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ABSTRACT
Few researches on domestic indoor air pollution have given quantitative information on the variation of the
characteristics of the indoor source of particulate matter (PM). The purpose of this work was to investigate the
emission characteristics of the common indoor particle sources.
More specifically, this paper is intended to contribute to the understanding of how normal domestic activities
could affect the human health. The emission sources of PM studied in this work was cooking, vacuuming, ironing and the use of deodorant spray.Cooking activities were expected to be one of the major sources of indoor
particles and the features of the cookers may affect the characteristics of emissions resulting from cooking. For
this reason, the results of a previous study based on the variability of the power of the cooker were reported,
to study the sustainability of natural gas from the point of view of the induced indoor human exposure to PM.
Measurements were performed by a GRIMM analyser, able to measure 16 granulometric classes from 0.3 to
20 µm. The study found that the activity of cooking and the use of deodorant spray are the sources that produce
the higher indoor concentration levels compared with the other sources studied.
Keywords: cooking, indoor activity, indoor air, natural gas, particulate matter.

1 INTRODUCTION
Over the past three decades, the atmospheric particulate matter (PM) has been the subject of numerous studies and has shown growing interest by decision makers and public opinion referring to
various sectors [1–8]. PM plays a vital role in climate change on a global scale, because it changes
the properties on absorption and reflection of the atmospheric air, thus causing a greater overheating
on the ground [9,10]. PM also has a strong impact on local scale with important implications for
human health: epidemiological studies have highlighted the strong correlation between air pollution
and pulmonary and cardiovascular diseases, respiratory irritation and disturbances of visual nature.
Continued exposure (long-term) can also lead to the occurrence of cancer diseases [11,12].
There is usually more information available on emission characteristics, such as emission factors
or emission rates, of outdoor particle sources than of indoor sources [13–15]. However, quantification of emissions from indoor sources is very important for the assessment of the total human
exposure to particles.
Monitoring activities were performed in all the continents as demonstrated by the scientific literature [16–21]. Sites in low-income [22], medium-income [23] and high-income [24] countries around
the world were studied to generate data useful for the assessment of human exposure to PM. Even
remote sites were investigated for a background comparison [25]. Some researches zoomed from
regional monitoring [26] to urban areas [27]. Other researches focused on specific mobile sources
[6,7,28,29], on the finest fractions of PM [30], on the seasonal variability of the PM concentration
values [10] and on the specific contribution of point sources [13].
The problem of air contamination in indoor environments has always been neglected and only
recently, the international scientific community has begun to show interest in this issue, especially
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considered that, at the European level, the majority of the population spends up to 80% of their day
in indoor environments [31]. Particular attention was made to indoor concentrations in workplaces
[27]. Recent studies focused on specific indoor environments such as pizzerias [32], hospitals [33],
schools [34] churches [35] and tunnels [36].
An important role in indoor air quality (IAQ) is played by the characteristics of the fuel burned for
heating and energy purposes; major problems in terms of suspended particles are given by the low
vapour pressure and high sulphur content, typical of kerosene, for instance, and of biomass of poor
quality [3,26,37].
The most significant indoor sources include tobacco smoking, cooking, kerosene heating and
wood burning [38]. Other sources or human activities contributing to elevated levels of indoor particles include re-suspension of particles by people or pets, dusting and vacuuming, showering,
operation of humidifiers or electric motors. Contributions from outside were also reported and estimated in 32–45% for PM10, 67–76% for PM2.5 and 79–83% for PM1.0 in a recent study [39]. Outdoor
contributions seem to be important also for polycyclic aromatic hydrocarbons (PAHs) and, especially for benzo(a)pyrene, which contributes to about 50% of the cancer risk [40]. Another study
highlighted the higher concentration of organic carbon (OC) and the lower concentration of elemental carbon (EC) in indoor environments with respect to the outdoor situation [41]. EC is mostly
generated by road traffic; thus, the lower contribution of EC and the higher contribution of OC
indoors suggest the dominant influence of other sources in closed environments. OC (especially
non-combustion OC), in indoor environments, derives mostly from cooking activities [42].
The chemical composition of indoor PM is particularly influenced by the sources present in the
indoor environment: PAHs were found to basically mirror the spectra of outdoor measurements in
offices, whilst bisphenol A resulted higher indoors in one study [43], probably due to the electronic
equipments in use. Bioparticles (e.g. polyols and sugars) are the dominant constituents of PM10 in
indoor environments, followed by acids (palmitoleic and linoleic acids) whose generation is attributed to cooking activities [44]. On the other hand, outdoor air is characterized by a relatively higher
contribution of other species (aliphatics, PAHs and n-alkanols). Unsaturated fatty acids and PAHs
(including some carcinogens, such as benzo[a]pyrene) are products of the cooking of animal fat and
meat [45].
Ultrafine particles (UFP) play an important role in indoor environments: indoor-generated PM is
characterized by a unimodal size distribution whose maximum in terms of number of particles is
located between 0.02 and 0.1 µm (the Aitken mode) [46]. Although the outdoor PM presents a
bimodal distribution (the nucleation mode), with a maximum at lower diameters (around 0.01 µm),
the concentrations normally achieved through cooking and other indoor activities may be, on average, one order of magnitude higher than outdoors. If not generated in indoor environments, UFP can
penetrate from outside and remain suspended in the air for long periods [47]. Condensation of particles and their conversion to particles of larger dimensions were also observed, in spite of the
slowness of the process, which may last for some hours [48]. On a mass basis, the larger surface area
of UFP seems to be responsible for inducing more inflammation than coarse particles [49]. In spite
of the still scarce knowledge on the health effects of UFP, their passage into blood and their role in
promoting the thrombosis process was demonstrated [49]. Oxidative DNA damage was also found
to be correlated with cumulative exposure to UFP in healthy subjects, whilst an increase of the
symptoms of asthma and a reduction in lung function were observed for asthmatic people [50]. In
addition, an increased risk of developing bronchitis was associated with mass concentration of particles smaller than 1 μm and number concentration of particles bigger than 0.5 μm in children [51].
The health effects of UFP, however, depend also on the chemical composition of particles. Volatile
organic compounds (VOCs), for instance, are mostly found in fine particles [52] and are composed
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also of carcinogenic pollutants, such as benzene and ethyl benzene. The same conclusions were
drawn for PAHs, which tend to concentrate on particles of size lower than 0.7 μm [53].
Given the dimensions of the problem, this paper is intended to contribute to the understanding of
the role of indoor activities, referring to specific cooking procedures performed under different conditions and other activities that are normally carried out in houses, such as ironing, vacuuming or the
use of deodorant spray.
Since PM10 is not adequate for a complete vision of the human exposure to particulate matter, the
instrument chosen for the experimental activities was an analyser able to measure also lower granulometric classes. The detail on particles smaller than 0.3 μm will not be available in this study, due
to incapability of the instrument to detect particles whose diameter is lower than this size.
In the past, the United States was one of the first conutries establishing standards of air quality.
Initially, attention was paid on the total suspended particulate [54] but soon a 3-year average of the
annual mean concentrations for PM10 and PM2.5 was introduced, equal to 50 and 15 µg m-3, respectively [55]. Even the European Union in 1999 established ambient air quality limit values for PM10
in the European Directive 1999/30/EC: the annual mean concentration limit was set to 50 µg m-3 not
to be exceeded more than 35 times per year and the daily mean concentration limit was set to 40 µg
m-3 [56]; for PM2.5, only the implementation of measures aimed at its reduction was planned, without providing a concentration limit of reference. In April 2008, the European Union adopted the
Directive 2008/50/EC about outdoor air quality [57], which confirmed the limit values for PM10 and
introduced the annual mean concentration limit for PM2.5, equal to 25 µ g m-3.
At European level, the guidelines born over the last 10 years in European countries (e.g. the Netherlands, Finland, Norway) and beyond (United States, Canada, Singapore) can be taken into account;
such guidelines have the advantage of indicating precise values of concentration for PM to be used
in indoor environments. The American Standard ASHRAE [58] gives a further contribution to the
field. The limits for PM2.5 are 15 µg m3 (annual exposure) and 35 µg m3 (daily exposure), while for
PM10 are 50 µg m3(annual exposure) and 150 µg m3 (daily exposure).
2 MATERIALS AND METHODS
The main tool used for the measurements is the GRIMM analyser 1.108 [59]. This tool is similar to
the one adopted in a recent research on indoor air pollution [60]. This instrumentation measures 16
granulometric classes from 0.3 to 20 µm. This tool allows assessing PM with different diameters.
The values taken into account in this paper for the developed case study are PM10, PM2.5 and PM1.0.
The ambient air to be analysed is drawn into the unit via an internal volume-controlled pump at a
rate of 1.2 L/min. The sample passes through the sample cell, through the laser diode detector and is
collected onto a 47-mm filter. The entire sample can then be analysed gravimetrically for the verification of the reported aerosol mass. The pump also generates the necessary clean air, which is
filtered and passes through the air regulator back into an optical chamber. This is to ensure that no
dust contamination comes in contact with the laser-optic assembly. Data are also available via the
built-in serial port. These data, available in intervals between 6 and 60 s, can be transmitted to an
external computer. The particle size analyser/dust monitor determines the dust concentration through
the optical-light-scattering method directly. It must be pointed out that this method is generally not
used as the official one: the Environmental Agencies typically adopt gravimetric methods according
to the present regulations. If we consider the aim of the present research, the used tool is suitable in
order to obtain significant scientific results about PM generation varying the characteristics of an
indoor source. PM samplings were coupled with measurements of air temperature and relative
humidity, performed by means of the digital thermo-hygrometer BAR 122 HGN (Oregon Scientific
Ltd, Portland).
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For the development of the present research, the GRIMM instrument was placed in the centre of
a selected kitchen, 2 m away from the stove location. This choice was made in order to simulate the
exposure of people sitting at the table. The selected room is square-shaped, measuring 4.5 m on each
side and with a 2.6-m height.
In a previous study [61] about cooking with different thermal powers, the research concerned the cooking of beef-steaks, each weighing about 200 g. Neither oil nor dressing was used. All the steaks were
well-done. Three natural gas cookers, with different thermal powers, 1.65, 2.3 and 3 kW, were used.
In the present experiment, a series of tests were carried out in a kitchen to investigate two different
types of cooking, an activity that is presumed to be one of the main indoor sources of particulate
matter in a residential building. The kitchen adopted has a volume of 53 m3 and a horizontal surface
of 25 m2. Two situations were analysed: cooking a pork chop on the cast iron plate and the preparation of polenta on the grill (Fig. 1).
The surface layer of the cast iron plate was sprinkled with a fine layer of extra virgin olive oil that
has been heated before placing the steak (about 200 g) on the natural gas. The cooking lasted about
20 min. In the second part of the experiment, five slices of polenta with a thickness of 2 cm were
cooked on a grill placed on the same cooker. The cooking phase lasted about twenty minutes, preceded by a pre-heating of the grill on fire. The room was not equipped with a fume hood. The
windows were opened at the end of the test, approximately 1 h after the lighting of the fire and about
40 min after the extinguishing.
The purpose of an additional experiment was to monitor the levels of PM that can be achieved in a
closed non-aerated room due to the use of a common deodorant spray for personal hygiene product. The
room has a volume of 20 m3 and a surface of 7.5 m2. The test was preceded by a preliminary ventilation
of the room, followed by a phase of calm with doors and windows closed, in which the instrument was
switched on to get feedback on the background levels of PM in the room. Then, two squirts of the spray
(for a total of 2 s in the first two tests and 1 s in the third) were released in front of a mirror up to a height
of 1.70 m. The instrument was placed in the centre of the room at a height of 1.60 m.
The action of an iron in a closed and poorly ventilated room (volume of 44 m3 and horizontal
surface of 17 m2) was expected to lead to an increase in PM concentrations. The iron used has an
aluminium plate, a power of 1400 W and is equipped with an external tank with a capacity of

Figure 1: (a) Cast iron plate for the cooking of pork chops and (b) grill for the cooking of polenta.

Figure 2: (a) Ironing board and (b) vacuum cleaner adopted for the experiments.
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800 mL to produce steam. The instrument was placed in front of the ironing board at a distance of
1.80 m from the analyser (Fig. 2).
In a last experiment, the efficiency of the vacuum cleaner of the house and the changes in PM that
occur during removal activities of the dust deposited on the floors were monitored. The vacuum
cleaner used has a power of 1800 W (Fig. 2).
Some recent surveys indicated that vacuum cleaners with bag are not capable of retaining fine dust
(with from <2.5 µm) so that they can bypass filters and can be readmitted into the environment after
passing through an unhealthy place as the domestic vacuum cleaner, where mites, insects, organic
matter and decomposing substances can be found [62]. The instrument was placed in the centre of a
room (volume of 65 m3 and horizontal surface of 25 m2) on a small ladder at a height of 0.90 m.
3 RESULTS AND DISCUSSION
Three cooking tests were carried out on the pork chop placed on the cast iron plate; similarly, three
cooking tests were performed on the preparation of polenta on the grill.
The cooking of a pork chop on the plate released a large amount of PM in the environment: a
substantial fraction is represented by fine particles, the most dangerous to human health (Table 1).
During the recording of the measurements, the air temperature in the room ranged from 26.4°C to
28.6°C, whilst the relative humidity was between 37% and 44%. In all the simulations, a sudden
growth of the peak concentrations is visible, reached at the final stages of the cooking when a persistent smoke was released. For reasons of visibility, only the time-depending concentrations related
to the cooking of the second chop (Chop 2) are reported (Fig. 3).
The tests showed that concentrations of PM2.5 and PM1.0, after reaching their maximum, decreased
slightly over time, even after the conclusion of the cooking operations, with consequent repercussions
Table 1: PM measurement during the cooking of pork chops.

Unit
Chop 1
Chop 2
Chop 3

Average
PM1.0

Average
PM2.5

Average
PM10

Maximum
PM1.0

Maximum
PM2.5

Maximum
PM10

μg m3
184.1
195.9
670.7

μg m3
340.5
415.5
862.2

μg m3
803.5
962.9
1158.4

μg m3
303.4
343.4
1049.2

μg m3
532.5
714.2
1344.1

μg m3
1774.2
2135.2
2039.5

Figure 3: PM concentration during the cooking of Chop 2; the vertical red lines indicate the lighting,
the turning off the cooker and the window opening.
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on the IAQ; on the other hand, particles with greater dimensions tend to deposit more rapidly. During
test 3, the maximal values for PM2.5 and PM1.0were, respectively, double and quadruple compared
with the previous cases, due to the fact that the plate was not perfectly clean at the time of the trial,
still presenting traces of oil. A lower average PM2.5 concentration (130 μg m3) was measured in a
kitchen of a dwelling in Singapore, characterized by very similar conditions in terms of ambient air
temperature, relative humidity, fuel in use and absence of extraction system [63]. On the other hand,
the concentrations here measured are similar to the ones observed in a survey on naturally ventilated
houses in Mexico where cooking activities were carried out with natural gas, even though higher
maximal concentrations were measured (8899; 7182 and 4822 μg m3 for PM10, PM2.5 and PM1.0,
respectively) [64]. Lower peaks (less than 350 and 250 μg m3 for PM10 and PM1.0, respectively) with
respect to the present study were measured in a kitchen while the windows were open [21].
Even in the case of cooking polenta, a sudden increase in PM concentration was detected (Table 2),
followed by a slow decline that begins after stopping the action of cooking on the stove and that lasts
for a long time (Fig. 4). In this test, PM2.5 and PM1.0 maximal concentrations are similar to the ones
reached in the previous case, whilst PM10 concentrations are lower and comparable with PM2.5 and
PM1.0 concentrations. During these three tests, the air temperature in the room ranged from 24.6°C
to 26.0°C, whilst the relative humidity was between 42% and 53%.
A previous study focused on the cooking of beef-steak [61]; in this study, a first steak (Steak 1)
was cooked using the smaller cooker (1.65 kW), a second steak (Steak 2) was cooked using the
medium one (2.3 kW) and a third steak (Steak 3) using the larger one (3 kW). Every measurement
lasted 26 min. The PM concentrations due to the cooking of beef-steaks are reported in Table 3. As
a result, the higher was the thermal power, the higher was the PM generation, especially regarding
the finest particles (PM1.0 and PM2.5). Some considerations are needed for the peak concentrations
Table 2: PM measurement during the cooking of polenta.

Unit
Polenta 1
Polenta 2
Polenta 3

Average
PM1.0

Average
PM2.5

Average
PM10

Maximum
PM1.0

μg m3
161.9
221.3
83.1

μg m3
176.3
244.1
87.5

μg m3
180.2
248.8
90.4

μg m3
328.3
544.4
145,9

Maximum
PM2.5

Maximum
PM10

μg m3
358.9
590.1
153

μg m3
363.2
597.6
156.8

Figure 4: PM concentration during the cooking of Polenta 1; the vertical red lines indicate the
lighting and the turning off the cooker.
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of PM10. It is clear that those values are significant, since they can reach even 6000 µg m3 for a few
minutes. Particles may be generated also by the gas burning itself: natural gas was demonstrated to
be the less important PM contributor among the traditional fuel used for cooking, even if an average
PM10 concentration of 247 μg m3 was measured in a dwelling due to the only gas burning [65]. During the tests performed, the temperature of the pan was not measured. This could represent a useful
additional variable to be monitored, in view of future measurement activities and for a better understanding of the process. In addition, monitoring the exchange rate of air in the rooms can provide
information on the dilution effect on PM concentrations and should be taken into account for further
developments of this research.
In general, for cooking activities, making use of an extractor hood placed above the cookers is advisable. Furthermore, the slow decrease in the values of PM suggests that the potential risk for health is
not limited at the end time of the action itself but is prolonged in the case of permanence in the local.
The use of sprays showed very impactful effects on the IAQ, since a number of particles are
released in air, with peaks of PM10 exceeding 2500 µg m3 (Table 4). The environmental conditions
were represented by relative humidity between 38% and 50% and by room temperature between
23.2°C and 26.8°C. Two consecutive peaks are visible, representing the two sprays in rapid succession (Fig. 5). The growth in PM concentrations is very fast and the maximum occurs in the instants
following the use of the spray. However, whilst the performance of the particles of larger particle
size (PM10) is distinctly decreasing in time for the accelerated storage to the ground, the levels of
PM2.5 and PM1.0 remain almost constant throughout the time of the measurement, with the exception
of the final stage in which the exchange of air is facilitated by the opening of the window. In the third
test, the recorded values are significantly lower because the two sprays had a slightly shorter duration

Table 3: PM measurements during steak cooking with different thermal power [61].

Unit
Steak 1
Steak 2
Steak 3

Thermal
Power

Average
PM1.0

Average
PM2.5

Average
PM10

kW
1.65
2.3
3

μg m3
371
543
1826

μg m3
521
725
2383

μg m3
1118
1348
3413

Maximum Maximum Maximum
PM1.0
PM2.5
PM10
μg m3
702
1423
3245

μg m3
925
1690
4256

μg m3
1720
2367
5567

Figure 5: PM concentration during the use of Spray 2; the vertical red lines indicate the time of
spraying and the window opening.
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Table 4: PM measurement during the use of spray.

Unit
Spray 1
Spray 2
Spray 3

Average
PM1.0

Average
PM2.5

Average
PM10

Maximum
PM1.0

Maximum
PM2.5

Maximum
PM10

μg m3
86.4
94.2
36.6

μg m3
267.7
272.3
92.1

μg m3
822.7
711.1
239.7

μg m3
86.4
162.7
61.9

μg m3
267.2
518.6
176.1

μg m3
2143.0
2846.2
690.6

Figure 6: PM concentration during ironing (Iron 3); the vertical red lines indicate the start and end
of ironing.

compared with the first two cases (about 1 s in total than the previous 2 s). In a similar study, a peak
of about 1000 µg m3 was measured for PM2.5 [66].
The surveys showed a gradual and constant growth in the levels of PM while ironing, with peaks
of PM10 slightly below 100 µg m3 (Table 5), given also by the re-suspension of dust due to the movement of the heads clothing in the room.
The values of PM2.5 always remained below the thresholds proposed by the guidelines; however,
an hour after turning off the iron, the concentrations were triple compared with the underlying data
recorded in the local before the activity (Fig. 6). During the tests, the room temperature ranged from
24.2°C to 28.1°C, whilst the relative humidity was comprised between 39% and 52%.
During the passage of the vacuum cleaner on the floor, the test gave satisfactory results because
the concentrations of PM2.5 and PM1.0 underwent limited increases (Fig. 7). The room temperature
during the test was comprised between 24.3°C and 24.9°C, whilst the relative humidity was between
42% and 46%. In contrast, the levels of PM10 suffered from a considerable increase for the raising
of dust caused from the cleaner. A PM10 peak of about 40 µg m3 was reached during the test (Table
6). Considerably higher peaks were achieved in a previous study, with maximal PM2.5 concentrations between 2032 and 7182 µg m3 [64]. Slightly higher values with respect to the present study
were measured in an experimental chamber during vacuuming [67]. A gradual increase in PM2.5 and
PM1.0 concentrations is visible 25 min after concluding the vacuuming. Further investigations, by
prolonging the duration of the measurement, are needed to evaluate the temporal extent of the resuspension of the finest fractions. Exposure to particulate matter should not be overlooked if the
cleaning go on for a long time or occur in particularly dusty environments, where there is a greater
particle suspension.
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Table 5: PM measurement during ironing.

Unit
Iron 1
Iron 2
Iron3

Average
PM1.0

Average
PM2.5

Average
PM10

Maximum
PM1.0

Maximum
PM2.5

Maximum
PM10

μg m3
13.5
23.3
12.4

μg m3
18.2
28.3
18.8

μg m3
56.7
50.8
67.0

μg m3
20.8
30.0
20.0

μg m3
27.3
37.4
30.4

μg m3
86.9
101.9
119.8

Table 6: PM measurement during vacuum cleaning.

Unit
Vacuum cleaner

Average
PM1.0

Average
PM2.5

Average
PM10

Maximum
PM1.0

Maximum
PM2.5

Maximum
PM10

μg m3
6.7

μg m3
8.2

μg m3
21.7

μg m3
12.8

μg m3
15.2

μg m3
39.1

Figure 7: PM concentration during vacuum cleaning; the vertical red lines indicate the start and end
of vacuuming.
With the exception of the test on the use of sprays, no conversion of smaller particles to larger
ones was observed, contrarily to what would be expected due to condensation phenomena. The duration of the measurements may have had a certain influence, considering that the process can require
up to some hours to occur and be visible [48].
From the point of view of the analytical technology adopted, the GRIMM analyser 1.108 offers
the interesting opportunity of performing accurate measurements with a portable solution. However,
particles with aerodynamic diameter lower than 300 nm (and, thus, also UFP) cannot be detected by
this instrument. This is a limitation that does not allow accounting for the importance of nanoparticles and their potential impacts on human health, even though the GRIMM analyser has been applied
in important studies in the literature [21,39,64,65].
4 CONCLUSIONS
In the last decades, resolute steps towards the limitation of emissions into the atmosphere and the
control of PM concentrations in cities have been made. On the contrary, the prevailing idea that
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indoor environments do not represent a particular issue compared with the outside world, resulted in
a delay of research in this field.
Only in recent years, the problem of dust in indoor environment has raised concern by the scientific world, trying trigger a debate on limit values for PM not to be exceeded in indoor environments,
with the purpose of protecting human health, both in terms of acute and chronic effects.
Following a series of tests, operated with the aim of controlling the amount of dust released into
the environment through the three size classes of PM10, PM2.5, PM1.0, it emerged that the common
activities that take place daily in domestic environments play a primary role in indoor air pollution.
The study found that cooking activities and the use of deodorant sprays are the sources that produce the higher indoor PM concentrations and are without doubt the most impactful for the health of
the home sites.
During the presented tests, the time evolution of the PM was observed. A rapid growth towards the
peak concentration was followed by a slow decrease in the levels recorded, indicating that the environments should be considered unhealthy even in the moments subsequent to the conclusion of the
source of particulate, if not properly aerated.
Moreover, the thermal power of cookers can influence PM emission during beef-steak cooking.
Using the most powerful cooker, the PM10 production resulted three times higher than using the
smaller one. In particular, this increase is connected with a significant generation of the smaller size
fraction (PM1.0), with obvious repercussions on the human health. However, further investigation is
needed especially in terms of quantification of the role of UFP, which cannot be detected by the
analyser adopted here.
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