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Non-carcinogenic occupational exposure risk related to foundry emissions: focus
on the workers involved in olfactometric assessments

Elisa Polvara , Laura Maria Teresa Capelli , and Selena Sironi

Department of Chemistry, Materials and Chemical Engineering “Giulio Natta”, Politecnico di Milano, Milano, Italy

ABSTRACT
The scope of this work is the evaluation of the non-carcinogenic occupational risk related to foun-
dry emissions, focusing on the category of workers involved in olfactometric assessments. Odor
pollution from industrial activities such as foundries is a serious environmental concern. Sensorial
techniques (e.g. dynamic olfactometry, EN13725:2003) currently represent the preferred method
for odor emission characterization. During olfactometric analyses, human assessors are directly
exposed to the odor at increasing concentrations, thus requiring the assessment of the associated
exposure risk to guarantee workers’ safety. This paper presents an investigation aiming to produce
an inventory of compounds emitted from foundries together with their odor thresholds and toxi-
cological limits (TLVs), with the final objective to propose a procedure for ensuring workers’ safety
during olfactometric analyses. Looking at the database resulting from this study, among the >100
compounds emitted by foundries, 8 have a maximum concentration above their TLV. Among
those, ammonia, H2S, phenol, toluene and trimethylamine, produce an odor stimulus before they
reach a toxic concentration, thus not representing a risk for olfactometric workers. Benzene, for-
maldehyde and SO2 are identified as the most critical compounds because they may reach toxic
concentrations in foundry emissions, and they start being perceived by humans above their TLV.
The proposed procedure entails a minimum dilution factor of 27’000 to be applied to odor sam-
ples analyzed by olfactometry, which however might result inapplicable in practical cases, thus
pointing out the necessity to adopt chemical measurements to investigate specifically the concen-
tration of the most critical compounds identified in this study.
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Introduction

Odor pollution is a growing problem, as suggested by the
increasing scientific interest about this topic.[1–5] In particu-
lar, odor emissions are one of the major environmental
issues for several industrial categories,[6–14] and they often
cause a multitude of complaints from the population to local
authorities.[5,15,16] Among the industrial activities character-
ized by a relevant environmental and health impact, foun-
dries represent one of the most critical categories, due to the
correlated emissions of odor and potentially toxic com-
pounds. Indeed, ferrous and non-ferrous foundries are con-
sidered major sources of hazardous air pollutants (HAPs)
worldwide.[17] Indeed, among the 187 HAPs listed in the
Clean Air Act Amendment (1990), some 40 compounds
have been identified in the air emissions from foundries.[18]

Besides that, foundries are often the cause of recurrent odor
complaints among the near-living population.[19–21] The
increasing number of complaints related to odors has led
many countries to issue specific regulations regarding odor
emissions and their impacts.[1,22–24] Among the different
techniques that can be used to measure and characterize

odors,[25–27] dynamic olfactometry is the reference method
in Europe for quantifying odor emissions, and it is standar-
dized at the European level by the EN 13725:2003. Dynamic
olfactometry is a sensorial analysis, i.e., it uses the human
nose as a sensor,[2] which provides information about the
quantity of odor in terms of odor concentration, expressed
in odor units per cubic meter (ouE/m

3).[28] During an olfac-
tometric analysis, the odor sample to be analyzed is diluted
by means of an “olfactometer”, which is a specific instru-
ment that dilutes samples with reference air according to
defined dilution ratios,[26] and presented to a panel of
human assessors. Thus, during the analysis, the panel mem-
bers (or panelists) are are directly exposed to the analyzed
odor samples at increasing concentrations. However, odor
samples may in some cases contain molecules potentially
hazardous for human health, thus making that the exam-
iners may be exposed to an unknown occupation exposure
risk during the olfactometric analysis. For these reasons, in
order to perform an olfactometric analysis of an odor sam-
ple in safety conditions, it is fundamental to evaluate the
exposure risk for panelists involved and guarantee their
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safety. Because the odor sample is presented to the exam-
iners at increasing concentrations, the definition of a min-
imum dilution value not to be exceeded during the analysis
can be a useful parameter to ensure the safety of the work-
ers involved. The importance of surveillance and health pro-
tection of the panel involved in olfactometric analysis had
already been emphasized in the EN 13725:2003,[28]and has
been further reaffirmed in the recent revision of the stand-
ard.[29] In order to establish a minimum dilution factor to
guarantee the panel safety, it is necessary to know the chem-
ical nature of samples that are analyzed by dynamic olfact-
ometry. The most common analytical technique applied to
obtain qualitative and quantitative information about com-
pounds in gaseous environmental matrices, such as odor, is
Gas Chromatography coupled with Mass Spectrometry (GC-
MS). This technique provides the complete identification
and quantification of the chemical compounds – in particu-
lar the volatile organic compounds (VOCs)– in an odor
sample.[4,30,31] VOCs are often associated with olfactory
annoyances because very volatile chemicals are often charac-
terized by a more or less intense and perceptible odor.[32–34]

Information obtained by chemical analysis on the nature
and concentration of compounds present in odor samples
can be used for toxicological risk assessment of panelists
involved in olfactometric analyses. However, the execution a
detailed chemical assessment of odor samples previous to
their presentation to the panel might result particularly
complex, especially if there is no precise knowledge about
the compounds to be identified.

One simplified approach proposed in the scientific lit-
erature [35] is to define a minimum safety dilution level to
be adopted during olfactometric measurements; this min-
imum dilution factor can be evaluated based on literature
data regarding the chemical concentrations of the poten-
tially toxic copounds in the emissions. For this reason, in
this work, we have explored the possibility to adopt a
similar approach in the case of foundry emissions.
Therefore, with the purpose to obtain preliminary chem-
ical information about the composition of odor emissions
from foundries, a deep literature research was conducted.
Despite the relevance of this industrial sector related to its
potential environmental and health impacts, only a limited
number of studies can be found, which have been trying
to identify and quantify the chemical compounds (in par-
ticular VOCs) emitted by foundries. It is even more diffi-
cult to find specific studies investigating the chemical
composition of odor emissions from foundries. Indeed,
one novel aspect of this work is that it represents a first
attempt to produce an inventory of the VOCs that can be
found in foundry emissions, based on a deep investigation
of the existing scientific and technical literature. Based on
the data avaialable in the literature, the toxicological evalu-
ation was conducted establishing the non-carcinogenic risk
for panelists’ exposition. This is particularly relevant for
the operators working in the field of olfactometry because,
despite the fact that the EN 13725:2003 (and its recent
revision) points out the necessity to address the issue of
the panel safety, it does not define any specific procedure

to asses the occupational exposure risk for examiners
involved in dynamic olfactometry. In the scientific litera-
ture, only two papers [35,36] have described a methodology
to carry out this type of evaluation. Therefore, in this
study, we applied the same model as proposed in the lit-
erature to assess the non-carcinogenic occupational risk
for examiners involved during the olfactometric analysis of
foundry odor samples.

In addition to the descriptions already given in the lit-
erature, this article proposes to also consider the odor
threshold (OT) of pollutants for the evaluation of panelists
occupational safety. Thus, another novel aspect of this
paper is that it represents a first attempt to investigate the
correlation between odor properties and potential health
risks related to foundry emissions, by comparing the odor
threshold concentrations (OTs) with the toxicological lim-
its (TLVs) of the compounds that are found in this type of
emissions. For this purpose, the research work was divided
into two steps. After an initial investigation and descrip-
tion of the foundry process, the first step involved exten-
sive bibliographic research considering scientific papers in
which the gaseous emissions related to different foundry
processes have been sampled and characterized by chem-
ical analysis for the identification (speciation) and the
quantification of the emitted pollutants. After the collec-
tion of information about the chemical species and their
concentrations, the second step of the work involved a
research of the relevant OT and the TLV-TWA values in
specific databases, such as the database of the American
Conference of Governmental Industrial Hygienists
(ACGIH). Finally, in the last part of the paper, these val-
ues are discussed, by comparing the odor threshold values
and TLVs of the chemical compounds emitted by foun-
dries. From these elaborations, a minimum dilution value
to be set during olfactometric analyses of odor samples
from foundries was defined to guarantee panelists’ safety.

Background: the foundry process and
related emissions

The foundry process

The aim of the foundry process is the realization of metal
products by a direct pouring of metals into molds, selecting
the physical, metallurgical and dimensional characteristics of
final products. The European foundry association (CAEF)
reports that in 2017 12.3 million tons of non-ferrous metals
and 4.5 million tons of iron and steel castings were pro-
duced (only) in Europe.[37] Globally, the total production in
2017 amounted to 318190 tons, with a slight rise over
2016.[38] The global production of the world foundry indus-
try in different countries is shown in Figure 1.

As schematized in Figure 2, the foundry process is com-
posed of the following major operations: [39,40]

1. Melting of metal (ferrous or non-ferrous metals);
2. Metal treatment;
3. Mold making-preparation of molds and cores;
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4. Casting-pouring of the molten metal into the mold;
5. Cooling for casting solidification
6. Shake out-removing the casting from the mold;
7. Finishing of the raw casting to obtain finished one.

In the foundry process, a variety of techniques, with spe-
cific technical, economic and environmental properties,
advantages and disadvantages, can be employed depending
on the type of furnace, the molding and core-making sys-
tem, the casting system or finishing techniques applied.[39]

Despite the complexity of the process, the different single
operations can be resumed into two distinct main phases:
the melting phase, in which a metal alloy is prepared, and a
molding phase, in which the molds are filled to obtain the
final product. Typically, it is possible to classify foundry

activities according to the metal alloys processed (ferrous or
non-ferrous) or to the molding types employed in the pro-
duction.[39] Indeed, the mold realization differentiates sig-
nificantly the phases of the production cycle. In general, two
different molding systems exist and can be applied in foun-
dry process: the permanent mold casting, that employs
reusable molds, and lost mold casting, in which the mold
material is constituted by sand. In both the typologies, mol-
ten metal is poured into a mold that remains until the
material cools and solidifies into the desired part shape. The
difference is related to the final part of process. Indeed, the
lost mold casting uses a single use mold (generally sand),
destroyed after each cycle. In this casting, the mold is real-
ized with silicon sand mixed with ligands or additives useful

Figure 2. Schematization of the foundry process. Adapted from.[39]

Figure 1. Global production (expressed in percentage) for the foundry industry in the world. Adapted from.[37]
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to obtain the necessary molding proprieties. Instead, per-
manent mold casting uses a metal mold that can be reused
for several thousands of cycles. While several combinations
can be possible, in general, lost molds are mostly used into
ferrous foundries and permanent molds are employed in
non-ferrous foundries.[39]

Foundry odor emission sources

Like all industrial processes involving high temperatures and
heat, the foundry process is characterized by emissions of
VOCs that may have a negative impact both on the environ-
ment and human health.[41] Foundry is considered one of
the most environmental polluting industries due to the con-
sistent emissions of VOCs during each process step.[39,42] As
shown in Figure 3, the foundry process gives rise to emis-
sions of different nature, such as dust, metals, carbon mon-
oxide, sulfur dioxide and NOx in addition to organic and
inorganic volatile compounds.[17,21,44,45]

The foundry productive phases involving the major emis-
sions of VOCs are: [21,46,47]

� Core and mold making
� Melting and treatment of metals
� Pouring and cooling
� Shake-out

Emission of VOCs is frequently connected not only with
toxicological risks, but also with odor problems.[44] Every
single phase has a different environmental impact and the
type and the quantity of compounds emitted vary greatly,
depending on the characteristics of the productions steps.
Indeed, the productive parameters or apparatus (e.g. type of
ligands, catalysts, metal alloys or melting furnace chosen)
directly influence composition and quantity of the pollu-
tants emitted.[45]

Emissions from core and mold making
Core and mold making are characterized by high emissions
of VOCs, correlated with unpleasant odors.[39] In addition,

these operations provoke the emission of silica and dust,
which are particularly dangerous for human health.[48] In
the core making process, sand is mixed with resins. During
molding operation, an appropriate refractory material is
shaped to form the cavity in which molten metal will be
introduced. The material used for molding operations
depends on the type of metal being cast and the final appli-
cations. The most common molding material is sand.
Several type of resins exist with different chemical propri-
eties and physical characteristics.[49] Despite differences and
technical improvements, the majority of the resins generates
odors during the core making, core curing and metal casting
processes.[50]

Emissions from melting and treatment of metals
The melting process is one of the most important source of
pollutant emission.[51] Indeed, from furnaces, fugitive or
non-fugitive emissions are produced. Fugitive emissions
from furnaces occur during charging, back-charging, alloy-
ing, slag removal, oxygen lancing (in the case of steel melt-
ing furnaces) and tapping operations when the furnace lids
and doors are open.[45] Non-fugitive ones are produced
inside the furnace, when doors and lids are closed. This type
of emissions is collected directly by a control system.
Indeed, VOCs emissions from melting and treatment of
metals request an abatement system that collects the gaseous
emissions and cleans them from pollutants.[39] After these
procedures, the air is released through a chimney. The type
of metal processed and the furnace used influence consider-
ably the chemical substances emitted during this process, in
terms of nature and quantity.[43] The emission of gaseous
pollutants is studied in particular for the melting and treat-
ment of metals, with particular attention to cupola furnace
emissions, connected with the coke combustion.[44] In this
process, the VOCs emitted represent the primary odor
source and they are directly related to the high sulfur con-
tent of coke.[52] In addition, the presence of different addi-
tives in the formulations used during the phase of metals
treatment can be the origin of odor problems.

Figure 3. Principal sources of atmospheric emissions in the foundry process.[43]
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Emissions from pouring and cooling processes
The pouring and cooling processes are the main source of
inorganic and organic compounds, which may represent a
risk for human health, and are characterized by an unpleas-
ant odor. Indeed, during these steps, the organic compounds
used as binders, molding materials or coatings are decom-
posed thermally to produce toxic HAPs.[53–55] During ther-
mal degradation, water vapor, CO, CO2, NH3, HCN, SO2,
H2S, PH3, phenol formaldehyde, BTEX (benzene, toluene
ethylbenzene and xylene), isocyanates, polycyclic aromatic
hydrocarbons (PAHs), dioxins and furans are pro-
duced.[50,56,57] The quantity and the composition of pollu-
tants released are directly connected with the composition
of products used during the mold preparation.[17,58,59] In
particular, pyrolysis of carbonaceous additives and core
binders during the casting process is the predominant
source of the HAPs.[60] During these processes, approxi-
mately 330 different compounds can be emitted, part of
which has a distinct odor.[54] Due to changes in the produc-
tion process, casting quality, and environmental needs, the
mold binders have changed over years. The introduction of
new binders or additives in mold improved the proprieties
of natural starch, such as solubility and viscosity.[61] In add-
ition, because of the rising interest in environmental and
human security, the use of these new products also produces
a significant reduction of toxic organic compounds, among
which BTEX.[62] Despite these progresses, during molding,
pouring and cooling processes the gases produced contain
compounds, emitted in low concentrations and characterized
by low odor thresholds, that may produce an unpleasant
and oppressive odor.[54]

Materials and methods

Origin of the data

In order to obtain an exhaustive database of concentrations
of VOCs emitted by foundry plants, an extensive biblio-
graphic research was carried out, analyzing the scientific
papers reporting the chemical identification and quantifica-
tion of volatile compounds emitted by foundries. In particu-
lar, the research was focused on those VOCs having a non-
negligible odor and/or toxic potential, because, as previously
mentioned, the aim of this work is to investigate the correl-
ation between odor properties and possible health effects of
foundry odor emissions. For this reason, studies about par-
ticulate pollution or odorless gasses have not been consid-
ered in this paper. These constraints have limited the
number of articles available that could be used to make a
comparison and build a database. Therefore, no selection on
the type of foundry (iron, steel, etc.) or time selections were
adopted to build the dataset. Indeed, the literature search
covered a timeframe of publication from 1986 to 2017: older
papers could not be excluded from the analysis, because of
the small number of papers that could be found about this
specific topic. The papers considered in this study have
investigated the emission of gaseous pollutants using mainly
GC-MS analysis, in order to identify and quantify the chem-
ical compounds present in the gaseous emissions from

foundries. The main difference between the papers consid-
ered for this study concerns the sampling methods used.
Indeed, the studies can be primarily divided into two differ-
ent categories. The first one includes the articles that have
studied the VOCs emissions directly in foundry plants, in
the different production areas, in order to evaluate the emis-
sions of all the production phases.[41,43,50,63–69] Other papers
studied emissions in laboratory trials, by using samples of
foundry materials and reproducing the foundry process in
the lab. These papers usually focus mainly on molds
emissions.[53,54,70,71]

VOCs concentrations

Once the articles of interest were selected, it was necessary
to identify the emitting sources of VOCs and to standardize
concentration units of the detected compounds in order to
make the data from the different articles comparable.
Indeed, VOC emissions can be expressed either in terms of
concentration or of flowrate, and it is quite common that
different papers use different units. Thus, it was first neces-
sary to identify and classify the emission sources and con-
vert all the data in the same unit. It was decided to convert
the data on VOC emissions in terms of concentration in
ppm, in order to enable the comparison between the emitted
concentration and the OT and TLV values, respectively,
which are also concentrations. Thus, the literature data
expressed in terms of concentration or in terms of flowrate
were all converted into ppm. Unfortunately, many papers do
not provide the necessary information to calculate the emit-
ted VOC concentration in ppm. These papers had to be
excluded and the data could not be considered for this
study. This has led to a further reduction of the useful lit-
erature data. The uniformed concentration data were finally
grouped for each source and organized in form of a dataset,
from which the maximum emitted concentration value
could be extrapolated, which is the value that is most inter-
esting for health and safety evaluations. Based on these re-
organized data is was possible to carry out the comparison
between the chemical concentrations of the VOCs and their
OT and TLV values, respectively, in order to evaluate the
correlation between odorous and toxicological impact of
foundry emissions.

Odor potential of VOCs emissions: odor threshold
concentrations (OT)

Every chemical compound is characterized by a specific odor
threshold value (OT). By definition, the OT is the lowest
concentration of a certain odor compound that is perceiv-
able by the human sense of smell.[72] The lower the OT
value, the higher the compound odor potential.[73] The
determination of the OT is a complex procedure. In the
past, OT values of odorous compounds were determined in
different ways, both experimental and theoretical. The
experimental evaluation of the OT is strictly correlated with
several factors, such as the presentation mode of the stimu-
lus to the observer, the influence of extraneous odorants, the
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type of observer used, the definition of the odor response
and the chemical purity of the odorant.[74] As a result, for a
single molecule, several different values of OT can be found
in the literature and technical databases, or it is even more
common to find a range of OT concentration values rather
than a single value. Indeed, the research and selection of
proper OT values has been a complex issue of this work. To
obtain a complete and robust dataset to make comparisons
and evaluations, the OT values were searched in different
sources.[75–77] According to EN 13725:2003, the OT is equal
to OT50, defined as the concentration that is perceived by
50% of the population.[28] As previously explained for the
chemical concentrations, also the OT values have been
reported in ppm in order to enable the comparisons.

Toxicological potential of VOCs emissions: threshold
limit values (TLV)

One of the most important problems connected with emis-
sions of VOCs from foundries is their toxic potential. Indeed,
most of the compounds produced in the different steps of the
foundry process are characterized by a non-negligible impact
on human health. To evaluate the toxicological impact of these
compounds on workers involved in dynamic olfactometry, it
is possible to use the so called threshold limit value (TLV) con-
centration of each compound, and compare it with the meas-
ured chemical concentration to which people are exposed. To
conduct the evaluation of non-carcinogen effects for panelists
during olfactometric analysis, a model proposed in the scien-
tific literature has been adopted.[35] In theory, based on this
model, the evaluation of non-carcinogenic health effects for
sniffers should use as reference concentration the Threshold
Limit Value - Short Term Exposure Limit (TLV-STEL) sug-
gested by ACGIH (American Conference of Governmental
Industrial Hygienists). If not available, the Threshold Limit
Value – Time Weighted Average (TLV-TWA) or the
Immediately Dangerous to Life or Health, IDLH values were
used. This assumption was made considering that panels, dur-
ing the working activities, are exposed to odor emission only
for a few seconds, and the analysis sessions typically lasts 1 to
maximum 2hours. However, in order to conduct an even
more precautionary assessment, in this study it was decided to
use the TLV-TWA provided by the ACGIH as reference
thresholds. By using these concentration thresholds, which
refer to a period of continuous and long-term exposure (for a
conventional 8-hour workday and a 40-hour workweek for the
entire working lifetime) ,[78] it is reasonably certain that an
approach of maximum protection for the workers involved is
applied. According with this study,[35] it was assumed that the
volatile compounds are inhaled for risk calculations. To evalu-
ate the non-carcinogenic risk exposure, it is possible to evalu-
ate the hazard quotient (HQ) for a single compound, which is
calculated as follows (Equation 1):

HQ ¼ C exp

Cref
(1)

Where Cexp is the exposure concentration and Cref is the
reference dose, which represents an estimate of the pollutant

concentration to which human can be exposed for all the
lifetime period without any appreciable risk to develop dele-
terious health effects.[79–81] In order to ensure a precaution-
ary approach, as exposure concentration (Cexp), it was
decided to use the maximum concentration among all the
values found in the considered scientific papers. Thus, as
Cref it was decided to consider the TLV-TWA and TLV-
STEL values, respectively, depending on the data availability.
For a complex matrix, such as atmospheric emissions from
industrial activities, in which different compounds are pre-
sent, in order to evaluate the non-carcinogenic risk expos-
ure, it is necessary to calculate the hazard index (HI)
according to the following expression (Equation 2):

HI ¼
X

i

HQi (2)

The risk in not considered acceptable either if HQ is � 1
or HI � 1.[82]

The HI value obtained can be used to set the minimum
dilution value to be adopted during the olfactometric ana-
lysis of foundry samples.

Results

Identification and classification of foundry
emission sources

The VOCs emitted from foundries come from different
sources. Indeed, the entire production process originates
emission of different chemical compounds, which are a
potential cause of olfactory harassment. For this reason, the
first step of this study involved the identification and the
classification of the VOCs emission sources reported in the
papers that were analyzed for the construction of the data-
base. This step is crucial because it leads to the identification
of those productive sections that are most significant in
terms of emissions of chemical compounds. This first ana-
lysis led to the identification of 13 different emissions, each
of them referred to a specific step of the foundry process
(Table 1).

Comparison of maximum VOC concentrations, OT
and TLV

Table 2 reports the list of all VOCs found in the literature
search. For each compound, the table reports the maximum
concentration value (CMAX) among those found in the lit-
erature. This value is compared with the OT and the TLV
(TLV-TWA and TLV-STEL) values of the compound and
used to calculate the hazard quotient (HQ). The table also
reports the reference from which the OT values for each
compound were taken, whereas the TLV-TWA values are
for all compounds fixed by the ACGIH.[83] Moreover, the
HQ was calculated in order to estimate the risk exposure for
non-carcinogenic effects for panelists involved in olfactomet-
ric analysis relevant to each compound. The TLV-TWA val-
ues were used as the reference dose (Cref) for the HQ
calculation. In the absence of the TLV-TWA value for one
compound, its TLV-STEL was used for this purpose. All the
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concentration values are expressed in ppm. The compounds
are reported in alphabetic order. For some compounds, the
TLV and OT values could not be determined (N.D.). In
Table 2 the compounds for which a HQ > 1 was evaluated
are highlighted in red color, while compounds with OT val-
ues higher than TLV ones are highlighted in bold.

Discussion

From this comparison (Table 2), it is possible to observe
that for most of the compounds considered, the HQ is <1,
thus indicating that, in general, the risk for workers related
to the exposure of VOCs, evaluated in terms of the max-
imum concentration found in the literature, is rather low
for most of the pollutants detected. The compounds for
which a HQ > 1 (highlighted in red in Table 2) was calcu-
lated, are: ammonia, benzene, formaldehyde, hydrogen sul-
fide, phenol, sulfur dioxide, toluene and trimethylamine.
These compounds thus represent the pollutants that are
more likely to produce a health effect, due to the fact that
their observed concentration might be higher than their
TLV. Based on this observation, for these compounds it was
decided to carry out a deeper analysis in order to evaluate
how the maximum concentration value among those found
in literature, which is the one used for the calculation of the
HQ as reported in Table 2, effectively is representative of
the concentration distribution for each compound. In other
words, if the maximum concentration considered for the
calculation of the HQ is an outlier compared to the other
values observed in the literature, then the effective risk
related to this might be limited. In order to deepen the
investigation of the exposure risks for panelists exposed to
these odorous pollutants; it is important to account for the
OT value and compare it with TLV values. From this com-
parison, it is possible to evaluate if a compound has an OT
lower than the TLV, thus making that it can be perceived
by the nose before it becomes dangerous for human health.
This assessment is particularly pertinent to the case under
consideration, as this type of worker is not subject to the
habituation and adaptation effect found in the workplace.
By looking at Table 2, it can be observed that the OT is
lower than the TLV-TWA for the majority of the pollutants
reported. This allows affirming that most of the compounds
identified are detectable, during the olfactometric analysis,

by the nose before they prove to be dangerous for workers.
Only four compounds (highlighted in bold in Table 2) pre-
sent OT>TLV-TWA: benzene, chlorobenzene, formalde-
hyde and n-butane. These pollutants can have toxic effects
before being perceived by the human nose and therefore
they represent the most critical compounds for the safeguard
of the olfactometric panel.

Analysis of the concentrations of the most
relevant pollutants

According to the comparison presented in the previous
paragraph, which considers the maximum concentration val-
ues among those found in the literature, it turns out that
ammonia, benzene, formaldehyde, hydrogen sulfide, phenol,
sulfur dioxide, toluene and trimethylamine have HQ values
> 1. In order to provide a deeper investigation about the
effective potential toxicological effect of these compounds, it
was decided to analyze more thoroughly the representative-
ness of the maximum concentration (CMAX) with respect to
the distribution of the concentration values found in the lit-
erature. Thus, for these pollutants, the distribution of con-
centrations were evaluated considering the abundance of
data available and their statistical distribution. In order to
provide an overview of the the distribution of data retrieved
from the literature, Table 3 reports the number of concen-
tration values retrieved in the literature, the mean concen-
tration and their standard deviation. The distribution of the
logarithms of the concentration values for the compounds
listed in Table 3 is shown in Figure 4 in form of an histo-
gram. This type of graph allows to make some considera-
tions about the statistical distribution of observed data,
which in this case seem to follow a log-normal-like distribu-
tion for most of the compounds considered. However, due
to the relatively low number of data available, a deeper stat-
istical analysis is hardly applicable. Nonetheless, by observ-
ing the average concentration values and the standard
deviations reported in Table 3, and by looking at the graph-
ical representation of the concentration distribution in
Figure 4, it is possible to state that the maximum concentra-
tions observed for all the compounds considered cannot be
considered as outliers compared to the distribution of the
rest of the concentration values. If considering for instance
toluene (red columns in Fig. 4), it is possible to observe
that, despite being the majority of data distributed between
10�1 and 101 ppm, the maximum concentration, which is in
the range of 102 ppm, is not an isolated value. Indeed, there
are 3 concentration values among those found in the litera-
ture in the same range. For benzene the situation is a little
bit different, being the maximum concentration observed
the only value in the range 104 ppm. However, there are
other 3 values among those found in literature in the range
103 ppm, making that, also in this case, the maximum con-
centration value cannot be considered as an outlier com-
pared to the rest of the distribution. Based on these
considerations, it is possible to confirm the suitability to
consider the maximum concentration value for safety evalu-
ations, also because this means applying the most

Table 1. Classification of VOCs sources from articles collected in our study.

VOC sources for foundry plants

Source identified into the literature General source for foundry process

Molding Core and mold making
Electric arc furnace Melting and metals treatment
Blast furnace
Basic oxigen furnace
Induction and cupola furnace
Generic furnace
Coke oven
Hot forming
Cold forming
Pouring and cooling Pouring and cooling
Sand thermal degradation
Shake-out Shake-out
Not specified
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Table 2. VOCs concentrations from foundry process.

Compound CAS number CMAX [ppm] Reference CMAX

TLV (ACGIH)

HQ OT [ppm] Reference OTTWA [ppm] STEL [ppm]

1,1,1-trichloroethane 71-55-6 0.04 [41] 350 450 1.14E-04 1.0 [76]

1,1,2-trichloroethane 79-00-5 0.01 [41] 10 N.D. 9.99E-04 N.D.
1,2,3-trimethylbenzene 526-73-8 0.19 [41] N.D. N.D. N.D. N.D.
1,2,4-trimethylbenzene 95-63-6 0.99 [41] N.D. N.D. N.D. 0.1 [76]

1,2-Benzenedicarboxylic acid 88-99-3 0.00 [71] N.D. N.D. N.D. N.D.
1,2-dichlorobenzene 95-50-1 0.01 [41] 25 50 2.80E-04 0.1 [76]

1,3,5-trimethyl-benzene 108-67-8 0.26 [41] N.D. N.D. N.D. 0.2 [76]

1,4-dimethylbenzene 106-42-3 0.32 [50] 100 150 3.25E-03 0.058 [75]

1-butene 106-98-9 1.53 [41] 250 N.D. 6.13E-03 0.36 [75]

1-hexene 592-41-6 0.24 [41] 50 N.D. 4.84E-03 0.14 [75]

1-pentanamine 110-58-7 2.50 [50] N.D. N.D. N.D. N.D.
1-pentene 109-67-1 0.17 [41] N.D. N.D. N.D. 0.1 [75]

2,2,4-trimethylpentane 540-84-1 0.07 [41] N.D. N.D. N.D. 0.67 [75]

2,2-dimethylbutane 75-83-2 0.16 [41] 500 1000 3.24E-04 20 [75]

2,3,4-trimethylpentane 565-75-3 0.06 [41] N.D. N.D. N.D. N.D.
2,3-dimethylbutane 79-29-8 0.35 [41] 500 1000 7.06E-04 0.42 [75]

2,3-dimethylpentane 565-59-3 0.10 [41] 400 500 2.40E-04 38 [75]

2,4-dimethylpentane 108-08-7 0.02 [41] 400 500 5.75E-05 0.94 [75]

2,4-dimethylphenol 105-67-9 0.13 [50] N.D. N.D. N.D. 0.0001 [76]

2-methylfuran 534-22-5 2.68E-05 [71] N.D. N.D. N.D. 0.1 [76]

2-methylheptane 592-27-8 0.17 [41] N.D. N.D. N.D. 0.11 [75]

2-methylhexane 591-76-4 0.35 [41] 400 500 8.72E-04 0.42 [75]

2-methylpentane 107-83-5 0.70 [41] 500 1000 1.40E-03 7 [75]

3-methylheptane 589-81-1 0.20 [41] N.D. N.D. N.D. 1.5 [75]

3-methylhexane 589-34-4 0.43 [41] 400 500 1.08E-03 0.84 [75]

3-methylpentane 96-14-0 0.53 [41] 500 1000 1.06E-03 8.9 [75]

Acenaphthene 83-32-9 0.04 [67] N.D. N.D. N.D. N.D.
Acenaphthylene 208-96-8 0.91 [67] N.D. N.D. N.D. N.D.
Acrolein 107-02-8 0.08 [43] N.D. N.D. N.D. 0.0036 [75]

Ammonia 7664-41-7 29.47 [43] 25 35 1.18 1.5 [77]

Anthracene 120-12-7 0.07 [67] N.D. N.D. N.D. N.D.
Anthanthrene 191-26-4 5.57E-05 [68] N.D. N.D. N.D. N.D.
Benz[a]anthracene 56-55-3 5.84E-04 [63] N.D. N.D. N.D. N.D.
Benzene 71-43-2 13520 [66] 0.5 2.5 27039.74 2.7 [77]

Benzo[a]fluorene 238-84-6 2.49E-05 [68] N.D. N.D. N.D. N.D.
Benzo[a]pyrene 50-32-8 0.01 [65] N.D. N.D. N.D. N.D.
Benzo[b]chrysene 214-17-5 1.14E-03 [65] N.D. N.D. N.D. N.D.
Benzo[b]fluoranthene 205-99-2 1.34E-03 [65] N.D. N.D. N.D. N.D.
Benzo[b]fluorene 243-17-4 1.47E-05 [68] N.D. N.D. N.D. N.D.
Benzo[b]naphtho[2,1-d]thiophene 239-35-0 6.26E-06 [68] N.D. N.D. N.D. N.D.
Benzo[bþ jþ k]fluoranthene N.D. 6.16E-05 [68] N.D. N.D. N.D. N.D.
Benzo[e]pyrene 192-97-2 1.09E-03 [65] N.D. N.D. N.D. N.D.
Benzo[ghi]fluoranthene 203-12-3 8.64E-06 [68] N.D. N.D. N.D. N.D.
Benzo[ghi]perylene 191-24-2 1.53E-04 [63] N.D. N.D. N.D. N.D.
Benzo[k]fluoranthene 207-08-9 3.63E-04 [65] N.D. N.D. N.D. N.D.
Bromomethane 74-83-9 0.01 [41] 1 N.D. 1.20E-02 N.D.
Carbon tetrachloride 56-23-5 2.70 [41] 5 10 0.54 4.6 [75]

Chlorobenzene 108-90-7 0.72 [41] 10 N.D. 0.07 12.9 [77]

Chloroform 67-66-3 0.06 [41] 10 N.D. 0.01 3.8 [75]

Chrysene 218-01-9 4.75E-04 [65] N.D. N.D. N.D. N.D.
Cis-1,2-dichloroethylene 156-59-2 0.05 [41] 200 N.D. 2.60E-04 N.D.
Cis-1,2-dichloropropene 563-54-2 4.90E-03 [41] N.D. N.D. N.D. N.D.
Cis-2-butene 590-18-1 0.21 [41] 250 N.D. 8.32E-04 12.4 [76]

Cis-2-pentene 627-20-3 0.20 [41] N.D. N.D. N.D. N.D.
Coronene 191-07-1 6.17E-04 [65] N.D. N.D. N.D. N.D.
Cyclohexane 110-82-7 0.12 [41] 100 N.D. 1.16E-03 2.5 [75]

Cyclopenta[cd]pyrene 27208-37-3 8.93E-04 [65] N.D. N.D. N.D. N.D.
Cyclopentane 287-92-3 0.28 [41] 600 N.D. 4.70E-04 1.3 [76]

Dibenz[a,h]anthracene 53-70-3 3.94E-04 [65] N.D. N.D. N.D. N.D.
Dibenz[a,j]anthracene 224-41-9 2.02E-05 [68] N.D. N.D. N.D. N.D.
Ethylbenzene 100-41-4 9.25 [66] 20 N.D. 0.46 0.17 [75]

Ethynylbenzene 536-74-3 7.18E-06 [71] N.D. N.D. N.D. N.D.
Fluoranthene 206-44-0 0.01 [67] N.D. N.D. N.D. N.D.
Fluorene 86-73-7 0.07 [67] N.D. N.D. N.D. N.D.
Formaldehyde 50-00-0 0.11 [43] 0.1 0.3 1.06 0.5 [77]

Hexadecanoic acid 57-10-3 2.86E-06 [71] N.D. N.D. N.D. N.D.
Hexamine 100-97-0 0.81 [50] N.D. N.D. N.D. N.D.
Hydrogen cyanide 74-90-8 3.29 [43] N.D. N.D. N.D. 0.00058
Hydrogen sulfide 7783� 06-4 1.13 [43] 1 5 1.13 0.00041 [77]

I-butane 75-28-5 4.21E-03 [54] N.D. 1000 4.21E-06 0.421 [77]

Indeno[1,2,3-cd]pyrene 193-39-5 6.97E-05 [63] N.D. N.D. N.D. N.D.
Isopentane 78-78-4 2.27 [41] 600 N.D. 3.78E-03 1.3 [75]

(continued)
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precautionary approach to the evaluation of the risk for
examiners exposed to VOCs emissions from foundries dur-
ing olfactometric analysis.

Evaluation of the potential hazard related to odor
emissions from foundries

This paragraph has the aim to summarize and to comment
the results of our investigation and propose a sort of deci-
sion tree that can be adopted in order to evaluate the poten-
tial risk of exposure to hazardous odorous compounds of
examiners involved in olfactometric analysis of odor samples
from foundries. In order to evaluate the exposure risk for
the category of workers, the first parameter that shall be
considered is the HQ. As described previously and discussed

in the scientific literature,[35,36] the HQ is the parameter
used to assess non-carcinogenic risk for the olfactometric
worker. In our study, the assessment is based on the max-
imum measured concentration to obtain a more cautious
assessment. From the data reported in Table 2, only eight
pollutants have a Cmax>TLV-TWA, thus having HQ > 1.
Since dealing with pollutants, in order to evaluate the expos-
ure risk, it is important to consider not only the TLV, but
also the OT of the compounds. Indeed, the odor molecules
having an OT lower than the TLV, have the potential to be
perceived by panelists before producing any adverse effect
on human health. By comparison of the OT and TLV-TWA
values relevant to the pollutants analyzed here, it is possible
to observe that most of these compounds present OT values
lower than their TLV-TWA. However, there are some com-
pounds for which this condition is not fulfilled, and their
TLV is lower than their odor threshold, meaning that they
have the potential to be toxic before being perceived by the
human nose. A schematization of the logical process for the
evaluation of the potential hazard for workers related with
the compounds that are emitted from foundries is reported
in Figure 5. As shown in Figure 5, for most VOCs examined
by means of our literature study, even the maximum con-
centration among those found is lower than TLV-TWA con-
centration. If this condition is fulfilled, then these pollutants

Table 2. Continued.

Compound CAS number CMAX [ppm] Reference CMAX

TLV (ACGIH)

HQ OT [ppm] Reference OTTWA [ppm] STEL [ppm]

Isoprene 78-79-5 0.16 [41] N.D. N.D. N.D. 0.048 [75]

Isopropylbenzene 98-82-8 0.85 [41] 50 N.D. 0.02 0.0084 [75]

M/p cresol N.D. 0.06 [50] 5 N.D. 0.01 N.D.
M-diethylbenzene 141-93-5 0.14 [41] N.D. N.D. N.D. 0.07 [75]

Methane 74-82-8 7.18 [54] 1000 N.D. 7.18E-03 1.5 [76]

Methyl benzoate 93-58-3 0.01 [50] N.D. N.D. N.D. 0.0003 [76]

Methylcyclohexane 108-87-2 0.16 [41] 400 N.D. 3.97E-04 0.15 [75]

Methylcyclopentane 96-37-7 0.14 [41] N.D. N.D. N.D. 1.7 [75]

M-ethyltoluene 620-14-4 0.32 [41] N.D. N.D. N.D. 0.018 [75]

M-xilene 108-38-3 0.73 [43] 100 150 0.01 0.041 [75]

Naphthalene 91-20-3 3.44 [67] 5 N.D. 0.69 0.1 [76]

N-butane 106-97-8 0.88 [41] N.D. 1000 8.75E-04 1200 [77]

N-decane 124-18-5 0.03 [41] N.D. N.D. N.D. 0.62 [75]

N-heptane 142-82-5 0.40 [41] 400 500 1.01E-03 0.67 [75]

N-hexane 110-54-3 0.35 [41] 50 N.D. 7.02E-03 1.5 [75]

N-nonane 111-84-2 0.13 [41] 200 N.D. 6.70E-04 2.2 [75]

N-octane 111-65-9 0.29 [41] 300 N.D. 9.56E-04 1.7 [75]

N-pentane 109-66-0 1.02 [41] 600 N.D. 1.70E-03 1.4 [75]

N-propylbenzene 103-65-1 0.11 [41] N.D. N.D. N.D. 0.0038 [75]

O-cresol 95-48-7 0.07 [50] 5 N.D. 0.01 0.00028 [75]

O-ethyltoluene 611-14-3 0.19 [41] N.D. N.D. N.D. 0.074 [75]

O-Xylene 95-47-6 2.04 [41] 100 150 0.02 0.38 [75]

P-diethylbenzene 105-05-5 0.16 [41] N.D. N.D. N.D. 0.00039 [75]

Perylene 198-55-0 0.00 [65] N.D. N.D. N.D. N.D.
P-ethyltoluene 622-96-8 0.43 [41] N.D. N.D. N.D. 0.0083 [75]

Phenanthrene 85-01-8 0.06 [67] N.D. N.D. N.D. 0.0075
Phenol 108-95-2 5.10 [50] 5 N.D. 1.02 0.0056 [77]

Phenylethanol 98-85-1 0.01 [50] N.D. N.D. N.D. 0.06 [76]

Pyrene 129-00-0 0.01 [67] N.D. N.D. N.D. N.D.
Styrene 100-42-5 1.97 [41] 20 40 0.10 0.035 [75]

Sulfur dioxide 7446-09-5 3.83 [43] 0 0.25 15.32 0.87 [77]

Tetrachloroethylene 127-18-4 0.37 [41] 25 100 0.01 0.77 [75]

Thiophene 110-02-1 1.45E-05 [71] N.D. N.D. N.D. 0.00056 [75]

Toluene 108-88-3 448.04 [67] 20 N.D. 22.40 0.33 [77]

Trans-2-butene 624-64-6 0.21 [41] 250 N.D. 8.32E-04 0.9 [76]

Trans-2-pentene 646-04-8 0.18 [41] N.D. N.D. N.D. N.D.
Trichloroethylene 79-01-6 0.43 [41] 10 25 0.04 3.9 [75]

Triethylamine 121-44-8 16.19 [50] 1 3 16.19 0.53 [77]

Table 3. Analysis of the concentration data for the most critical compounds.

Compound CMAX [ppm] Cmean [ppm] DV STD Numerosity of data (n)

Ammonia 29.47 4.43 9.87 11
Benzene 13519.87 1027.37 2930.75 28
Formaldehyde 0.11 0.03 0.03 11
Hydrogen sulfide 1.13 0.30 0.39 11
Phenol 5.10 0.55 1.34 15
Sulfur dioxide 3.83 0.53 1.17 11
Toluene 448.04 32.63 98.58 31
Triethylamine 16.19 5.60 7.35 4
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do not provoke long-term non-carcinogenic effects.
However, there are 8 compounds for which this condition is
not fulfilled, and thus have a HQ value above 1. Fort these
compounds, it is useful to further compare the TLV value
with the OT, in order to verify if the compound can be per-
ceived by the human nose before reaching a toxic concentra-
tion. If the OT is lower than the TLV for one compound,
then it means that its odor is perceivable by the human
nose before becoming dangerous for the panelists’ health.
Based on this consideration, Table 4 reports the TLV and
OT values for the compounds with HQ > 1, in order to
evaluate their dangerousness. From this comparison, it is
possible to observe that the most critical compounds among
those investigated are benzene, formaldehyde and sulfur
dioxide. Not only their maximum concentration observed in
foundry emissions is higher than the TLV-TWA concentra-
tion, but they are not perceived through the human sense of
smell even at toxic concentrations, thus making them

particularly worthy of attention. As these compounds repre-
sent a real health risk, it is necessary to establish a minimum
dilution value not to be exceeded when analyzing foundry
samples in order to ensure the safety of exposed examiners.
To establish this value, the HQ values obtained for the dif-
ferent compounds reported in the literature were summed.
This shows that the minimum dilution level not to be
exceeded when analyzing a generic foundry odor sample is
27’000. Hovewer, typical odor concentrations measured for
foundry emissions reported in the literature range between
200 and 6’000 ouE/m

3.[19,43,84,85] This means that, in prac-
tice, the a-priori application of a minimum dilution factor
of 27’000 would make the olfactometric analysis of foundry
emissions impossible. Because of the practical inapplicability
of this simple, but apparently too precautionary approach,
previous to olfactometric analysis, it is essential to evaluate
the potential hazardousness of the samples to be analyzed to
the panel involved, on a case-by-case basis. In the case of

Figure 4. Histogram of the logarithms of the concentration values of the critical pollutants.

Figure 5. Schematization of the decision tree to evaluate the potential health hazards associated with odorous emissions from foundries.
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conveyed emissions, often an emission limit value for total
VOCs is established by the authorities. In such cases, a pre-
liminary evaluation can be based referring to those author-
ized limits in order to estimate the maximum concentration
of pollutants potentially present in the odor sample. The
limit values reported in the authorization, in particular for
benzene which has been found to be the most critical com-
pound, can be compared with the occupational exposure
limits by following the toxicological assessment reported. If
using the maximum authorized concentration, the HQ value
is lower than 1, it can be assumed that, in the absence of
malfunctions, the safety of the panel is guaranteed.
However, in the case of odor evaluations, samples are often
collected where no concentration limits for VOCs are
applied (or applicable), as for instance at the inlet of abate-
ment system or in diffuse emissions.

In such cases, for which there is no authorized limit, the
sample must be analyzed on a case-by-case basis, by apply-
ing chemical analysis, in particular gas chromatography
coupled with mass spectrometry (GC-MS). Indeed, analyzing
odorous samples with GC-MS, it is possible to obtain infor-
mation on the chemical composition, in terms of quantifica-
tion and indentification of the pollutants present. From
these data, a precise toxicological assessment can be

conducted to evaluate the minimum dilution value to be
adopted to protect the health of the panelists involved in the
olfactometric analysis. The added value of the investigation
proposed in this paper is that, by identifying the compounds
that are most worthy of attention in foundry emissions, it
limits the amount of compounds resulting from a chromato-
gram for which a precise quantification is needed.

To summarize the whole process, a decision tree for
assessing the minimum dilution value to be applied during
olfactometric analysis to protect the health of the panel is
shown in Figure 6.

Conclusion

Foundries represent an important industrial source of odorous
pollutants and, frequently, their odorous emissions generate
complaints correlated with the potential toxicological implica-
tions of these emissions. For this reason, it is important to
investigate the chemical composition of foundry gaseous emis-
sions, in terms of identification and quantification of pollu-
tants. The aim of this paper was the investigation of the
scientific literature involving the chemical characterization of
gaseous emissions from foundries, in order to evaluate the
potential toxicological non-carcinogenic risk for workers
involved in olfactomeric analysis, who are directly exposed to
these pollutants during the analysis. addition, this paper wants
to suggest a critical process to correlate the toxicological
parameters (TLV and HQ index) with the OT values, in order
to establish the dangerousness of odorous gaseous emissions
from industrial plants. These considerations are particularly
useful considering the particular type of exposure panelists are
subjected to during their work. In this case, in fact, no adapta-
tion or olfactory fatigue is observed, as commonly occurs in
working areas. In this case, however, repeated inhalation of the
same odor can cause olfactory fatigue,[86] which results in a

Figure 6. Schematization of the decision tree to evaluate the minimum dilution value to be applied during olfactometric analysis to guarantee panelists safety.

Table 4. Comparison between OT and TWA values for the most crit-
ical compounds.

Compound

TLV (ACGIH)
OT [ppm]

Reference OTTWA [ppm] STEL [ppm] Min

Ammonia 25 35 1.5 [75]

Benzene 0.5 2.5 2.7 [75]

Formaldehyde 0.1 0.3 0.5 [75]

Hydrogen sulfide 1 5 0.00041 [75]

Phenol 5 N.D. 0.0056 [75]

Sulfur dioxide N.D. 0.25 0.87 [75]

Toluene 20 N.D. 0.33 [75]

Triethylamine 1 3 0.53 [76]
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reduction in the ability to detect the odor and the ability to
perceive the odor can no longer be used as a warming sig-
nal.[87] Thus, a critical literature review and an extensive elab-
oration of data and comparison between TLV and OT values
was conducted, with the aim to define and evaluate the panel-
ists’ exposure risk to toxic odorous compounds. Based on our
evaluations, it is possible to state that the great majority of
VOCs emitted by foundries have reported maximum concen-
trations lower than their TLV-TWA values, thus making that
their HQ is lower than 1. This is not the case for 8 pollutants
(ammonia, benzene, formaldehyde, hydrogen sulfide, phenol,
sulfur dioxide, toluene and trimethylamine) for which their
HQ is higher than 1, thus meaning that the maximum concen-
tration reported in the literature has the potential to produce a
toxicological effect. A further investigation on these com-
pounds was performed in order to verify if the compound can
be perceived by the human nose before reaching a toxic con-
centration. This investigation showed that ammonia, hydrogen
sulfide, phenol, toluene and trimethylamine, despite potentially
reaching toxic concentrations in foundry emissions, produce a
characteristic smell that is perceived before the compound
becomes dangerous, thus protecting the exposed person. On
the other hand, the most critical compounds among those
investigated are benzene, formaldehyde and sulfur dioxide: not
only their HQ is >1, but they are not perceived by the human
sense of smell at toxic concentrations, thus making them par-
ticularly worthy of attention. Benzene, in particular, is the
most critical compound due to the high concentrations
observed in the literature. Therefore, from this elaboration, to
guarantee panelists’ safety during the olfactometric analyses,
the minimum dilution value to be set is 27’000. However, the
value obtained is not applicable when compared to the average
odor concentrations measured for foundrie emissions. For this
reason, chemical analysis by GC-MS has to be carried out on
odor samples before they are analyzed by means of dynamic
olfactometry, in order to assess the minimum dilution value to
be adopted to guarantee the safety of the panelists involved.
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