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Abstract: The complex chain of photochemical reactions is one of the most important tasks in the air
quality evaluation, expecially in urban areas. In fact, in this case there are high emission levels of NOx
and no-methane hydrocarbons by combustion processes such as autovehicular traffic, domestic
heating and industrial plants. Ozone is not emitted directly into the atmosphere but it is formed from a
complex series of reactions between emitted nitrogen oxides (NOy) and reactive organic compounds
(ROC). The high ozone concentrations, which occur during photochemical episodes, are usually
accompanied by elevated concentrations of other photochemical oxidants such as nitric acid (HNO3),
peroxyacylnitrates (PANS), hydrogen peroxide (H,0,), etc. The complex series of these reactions
constitutes the most important issue to the degradation of air quality. Further, the NMHCs play a key
role in the formation of photochemical air pollution: they are considered as precursors for ozone
production at the ground level when the sunlight and nitrogen oxides are present. From a practically
point of view defining a quality standard or a limit is substantially correct but it is no sufficient to solve
the problem. So it should become necessary to acquire knowledge on the different formation
mechanisms of the photochemical pollution phenomena. In this paper there will be shown the results
of a long-term study performed in Rome for evaluating the ozone formation in relationship with the
autovehicular traffic density.

Keywords: ozone; NO,; photochemical process; incomplete combustion; formaldehyde; primary
pollutants; secondary pollutants; NMHCs; elemental carbon; radon

1. Introduction

Ozone, an atmospheric gaseous secondary pollutant, is formed through the reaction of O, with
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atomic oxygen deriving from the photolysis of NO, (Figure 1).

RH + OH- * R + H;0
ROz + NO > | + NO;
RO'+ O « H + RCHO
HO;' + NO » OH* NO
J> +2NO * RCHO+ H.0 + 2NO;

Figure 1. Reactions occurring during atmospheric radical activity: photochemical smog episode.

In the radical chain reaction, NO, is produced through the oxidation of NO by O3 and the radical
RO, and HO; [1]. No O3 accumulation would occur if the formation of NO, were due only to the
reaction of Oz with NO. In this case, NO, and O3 show a complementary pattern of variation:
maximum values of O3 corresponds to minimum values of NO, and vice versa. However, in the case of
intense pollution episodes, in presence of both reactive hydrocarbons and OH radicals [2], the RO, and
HO, radicals that are formed oxidize NO and cause O3 accumulation.

OH governs atmospheric chemistry during the day since its formation depends on radiation from
the Sun [2-5]. The initial reaction involves the photolysis of 0zone by solar radiation. The oxygen atom
formed then reacts with water to form OH. Other OH sources include the photolysis of nitrous acid
(HNO:,), hydrogen peroxide (H,O;) or peroxy-methane (CH3OOH) the reaction of nitrogen monoxide
(NO) with the hydroperoxy radical (HOy), the reaction of alkenes with ozone and the HCHO, CINO2
photolysis [6-18].

Among the many important roles played by ozone in atmosphere, a very important part one
involves the generation of OH radicals, which are responsible for initiating the oxidation of a wide
variety of atmospheric trace constituents. The OH production occurs dominantly from the formation of
the excited O(*D) species in the UV photolysis of ozone, followed by the reaction of O(*D) with H,0
vapor.

OH radicals also derive from photolysis of HCHO in presence of NO [19,20], from the ozonolysis
reaction of alkenes [5,21-25] and from the CINO; photolysis [26]. For more detail, Mao et al. [27]
calculated the relative importance of the above sources of OH in New York and estimated HNO,
photolysis contributed up to 60%.

Different authors deeply investigated the species involved in the atmospheric oxidation
capacity [22,28] such as O3, OH, NOg: in their experimental conditions they found the average
oxidation capacity of OH, Oz and NOj3 radicals through the entire day to be 89.4, 10.3 and 0.3% of the
total oxidation capacity, respectively, with different partial contribution during the daytime and
nighttime.

Taking into account the photochemical processes leading to the ozone formation, the Directive
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2008/50/EC [29] requires the measurement of the ozone precursors that are defined as “substances
which contribute to the formation of ground-level ozone”. In urban areas, at least one measuring
station is to be installed to supply data on O3 precursors.

The directive recommends the measurements of Non-Methane Hydrocarbons (NMHCSs), such as
Acetylene, Ethane, Ethylene, Propane, Propene, n-Butane, i-Butane, 1-Butene, trans-2-Butene,
cis-2-Butene, 1,3-Butadiene, n-Pentane, i-Pentane, 1-Pentene, 2-Pentene, Isoprene, n-Hexane,
I-Hexane, n-Heptane, n-Octane, i-Octane, Benzene, Toluene, Ethyl benzene, m+p-Xylene, 0-Xylene,
1,2,4-Trimethylbenzene, 1,2,3-Trimethylbenzene, 1,3,5-Trimethylbenzene, Formaldehyde, Total
Non-Methane Hydrocarbons (T-NMCHs). An important parameter is the “incremental reactivity” to
quantify ozone impacts of NMHCs. This is defined as the change on ozone caused by adding an
arbitrarily small amount of the test NMHC to the emissions in the episode, divided by the amount of
test NMHC added. This can also be thought of as the partial derivative of ozone with respect to
emissions of the NMHC.

The rate of ozone increase caused by these processes is dependent on the amounts of NMHCs
present, the rate constants for the NMHC’s initial reactions, and the level of OH radicals and other
species with which the NMHCs might react. Ozone production continues as long as sufficient NOy is
present that reactions of peroxy radicals (RO,) with NOx compete effectively with their reactions with
other peroxy radicals. It should be noted that the OH radical levels are particularly important in
affecting the O3 formation rate in the presence of NOx because reaction with OH is a major (and in
many cases the only) process causing most NMHCs to react.

Ozone effects on human health are mainly attributed to its reactions, particularly the ozonization
of lipids [30,31]. The plasmatic membrane is the cellular component mainly damaged [32].

Impairment of the pulmonary function is the principal effect observed [33]. The susceptible
subpopulations can be identified in children. Children represent for several reasons a very sensitive
group of the population. In comparison with adults, children have a higher intake of ozone and other
air pollutants. This is due to a higher basal metabolic rate, resulting both in higher breath volume per
minute and higher breathing frequency. Further, their respiratory tract is still under development until
six years old, and is therefore more susceptible to the inflammatory effects of ozone. It should also be
considered that children’s immune systems are not yet fully developed either and are generally under
bigger stress. For these and other reasons, children are at higher risk concerning exposure to ambient
ozone concentrations.

Patients with lung disease and smokers are thought to be at increased risk of ozone-induced
decrements in lung function because an equivalent decrement in lung function would have more
serious health consequences given their already compromised lung function [34].

Asthma patients are considered an important risk population because some 5-10% of the general
population suffer from asthma. Asthma encompasses clinical conditions that include airflow limitation
(obstruction) and (chronic) inflammation of the airways. Due to the irritant nature of ozone, capable of
inducing airway inflammation and bronchoconstriction, asthma patients are deemed to be at enhanced
risk from exposure to ozone and photochemical ‘smog’, because inflamed airways contribute to the
pathogenesis and exacerbation of the disease and to morbidity and mortality for asthma.

In addition, it is now clearly recognized that ozone at ambient concentrations found in Europe can
cause a range of effects including visible leaf injury, growth and yield reductions [35]. Moreover,
being ozone a secondary pollutant with a regional distribution, these effects may occur over large areas
of rural Europe.

Consistently, the European Directive 2008/50/EC [29] fixes limits not only for the protection of
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the human health, but also for the protection of vegetation. This Directive establishes long-term
objectives, target values, alert threshold and information threshold for concentrations of ozone in
ambient air in the Community, designed to avoid, prevent or reduce harmful effects on human health
and the environment as a whole:

v “target value” are fixed values, in the long term, to avoid harmful effects on human health
and/or the environment as a whole, to be attained where possible over a given period;

v' “long-term objective” are fixed in order to avoid, according to current scientific knowledge,
direct adverse effects on human health and/or the environment as a whole are unlikely. This
objective is to be attained in the long term, save where not achievable through proportionate
measures, with the aim of providing effective protection of human health and the environment;

v “information threshold” refers to a level beyond which there is a risk to human health from
brief exposure for particularly sensitive sections of the population and at which up-to-date
information is necessary;

v “alert threshold” refers to a level beyond which there is a risk to human health from brief
exposure for the general population and at which immediate steps shall be taken by the
Member States.

In this paper, we discuss the photochemical processes occurring in highly populated and
anthropogenic urban areas with particular interest in the smog formation and the NMHC contribution
to the ozone levels. In particular, we calculate the contribution in percentage of each determined
NMHC to the ozone formation in downtown a big urban area such as Rome, comparing these values
with other data reported in literature.

2. Materials and Method
2.1. Sampling site

The gaseous and aerosol sampling and measurements were carried out in downtown Rome at the
INAIL’s building: the sampling point is located at 40 m about the ground level. The sampling location
has been chosen in open fields but in a very high traffic zone (high density of autovehicular and heavy
traffic, e.g. cars, buses, coaches, etc.) and in a populated area (e.g., domestic heating, cooking activity):
the anthropogenic emissions result the major pollution in such area. The measurements reported in this
paper cover a long-time period ranging between the ‘90s until December 2014.

2.2. Primary and secondary pollutants: measuring equipment

As regards the traditional atmospheric pollutants like ozone, nitrogen dioxide, nitrous acid,
formaldehyde, benzene and toluene, we will also show data referring to the sequence of ten year of
measurements, from 1991 to 2000, taken in downtown Rome at ground level.

Gaseous primary and/or secondary pollutants were measured by means of Differential Optical
Absorption Spectroscopy (DOAS, mod. AR 500, Opsis, Sweden) [36-38]. The DOAS system consists
of an emitter (a xenon lamp at high pressure), a receiver, a spectrophotometer equipped with an optical
fiber and a computer for the system management (data elaboration and storage). The absorption
spectra of each monitored chemical species are acquired at their relative typical wavelength ranges.
The distance between emitter and receiver is about 280 m: this parameter is important because it
influences the sensitivity of the measures. The absorbance of light from the emitter is continuously

AIMS Environmental Science Volume 2, Issue 3, 764-781.



768

measured within the wavelength range 240-350 nm to determine several compounds. The air pollutant
concentrations are automatically calculated from the absorbance values, in according with Lambert-Beer’s
law. The DOAS technique offers the possibility of simultaneous measurements of primary and
secondary air pollutants concentration by averaging them on a long optical path ranging up to some km,
that as such represent the average pollution level better than classical point source analyzers.

All the particulate matter samplings were performed by means of a 10 jum sampling head. The EC
and OC separation was carried out by means of an Ambient Carbon Particulate Monitor 5400 (ACPM
5400, Rupprecht & Patashnik Co Inc., Albany, NY, USA) based on a two-step combustion procedure
(Figure 2).

P0G 9: ,  HC,RC,XC, ete. —> €O, —> OC
A
PM10
B
FVC% ,  Cgraphitc ~—> €O, — EC

Figure 2. Thermal method for the separation of Organic Carbon and Elemental Carbon.

By means a non-dispersive infrared detector (NDIR) the instrument measures the CO, amount
released when a particulate matter sample collected in a collector is oxidized at elevated
temperatures [39,40]. The temperature of the collector is raised to 350 <C for a period of 13 min during
which the instrument measures the CO, concentrations in the analysis loop. Then, a final burn of 8 min
at 750 <TC takes place to burn off the high-temperature carbon that was not oxidized at 350 <C. The
instrument measures the OC concentration at 350 <C and the TC concentration at the 750 <C step.
Finally, the EC is calculated as difference of TC and OC [41].

The PM10 was monitored by means of a Tapered Element Oscillating Microbalance (TEOM)
Ambient Particulate Monitor (R&P). The instrument uses a vibrating collection substrate to collect the
particles. The change in sample mass cause the change of the frequency of oscillation that is used to
calculate the mass concentration.

The Radon concentration was measured by a PBL Mixing Monitor (FAI Instruments, Fonte
Nuova, Rome, Italy) [42]. The instrument samples atmospheric PM on 47-mm membrane filters: a
Geiger detector measures the b-radioactivity of short-lived decay products of Radon with 1 h time
resolution [43-45].

For NMHCs data are based on 36 samples collected in downtown Rome at ground level, in the
location close where the gaseous pollutants are recorded. The sampling was performed by Tedlar bag
for 15 min in an interval between 07:00 and 13:00 a.m., i.e. the maximum rush time in an urban area.
The sampling was carried out for 6 days and every day 6 samples were collected. NMHCs were
measured in Rome by means of an automatic GC equipped with FID and PID detectors (columns DB1,
30 m, 0.32 mm ID, 1.8 um film, and SY-5, 15m, 0.32 mm ID, 1 pm film; cycle time 30 min; temp
program 20-90 <C; lowest detection level for benzene 0.4 pg m>); about 30 compounds were
investigated.
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3. Results and Discussion

The temporal concentration trend of each pollutant can be interpreted using the measurements of
the concentrations of natural radioactivity as tracer of the dynamic properties of the atmospheric
boundary layer.

The atmospheric primary pollution level is determined by both the intensity of its emissions and
the dynamic properties of the atmospheric boundary layer, causing pollutant dilution or accumulation.
In this respect, radon and its short-lived decay products can be considered as tracer of the mixing
properties of the lower boundary layer, since radon is emitted at a rate that is spatially and temporally
constant.

The temporal evolution of Radon concentration can be described by the following equation
(Equation 1):

oC
i a®p - B{Cy} + Adv 1)
where C: mixing ratio near the ground; a: parameter which links the mixing properties of the boundary
layer with the source intensity; ®r): emission rate of Radon; B{Cgr}: term which takes into account the
vertical mixing properties of the atmosphere; Adv: advection term. The term @y reflects temporal
variability of source intensity and the terms o, § and Adv are linked to the dynamics of the lower layers
of the atmosphere. The term Adv can be deduced from knowledge of the intensity and direction of the
wind at the ground level. The time trend of Radon daughters concentration can be used in order to
characterize the terms o and B. In particular, atmospheric stability conditions maximize the first term
that takes into account the emission rate of radon, while the 2" term, accounting for the vertical mixing
properties of the atmosphere is negligible. Instead atmospheric instability makes maximum the
contribution of such term B{Cr}.

In the decade from 1991 to 2006, the benzene, toluene and SO, annual average concentration
levels are characterized by clear decreasing trends (Figure 3). For benzene and toluene this is due to a
wider diffusion of cars with catalytic converter and it is an effect of a law enacted in 1997 [46],
prescribing the limit of 1% benzene concentration in fuels. The same law prescribe that Gasoline
Dispensing Facilities must be equipped with vapor recovery equipment to control NMHC emissions
during the filling of on-road motor vehicle fuel tanks [47]. In fact, in an urban context dominated by
the autovehicular traffic pollution, as downtown Rome, a direct consequence of such legislative
decisions was the steady reduction of the benzene emissions. Taking in account this consideration and
the frame of measurements determined in Rome [48], it can be understood the overall decline of
benzene and toluene annual average concentrations. In particular, for benzene in this decade we
assisted to a 60% reduction of its emissions [49].

As regards SO,, its decreasing trend may be considered as an effect of important European
directives, 93/12/CE and 98/70/CE [50], that have imposed, for the decade investigated, and have
scheduled, for the next years, considerable reductions of the sulphur content in fuels.

In Figure 4 we can observe that the month averages of benzene, toluene and SO, show decreasing
values during summer, due both to the lack of contribution of domestic heating and to meteorological
conditions characterized by long periods of solar radiation, favoring both the pollutant dispersion due
to convective mixing and their photo-oxidation. One-way ANOVA analysis was also performed to
compare annual pollutant variations: p < 0.05 was considered significant, p < 0.001 highly significant.
In our case, all the three pollutants, benzene, toluene and SO,, show significant data (p < 0.001).
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For secondary pollutants, such as ozone, nitrogen dioxide, nitrous acid and formaldehyde (Figure
5), no clear trend can be recognized looking at their average annual concentrations, because they are
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not directly related to the sources of pollution. Their pattern of variation is determined both by the
atmospheric stability conditions and by the pool of reactions involving O3, NO4, NMHCs and UV
radiation.

As regards ozone, in summer its concentrations are higher than in the rest of the year, due to the
higher photochemical activity in this period. On the other hand, nitrogen dioxide exhibits a
complementary trend to the O3 one (Figure 6).

Both primary sources (i.e. direct emissions from anthropogenic sources) and secondary sources
(i.e. production in the atmosphere during oxidation of other, directly emitted NMHCs) contribute to
atmospheric concentrations of HCHO. Most secondary production of HCHO occurs during the
atmospheric oxidation of ethene, propene and higher terminal alkenes, such as 1-butene, 1,3-butadiene
and isoprene, but HCHO is additionally formed more slowly from the oxidation of alkanes and
aromatic compounds [51-53].

HNO. is a pollutant formed during the first hours of the morning for heterogeneous reaction of
NO, with H,0 [54,55]. HNO; in the lower atmosphere derives from direct emissions (motor vehicle
exhaust) or chemical formation. Chemical sources include the gas-phase formation from the reaction
between OH and nitric oxide (NO) and heterogeneous formation on surfaces from NO, hydrolysis.

For these two pollutants, the trends are generally decreasing in the summer period, thanks to
meteorological conditions favoring their dispersion, due to convective mixing. In addition, in summer,
because of prolonged periods of solar radiation, HNO, photodissociates itself producing OH radicals.
Instead, in winter the two pollutants display an increasing trend for the contribution of the domestic
heating and the reduction of the mixing height [56-58].
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Figure 5. Secondary pollutants: annual trends of the month average concentration
(g m™3) of Ozone, NO,, Nitrous acid and Formaldehyde.
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The occurrence of radical oxidative processes in atmosphere can be represented through the

variable Oy, defined as the sum of O3 and NO, concentrations.
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During periods of low photochemical activity and of high advection (Figure 7b), Oy is
characterized by a trend fairly constant with oscillation around the background ozone value (Figure 7a).
In this case a photostationary condition is reached, since ozone is mainly formed through the
photolysis of NO, and decomposed by reaction with NO. Then, the two pollutants show a
complementary pattern of variation (Figure 8a).

When the advective transport mechanism is negligible and during atmospheric stability periods
(Figure 7d), radical oxidative processes may play an important role. Oy trend is very well structured
(Figure 7c). It displays minimum values at night, almost due to NO,, because the ozone concentrations
are very low. Figure 8b shows that, because of the occurrence of radical oxidative processes, O; and
NO; present a no more specular trend of variation.

During the day, peak values above the background value are indicative of radical oxidative
activity. The radon concentration trend displays a peculiar modulation characterized by maximum
values at night, due to nocturnal atmospheric stability, alternating with minimum values during the day;,
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due to convective mixing.

It is interesting to note that such pattern is complementary to the Ox one: minimum radon
concentration value (high degree of mixing of the low atmospheric layer) correspond to maximum Oy
values (high solar radiation and radical oxidative activity) and vice versa.

Taking into account that formaldehyde is also a secondary pollutant, Figure 9 shows that in
correspondence of peak values of the variable Oy, indicative of radical oxidative activity, we observe
also peaks of the formaldehyde concentration, clearly of secondary origin.

Finally, a final consideration should be devoted to the contribution of the airborne particulate
matter to the photochemical activity. In particular, this pollutant is composed by two main fractions,
carbonaceous and non-carbonaceous, and the carbonaceous part is more relevant than the second in the
photochemical processes. In fact, the carbonaceous particulate matter (total carbon, TC) material is
classified into elemental carbon (EC) or black carbon (BC), depending on its thermal or optical
properties respectively, and organic carbon (OC). The EC fraction has a graphitic structure: it is a
primary pollutant emitted directly during the combustion processes

The OC fraction is composed by different classes of compounds (hydrocarbons, oxygenated
hydrocarbons, etc.): it has both primary and secondary origins [59,60]. The primary OC is emitted as
sub-micron particles or from biogenic plant emission, whereas the secondary OC can have origin from
gas-particle NMHC condensation with low vapor pressure, by chemical-physical adsorption of
gaseous species on particles or as product from photochemical atmospheric reactions [61].
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Figure 9. Formaldehyde and Oy daily concentration trends during instability and
stability conditions (downtown Rome, May 2011).

The correlation (Figure 10) observed between OC and EC, good in winter and less good in
summer, suggests that in the urban area of Rome the carbonaceous PM pollution is of primary origin,
with an important contribution of secondary organic carbon in summer, particularly during high
photochemical activity periods.
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Figure 11 shows an Oy variation pattern very well structured, suggestive of a strong radical
oxidative process during the day. Coherently, the TC to EC ratio increases from about 2 to about 3,
thanks to photochemical reactions leading to the formation of secondary organic carbon.
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Figure 11. Daily trends of TC/EC ratio and Oy variable (= NO, + O3) (a) vs. Radon
concentration trend (b) (downtown Rome, August 2012).

In urban air, due to anthropogenic phenomena such as combustion and/or domestic heating, the
No-Methane Hydrocarbons (NMHCs) are a very significant component: some of them are considered
toxic air contaminants (benzene) or harmful (toluene, xylenes).

NMHCs play a key role in the formation of photochemical processes [62,63]: in fact, they are
considered precursors for the ozone production at ground level when conditions of solar radiation and
nitrogen oxides are “favorable”. The ozone at ground level, usually considered “bad ozone”, can
seriously damage the environment and the human health. The NMHCs and aromatic ones,
participating in the formation of photochemical smog in urban and suburban areas, strongly influence,
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with different percentages, the total ozone concentration [64]. Derwent and Jenkin [65] were the first
to determine that m-xylene, trimethylbenzene and C;—C,4 alkenes produce more ozone than ethylene.
After, other authors have highlighted the reactivity of many potentially toxic and mutagenic substances
in atmosphere.

Table 1 summarizes the arithmetic means concentrations of hydrocarbons C;—C; and aromatic
compounds in the air of Mexico City [66] and Rome. Rome data are related to only one location
(downtown Rome) in March whereas the literature data are related to samplings performed throughout
Mexico City both during different days, different hours and different locations [66] but, also in this
case, the values reported in Table 1 are the arithmetic means.

Table 1. Concentration levels (ug m°) of methane, NMHCs including aromatic
compounds in Rome and Mexico City [66] along with the relative percentage
contributions of each compound to the ozone formation.

Level (g m™) Contribution (%)
Rome  Mexico City Rome Mexico City

Methane 1329 1732 2.6 1.3
Ethane 10.9 17.2 0.4 0.2
Propane 10.8 285.0 0.7 6.8
n-Butane 10.5 167.3 1.4 8.5
iIso-Butane 6.2 78.7 1.0 4.7
n-Pentane 5.3 42.5 0.7 2.2
iso-Pentane 18.9 57.5 3.4 3.9
n-Heptane 145 43.4 19 2.1
2-Methylpentane 7.8 28.6 1.6 2.2
3-Methylpentane 5.6 18.7 1.1 1.4
n-Heptane 2.0 13.7 0.2 0.6
Ethylene 8.4 24.9 8.2 9.1
Propene 4.8 8.6 6.0 4.0
1-Butene 0.9 4.9 1.2 2.2
i-Butene 1.4 4.1 0.9 1.1
trans-2-Butene 0.7 3.0 1.0 1.5
cis-2-Butene 0.7 3.2 1.0 1.6
1-Pentene 0.0 1.1 0.0 0.3
n-Hexane 0.3 14 0.2 0.3
Acetylene 9.7 33.7 0.6 0.8
1,3-Butadiene 0.4 0.9 0.8 0.5
Isoprene 1.7 0.3 2.1 0.2
Benzene 11.5 15.0 0.6 0.3
Toluene 35.0 79.1 12.6 10.7
0-Xylene 9.1 10.9 7.6 3.5
m-Xylene 16.5 26.1 18.0 10.6
p-Xylene 6.5 10.0 5.6 3.3
Ethyl benzene 7.8 20.8 2.7 2.8
Styrene 0.4 2.6 0.2 0.3
1,3,5-trimethylbenzene 2.9 13.8 3.6 6.9
1,2,4-trimethylbenzene 10.3 13.8 11.9 6.0

Looking at the concentrations of ethane (10.9 pg m™>), acetylene (9.7 ug m™>) and i-pentane (18.9
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ng m), it is confirmed the evidence of an impact of the incomplete combustion (fuel/diesel exhaust)
from autovehicular traffic in downtown Rome along with fuel evaporation, biogenic, LPG and
evaporative emissions that play an important role in urban area [21,63].

Regarding Mexico City [66], the concentrations of propane, n-butane and i-butane are
significantly higher than those found in Rome; the toluene/benzene ratio ranges from 1.3 in rural area
50 km north-east of Mexico City to 5.1 in downtown Mexico City at rush hour, with an average level of
5.3 for all the data-set [66]. About the value in rural area, the value can be due to traffic emissions as
the air masses could have been transported from traffic sources and photochemically processed
causing a depletion of toluene vs. benzene [67]: however, unfortunately [66] did not give more
information, neither about the sampling site nor meteorological conditions.

It should be underlined that the ratio (based on mixing ratio units) of toluene and benzene (3.12 +
0.22) is on average in agreement with that previously measured in urban areas in Rome characterized
by vehicle traffic (ratio between 3 and 5) [68] whereas is higher than the ratio determined in other
cities [69]. The large ratio variation could essentially be due to the different fuels (among them, there
was leaded and unleaded gasoline) available on the Italian market, with different content of aromatic
hydrocarbons.

Further, in Table 1, for each hydrocarbon analyzed the contribution to the ozone formation,
according to the method of the Maximum Incremental Reactivity (MIR) developed by Carter, was
calculated [64].

The m-xylene, toluene and 1,2,4-TMB show major contributions to ozone formation. Comparing
the data of Rome with those of Mexico City, it can be noted the same contribution from toluene (12.6%
in Rome and 10.7% in Mexico City), a higher contribution of m-xylene (18.0% in Rome and 10.6% in
Mexico City) and a significant percentage of 1,2,4-TMB (11.9% in Rome instead of 6.0% of Mexico
City).

In particular, for m-xylene and 1,2,4-TMB, this contribution is mainly due to their greater
Maximum Incremental Reactivity (MIR), rather than to their concentrations (16.5 g m~ and 10.3 g
m~, respectively), which are relatively similar, e.g., ethane (10.9 pg m™), which contributes
negligibly to the ozone formation (0.4%).

4. Conclusion

In the last decades, we have observed a decreasing trend of some primary pollutant, in particular,
as regards their photochemical potential to produce O3, of benzene and toluene. Ozone is a secondary
pollutant: its formation requires the concomitant presence of solar radiation (that promote
photochemical reaction), NOy (that through the photolysis of NO, release atomic oxygen) reactive
NMHCs (that open the photostationary cycle involving Oz and NOy). Then, the control of Os;
atmospheric concentration passes through the control of its precursors. The variable Oy is a useful
parameter to detect the occurrence of radical oxidative processes in atmosphere. Such process can lead
to the formation of secondary OC particulate matter. Radon and its short-lived decay products can be
assumed as a valuable indicator of the mixing degree of the low atmospheric layer.

This work also shows for the first time the percentage contribution of each Non-Methane
Hydrocarbon to the ground-level ozone formation in downtown Rome and the relative data are
compared with those found for Mexico City. Based on the toluene/benzene ratios found in downtown
Rome and for various sites in Mexico City, also in the case of downtown Rome as for Mexico City the
autovehicular traffic is likely an important source of ozone precursors, albeit some cities like Mexico
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City may have additional significant NMHC sources. In general, the main contributors to ozone
formation in downtown Rome are due to aromatic hydrocarbons (62.8%) and alkenes (21.4%).
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