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Abstract: Asbestos fibres, when released into the air, can pose serious health hazards to
exposed people. The aim of this study was to determine the concentration of respirable
asbestos fibres in a highly urbanized and densely populated town, where asbestos-containing materials have been widely used in building constructions. Their presence and
degree of corrosion were the main criterion for location of sampling stations. All air
samples were collected applying the recently elaborated sampling strategy. The origin of
sampled fibres was additionally proved by SEM analysis. Concentrations of respirable
fibres, derived from 2 groups of asbestos minerals (crocidolite and chrysotile) varied from
0.0010–0.0090 f/cm3. The highest concentrations were observed in the immediate vicinity of the buildings where a large accumulation of damaged asbestos-containing materials
was found, compared to sites located from 100–500 m from such buildings, or treated as
a “free” from asbestos sources. It was revealed that even a relatively gentle air movement
(1 m/s) plays an important role in the spreading of fibres near the asbestos source. The
data of spatial distribution of respirable asbestos fibres in the form of a map can be a useful tool for the official bodies to plan necessary asbestos remediation actions.
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INTRODUCTION
The term “asbestos” is a collective name for a category
of naturally occurring fibrous minerals from the groups of
serpentine (chrysotile) or amphibole (i.e. amosite, crocidolite, tremolite, actinolite, and anthophyllite). All of them
belong to silicate minerals and are characterized by a crystalline and stringy structure (i.e. curly regarding chrysotile
or needlelike in the case of amphibole fibres). Whereas the
comminution of chrysotile fibres may produce separated
unit fibrils, the breakage of amphiboles (by both parting
and cleavage) occurs along defined crystallographic planes
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[40, 44, 56]. Macroscopically, asbestos structure resembles
organic fibres such as cellulose. Since all asbestos fibres
are silicates, they are strong yet flexible. They exhibit several other common properties, such as: incombustibility,
thermal stability, resistance to biodegradation, chemical
inertia towards the most chemicals, and low electrical conductivity [23]. For these reasons, asbestos has been commercially exploited because only a few other available
substances combine the same features. During the last 100
years, asbestos (mainly chrysotile) has been widely used
as a component of heavy industrial products such as sealants, cement pipes, cement sheets, and building insulating
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materials (in Poland – usually as roofing and front elevation panels of buildings). The amount of asbestos in specific products (e.g., in building materials, older plastics,
paper products, brake linings, floor tiles, and textile products) varied from 1 to almost 100%.
Respirable asbestos fibres (i.e., fibres with: a length
greater than 5 μm, diameter smaller than 3 μm, and length
to diameter ratio equal to or greater than 3:1) can easily
penetrate the human air passages. Once inhaled, they may
be deposited and retained in the airways and lung tissues.
Hence, each individual exposure increases the likelihood
of development of asbestos-related disease. The adverse
effects of asbestos on human health, resulting from the inhalation of fibres released into the air, are well documented.
Asbestos exposure can cause serious health problems leading to numerous diseases such as asbestosis (lung scarring
– a chronic, restrictive, non-cancerous respiratory disease),
plural plaques, lung cancer, mesothelioma (a cancer of the
lung cavity lining) or, if asbestos is ingested, other cancers
of the esophagus, larynx, oral cavity, stomach, colon and
kidney [8, 56, 57]. The health outcomes depend on the size
and concentration of fibres, penetration of the lower parts
of the respiratory tract, and duration of exposure [17, 29,
39]. The longer a person is exposed to asbestos and the
greater the intensity of exposure, the greater the probability
of the appearance of health problem. It is well known that
a long latency period for asbestos-related diseases causes
numerous difficulties in clinical diagnosis. Because of a
rapid increase of the risk in time, the lifetime effect of exposure in childhood is likely to be much greater than if it
begins in adulthood. The symptoms may not appear until
20–40 years after first exposure [28, 54]. Asbestos-related
disease, such as lung cancer, may not occur for decades after breathing asbestos fibres [15] and, as it is anticipated today in Europe, the peak of mortality will be reached around
2020. However, the differences between the countries are
expected according to their distinct asbestos consumption
curves [51].
The world has 200 million tons of identified asbestos
resources [47]. In 2007, the production of asbestos was
estimated to be 2.20 Mt (a slight increase from 2.18 Mt
in 2006 is still visible). Russia, followed by China, Kazakhstan, Brazil, Canada, and Zimbabwe have been the major producers of asbestos for many years. These countries
have accounted for 96% of world production. Nevertheless,
the import, manufacturing, marketing, and use of asbestos
products have already been banned (with minor exceptions) in 30 countries [50]. Since 1 January 2005, the use of
asbestos has been forbidden throughout the European Union [51]. Despite the fact that in Poland there are no natural
resources of asbestos, its products were widely used from
the 1930s. Two-thirds of the asbestos, mostly chrysotile,
was used to produce asbestos-containing construction materials such as corrugated roofing and cladding panels for
residential and industrial buildings (i.e. asbestos-cement
(AC) panels commonly known as “eternit”). The maximum

demand for asbestos products occurred in Poland between
1970–1980, when about 2% of world production (about
100,000 tons of asbestos a year) was imported. Approximately 80% of this quantity has been utilized by the building industry [6]. By the mid-1980s, the production of asbestos materials had decreased to 60,000 tons. In 1991, it
decreased to 30,000 tons, still making Poland the 16th biggest consumer in the world. Nowadays, the total amount of
asbestos products in Poland is estimated at about 15 million tons, of which approximately 96% (about 1,351 million m2) occurs in the form of AC sheets which, due to
the corrosion process caused by both the construction mechanical damages and weather conditions, release asbestos
fibres into the air [11].
In May 2002, the Polish Council of Ministers accepted
the governmental “Programme for removing asbestos and
asbestos-containing materials used on the territory of Poland”, a task which will be fully accomplished by the end
of 2032 [11]. According to the Order of the Minister of
Economy, Labour and Social Policy of 21 April 2004 on
“the ways and conditions for the safe use and disposal of
asbestos-containing products”, there is a necessity to monitor the levels of asbestos fibre air pollution [34]. The conditions imposed by the Order demand an air monitoring,
which allows the ascertaining of correctness of the work
involved in the asbestos removal processes, and to control
the degree of contamination of the environment. Despite
the enforced requirements, there is still no standardized
method for determining asbestos fibres in the environment
and the allowable concentration of respirable fibres in the
air.
The fibre concentrations in urban areas are generally not
known and knowledge about duration and frequency of exposure as well as the type of fibres are seldom available
with an adequate precision. For this reason, the assessment
of environmental exposure to asbestos fibres is rather difficult. Hence, the aim of this study was to determine the
concentration of respirable asbestos fibres in the air of Sosnowiec, Poland, as an example of an highly urbanized city
where asbestos materials in the form of AC sheets have
been widely present in building constructions. The recently
elaborated sampling strategy for respirable asbestos fibres
in the air [20] were applied to the control of the environmental level of these pollutants.
MATERIALS AND METHODS
Sampling area and location of sampling sites. The
concentration of respirable asbestos fibres was measured
in Sosnowiec, a highly urbanized and densely populated
town (city land area estimated at 91.26 km2; population:
222,829) in the Upper Silesia conurbation in Poland [7].
This city was chosen because of the high housing density
and ubiquity of AC panels on residential building elevations. It has been estimated that about 1,313,683 m2 of asbestos-containing materials were located on the territory of
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Sosnowiec. According to data provided by the City Hall,
about 98% of building materials (roof and elevation covers) from single-family homes, residential blocks, public
and manufacturing sector buildings contain asbestos [31].
Hence, the main criterion for location of sampling sites
was the presence of asbestos-containing materials and degree of their corrosion (as the main phenomenon responsible for the release of asbestos fibres into the air). According
to the Polish Standard PN-Z-04008-02 [35], the 62 sites
scattered across the whole city were chosen for sampling.
All the selected places were divided into 3 groups: in the
immediate vicinity of the buildings with asbestos-containing materials, at a distance of 100–500 m from such buildings, and in the immediate vicinity of buildings without asbestos-containing materials. The total number of analyzed
samples was 100. The filters from each sampling site were
subsequently analyzed by both phase contrast microscopy
and scanning electron microscopy. These techniques enable determination of quantity (and based on that the concentration) of fibres as well as the type of asbestos in the
bulk material, respectively.
Phase contrast microscopy (PCM). The strategy used
in this study is described in detail in [20], relies on the
PCM technique which enables determination of both the
percent and type of asbestos in the bulk material. In brief,
the asbestos fibres were sampled using Casella aspirators
(Casella Ltd., London, UK) with Harvard pumps (Air
Diagnostic and Engineering Inc., Naples, ME, USA) at a
high flow rate (8÷9 l/min) for 4–5 hours to obtain large
volume samples (2–3 m3). The samples were collected
onto 25-mm nitrocellulose membrane filters with a pore
size of 0.8 μm (Sartorius AG, Göttingen, Germany). The
filters were transported in both directions, i.e. to the sampling points and back to the laboratory, in a hard container
with special holders in order to avoid displacement of the
collected fibres. After sampling, the filters were transferred
onto a glass slide and subsequently treated to render them
transparent using Acetone Vaporizer VAP 200 (BGI Inc.,
Woltham, MA, USA). Briefly, the whole process was as
follows: each filter was transferred from the holder onto
a microscopic slide and exposed for a few seconds to a
stream of acetone vapour (approximately 0.1 ml of liquid
acetone was injected into a hot block of vapourizer), then
the excess acetone that condenses on the filter was allowed
to parry on a hot block to render the filter transparent (as
acetone dissolves cellulose esters based material). After
that, a drop of triacetin (glycerol triacetate) was placed on
the filter, purifying the granularity left from the acetone
vapour clearing, and the whole sample was capped with
a coverslip [22, 32]. All the filters were thus prepared and
then viewed in a phase contrast microscope at 500× magnification. The fibres defined as respirable were counted according to the Polish Standard PN-Z-04202-02 [36]. To determine the dimensions of fibres, the Walton-Beckett G-22
graticule (Graticules Ltd., Tonbridge, Kent, UK) was used.

The presence of fibres was checked in a much longer than
usual number of microscopic fields of the Walton-Beckett graticule (i.e. 500) to increase the precision of asbestos
quantitative identification.
The fibre concentrations were noted as the proportion of
their number on the filter to a volume of the aspirated air
given in cubic centimeters (f/cm3). Although this method
is relatively fast and inexpensive, it does not allow distinguishing between asbestos and non-asbestos fibres. In this
study, however, all the samples were taken at specific locations in which the contribution of fibres other than asbestos
was statistically insignificant, and the origin of sampled
fibres was additionally proved by a scanning electron microscope (SEM) analysis.
SEM analysis. For this purpose, using Harvard pumps,
the samples were taken onto a 25-mm nitrocellulose membrane filters with a pore size of 0.8 μm at high flow rate
(see above) about 10 hours. The final volume of the examined samples was 10 m3. After sampling, the membrane
filters were coated with a thin layer of gold (metallization step) and randomly selected fragments of each filter
were analyzed using a scanning electron microscope LEO,
type 1430 (Carl Zeiss SMT AG, formerly LEO Electron
Microscopy Ltd., Oberkochen, Germany) at 15,000× to
20,000× magnification. Finally, all fibres that showed up
in the scanned fields underwent an elemental analysis by
energy-dispersing X-ray spectroscopy (EDS) Link ISIS
300 (Oxford Instruments, High Wycombe, UK) to identify
their chemical composition. The images obtained from an
electron detector during the SEM analysis were digitized
and subsequently compared with the elemental patterns
characteristic for the known types of asbestos.
Environmental parameters. All asbestos measurements were carried out in spring (April–May) and autumn
(September–October), when no rainfalls were observed.
During sampling, the air temperature, relative humidity,
and velocity were measured using the Omniport 20 portable handheld meter equipped with suitable sensing probes
(E+E Elektronik Ges.m.b.H., Engerwitzdorf, Austria).
Data analysis. The obtained data were evaluated using
analysis of variance (ANOVA) supplemented by post-hoc
estimation (Scheffe’s test), t-test, and Pearson (“r”) correlation analysis using Statistica (data analysis software system) version 7.1 – 2006 (StatSoft, Inc., Tulsa, OK, USA).
RESULTS
The presence of asbestos fibres in the air was confirmed
by collecting filter samples and investigating them under
the SEM. Figures 1 and 2 show examples of SEM images
and corresponding EDS spectra of identified respirable asbestos fibres. The performed identification revealed that the
fibres sampled in the area of Sosnowiec originated from 2
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Figure 1. SEM image (a) and corresponding EDS spectrum (b) of crocidolite fibres. Legend of pattern (b): C = carbon, O = oxygen, Na = sodium,
Mg = magnesium, Al = aluminum, Si = silicon, Au = gold, Cl = chlorine,
K = potassium, Ca = calcium, Fe = iron.

Figure 2. SEM image (a) and corresponding EDS spectrum (b) of chrysotile fibres. Legend of pattern (b): C = carbon, O = oxygen, Fe = iron,
Na = sodium, Mg = magnesium, Al = aluminum, Si = silicon, Au = gold,
Cl = chlorine, Ca = calcium.

groups of asbestos minerals: crocidolite (Fig. 1a and 1b)
and chrysotile (Fig. 2a and 2b).
A total of 100 air samples from 62 sampling sites were
collected for this study, including: 41 samples from 27 sites
taken in the immediate vicinity of the buildings with asbestos-containing materials, 42 samples from 24 sites received
at the distance of 100–500 m from such buildings, and 17
samples gathered from 11 sites in the immediate vicinity of
buildings without asbestos-containing materials (Tab. 1).
In 51 samples, the asbestos fibre concentrations obtained

were below the limit of detection, i.e. <0.0010 f/cm3. For
the rest of the samples, the concentrations varied from
0.0010–0.0090 f/cm3. The asbestos fibre concentrations
were substantially different between 3 studied locations
(ANOVA: p<0.0001). Significantly higher concentrations
were observed in the immediate vicinity of the buildings
with asbestos-containing materials, compared to sampling
sites located at the distance of 100–500 m from such buildings (Scheffe test: p<0.01) or the sites “free” of asbestoscontaining materials (Scheffe test: p<0.001).

Table 1. Concentration of respirable asbestos fibres [f/cm3] at selected sampling sites in Sosnowiec.
Sampling site

Number of
sampling sites

Number of
samples

Average

Range

in the immediate vicinity of buildings with asbestos-containing materials

27

41

0.0018

<0.0010–0.0090

at a distance of 100–500 m from buildings with asbestos-containing materials

24

42

<0.0010

<0.0010–0.0020

in the immediate vicinity of buildings without asbestos-containing materials

11

17

<0.0010

<0.0010–0.0010

Table 2. Air temperature, relative humidity, and velocity values (mean ± SD) measured during asbestos fibre sampling at selected sites in Sosnowiec.
Sampling site

Temperature
[ºC]

Relative humidity
[%]

Velocity
[m/s]

in the immediate vicinity of buildings with asbestos-containing materials

18.2 ± 3.3

56.5 ± 9.0

0.9 ± 0.3

at a distance of 100–500 m from buildings with asbestos-containing materials

21.6 ± 6.0

57.8 ± 19.3

1.0 ± 0.6

in the immediate vicinity of buildings without asbestos-containing materials

24.2 ± 4.5

52.0 ± 11.7

0.6 ± 0.4
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Concentration of respirable
asbestos fibres [f/cm3]
below 0.0010
0.0010–0.0015
0.0016–0.0020
above 0.0020

Figure 3. Map of spatial distribution of respirable asbestos fibre concentrations.
Table 3. Airborne asbestos fibre concentrations [f/cm3] in urban, rural and
industrial environments.
Country
[data source]

Mean concentration or range
Urban

Rural

Industrial

0.0198

0.0218

0.014

0.00062

0.0003

0.00078

Greece
[2]

NA

NA

0.07–0.19

India
[3]

NA

NA

1.24–17.2

0.0–0.0003

NA

<0.0006–0.43

Japan
[26, 42]
Korea
[26]

Poland
[25, 45, 52]
Italy [5]

NA

NA

0.0061–0.1

Israel [14]

NA

NA

0.02–0.14

Canada [41]

NA

NA

0.05–5.0

Sweden [41]

NA

NA

1.0–2.0

England
[41]

NA

NA

0.5–20

Philippines
[49]

NA

NA

0.01–0.31

Republic of
South Africa
[38]

NA

NA

0.008–0.04

USA
[4, 10, 18, 27,
37, 41, 53]

0.0–0.011

Other sources
[1, 16, 17, 55]

0.000003–0.0198

NA – not available

NA 0.000035–91.4

0.0003–0.0218

0.00078–0.15

The proposed scattering of the sampling points allowed
the identification, within the studied city area of the places
with high, moderate and low concentrations of airborne asbestos fibres (Fig. 3). The performed monitoring therefore
enabled the drawing a map of the environmental concentration of the studied fibres, which can be used to identify
existing active sources of asbestos and, based on that, to
plan the remediation actions in places where contamination of the surrounding environment is the most severe (i.e.
where the degree of corrosion of the building materials
posing a health hazard is substantial).
The environmental conditions in which all experiments
were carried out are presented in Table 2. As can be seen,
all measurements were carried out at air temperature, humidity and velocity typical for outdoor air in a Central-European city (temperate climatic zone) during the spring and
autumn seasons. However, when these values between the
studied locations were compared, the significant differences were visible for the noted temperatures only (ANOVA:
p<0.001). As seen in Table 2, the highest values were observed near the buildings without asbestos-containing materials and were significantly distinct from those observed
in the vicinity of buildings with such materials (Scheffe
test: p<0.001). Hence, the convective mechanism of fibre
transport could be a major factor responsible for the contamination of the environment in the immediate vicinity of
this type of source.
Correlation analysis between the observed fibre concentrations and the values of measured air parameters revealed that only at sampling sites located at the distance
of 100–500 m from the buildings with asbestos-containing
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Table 4. Asbestos fibre concentrations [f/cm3] in indoor and outdoor air.
Country [data source]

Mean concentration or range
Buildings with asbestos-containing materials

Outdoor

Public and commercial

School and university

Residential

Under renovation

0.00059

NA

0.00052

NA

Korea [26]
Japan [26, 48, 58]

0.00027

NA

0.00065

0.0198

0.03–0.20

0.005

0.006–0.058

NA

<0.001–0.049

0.002–0.57

<0.001–0.009

England [30]

NA

NA

NA

NA

<0.00065

Australia [12]

NA

NA

NA

NA

0.0012

Germany [12]

NA

NA

NA

NA 0.0002-0.0012

Russia [19]

Poland [45]
USA [9, 10, 21, 24, 46]
Other sources [13, 14, 16, 43]

<0.0006–0.0200

NA

0.0007–0.1210

0.002–0.014

<0.0006

0.00006–0.00009

0.00003–0.00024

0–0.00005

0.0–0.998

0.0–0.0017

0.0002–0.022

0.00011–0.00051

0.00019

0.013

0.0001

NA – not available

materials, the air velocity significantly increased the levels
of airborne asbestos fibres (r=0.38 at p<0.05). This suggests that even a very gentle air movement can play an important role in the spreading of fibres over a relatively wide
area near the asbestos source.
DISCUSSION
Asbestos fibres have been found in different environments derived from both natural and anthropogenic sources. They are a proven human carcinogen (IARC Group 1).
Already in 1980, the National Institute of Occupational
Safety and Health (NIOSH) as well as the Occupational
Safety and Health Administration (OSHA) working group
concluded that there are no levels of exposure to asbestos
below which clinical effects did not occur. Therefore, the
exposure should be kept as low as possible. Considering
the numerous health hazards resulting from the inhalation
of asbestos dust, there is no safe environmental level for
this harmful factor [33, 55, 57]. Although, in many countries the production and utilization of asbestos-containing
materials has been banned, the numerous active environmental sources still exist. It is especially visible in housing,
where the processes of corrosion, mechanical destruction
or removal of deteriorated building cover panels can cause
severe contamination of the surrounding environment
thereby, posing a health hazard to inhabitants. Although the
“bad name” of asbestos is widely known, its environmental
control is still not prevalent and data regarding the environmental levels are scarce. Tables 3 and 4 summarize the
data available in the scientific literature, covering different environments, types of buildings and human activities.
The hitherto obtained results of environmental concentrations of respirable asbestos fibres show a wide range of
values. The observed discrepancy in the concentrations are
dependent on the different environments, specific sampling
locations and/or presence of additional emission sources.
As can be seen, the range of measured values is very wide,

reaching maximally 91.4 f/cm3 at selected workplaces.
The concentrations noted in the urban areas also varied
(0–0.0198 f/cm3). Against a background of these results,
the concentrations of airborne respirable asbestos fibres
obtained in Sosnowiec are within this range.
When outdoor asbestos fibre concentrations are compared with those obtained indoors, the process of fibre migration is clearly visible. For example, Kovalevskiy and
Tossavainen, taking measurements near a building with asbestos-containing materials in Moscow, showed that when
outdoor concentrations reach the level of 0.009 f/cm3, at
the same time, indoor concentrations approach 0.049 f/cm3
in residential premises, or even 0.57 f/cm3 if the building
was undergoing renovation [19]. Based on the fact that environmental levels of asbestos fibre concentrations in Sosnowiec reached exactly the same level (i.e. 0.009 f/cm3),
their indoor concentrations can be as high as in those in
the Russian studies. Hence, the anticipated level of indoor
exposure in Sosnowiec could be equally high (i.e. approximately 5-6 times higher than outdoors).
The presence of asbestos-containing materials should
constantly be treated with special care, particularly in
buildings. Many buildings in Central Europe are still covered with asbestos-containing thermal insulation panels. In
many countries, asbestos-containing products used as insulating and fireproofing materials, drywalls, ceiling or floor
tiles, are quite frequently placed in immediate contact with
air-conditioning systems. Even if some of these asbestos
products are no longer in use, they can be still found in
many public and residential buildings. Many well known
factors, such as renovation, repairs, maintenance, human
activities, including routine housekeeping, external vibrations or vandalism, can considerably increase the emission
of asbestos dust from existing indoor and outdoor sources
[24]. When the above described deterioration of asbestoscontaining materials occurs, respirable asbestos fibres can
be released into the air and subsequently transported into
the environment, even by a relatively gentle air movement
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[9]. As was shown in the present study, the air velocity of
about 1 m/s was strong enough to transport the majority
of asbestos fibres from their source up to a few hundred
meters away, expanding the area of exposure beyond the
place of origin.
As visualized by the map of spatial distribution of respirable asbestos fibre concentrations, such an airborne
transfer of this type of pollutant, however, occurred within
a relatively narrow space around the active source. In the
case of Sosnowiec area, 2 sites of the highest environmental concentrations of asbestos fibres were identified (in
both cases, they were housing estates with a high compact
settlement) and their dimensions did not exceed 1.5 and 7.0
km2, respectively. This type of information can be useful
for both the City Hall officials regarding the localization
of planned remediation actions, and for the companies providing or responsible for asbestos removal and abatement
services. Despite the size of the threatened area, the control of passive exposure caused by public buildings where
asbestos may be decaying and, when airborne, spreading
in outdoor air as well as slowly drifting into indoor air,
should constantly be a major concern for all official bodies
responsible for environmental protection.
CONCLUSIONS
The deterioration of asbestos-containing construction
materials (such as asbestos-cement sheets used in residential and industrial buildings) causes contamination of the
urban environment. The study performed in Sosnowiec, a
highly urbanized and densely populated town of the Upper
Silesia conurbation in Poland, revealed that asbestos fibres
identified in the air samples near buildings covered with
AC panels derived from 2 groups of asbestos minerals, i.e.
crocidolite and chrysotile. The observed concentrations
of respirable asbestos fibres varied from 0.0010–0.0090
f/cm3. Significantly higher values were noted in the immediate vicinity of the buildings with asbestos-containing
materials, compared to sampling sites located at a distance
of 100–500 m from such buildings or the sites treated as a
“free” from asbestos sources. Correlation analysis between
observed fibre concentrations and the values of air temperature, relative humidity, and velocity revealed that only
the latter parameter (even at a very low level, i.e. 1 m/s)
plays an important role in the spreading of fibres near the
asbestos source.
The ranging with sampling points over the city area enabled (as was shown in this study using the city of Sosnowiec as an example) the reckoning of the spatial distribution of respirable asbestos fibre concentrations and, subsequently, the drawing of a map with precisely described
places where an environmental exposure to this pollutant
is the highest. Such a map with clearly indicated so-called
“hot spots” could be a useful tool for the official bodies in
planing necessary asbestos remediation actions.
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