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Abstract: The aim of this study is to evaluate a commuter’s exposure to different pollutants (nitro-
gen dioxide (NO2) and fractionated particulate matter (PM), including ultrafine particles (UFP)), via 
miniaturized and portable real-time monitoring instruments in different and selected environments; 
the inhaled doses of these pollutants were also estimated in each of these environments. Experi-
mental data were collected during four working weeks, in two different seasons (winter and sum-
mer). Principal results show how higher exposures were measured in Underground (for all PM frac-
tions and NO2) and in Car (UFP), while lower exposure levels were measured in Car (PM and NO2) and 
in Train (UFP). On the contrary, instead, higher values of inhaled dose were found in environments 
defined as Other, followed by Walking (ht—High Traffic condition), while lower values were found in 
Walking (lt—Low Traffic condition) and in Car. 
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1. Introduction 

It is well known that air pollution may cause health problems and it is also well known that the 
adverse effects of air pollution are particularly critical in urban areas, representing hotspots especially 
for traffic emissions [1]. Moreover, travel micro-environments may represent settings of high expo-
sure to different air pollutants [2]. Despite that the time spent commuting may be scarce compared 
to the whole day, this activity may lead to a great contribution of both exposure and inhalation of 
pollutants [2].  

In addition to this issue, and to the need for better understanding the determinants of exposure 
levels in traffic micro-environments (MEs), it is important to note that most of the literature only 
assesses the commuters’ exposures to airborne contaminants, but not the corresponding inhaled 
doses. However, the assessment of pollutants’ inhaled dose can be of interest for risk assessment, 
especially in the case of commuters, because higher dose can result, owing to high exposure typically 
associated with urban transit/traffic environments [3,4] and higher inhalation rates during active 



Proceedings 2020, 44, 4 2 of 5 

 

transport mode such as walking and cycling (i.e., increased physical effort leads to elevated inhala-
tion rate and therefore higher inhaled dose and higher lung deposition of pollutants) [2].  

The aims of this study are therefore: (i) to assess the exposure levels to different airborne pollu-
tants measured across a commuting route, from a provincial to a big city in the Northern part of Italy; 
(ii) to describe pollutants’ exposure levels across different MEs; (iii) to evaluate the dose of the con-
sidered airborne pollutants inhaled during daily commuting and across different MEs, considering 
the subject’s physiological parameters; (iv) to check if different inhaled doses occur, compared to 
external exposure, considering different MEs. 

2. Materials and Methods 

The commuting route, fixed a priori, allowed to consider different MEs usually visited by com-
muters: Walking (lt—Low Traffic condition); Walking (ht—High Traffic condition); Bike; Car; Un-
derground; Train; Indoor and Other (defined as the transition period (2 min) between an environ-
ment to another). Experimental data were collected over two working weeks (Monday–Friday) in 
two different seasons, to characterize the weekly and seasonal pollutants’ concentration variability.  

Portable and miniaturized monitors were used to assess the exposure levels to different airborne 
pollutants. All the instruments were worn by one of the authors (F.G.) using a backpack. All instru-
ments’ inlets were placed in the breathing zone of the operator, or rather the hemisphere of 30 cm 
radius extending in front of the face. All instruments were set up with an acquisition rate equal to 60 
s. Different portable instruments, both direct-reading and filter-based, were used to evaluate size-
fractionated PM exposure. UFP exposure levels were measured via a portable diffusion size classifier 
(DiSCmini, Matter Aerosol AG, Wohlen AG, Swiss—DSC). The DSC used in this study can measure 
the number concentration and the average size of particles in the range of 10 < Dp < 700 nm. The 
continuous determination of size-fractionated PM concentration was also carried out by means of a 
second portable direct-reading monitor (Aerocet 831-MetOne Instrument Inc., Grant Pass, Oregon, 
USA—Aerocet), that provides concentration data of different PM fraction (PM1, PM2.5, PM4, PM10 and 
TSP). Finally, a complementary miniaturized monitor was used for the evaluation of PM2.5 concen-
tration (AirBeam, HabitatMap Inc., Brooklyn, New York, USA—AB). This monitor is based on an 
Arduino board and it can detect particles in a range from 0.5 to 2.5 µm and a PM2.5 concentration up 
to 400 µg/m3. PM2.5 samples were collected by means of a GK2.05 sampler (BGI Inc., Waltham, MA, 
USA), operating with a sampling pump with a flow rate equal to 4 L/min; particles were collected on 
PTFE filters. Mass concentration were determined via gravimetric analysis following a standard ref-
erence method [5,6]. UFP mass concentrations were calculated based on number concentrations, 
particle diameter and mean mass density factors [3]. 

The measurement of NO2 concentration was performed by means of a miniaturized electrochem-
ical monitor (CairClip NO2, Cairpol, La Roche Blanche, France—CC). The evaluation of physical ef-
fort, in terms of heart rate, was evaluated using a heart rate monitor (SUUNTO 9). This instrument 
was also used to acquire GPS data, with the same acquisition rate of other used instruments (60 s).   

3. Results and Discussions 

During the two monitoring periods, the evaluation of pollutant exposure levels was performed 
across different MEs considered. Table 1 reports a descriptive statistic regarding total and seasonal 
(winter and summer) levels of exposure. 

In order to evaluate changes and variation of exposure levels as a function of the considered 
MEs, a descriptive statistic of average exposure levels found across MEs is reported in Table 2.  
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Table 1. Descriptive statistic performed on the total dataset (N: number of data; Min.: minimum; Max.: 
maximum; S.D.: standard deviation; ldsa: lung-deposited surface area; PM2.5 (AB): PM2.5 measured via 
AirBeam). Data are reported as µgm3 (* particle/cm3; ** nm; *** µm2/cm3). Data in italics refers to those 
used for the calculation of UFP mass. 

Parameter N Min. Max. Mean S.D. 
UFP number * 8179 212 74436 9640 7027 

UFP diameter ** 8228 <LOD 300.0 49.2 15.2 
UFP ldsa *** 8228 0.6 203.9 24.4 15.9 
UFP mass 8239 <LOD 197.3 3.7 4.1 

PM1 8365 0.1 174.8 10.2 12.5 
PM2.5 8342 0.2 160.8 13.1 15.4 

PM2.5 (AB) 7394 1.4 134.9 35.5 22.6 
PM4 8348 0.3 189.0 16.2 18.9 
PM10 8345 0.6 378.5 24.0 28.4 
TSP 8340 0.6 480.6 28.2 33.0 
NO2 8690 0.9 478.5 30.5 52.7 

Table 2. MEs descriptive statistic (mean) performed on the total dataset. Data are reported as µg/m3; 
PM2.5 (AB): PM2.5 measured via AirBeam). 

 Walking (lt) Walking (ht) Bike Car Underground Train Indoor Other 
UFP mass 3.3 4.5 4.6 6.3 4.5 2.6 3.4 3.9 

PM1 12.8 12.3 15.0 5.8 27.9 7.1 7.5 12.5 
PM2.5 15.5 15.2 19.1 6.8 42.1 8.2 9.2 16.3 

PM2.5 (AB) 38.5 37.5 37.5 31.1 54.4 32.0 32.1 35.6 
PM4 18.6 19.0 24.6 7.7 54.8 9.4 11.3 20.2 
PM10 32.1 29.2 38.9 9.3 80.9 13.4 16.3 29.6 
TSP 37.1 32.7 43.3 10.4 92.1 17.5 19.5 34.1 
NO2 32.3 38.5 44.6 10.8 66.3 11.9 29.1 41.1 

Moreover, to deeply evaluate the contribution of different PM fraction to the total, in the Figure 1 
are reported the differential concentration of PM (PM1, PM1–2.5, PM2.5–4, PM4–10, PM>10) and NO2 expo-
sure levels calculated in different MEs and during different seasons.  

 
Figure 1. Differential concentration (PM1, PM1–2.5, PM2.5–4, PM4–10, PM>10) and NO2 exposure levels in 
different MEs (reported as total, winter and summer average). 
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A descriptive statistic of the inhaled dose calculated for each pollutant following Equation (1) is 
reported in Table 3. 

Inhaled Dose: Conc. × T × VE (1)

Equation (1) Inhaled Dose (µg) calculation. Conc: exposure concentration (µg/m3); T: time (min); 
VE: pulmonary ventilation rate (m3/min). 

Table 3. Descriptive of the inhaled dose (µg) or airborne pollutants, reported as an average for each 
ME and as total. 

Pollutant Walking (lt) Walking (ht) Bike Car Underground Train Indoor Other Total 
UFP 0.6 3.8 1.3 1.5 1.4 1.7 2.2 4.9 17.4 
PM1 2.3 10.5 4.3 1.3 8.7 4.5 4.8 15.6 52 
PM2.5 2.8 13.0 5.5 1.6 13.1 5.2 5.9 20.3 67.4 
AB2.5 6.9 32.1 10.8 7.2 17.0 20.4 20.7 44.4 159.5 
PM4 3.3 16.2 7.1 1.8 17.1 6.0 7.3 25.2 84 
PM10 5.8 25.0 11.2 2.1 25.2 8.5 10.5 36.9 125.2 
TSP 6.7 28.0 12.5 2.4 28.7 11.1 12.6 42.6 144.6 
NO2 5.8 32.9 12.8 2.5 20.7 7.6 18.7 51.3 152.3 

In general, higher values of inhaled dose were found in environments defined as Other, followed 
by Walking (ht), while lower values were found in Walking (lt) and in Car.  

4. Conclusions 

To date, probably due to technical-logistical problems related to the real-time measurement of 
physiological parameters (heartbeat or ventilation rate), studies reporting data on the inhaled dose 
of pollutants—especially across different traffic MEs—are still limited. This study can therefore con-
tribute to broaden knowledge about this topic in the scientific literature.  

Moreover, both for the exposure assessment and for the inhaled dose estimation in traffic envi-
ronments, the results deriving from available studies do not agree with each other and, indeed, very 
often disagree with each other. Studies regarding the evaluation of the inhaled dose of pollutants 
should, in any case, be conducted, trying to standardize the conditions that lead to the determination 
of the inhaled dose in a certain ME, in order to assess which environment (and the boundary condi-
tions—pollutant exposure concentrations, pulmonary ventilation rate and time spent in a given ME) 
is more or less impactful on the pollutants’ inhaled dose. 
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