ S$369
Manganese and compounds (as Mn) - 0.06 S5
Nickel, metal and soluble compounds (as Ni) 0.06 5206

Different standards specify different levels of accuracy. Statistical approaches to
verify compliance with standards have been designed and adopted in different countries (as an
example, see ref. 29).

4.6.2 Expression of airborne concentrations of particulate matter associated with
exposure zones

After determination of breathing-zone exposures of individuals selected to wear samplers
for the purpose of characterizing exposures of all workers in an exposure zone, statistical
parameters are calculated to describe exposures of all of those associated with the zone.
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For this purpose, it has been determined, from many studies of the distribution of measures of
contaminants in workroom air, that concentrations frequently adhere to a lognormal distribu-
tion (28,29). This distribution is completely characterized by two descriptive mathematical
parameters: the geometric mean and the geometric standard deviation (30,31). The
application of statistical methods to air sampling data is summarized in Annex V of Evaluation
of gases and vapours in the work environment.2 However, while procedures using the lognormal
distribution are somehow more complex than those using the normal distribution, lognormal
graph paper can be utilized to simplify greatly the expression of results from air sampling
when the results adhere to the lognormal distribution. An example of such calculations and
graphical procedures is presented below.

Example

Data: Concentrations of respirable dusts expressed in mg/m3 derived from full-shift
personal respirable samples for seven workers selected for sampling from an exposure zone
comprising fifteen workers, are as follows: 7.0, 5.4, 9.1, 12.0, 3.5, 20, 18.0 (mg/m3).

Questions

- What is the range of concentrations to which 95% of the workers in this zone are exposed?
.~ What are the probabilities of exposures to certain concentrations within the range?
Solution (graphical)

The cumulative distribution, to be plotted on lognormal graph paper, is calculated from
the concentration values, as follows:

Table 4-3. Construction of lognormal distribution of exposures of
work zone population exposed on the basis of sampling data

Cumulative % of
Measurement
. No. of 3 measurements less
concentrgtlon measurements Cumulative No. than stated
(mg/m ) concentration
3.5 1 1 14.3
5.4 1 2 28.6
7.0 1 3 42,9
9.1 1 4 57.1
12.0 1 5 71.4
" 18. 1 6 85.7
20.0 1 7 100.0
(L (2) (3) (4)

Columns (1) and (4) are plotted on lognormal graph paper (Fig. 4-5) with column (1) shown
as the ordinate and column (4) as the abscissa. The point corresponding to 100% is not
meanihgful, and therefore it is not plotted. Since the points lie on nearly a straight line,
the curve suggests good adherence to the lognormal distribution. A line is drawn to
represent the plotted points and extended in a dotted line to estimate the range of exposures
that will be experienced by workers in the exposure zone based on samples obtained.

2 Goelzer, B. Evaluation of gases and vapours in the work environment. Geneva,
World Health Organization, 1979 (unpublished WHO document OCH/79.1 Rev.l). A limited number
of copies of this document are available, on request, from the Office of Occupational Health,
World Health Organization, 1211 Geneva 27, Switzerland.




Conclusions

As to the first question, from the graph (Fig. 4-5) it can be estimated that 95% of the
workers would be exposed to a range of concentrations from1.75 mg/m” to 38 mg/m .

These values are obtained by reading off the concentrations corresponding to 2.5% and
97.5%, respectively, between which 95% of the workers fall. '

As to the second question, it can be said that, on the basis of the samples obtained, and
assuming adherence of data to the lognormal distribution, the following are examples of

predictions that can be made from the graph (Fig. 4-5):

- 5% of workers are likely to be exposed to concentrations equal to or greater than
30 mg/m3;

- 10% of workers are likely to be exposed to concentrations equal to or greater than
22 mg/m3; | '

- 50% of workers are likely to be exposed to concentrations equal to or greater than
8 mg/m3 (8 m m3 represents the average exposure);

- 90% of workers are likely to be exposed to concentrations equal to or greater than
2.9 mdm?h‘ ‘

It should be kept in mind, however, that the graphic procedure described offers a first
approximation to predicting exposures to certain concentrations. More accurate predictions

can be obtained mathematically.

The results obtained with stationary samplers can be treated in exactly the same way.

4,7 Concept of measuring exposure to determine compliance with a standard

The main objective of the evaluation of exposures is to establish if health hazards exist
and, therefore, whether or not changes are required to reduce the concentrations of airborne
particles to which workers are exposed. )

Exposure limits for the concentration of airborne particles have been adopted by many
nations in order to permit decision-making with regard to whether the conditions in the
workplaces are hygienically satisfactory. If not, these conditions are not acceptable and
there is need to adopt adequate control measures, e.g., substitution, local exhaust
ventilation, enclosure, or wet methods. ’ :

Compliance with standards should be approached in a way to optimize control measures and
give best protection to most workers.

The approaches to the comparison of measurement results with the adopted standards are
not the same in every country. According to some regulations, no result should exceed the
standard value and the highest result obtained is used in this comparison. According to
others, an adequate number of results is statistically treated and a range, or confidence
interval for the mean, is established and used to conclude if there is compliance with the
adopted standard. In this case individual results may be permitted to exceed the adopted
standard, Different types of statistical treatment of environmental data have been widely
discussed in the literature (29,31-33). The first approach mentioned seems simpler and more
economical since the exhaustive statistical analysis is not required. . However, this :
apparently simple solution may lead, in some circumstances, to more expensive control
measures, aiming at further reducing concentrations that may in reality already be acceptable
for health protection.

It must be well understood that standards should not only be adopted, they must be
enforced through adequate control measures.. Whenever selecting an approach, the full
implications including not only the evaluation but also the control stage should be carefully
considered.
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Fig., 4-5. Plot of results of respirable dust sampling on lognormal probability paper (2 cycle);
graphic estimation of parameters
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4,8 Record keeping

It is necessary to maintain accurate and complete records of air sampling. Information
essential for future use of results for epidemiological studies, or for evidence of compliance
with standards for airborne particles, consists of:

- date and time of sampling

- type of sample (personalﬂ or stationary)

-'person collecting the sample

- sample location (or employee job station)

- production activities oécurring during sampling period

- saﬁpling instrument used and‘identifying serial number

- sample flow rate and date of inétrument flow‘calibrafion
Remark: include any special indoor 6r outdoor weather conditions.

The above data are usually entered on a‘sample data sheetIAQSigned to receive thé
information. Results of sampling may also be calculated on this sheet, although many urge

that separate records be maintained for raw data and calculated results.

Particle analytical data should include:

analyst's name

- instrument used

- ‘analytical method (feference to procedure or full procedure, if not available élsewhere)
-‘date of analysis

- analytical results

Air-sampling data and results should be stored for rapid access and retrieval by personnel
other than those who performed the sampling. It is useful if they are comprehensible to the
non-specialist in air sampling, including‘the employee, In some countries, employees must be
given access to the records of environmental surveillance if it has the potential to affect
their health. : ‘

The records rapidly become veluminous, making access and retrieval cumbersome and time-
consuming. Many large organizations have been entering medical and industrial hygiene records
on tapes and diskettes, which solves many of the problems associated with the rapid build~up
of records (see, for example, ref. 34). ' :

2 If personal sample, employee's name and job classification should be recorded.



Table 4-1,

Comparative table for the most used analytical methods for

determination of free crystalline silica in industrial dust

_S‘E_

Precision cesos - .
Method Analyte (relative standard deviation) Sensitivity Limitations
Digestion with H4P707 and The three polymorphs Gravimetric + 6% Inadequate for respirable
gravimetric or colorimetric of free crystalline Colorimetric + 9% 10 pe dusts and in the presence
determination, silica and quartz of some resistant silicates
glass, total amount., and oxides; fails to dis-
tinguish between the three
free silica polymorphs and
quartz glass.
Digestion with mixture of The three polymorphs + 4% 10 rs High results in the
KCl + KHCO3 after pretreat- of free crystalline presence of minerals of the
ment with HCl, HNO3 and silica and quartz amphibolic group. Fails
HBF, and colorimetric glass, total amount. to distinguish between the
determination., three free silica poly-
morphs and quartz glass,
X-ray diffraction with Quartz, cristobalite, + 10% 5 pg The equipment is very
internal or external tridymite (separately) expensive; interferences
standard and measurement by a number of minerals
of mass-absorption including micas and
coefficlent, feldspars; the magnitude
of diffraction peaks is
particle-size dependent,
Preliminary elimination of
interfering minerals
imposed.
Infrared spectrophotometry Quartz, cristobalite + 10% 5 Jot:s Interferences by a number

tridymite and amorphous

free silica
(separately)

of minerals including
micas, feldspars but not
amphiboles; the intensity
of absorption bands is
particle-size dependent.
Preliminary elimination of
interfering minerals is
imposed,
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5. PRINCIPLES OF PARTICLE COLLECTION AND ASSOCIATED INSTRUMENTS

The sampling of airborne particles for appraisal of their concentration in the workroom
air requires the use of suitable instruments (17) that extract the particles from a measured
volume of air and collect them in a manner that permits subsequent analysis by a gravimetric
and/or chemical method or-by counting the number of collected particles; other suitable
instruments detect and measure particles as they pass through the apparatus,

The instruments themselves comprise some form of collecting device, a pump, a flowmeter
or indicator, and a power source or connection to fixed supplies of electricity or compressed
air, Instruments for measuring respirable dust incorporate an additional device for removing
coarse particles before the detection chamber or collecting unit. Such instruments for
sampling of particulates utilize one or more of the following principles.

5.1 Particle settlement

5.1.1 Gravitational settlement

The gravitational force acting on a falling dust particle is balanced by a resistive
force produced by friction with the air. These two forces counteract each other, resulting
in dust particles quickly attaining a constant terminal settling velocity (see section 2.1,

P. 8). Very small particles have negligible settling velocity and remain airborne for long
periods, particularly in the presence of draughts (air movement) in the workplace. Particles
can be separated according to their settling velocities by the process of elutriation.

Elutriators. Elutriators are important components of sampling instruments for respirable
dusts. They are used as precollectors ahead of other particulate collectors (e.g., filters) to
remove the particles larger than certain pre-established sizes. According to their design
elutriators can be “wertical™ or "horizontal™. The principles of particle size classification
by elutriation are described by Hamilton & Walton (35).

The dust-laden air stream is aspirated slowly through a vertical or horizontal chamber in
which the particles above certain sizes settle out of the air stream (the greater the particle
aerodynamic size, the higher the proportion of those particles which settle on the elutriator
base for a given elutriator velocity); the smaller sizes with lower falling speeds are carried
through and may be collected by a filter or other suitable device at the elutriator exit. The
elutriator can be so designed to pass only the particles in the respirable range.

The fraction of particles removed by the elutriator increases linearly with particle
falling speed, rising from zero when the settling speed is zero to 100% for all settling speeds
greater than a critical value.

It is possible to predict mathematically the selectivity of an elutriator with reference
to particle size;  such predictions have been confirmed experimentally. It has been demon-
strated that: ' ‘

- the selectivity of a vertical elutriator is independent of the air flow pattern within
or beneath the dust leading to the filter, and

- the selectivity of a horizontal elutriator is independent of the velocity profile
between roof and floor of the instrument, within the recommended flow rates (laminar
flow). '

Among the instruments utilizing the principle of horizontal elutriation available on the
market, the "Hexhlet" and the MRC gravimetric dust samplers are the most widely known and have
been used for respirable particle sampling. These instruments were designed for the collection
of the “respirable fraction" of dust, by using horizontal elutriators as precollectors with a
cut-off at 7 pm equivalent diameter and a 50% cut off at 5 ym and at 3.5 pm, respectively.
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In many cases, it is difficult to clean out the collected dust periodically in order to
minimize contamination by re-entrained dust of the second stage collection. Because the
efficiency of these devices is flow rate dependent, operation at non-standard flows will cause
erroneous results in both total concentration and "respirable' fraction values, owing to
deviation from the standard velocity pressure at the inlet; it is essential that the flow rate
used should be checked periodically, However, the elutriator is less affected by pulsating
air flow than the cyclone (described below) as the time for separation of particles is
considerably longer, Elutriators are usually bulky and sometimes pose problems for field use,
particularly for personal sampling.

5.1.2 Centrifugal settlement

In centrifugal settlement, a moving dust particle in a rotating air stream is subjected to
a centrifugal force that accelerates it away from the centre of rotation towards a surface
where it will impact and lose momentum, thus being removed from the air stream.

The terminal centrifugal settling velocity is proportional to the gravitational settling
velocity of the particle and to the square of the linear velocity of the rotating gas stream

and inversely proportional to the radius of the curvature of the path.

This principle has been utilized in the design of some particle collectors that are widely
used - the cyclones - to remove the non-respirable fraction of a particle cloud.

Cyclones. The principle of cyclone separation is schematically represented in Fig., 5-1,
and a picture of a commercially available cyclone precollector is presented in Fig., 5-2.

Fig. 5-1. Schematic representation of a cyclone separator (36)
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Fig. 5-2, Example of a cyclone precollector (l0-mm cyclone with filter)é
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The cyclones used as precollectors in air sampling (to collect and therefore remove non-
respirable dust) are usually of small sizes, from less than 10 mm to no more than 50 mm in
diameter, They have been widely used since the concept of "respirable" sampling of dust was
adopted, B

In a cyclone precollector, the air enters tangentially at its side and swirls around
inside., Particles above a certain size are thrown to the cyclone walls and collected at its
base ("grit-pot"). The air leaves along the central exit through the top of the cyclone,

a Sampling and evaluating respirable coal mine dust. United States Bureau of Mines
Information Circular 8503, February 1971.
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The cyclone design determines the particle size fraction removed from the air stream; the
fraction that remains in the air stream will be collected, usually on a filter, and determined
usually as respirable dust.

The volume of a cyclone is much smaller than that of a horizontal elutriator of the same
flow rate and efficiency. The orientation of a cyclone is not as critical as that of an
elutriator, therefore a small cyclone can conveniently and effectively be fastened to the
clothing for personal sampling. However, one important precaution is to avoid turning a
cyclone upside down during or after sampling, as this could cause dust from the cyclone and
grit-pot to fall onto the filter or out through the inlet,

Fluctuations in flow rate can alter cyclone performance. Therefore, whenever utilizing
cyclones it is important that the air mover be able to keep a non-fluctuating flow rate (see
section 6.1,1),

Very high dust concentrations may cause particle agglomeration and an increase in
collection efficiency within the cyclone. On the other hand, de-agglomeration may occur,

Because of the complexity of fluid behaviour in cyclones, it is difficult to predict
mathematically their collection characteristics and they are based on empirical design,
Cyclones must be calibrated for particle collection in terms of aerodynamic equivalent
diameters; once calibrated, they can be used for all particles except fibres,

The cyclohes available on the market to be used as precollectors in two-stage samplers are
usually made of plastic or metal,

(1) Nylon cyclone. The cyclone often used in the USA is a 10-mm nylon cyclone. The
biggest advantage of this cyclone is its low cost, It is also light and small. However,
the real reason why it was adopted in the USA is that it was the only type commercially
available there at the time when the procedure was officially standardized (by OSHA)., Two
recognized problems with this cyclone are:

Air leakages, primarily around the top (where the top of the cyclone is connected to its
body); these cause errors in the results since part of the total air flow drawn through the
pump will pass through the leakages and a lower air flow than measured will go through the
cyclone inlet,

One way of avoiding this leakage is to seal around the joint (between the two parts of the
cyclone) with an epoxy resin, This seal can be broken with compressed air whenever the
cyclone must be taken apart for cleaning.

Electrostatic charges, which may cause a few dusts (e.g., plastic) to adhere outside the
cyclone, and therefore interfere with sampling. If the conditions and type of dust are such
that one can observe dust adhering to the outside of the cyclone, there is a problem and
sampling cannot be continued under such conditions, While outside deposit of charged
particles represents the extreme case, non-standard penetration may occur with much lower
static charges.

Neither of these two problems has been observed with the metal cyclones.

(ii) Metal cyclones. Metal cyclones are commercially available in a variety of sizes,
thus giving flexibility in collecting samples of different sizes, They can be constructed in
the workshop of a laboratory when not commercially available locally.

As a rule, metal cyclones neither leak nor build up electrostatic charges.

Remark: When choosing a precollector, one consideration is the lung-deposition curve
according to which it was designed. Some (e.g., the 10-mm nylon cyclone) follow the AEC-ACGIH
curve, while others follow the MRC curve, However, as already discussed in section 4,1.2, the
individual variability in the penetration and deposition in the human lung for different
particle sizes is so wide that both curves will be acceptable for sampling.
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Care: Certain factors must be considered when utilizing cyclones, among which the
following should be mentioned:

(8) a cyclone must be used at the volumetric air flow corresponding to its calibration
curve and at a steady air flow;

(b) cleaning is very important; cyclonés must be cleaned with a brush after each use
and the grit-pot must be emptied (see Annex 2 for detailed procedure) ;

(c) owing to the turbulent air flow inside the cyclone, particles can be re-entrained
in the air stream and escape to the filter; this difficulty can be overcome in metal
cyclones by coating the internal walls with an adhesive substance. : '

5.2 Filtration

Filtfation is a simple method for determining the mass concentration and for collecting
samples for compositional analysis of airborne particles and for microscopic examination of
collected particles (if membrane filters are used). A great variety of filter media and
sizes are available in order to allow the collection of almost any sample quantity, provided
an adequate air mover is used. Filter media have been widely discussed in the specialized
literature (37). ' '

The mechanisms involved in the removal of dust particles from a gas stream by filtration
include: (a) direct interception; (b) inertial collection; (c) diffusion; (d) electrical
forces; and (e) forces of adhesion and re-entrainment.

Filtration of particles depends on the following parameters: (a) particie size;
(b) particle shape; (c) specific gravity of particles; (d) particle surface chara@teristics;

(e) amount of dust; (£f) density, humidity, and velocity of gas.

The filtration process is complex; filtration efficiencies for different particles are
difficult to predict. Therefore, filter efficiencies are determined experimentally,

5.2.1 Filter media

The most important filter media commercially available, depending upon their composition
and structure, can be classified as follows.

(a) Cellulose filter papers. These are formed of purified cellulose pulp and their main
characteristics are the following:

- low in ash content

- relatively inexpensive

- have tensile strength,‘and

~ obtainable in an almost unlimited range of sizes.

Their main disadvantage is their high hygroscopicity and high resistance to air flow
(high pressure drop).

(b) Glass fibre filters. Filters made of fine glass fibre have a higher efficiency than
cellulose filters for a given resistance to air flow, and are often used in personal samplers
where limited power is available, and in high volume samplers where the low rate of plugging
makes for a constant sampling rate, In fact, such filters have become quite popular in
recent years., They also have the advantages of maintaining a constant weight independent of
humidity (which simplifies weighing procedures), of being heat resistant, and of retaining '
particles on the surface, thus simplifying microscopy. '

\
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These filters have low reactivity with most air contaminants.

Since the silica content of glass fibre filters is high, they are not suitable for the
determination of free silica. Certain other elements may also be present in concentrations
sufficiently high to interfere with analysis, but high-purity filters are now available.
Another disadvantage of the glass fibre filters is their low mechanical strength,

(c) Plastic fibre filters. These are made of ultrafine fibres of polystyrene or per-
chlorvinyl and have similar performance to glass fibre filters. Their collection efficiency is
high and resistance to flow is relatively low. Their advantage over the glass fibre filters
is their solubility in certain solvents (e.g., polystyrene filters in aromatic hydrocarbon
solvents) , enabling the collected dust to be easily separated from the filter for analysis.

The disadvantages of plastic fibre filters include:
- poor mechanical strength (a firm backup in the filter holder is needed) ;
- decreased efficiency in the presence of liquid droplets.

(d) Membrane filters. Membrane filters are extensively used to sample for airborne
particles; for this reason they are more thoroughly discussed here than other filters.

Membrane filters are manufactured from resins, such as cellulose esters, PVC or acrylo~
nitrile, Their pore diameters range from 0.0l pm to 8-10 pm and they can retain particles
with diameters as small as 0,001 pm.

The particles collected on the surface of a membrane filter penetrate to a depth of only
about 10 pm into the filter; therefore, the particles can be microscopically analysed in situ.
The membrane filters are not significantly affected by temperature within a range from -80°C
and a maximum value, called "maximum operative temperature", which differs from filter to
filter and is a characteristic that must be given by the manufacturer (see Table 5-1 for
examples),

The membrane filters are resistant to diluted alkalis and acids and to certain organic

solvents. However, they are easily dissolved in acetone, chloroform, ethyl dichloride, and
some other solvents.

The pressure drop across membrane filters is usually higher than that across similar
glass fibre or cellulose paper filters, and they may plug more rapidly. The collection
efficiency of membrane filters is generally excellent.

Samples of particles collected on membrane filters can be examined under the optical
microscope (if the refractive index of the particles is not too close to 1.50). The membrane
filters can be prepared for microscopic examination in different ways, for example by
(a) impregnating them with immersion oil with refractive index very close to that of the filter;
this causes the filter to disappear optically, leaving the deposited particles in clear relief;
or (b) placing the filter with the particles in acetone vapours, which dissolve the filter
leaving the particles settled on a glass slide.

Membrane filters can also be prepared for examination under the electron microscope (a
segment of the filter is placed on a grid and slowly dissolved in acetone or ethyl acetate),
as well as for X-ray diffraction analysis.

Besides high efficiency, the membrane filters offer a number of other advantages, such as:

- very good quality control (usually), both for the weight and for the thickness;

- low interference background for chemical analysis (since the chemical constituents of
the membrane filters are limited) ;



