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ABSTRACT The increased risk of lung cancer among foundry workers is assumed to be associated
with the inhalation of gaseous and particle bound polycyclic aromatic hydrocarbons (PAH). These
compounds are produced during pyrolysis of carbon containing loading material in the moulding
sand. The concentrations of 20 PAH, some of which are carcinogenic, have been determined in the
dusty casting area of an iron foundry by means of gas chromatography and mass spectrometry. The
total dust was fractionated by means of a precision cascade impactor. It was possible to differentiate
the PAH load in Mug/mg dust in seven particle size fractions ranging from 0-36- > 24 95 gm. Initially,
there was an increase of the adsorbed PAH mass concentration with increasing particle diameter up
to a maximum of 1 1 Mg/mg in the dust of the 1-57 gm fraction. Thereafter there was a continuous
decrease of PAH mass concentration with increasing particle size. When the differing weights of the
seven fractions are taken into account, however, the total PAH load of the individual fractions
increases steadily with increasing particle size. The inhalable fine dust, 31.4% of the total dust,
contains 49 9% of the total adsorbed PAH. The gas phase contained on average three times more
carcinogenic PAH with four and five rings than was adsorbed on the dust. Thus the percentage of
the gaseous substances amounts to 77% of the total PAH load at the place of work in an iron
foundry.

Complex mixtures of airborne pollutants have been
detected at places of work in iron foundries.' 2 The
risks of silicosis and obstructive lung disease for iron
foundry workers are well known. Furthermore, an
increase in lung cancer has been observed epidemiologically.36 On the basis of existing data, it is
not possible to substantiate a causal relation between
exposure to pure quartz dust and an excess risk of
lung cancer.7 -9 Nevertheless, associations between
exposure to quartz dust and cancer of the respiratory
organs were observed at those workplaces in which
exposure to polycyclic aromatic hydrocarbons (PAH)
and other gaseous and particulate emissions can
occur. Animal experiments have shown that the
extremely complex class of PAH contains many
known or suspected carcinogens. The possibility of
synergistic interaction of some of these compounds
with certain carcinogens has also to be taken into
consideration.
PAH are produced by the pyrolysis of organic
materials. One place where this may occur is in iron
foundries since some of the iron founding processes
lead to pyrolytic reactions. Organic materials are
added to the moulding sand in the series production
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of hollow grey iron castings. In the hot box technique
modified furan resins serve as mould and core
binders. Admixed hard coal powder is used to avoid
undesirable iron-sand reactions by forming lustrous
carbon at the temperature of molten iron-about
1400°C. The PAH formed and released by pyrolysis
in a limited oxygen supply can appear free in the
gaseous form and adsorbed on to dust particles.
The assessment of the medical risk is based on the
analysis of airborne PAH concentrations. Furthermore, this assessment has to differentiate the amount
of PAH present in both the gaseous and the dust
adsorbed forms.
The deposition of inhaled dusts depends largely on
particle size. We therefore investigated the particle
size distribution of the dust and the pattern of PAH
adsorption on to it. Since the highest dust concentrations have been found where the castings are
removed from the moulds,2 PAH profile at this site
has been analysed.

Material and methods
AIR AND DUST SAMPLING

Total dust samples were taken at stationary sites on
12 different days in an iron foundry at the point where
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the castings are shaken out of their moulds.'0 The
aim was to obtain a representative dust sample
sufficiently large enough for fractionation. The air
samples were absorbed into toluene by the use of
impingers and particulate matter was collected on
glass fibre filters.
PARTICLE SIZE FRACTIONATION

A precision cascade impactor was used in the laboratory to fractionate the collected dust samples. A total
of seven fractions was obtained having aerodynamic
diameters of between about 0-3 and 30 pm. The
impactor was calibrated using particles of known size.
The discrimination of the impactor was such that the
isolated fractions may be described in terms of mean
particle sizes.
CLEAN UP AND ANALYTICAL PROCEDURES

The toluene solutions were dried over sodium sulphate, concentrated, and analysed by glass capillary
gas chromatography (GCGC) combined with mass
spectrometry. The preparation of the seven fractioned
dust samples for subsequent qualitative/quantitative
analysis was performed according to Grimmer and
B6hnkett and Griest and Caton."2 PAH profile
analyses were carried out by gas chromatography/
mass spectrometry using reference standards.
Results
The density necessary for determining the particle size
of the airborne dust samples is 1-69 g/m3. A total of
seven fractions were separated from the whole dustthat is, total respirable dust-obtained at the site
where the castings are shaken out of their moulds.
Their particle size and weight distributions are
reported in table 1.
The total dust concentration (mean + SD) was
9-58 + 4-72 mg/m3. The amount of fine dust-that is,
dust which may reach the alveoli and be exhaled
again-was about 31% of the total dust. Previous
measurements at the same site yielded fine dust mass
concentrations of 3-01 + 1 50 mg/m3.2
Gas chromatographic/mass spectrometric analysis
resulted in the identification of 20 PAH, in both the
particulate matter and in the gaseous phase. These
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substances possess differing carcinogenic and
mutagenic activities (table 2).
Neither the b-, j-, and k-isomers of the
benzofluoranthene nor chrysene and triphenylene can
be separated by gas chromatography. The fact that
these isomers have equal molecular weights and similar fragmentation patterns mean that they cannot be
differentiated by mass spectroscopy. The two groups
are therefore reported as the sums of their respective
isomeric components.
Figure 1 shows the total amount of PAH of the
seven particle size fractions in pg PAH/mg dust fraction. At first, the mass of PAH adsorbed increases
with increasing particle size. The fraction with a mean
particle size of 1-57 pm has the highest content of
around 1 1 pg PAH/mg dust. With further increase in
particle size, the adsorbed PAH load continuously
decreases. The ) 24-95 pm fraction has the lowest
PAH concentration with 0-28 pg PAH/mg dust.
The percentage distribution of five selected PAH,22
distributed among the seven particle size fractions
shows little deviation from that of all 20 PAH taken
together (fig 2). Thus the concentration of a particular
compound is similar throughout the whole particle
size spectrum.
The PAH distribution is different, however, when
the weight of the seven particle size fractions is taken
into account (fig 3). As may be seen, except for the
6-26 pm fraction, the total mass of the 20 PAH in the
individual fractions increases with increasing particle
size.

The weights of the individual fractions are decisive
for this. Thus the 0-36 pm dust fraction contains
1 84% which is 0 77 pg of the complete PAH mass
of 41-94 pg adsorbed on 100 mg total dust. The
>24 95 pm fraction contains 29-95%-that is, 12-56
pg PAH. The fine dust, which is 31-4% of the total
dust, contains 49-9% of the total mass of PAH
adsorbed.
Table 3 shows the concentrations of the particleadsorbed polycyclic aromatic hydrocarbons. These
show that the fine dust contains almost 50% of the
total PAH, both for the individual compounds and
for the total mixture. The gas phase PAH concentrations are also listed. There were striking differences
in some cases between the PAH concentrations in the

Table 1 Mean particle size (x) of the seven fractions of the total dust and mean values of the percentage weight and standard
deviation (x + s) of 13 separate determinations made at the site of an iron foundry where castings are shaken out from their
moulds
4
Particle size

(#m)
Weight %

0-36
1-1 ± 0 3

Total dust: 9-58 ± 4-72 mg/m3'

1-57
0-76
3-13
8-7 + 1-5
4-9 + 1-6
2-9 + 1-1
Fine dust: 3-01 + 1-50 mg/m3l

6-26
13-8 + 2-4

12-17
23-8 ± 1-2

24-95
45-0 + 5 0
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Table 2 Polycyclic aromatic hydrocarbons (PAH) identified by glass capillary gas chromatography/mass spectrometry
(GCGC/MS) with classification ofbiological activity in subcutaneous and epicutaneous animal test systems. With the
exception of benzo[a]pyrene no adequate data are available on their teratogenicity
Mutagenicity
(Ames test)

Compound

Carcinogenicity
(Animal studies)

Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo[a]fluorene

-; TI (very weakly)

-

-; CC
-; CC

+

Benzo[blfluorene
Benzo[b] naphtho[2,I -d]thiophene
Benzo[ghi]fluoranthene

-

Reference
14, 16, 20
13-16
16, 18, 21
13,16,19,21
16,18
16, 18
19, 20

-/+
+
+

Benzo[a]pyrene
Dibenz[aJ]anthracene
Indeno[1,2,3-cd]pyrene
Dibenz[a,hjanthracene

++

+/++;TI
+ + +/+ + + +/; TI
-/+; CC

Benzo[ghi]perylene
Anthanthrene
Coronene

13, 14, 16, 20
16, 19-21
16, 19, 20
13, 15-17, 19
13, 14, 18
13, 14, 16, 19, 20
13,16,17,19
14, 16, 17, 19
13, 14, 17,20
13, 14, 19
13,16

+
+ +1+ + +
+
++++
+
+
++
+ + /+ + +

+/+ +/+ + +/; TI
-/ +
+ + +/+ + + +/; TI

Perylene

16,18
13, 16, 17, 18

-/+

i+;TI
±/+; TI

Benz[a]anthracene
Chrysene/triphenylene
Benzo[b+j+k]fluoranthene
Benzo[e]pyrene

-/+

±/+ +

+
+

-/+;TI

- No evidence for animal carcinogenicity/mutagenicity; ± very weakly active; + weakly active; + +moderately active; + + + very
active; + + + + extremely active.
TI tumour initiator; CC cocarcinogenic with benzo[alpyrene.
Biological activities published often differ and in some cases several reports are cited."3-
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particulate and gas phases. For example, the concentration was about 100 times higher for anthanthrene
in the gas phase than in the particle phase. Four of the
five selected PAH22 show similar trends, although
they are less clear than in the case of anthanthrene.
The PAH concentration is distributed about 3:1 in the
gaseous and particle adsorbed phases.

0 76

Fig 2 Amounts offive selected polycyclic aromatic
hydrocarbons (PAH) as a percentage of total amount of 20
PAH analysed in seven particle size fractions. These PAH
are included in German list of maximum concentrations at
workplace.22 *Dibenz[a, h] anthracene could not befound in
the particle size fraction of 0 76 and 1 57 pm.

Discussion
A complex mixture of PAH may be found at the site
where the castings are shaken out of their moulds in
an iron foundry; a total of 20 PAH were quantified. It
was possible, in addition, to classify 13 more com-
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Table 3 Concentrations of 20 gaseous and dust adsorbed polycyclic aromatic hydrocarbons (PAH). Those calculatedfor the
particle adsorbed PAH are based on the mean fine and total dust concentrations (table 1)

Compound

PAH

Concentration

Phenanthrene
Anthracene
Fluoranthene
Pyrene

Benzo[aJfluorene
Benzo[b] naphtho[2,1-d]thiophene
Benzo[ghiJfluoranthene
Benz[a]anthracene
Chrysene/triphenylene
Benzo[b+j +k]fluoranthene
Benzo[b]fluorene

Benzo[e]pyrene

Benzo[a]pyrene
Perylene

Dibenz[aJ]anthracene
Indeno[1,2,3-cd]pyrene
Dibenz[a,h]anthracene
Benzo[ghi]perylene

Anthanthrene
Coronene
Z 20 PAH

Particle adsorbed PAH (pg/rm3)
Total dust

Fine dust

Gaseous PA H (pg/M3)

0 43

0-29
0 52
064
026
0-28
0 04
0-07
0-29
0-44
0 30
016
0-14
0-02
0-006
0-06
0-03
0-09
0-007

0-26
0-16
0-26
0-31
0 13
0-13
0-02
0-03
0-14
0-22
014
0-07
0-07
0-01
0-003
0-02
0 009
0-04
0 005

-

-

4-07

203

4 03
2-02
1-04
1 10
0-22
0-13
0-06
0-08
0-38
0-38
0-57
0-32
0 33
0 19
0-23
0 75
017
0-63
0-63
0 21
13 47

ponents of lower concentration by their molecular
weight and to relate them to the PAH and to their
methyl substituted derivatives.
It was not possible to confirm statements that these
components usually appear in the atmosphere
adsorbed on dust particles.23 - 25 As may be seen from
table 3, it was only in the case of benzo [a + b]
fluorene and chrysene/triphenylene that the concentrations were higher in the particulate matter than in
the gas phase. The PAH with four and more rings,
which are those of importance with respect to carcinogenicity, occur on average about 70% in the gas
phase; 77% of the total PAH exposure at the workplace occur in the gas phase. At workplaces other
than foundries these compounds could not be
detected or were present only in insignificant concentrations in the gas phase as a result of low vapour
pressure and because of a high degree of

adsorption.26

An explanation for this fact may be found in the
method used to shake out the castings. On site, the
particles of sand still have a relatively high temperature of about 600-700'C thus inhibiting
adsorption. It is here that the gaseous PAH predominate.

Particle size distribution is crucial for deposition in
the various regions of the respiratory tract and only
particles with an aerodynamic diameter of less than
7 um are deposited in the alveoli. Therefore the question of particle size distribution and the amount of
adsorbed PAH is of interest for the assessment of
medical risk. The size associated distribution of the
total PAH mass must be evaluated critically, how-

Total PA H (pg/M3)
4-46
2-31
1-56
174
0-48
0-41
0 10

015

0-67
0-82
0-87
0-48
0-47
0 21
0-24
0-81
0-20
0-72
0-64
0 21
17 54

ever. As has been shown, a maximum PAH load
occurs at 1-57 gm. On the other hand, the five selected
PAH, some of which are distinctly carcinogenic, do
not conform to this pattern. These, and some other
homologous PAH for which a carcinogenic potential

is suspected, appear in the individual particle size
fractions of the total dust at similar concentrations.
The PAH with comparatively low molecular weight
and high vapour pressure such as phenanthrene,
anthracene, fluoranthene, or pyrene are largely
engaged in forming the loading gradient. These compounds have the highest concentration in the gas as
well as the particulate phase and amount to 57% of
the total PAH concentration at this workplace. Their
total, fine dust adsorbed and gaseous concentrations
show similar percentage distributions. Comparable
results have been reported at workplaces with comparable PAH formation and exposure.27
The question of possible localisation of cancer is of
special importance. It is assumed that the fraction of
dust deposited in the tracheobronchial tree is associated with lung cancer and that the dust fraction
deposited in the nose, pharynx, and larynx is associated with laryngeal cancer. These dust fractions contain only about 15% of the total PAH mass.
There are no results indicating what amount of
PAH is exhaled, metabolised, or absorbed unchanged
in the upper, middle, or lower respiratory tract. On
the other hand, there is sufficient evidence concerning
the carcinogenicity of numerous PAH after local
application, including that to the respiratory tract.
On the basis of our results, we recommend effective
measures to control exposure to gas and dust in the

Downloaded from http://oem.bmj.com/ on November 21, 2017 - Published by group.bmj.com

838
areas of iron foundries where castings are shaken out
of their moulds. The amounts of added carbon carriers and other admixtures liable to pyrolysis should be
kept as low as is technically possible. This applies particularly to the recycling of moulding sands. Further
technical investigation is required to determine to
what extent substitutes and improvements of the technical procedure are possible.
Supported by the Bundesministerium fur Forschung
und Technologie of the Federal Republic of
Germany, Project-No 01 VD 093.
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