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Abstract. 1 Introduction

Physicochemical properties of aerosol were investigated
by analyzing the inorganic water soluble content in2M
samples collected in the eastern part of the Po Valley (Italy).The particulate matter (PM) is a multi-component system
In this area the EU limits for many air pollutants are fre- that includes materials in the solid or liquid states and en-
quently exceeded as a consequence of local sources af@irS the atmosphere from both natural and anthropogenic
regional-scale transport of secondary inorganic aerosol preSOUrces. It can play an important role in the Earth’s radiation
cursors. Nine PMs-bound major inorganic ions (F CI~, budget Forster et al.2007), dim the atmospheric visibility
NO;, 50421—' Nat, NHI’ K+, Mg2*t, C&+) were moni- (Baumeretal.2008, be involved in acid depositioh.arssen
tored over one year in three sites categorized as semi-rurdt al, 2006, produce major threats to cultural heritagaga
background, urban background and industrial. The acidicet al- 2010 and be linked with a variety of respiratory ill-
properties of the PMs were studied by applying the re- Nesses, cardiovascular problems and life-expectancy reduc-
cently developed E-AIM thermodynamic model 4 (Extended tion (Pope et al.2009. PM can be distinguished in primary,
Aerosol Thermodynamics Model). The experimental datadirectly emitted from sources, and secondary, subsequently
were also examined in relation to the levels of gaseou§0rmed in the atmosphere from chemical processes involv-
precursors of secondary inorganic aerosol {SK0y, NO, ing a set of precursor gases. This latter fraction is, mainly
NO,) and on the basis of some environmental conditionsgenerated through a series of chemical reactions and physi-
having an effect on the secondary aerosols generation prd=al processes involving nitrogen oxides (Osulfur diox-
cesses. A chemometric procedure using cluster analysis offl€ (S@), ammonia (NH) and a large number of volatile or-
experimenta[NHj]/[SOﬁ‘] molar ratio and N@ concen- ganic compqunds (VOCs), which ma)_/ react with ozong)(p
tration has been applied to determine the conditions needeflydroxyl radical (OH) and other reactive molecules forming
for ammonium nitrate formation in different chemical en- the secondary inorganic aerosol (SIA) and secondary organic
vironments. Finally, some considerations on the secondarf€rosol (SOA).
inorganic aerosol formation and the most relevant weather Sulfate (S(i_), nitrate (NG} ) and ammonium (NE) are
conditions concerning the sulfate-nitrate-ammonium systenth® main secondary inorganic aerosol (SIA) components in
were also discussed. The obtained results and discussion c&f mainly occurring as ammonium sulfatéNH4)2SCy)
help in understanding the secondary aerosol formation dy&nd ammonium nitrate (NANOs), which are originated, re-
namics in the Po Valley, which is one of the most critical SPectively, by the neutralization of sulfuric acidA50s) and

regions for air pollution in southern Europe. nitric acid (HNG;) with ammonia Gtockwell et al. 2003.
The neutralization of sulfuric acid generally prevails on the

neutralization of nitric acid$einfeld and Pandi2006, but
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the production of secondary sulfates and/or nitrates stronglynodel. At first aerosol acidity was modeled using the re-
depends on several chemical and micro-meteorological faceently released thermodynamic model E-AIM4 (Extended
tors, such as the levels of gaseous precursors, the conceAerosol Thermodynamics Model). Afterwards, the sulfate-
trations of atmospheric oxidants, the characteristics of prehitrate-ammonium system and the subsequent SIA genera-
existing aerosols, the air temperature and humidBgek  tion processes have been investigated by a chemometric pro-
et al, 2004 Pathak et aJ.2009. In Europe, non-marine sul- cedure to explain the environmental and chemical conditions
fate and nitrate contribute for a large part to the mass of thdavoring the ammonium nitrate formation. Finally, the exper-
fine particulate matter (with aerodynamic diameter less tharimental ion data were examined in relation to the levels of
2.5um, PM5), ranging from 11% to 35% and from 1% gaseous precursors of SIA (8NOy, NO, NOy) and con-

to 24 %, respectivelyRutaud et a).2010 and may also play  sidering some environmental conditions having an effect on
a key role in the aerosol acidity and its negative effects on huSIA generation processes. The obtained results and discus-
man health, ecosystems and materials. In coastal areas alssipn can help understanding the secondary aerosol formation
sea salts, mainly composed of Cand Na, can influence  dynamics in the Po Valley, which is one of the most critical
PM_ 5 levels and acidity. In Europe even when 95 % of the regions for air pollution in southern Europe.

total mass of marine aerosols is in the coarse mode (particles

with aerodynamic diameter larger than 2.5 p®gipfeld and

Pandis 2006, sea salt in PMs ranges from lessthan 1% (in 2 Study area

remote continental areas) to 11 % (in Atlantic zon ud S . . : .
etal, 2010 ) o ( ea)é The historical city center of Venice, settled in the middle

Since the annual limit fixed by the European Union for of a ~550 knf-wide coastal lagoon and intensely inhabited

PMy 5 (25ugnT3 to be met in 2015EC, 2008 is not, or s_inc_e the_ 15th century, is one of the major touristic des-
not yet, achieved in several sitdsHA, 2012, the secondary tinations n ltaly. At pre_sent 't. suffers from numerous an-
aerosol and locally marine components are of major impor_thropogenlc pressures including _coa;tal erosion, sedlmgnt
tance for the abatement measures to have their effect. More2"d water contamination, eutroph|cat|on, explmtatlon of bi-
over, the knowledge of the atmospheric conditions inﬂuenc_ologlcal resources, and air pollution. The main local anthro-

. : : - ogenic activities influencing air quality in the Venice area
ing the SIA formation appear very important for deciding poge . .
policies at both local and regional scales. are linked to domestic heating from urban area27{0 000

Several studies have quantified SIA in Europe (e.glylnhabnants), emissions from the industrial zone of Porto

Putaud et a).2004 Querol et al. 2004 Lonati et al, 2008 ][\/Iarghera |nc|:Iud(|jng chem|cals|, mtetzatllu;fglcal Lactotrlfe s, oil rfe—
and studied its dispersion (e.@&chaap et al.2004a Ren- INEries, coal and gas power plants, traffic exnaust from a fre-

ner and Wolke 2010, also considering gaseous pollutants quently congested road network, artistic glass-making facto-

(Bencs et al.2008 and environmental condition$\fsene Ir_les ”(‘jth? Istlarl;d Otf I\/_Iu(rjamt),_ slhlpp()jmg emlssmnts frqm :OUb'd
et al, 2010. However, scarce information is available about Ic and private boals, industrial and passenger terminals an

the aerosol acidity. Moreover, ammonium nitrate formation %'83 trafflllc I;I’OI’T: an |tn.t§rrt1.at|ona(;§|rpor:%?mpa_zzo et;lt.)_
was usually investigated using chemical equilibrium models™ ™~ alb)' ta l.”? clgn " Ltjl'o?ﬁ a C“f[S a mz;lrtlrr:e and |o|-
mainly addressed to understand the partitioning between thlsog'ca materials. kecently, the Importance ot the regional-

gas and aerosol phases (eApsari and Pandjs1999 Das- scale transports of pollutants from the Po Valley and the
sios and Pandjs1999 Ansari ;and Pandi£00q Stockwell transboundary transports from Eastern and Central Europe
et al, 2000 were also evidenced and asses$édgjol et al, 201Q Squiz-

Gqto et al.2012 Masiol et al, 20123.

The most recent emission inventory (2005) published by
Istituto Superiore per la Protezione e la Ricerca Ambientale
HSPRA (2012 for the Venice area has reported that in the
study area, the fossil fuel combustion in energy and transfor-

tent in major inorganic ions were monitored in three sites Ofn}astlon gdustrsles anddtlilansportatlﬁon emits several Gbyrf
different typologies (urban background, industrial and semi-2 Ok (SO, +SCs) and NQ, €., the gaseous precursors o

rural background) near Venice (Italy), in the eastern border o '
the Po Valley, in the middle of a coastal lagoon, where,BM
levels frequently exceed the EU limits and heavy levels of3  paterials and methods
SIA components and sea salts are obsenrmdi et al,
2009 Squizzato et al2012 Masiol et al, 20123 3.1 Samp“ng sites
In this study the aerosol formation processes and acid-
ity properties were studied using chemical experimentalThe sampling sites were selected to characterize different
data (ion and gaseous precursors concentrations), readilgmissive scenarios (Fid). A semi-rural coastal background
available meteorological information, and a thermodynamicsite (SRC, Lat. 45.422MN-Long. 12.4368E) upwind of

The presented data have been collected in the eastern p
of the Po Valley, historically affected by amongst the heaviest
levels of air pollution in Europe, in which the acidic proper-
ties of aerosol may have serious impacts on human healt
environment and cultural heritage. The PMand its con-
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Fig. 1. Study area and wind rose computed for 2009. The main urban settlements are red colored.

main emission sources was set on a lighthouse on the AdriSea-salt sulfate (ssﬁO) and non sea-salt sulfate (nssfS(D

atic coastline. A second site was placed in a high densitywere indirectly calculated using the seawater ratio assuming
residential zone to be representative of an urban backgrounthat Na- was dominated by sea-salt emissions as

(UBG, Lat. 45.4871N-Long. 12.2229E). A third site was

selected close to the main industrial area of Porto MargherassSCﬁ‘ =0.25-Na" 1)

for being representative of industrial emissions (IND, Lat. nssSCﬁ_ — SO — ssS(j_. @)
45.4382 N-Long. 12.2055E). 4

In UBG and IND sites, the main gaseous SIA precursors
3.2 Analytical (SO, NOy, NO, NO,) were hourly measured by the local
environmental protection agency (ARPAV) network. Ultra-
A PMz5 sampling campaign was started in January 2009jolet fluorescence was used for $@odel 43A, Thermo
and lasted one year. Samples were collected simultaneouslg|ectron Co., USA) and chemiluminescence for nitrogen ox-
in the three sites on 47mm quartz fiber filters (Whatmanijdes (Model 42C, Thermo Electron Co., USA), following the

QMA, GE Healthcare, USA) using low-volume automated EN 14212 and EN 14211 standards, respectively.
samplers set according to EN 14907 standards (3181).

Sampling time was 24 h, from 0:00 to 24:00. PdMmasses 3.3 Thermodynamic model
were obtained by gravimetric determination on filters pre-
conditioned at constant temperature £26°C) and humid-  The aerosol acidity is one of the most important parameters
ity (RH 504+5% ) for at least 48 h. After sampling, filters influencing atmospheric chemistry and physics, and the de-
were stored at-20°C in the dark until analyses to avoid con- termination of in situ aerosol properties as acidity and wa-
tamination and loss of the most volatile compounds. ter content is fundamental to investigate the aerosol acidity
Four periods representative of different seasons, weathetharacteristics and the role of heterogeneous chemistry in ni-
conditions and emissions were selected: spring (37 daydrate formationPathak et a).2009. Previous studiesZhang
March-April 2009), summer (36 days, June-July 2009), au-et al, 200Q Pathak et a).2004 Zhang et al.2007 Pathak
tumn (42 days, September—October 2009) and winter (4%t al, 2009 Engelhart et a).2011, Pathak et a).2011) ap-
days, December 2009-January 2010). These samples (158ied the Extended Aerosol Inorganic Model (E-AlMitp:
for each sampling site, 445 in total) were prepared using//www.aim.env.uea.ac.uk/aim/aim.phplegg et al. 1998 to
ultrasonic-assisted dissolution in 15ml ultrapure water (re-simulate the in situ acidity{H" Jins), the aerosol water con-
sistivity ~18 M2 cm) and then analyzed on an ion chromato- tent (AWC) and the activities of ionic species in agueous
graphic system (Dionex DX500, USA) for quantifying nine aerosols and the solid- and liquid-phase compositions. In
major inorganic ions (F, CI~, NO3, sof;, Na, NHj{, K+, this study, we used the E-AIM model IV (E-AIM4) recently
Mg+, C&*). Details of analytical procedures and instru- developed byFriese and Ebe{2010 for HT—NH, -Na—
mental setup are given elsewhef&q(izzato et al.2012. SOﬁ‘—NOg—CI——HZO mixtures to simulate the acidity and

www.atmos-chem-phys.net/13/1927/2013/ Atmos. Chem. Phys., 13, 19889 2013
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thermodynamic properties of PM. The average ambient artifacts due to nitrate volatilization from the filters were on
temperature, relative humidity, and average molar concenaverage 22 % on quartz filters in summer, and no or negligi-
trations of total aerosol aciditf{H" J1ota)) and experimen-  ble losses were observed in winter.
tal data were used as the input in E-AIM4 to obtift Jing On the basis of the measured temperatures averaged over
and the moles of chemical species in aqueous phase. In thithe 24 h, only some summer samples (95 of 445), with aver-
study,[H" 1ot Was estimated using the ionic balance of the age daily temperatures 20°C, could have undergone sam-
most relevant inorganic ionic specigsgpmann et al.200Q pling artifacts. The evaporative loss of aerosol nitrate on
Pathak et a).2009, including sulfate, nitrate, chloride, am- summer samples has been estimated following the empirical
monium and sodium: correlations proposed Bathak and Chat2009 andPathak

et al.(2009; H* has been estimated using the ionic balance.
[Hl{oa = 2 50421_ +NO3 +CI~ — (NH; +Na"). 3) For ammonium-rich samples

Samples characterized by total acidity equal or less than zero i [NHI]
were not modeled. Starting from the model outputs, the inNitrate 10ss(%)=30- | In No.1) LA 5)
situ pH of aerosols was estimated as 3
and for ammonium-poor samples:

pH=—log(fHZy- xH3y), (4)

. . . o . _ ( [H*] )
where f is the activity coefficient on mole fraction basis and Nitrate loss(%)=30- | In — | -1.2]. (6)
x is the mole fractions of aqueous particle phase(Bhang [NO; ]
et al, 2007.

On this basis the average aerosol nitrate loss was 26%6
and 20 %+ 6 in ammonium-rich and ammonium-poor sam-
ples, respectively, in accordance withcchi et al.(2009. A

Under certain conditions of temperature and humidity, some®n€-way ANOVA has been performed to compare raw data
artifacts can occur on the filters related to the interactiona”d data corrected for aerosol nitrate loss. Results showed no

between the particles collected, the interaction between gagignificant differenceptvalue =0.916). Both cluster analysis
and particles, the capture of gas by the filter and evaporad'scusse‘j and aerosol acidity calculation have been done on
tion of volatile and semi-volatile substances. These interacf@W data and then repeated on corrected data to control arti-
tions can alter the composition of the collected particles. Am-fact effects, but no significant difference has been observed
monium sulfate can be considered as a conservative specidd t€rms of seasonal mean and standard deviation.
(i.e., not subject to adsorption or volatilization), whereas am-
mon_ium nitrate is a _semi-volgtile _specie_s z_ind exists in arey Results and discussion
versible phase equilibrium with nitric acid in the gas phase.
Hence, the concentrations of aerosol nitrate can be affected.1 Seasonal variations of gases and ionic species
by the evaporative loss of the semi-volatile ammonium ni- in PMo.s
trate (negative artifact) or adsorption of nitric acid gas dur-
ing or after the sampling (positive artifact); however, nitrate Some statistics of analytical data are summarized in Thble
volatilization generally dominates over adsorpti@cijaap  The industrial site presents higher annual average concentra-
et al, 2004h Vecchi et al, 2009. tions of S@, NO, and NO (6, 82 and 28 ugmi respectively)

Depending on the composition of the aerosol, the temperthan UBG (4, 75 and 22 ugnd). Conversely, higher an-
ature and relative humidity, the sampling artifacts for the am-nual average concentrations of Bl@ere observed in UBG
monium nitrate can become significafathak et aJ.2009. (44 pgn13) than in IND (38 ugm?). The annual limit value
Teflon filters are characterized by evaporation losses of amfixed by the European Union (40 ugt EC, 2008 for NO,
monium nitrate even at low temperature, whereas quartz filwas exceeded only in UBG. Nitrogen oxides showed typi-
ters show a good retention up to 20 (Schaap et al20041). cal seasonal trends depending on changes in photochemistry
Considering the average environmental temperatures of thand in emission rates, i.e., higher levels during the coldest
study area, quartz filters have been used in the sampling cammonths. Differently, no significant variations were recorded
paign to minimize artifacts. for SG,. The PMys annual average mass was 33prj3m

A study conducted in the Po Valley in different environ- for the two mainland sites (UBG, IND) and 26 pgffor
mental conditions showed that the evaporative loss of aerosdbRC. PM 5 concentrations were inversely correlated with
nitrate from the quartz filters is a function of temperature. air temperature, with higher levels during the cold period
At temperatures exceeding 26 evaporation is almost com- (Tablel). Comparing these results with other datdRPAV,
plete, whereas retention is dominant at temperature belov2010ab), available since 2008 for URB and IND, seasonal
20°C (Schaap et al.2004h. In addition, experimental re- means have apparently dropped from January to October,
sults presented byecchi et al.(2009 showed that negative and conversely increased in November and DecembefsPM

3.4 Potential sampling artifacts

Atmos. Chem. Phys., 13, 19274939 2013 www.atmos-chem-phys.net/13/1927/2013/
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Table 1. Descriptive statistics (meahstandard deviation) of experimental data (gases, ions, weather parameters), neutralization ratio,
[HT Istrong E-AIM4 results (H ]rreq pH) and oxidation ratios (SOR and NOR).

Spring Summer

SRC UBG IND SRC UBG IND
N 37 37 30 36 36 31
PMy 5 [¥0s] 3 26.8+22.1 36.8-31.3 32.0+:17.7 11.24.7 145+48 17.9£14.2
so}l— ug i3 2.4+1.3 2.4+138 2.44+1.0 2.7+15 2.7+1.6 3.4+3.7
ssSCif Mg 3 0.05+0.03 0.0A40.07 0.13:0.11 0.03:0.02 0.0A40.08 0.0A40.05
nssS(j— ug i3 2.3+1.3 2.3+1.8 2.3+1.0 2.7+15 2.6£1.6 3.7£3.7
NOi ugm*?’ 5.8+6.4 6.4+ 8.3 5.4+ 4.2 0.9+0.7 0.5+0.5 0.7+£0.8
NH4 ugm‘3 22+2.0 2.4+2.8 2.3+1.3 1.1+0.7 1.0+ 0.6 0.9+0.5
SIA ugm*?’ 10.2+95 11.1+12.6 10.0+5.9 4.6+2.3 4.1+2.2 4.9+4.5
SIA/PMy 5 % 36.3+5.7 26.4+8.6 31.748.7 41.5+-10.7 26.4-7.5 26.1+6.1
SO, pg i3 - 4.6+3.2 6.6+4.0 - 5.3+3.8 5.0+3.2
NO ug 3 — 20.5+£20.6 27.5£23.7 — 3.4:34 7.4+4.7
NOy pgm—3 - 48.1+15.4 34.6£11.5 - 36.149.3 29.4+6.3
NOy V0] 3 - 73.1+£44.6 76.94-46.8 - 32.6t13.4 40.A12.2
T °C 9.04+2.2 10.5+2.2 10.8+2.2 22.6£2.1 24.6£2.2 24.2+2.2
RH % 82.2+13.7 784135 76.0:134 79.0£7.8 74.7£6.0 74.9£6.1
NR - 0.8£0.2 0.8+0.2 0.9+0.2 0.8+0.2 0.8+0.1 0.7+0.3
N 29 26 18 30 20 19
[H+]Strong nmolm3 28.7+26.9 221252 19.5:21.0 9.4£6.3 7.8+£6.0 12.1+10.7
[HTlgee  nmolm™3  6.1+12.2 2.944.7 0.2+0.1 1.2+1.1 1.2+1.0 2.0£1.7
pH - 3.4+0.7 3.6+0.4 3.9+0.1 2.5+0.7 2.3+05 2.0+£05
N - 37 30 - 36 31
SOR - - 0.28:0.16 0.22£0.09 - 0.28£0.13 0.31:£0.20
NOR - - 0.0A40.07 0.10+£0.05 - 0.01-0.01 0.02+0.02

was strongly correlated in the three sites with similar lev-4.2 Aerosol acidity
els in UBG and IND. On an annual basis, the secondary in-

organic aerosol (SIA) given as the sum of ns§S,O\lO§
and NH} accounts for 9.5 ugn? (27 % of PMps mass) in
UBG, 9.6 ugnt3(28% ) in IND and 9.5 pgm3(36% ) in
SRC. Other analyzed anions(fand CI") account for about
0.3ugnt2 (1% ) of the PM s mass, whereas on average
other cations (sum of Ng Kt, Mg?t, C&*) generally do
not exceed 0.7 ugTe. Sulfate, nitrate, and ammonium con-
tributed to about 85 % of the total inorganic ionic species
mass in all the sites. Other anions and cations contributeti
for a minor fraction of the water-soluble species (2 and 7%
respectively) in all sites. On a seasonal basis, the percenta
of SIA contribution to PM s mass shows no significant vari-

ations e_xcept in SRC (FIQ), ne|th_er d(_)es the contribution of acid-catalyzed, particle-phase reactioBbgng et al.2007,
ammonium to SIA. A difference is evident for the abundanceSurrat et al.2007

of the nitrate compared to the sulfate: sulfate dominates on Aerosol acidity depends on strong acid content, mainly

e e, s gl and e aids, whose precusrscecur o gas
fate ’ nd aqueous phases. Agrosol aC|d|ty 'characterlstlcs can be
' summarized as follows: (i) strong aciditii ™ Istrong repre-
senting the sum of strong acids8&04, HNO3) in the water
extract; (i) free acidityfH T |rree defined as the moles of free

Acidic aerosols have been widely observed in the atmosphere
and can lead to significant consequences for both human
health and ecosystems. They tend to be more hygroscopic
than the neutral ones, and this enhances their ability to re-
flect light and act as condensation nuclei in the formation
of droplets and clouds, which in turn enhances their influ-
ence on visibility and climateRathak et a).2004 Zhang
t al, 2007). Furthermore, acidic surfaces on atmospheric
erosols lead to potential increases in the mass of secondary
‘organic aerosol (SOA). In fact, laboratory observations of en-
ancement in SOA mass concentrations related to an increase
in acidity of inorganic seed aerosol suggest the presence of

www.atmos-chem-phys.net/13/1927/2013/ Atmos. Chem. Phys., 13, 19889 2013



1932

Table 1.Continued.

S. Squizzato et al.: Formation of secondary inorganic aerosol: key factors

Autumn Winter
SRC UBG IND SRC UBG IND

N 40 38 42 41 38 41

PMy 5 Hg m3 26.0+£18.2 29.6-16.2 29.5+14.9 38.8:-15.7 50.6:t21.4 49.3t20.3

soi— pgm—3 4.6+3.6 4.3£3.2 4.4+3.4 4.1+£29 3.8£2.6 3.9£23

ssSCi_ Hg 3 0.11+£0.08 0.04:0.01 0.03:t0.01 0.05+0.05 0.04:0.02 0.03:0.01

nssS(ﬁ‘ pgm-3 45+3.6 43+£3.2 4.4+3.4 4.1+29 3.8£2.6 3.9+23

NOZ pgn3 3.5+5.1 2.9+4.5 2.7+3.9 5.2+ 3.4 6.1+3.9 5.7+ 3.6

NHI pgm3 2.6+2.2 24+2.0 23t1.9 29+1.7 3.3t1.6 3.4£1.6

SIA |.1gm‘3 10.6+9.1 9.6+£8.1 9.4+ 7.5 12.2+£6.7 13.1+7.0 12.9+6.4

SIA/PM2 5 % 36.1+10.3 28.3+11.6 285:12.0 30.3:9.3 25.87.7 26.6-8.1

SO, pgn3 - 2.1+2.3 5.6+5.3 - 35+2.1 5.5+4.1

NO pgni3 - 19.9+21.4 28.0£24.2 - 35.0£23.1 46.1431.0

NO, pg 3 - 41.6+10.0 38.14+85 - 47.6-12.4 47.2£10.8

NOx Hg 3 - 19.9+21.4 81.0:42.7 - 35.0£23.1 117.9£55.3

T °C 16.6+4.3 17.6£4.0 17.0+4.3 3.3t25 3.7+2.4 3.7£2.6

RH % 79.4+12.7 77.1£117 76.4-11.4 88.9£10.4 85.5-10.8 85.3:10.9

NR - 0.9+0.2 0.9+:0.2 0.9£0.2 0.9£0.2 1.1+0.2 1.1+0.1

N 15 19 28 34 14 15

[H*lswong Nmolm=3  8.2+3.8 5.6+3.8 10.9£143 1874116 36.0:50.8 11.5-13.8

[H" IFree nmolm—3  1.84+1.0 0.9£0.6 2.3t5.2 3.5+£5.9 8.0+17.4 1.9+4.6

pH - 3.2+0.9 3.1+ 0.6 2.7£0.7 3.6+0.3 3.5+0.5 3.8£0.3

N - 38 42 - 38 41

SOR - - 0.62:0.25 0.35£0.23 - 0.410.19 0.38:0.19

NOR - - 0.04-0.05 0.05£0.06 - 0.08:0.04 0.08+0.04

Table 2. Comparison of aerosol acidity between data observed in this study &adhiak et al(2009.

Site SRC UBG IND Beijing Shanghai Lanzhou Guangzhou
[H*lswong nmolm™3 9.4+6.3 7.8+6.0 1214107  390+545 220+ 225 654 44 70+58
[Ht Eree nmolm™3  1.24+1.1 1.2+1.0 2.0£1.7 228+ 344 96+ 136 7+ 6 25+29
pH - 25+0.7 2.3+0.5 2.0£0.5 —-0.52+0.62 -0.77+£0.67 —-0.38+:0.64 0.61+0.71

hydrogen ions in the aqueous phase of aerosols per unit of aivas used to describe the aerosol acidity, expressing the de-
volume (nmolnT3). The free acidity of aerosols is an impor- gree of neutralization of sulfate and nitrate by ammonium
tant parameter for describing atmospheric processes and tHexpressed as equivalent). In this way NR expresses the

environmental impact of atmospheric aerosseéiffeld and

aerosol acidity characteristics by considering only the pos-

Pandis 2000 it affects many of the acidity-dependent het- sible neutralization of the two major inorganic acids (nitric

erogeneous chemical processes on the aerosol surfaces,

as the oxidation of Sg) the hydrolysis of NOs, and the for-
mation of organic aerosol®éthak et a) 2009 and reference
therein). Moreover, the acidity rati&€figelhart et a).2011)
or neutralization ratio (NR)Rencs et al.2008,

[NH; 1

NR= —— 4"
[SC;1+[NO;g ]

(7)
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suatnd sulfuric) with ammonium.

Table 1 reports the mean values of aerosol acidity param-
eters (NR[H" Istrong [H IFree PH) in the three sites during
the four periods studied. On both annual and seasonal ba-
sis, ammonium seems to almost completely neutralize sul-
fates and nitrates because NR averages are equal to 1 within
variability, or slightly less. However, in winter NR assumes
a value greater than 1 in UBG and IND, revealing an excess
of ammonium in those sites. The highest average values of
[HT Istrong@nd[H™ ]rree Were recorded in spring and winter,

www.atmos-chem-phys.net/13/1927/2013/
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whereas the pH had similar values in all seasons and sites =~ 3% 42% 36% 30%  SIAPM,s
In summer higher aerosol acidity, exceeding 300 nrotm
. . P 23
can lead to an enhancement in photochemical activities ( 40 SRC
45

75% - —

et al, 1996. However, the observed average aerosol acid- ”r

ity was largely below this limit (ma>{H+]3tmng = 174.3
nmolm~3). On this basis the measured aerosol acidity char-
acteristics cannot lead to serious atmospheric implications.

IND had the largest seasonal variation of acidity with pH
values higher in the cold and lower in the warm periods. The
free acidity (H ]rree accounted for 19% , 18% and 12%
of the strong acidity[q-|+]3tmng) in SRC, UBG and IND, re-
spectively, as an annual average, whereas pH values rangin
between 2.0 (IND summer) and 3.9 (IND spring) were ob-  100% |
served.

In Table2 summer data have been compared with those of
Pathak et al(2009. The study area is clearly less polluted
with respect to Chinese cities reported in the literature, and
the levels of[H™]strong and [H Jrree are much lower than
those presented in aforementioned work. Nevertheless, the
percentage ofH ™ ]rree to [HT Istrong is comparable to that
observed in Lanzhou (11 % ).

50% -
ﬂ )
25% -

0% — L
26% 26% 28% 26%  SIAIPM,g

lon percentage on SIA mass

38
75% 48 | UBG

2.7

50% -
25% -

0% 1 -
3% 26% 29% 27%  SIAIPM,g

lon percentage on SIA mass

4.3 Ammonium nitrate formation
100%

Ammonium nitrate is formed in presence of high ammo- 23
nia and HNQ concentrations, low temperature and high hu-
midity (Stockwell et al, 200Q Salvador et a).2004 Pathak

et al, 2009. At low NH3 concentrations, the neutralization
of acidic sulfate by ammonia is favored over the formation
of ammonium nitrate, which involves a homogeneous reac-
tion between ammonia and nitric ac[dNHj{]/[SOﬁ_] mo-

lar ratio is commonly used to define ammonium nitrate for-
mation in different environmental and chemical conditions. o | | |
Several studiesRathak et aJ.2004 2009 Arsene et al. Spring Summer Autumn Winter
2010 Huang et al.201]) report an increase of nitrate con-
centration for[NHj{]/[SOfl_] > 1.5. In samples character-
ized by[NHj{]/[SO‘zf] > 1.5, ammonium stabilizes nitrate, Fig. 2. Relative seasonal contribution of ammonium, nitrate and

whereas atNH+]/[SOZ‘] < 1.5, nitrate neutralization may nss-sulfate on SIA at each sampling site. The percentage at the top
depend on: (i) 4as— hgse reacti’on between HB@I sea-salt of each bar represents the SIA contribution onJMThe measure
palF‘)ticles (e- ; gNacz— HNO3g) — NaNOs + HClig) or fine inside the bars represents the average concentration (flym

crustal particles (e.g., CaGY (ii) heterogeneous hydrolysis ] )

of N2Os during nighttime on pre-existing ammonium sulfate exper|m+ental data trend was observed in correspondence of
particles in high relative humidity conditions. The aforemen- the [NH;1/[SC; ] molar ratio of 2, instead of 1.5. At this

tioned articles reported that trﬁBIHI]/[SOﬁ_] molar ratio value each_ mole of sulfate remov_es 2 moles of ammonium
of 1.5 was used to fix a limit for the ammonium excess, en-and the solid or aqueouslH4)2S0; is the preferred form of

abling the ammonium nitrate formation following the sulfate Sulfate. Therefore, the uptake of nitric acid was observed to
neutralization and defined as be significant at a molar ratio of 2, while ammonium sulfate

was in a metastable phase. The E-AIM4 output shows that
the aerosol is present only in the liquid phase when the
relative humidity exceeds 80 %, whereas the coexistence
Although the aforementioned studies used theof ;olid and qugid pha;es occurs for RHB0 % with the
[NHj{]/[SOf[] molar ratio of 1.5, in this study the solid phase being mainly composed (H4)25Q; and

threshold value appears to be different. In fact, by plotting NapSQ; - (NH4)25Cs - 4H:0.
the nitrate-to-sulfate molar ratio as a function of ammonium-
to-sulfate molar ratio (Fig3a), a clear change of slope in the

40
IND

75% - i —
313

50% -

:

24 35
22 0.9

lon percentage on SIA mass

Ammonium ® Nitrate ™ Nss -sulfate

excesfNH} 1= [N—H‘J‘r]—15 -[nssSG] (8)
4 nssSG ] '
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Table 3. Mean and standard deviation for BM (ug nr3), NO; (Mg m3), nssS(ﬁ_ (LgnT3), molar ratios[NHI]/[nssS(ﬁ_] and
[NOg]/[nssS(j_] and environmental conditions.

_ _ [NH}] [NOz | . .
Group PMs NO; nssS(‘i [nssS%’J nsssG 1 Temperature {C) Relative humidity (%)
1 22413 242 3+3 241 1+1 16+8 78+12
2 43+18 6+2 3+2 742 4+2 8+6 84+ 10
3 82+24 18+5  5+2 742 6+2 8+6 89+6
a) 10 [NHZ1/[SCZ] ratios to highlight theNH; 1/[SC; ] limit
o ratio. Three groups of samples have been identified by apply-
A ing a normalized (hk/Dmax- 100) cut off of 25 % , which

represents the similarity value. The 25 % cut-off value, repre-

senting the scaled to 100 linkage distancgn(PDmax- 100)

has been chosen amongst other cut-off criteria. It permits

a good interpretation of experimental data and enables to

obtain three statistically different groups of samples char-

acterized by high inner homogeneity and outer heterogene-
ity. The difference between the identified groups was ev-
idenced by a one-way ANOVApfvalue < 0.05) and is
graphically highlighted in the plot of nitrate as a function
of ammonium-to-sulfate molar ratio (Figb). Average con-

L ou centrations of PMs, NO3, nssS@~, [NH; 1/[nssS@ ] and
[NOg]/[nssS(ﬁ‘] ratios, and average meteorological pa-
rameters (temperature and relative humidity) were computed

b) % for each group (Tabl8).

P e Group 1 (Vv = 297) is composed of samples collected in

spring (N =51), summer § = 95), autumn § = 98) and

25 ! winter (N = 51) and accounts for 2/3 of all collected sam-

foa A ples. Generally, the data are characterized by lovg P&hd
: *Group 1 NOj3 levels. Sulfate presents higher concentration thag NO
B Group 2 and the[NOg]/[nssS@‘] ratio is about 1. These samples
AGroup3 show the lowefNH; ] /[nssS@*] ratios (average- 2) and
about half of the samples present a ratio less than 2, indicat-
ing a deficit of NI-I{. This group of samples therefore rep-
resents samples collected under ammonium-poor conditions,
and was interpreted as a consequence of a more photochemi-
cally active atmosphere, characteristic of the warmer periods
when an enhanced generation of oxidants (mai@li and
O3) occurs. Moreover, high temperature, low relative humid-

Fig. 3. Nitrate-to-sulfate molar ratio as a function of ammonium-to- ity and reduced availability of Nfi do not favor the produc-

sulfate molar rati¢a) and nitrate-to-sulfate molar ratio as a function tjon of NHsNO3.

of nitrate showing the differences among the groups identified by Groups 2 (Vv =118) and 3 §¥ = 30) are mainly found

the cluster analysig). in spring and winter samples. With respect to group 1,

group 2 presents similar nss$0average concentrations but
higher availability of NH and lower temperature that fa-
To better investigate the sulfate-nitrate-ammonium sys-vor higher NG concentrations. Samples of group 3 show
tem, the subsequent SIA generation processes and the factatise highest N@ concentrations an{NOg]/[nssS@‘] mo-
possibly inducing the change in oMH 1/[SC} T molarra-  |ar ratios despite the concentration of ns§SOand the

tio threshold, a chemometric approach was applied on the ex['NHﬂ/[nssS(j‘] molar ratios are similar to group 2. This

perimental data. A}-mode cluster analysis using Ward’s hi- a,lay“ be due to more favorable conditions for the forma-

erarghlcal agglomerauve clustering method and tbe SQUareflsn of ammonium nitrate (low temperature and high relative
Euclidean distance measure was performed or; N@d

®SRC
D UBG

AIND

[NO;1/[SO,%] Molar Ratio

30

NO;~ (ug m3)

[NH,*1/[SO,*] Molar ratio
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Full period rose Group 1 Group 2 Group 3
Average wind speed 2.4 m s™! Average wind speed 2.8 m s Average wind speed 1.9 m s™* Average wind speed 1.5 m s™!
Wind calm 4% Wind calm 3% Wind calm 6% Wind calm 7%

TINORTH

“ T INORTH - < TTINORTH -

Wind speed (m s)

- >4
[ 3-4
[ ]2-3
B -2

__ SOUTH.--~"" e SOUTH-- e SOUTH.-- e soutH— - 0.5-1

{WEST

EAST; 'WEST {EAST!  |WEST

Fig. 4. Wind rose computed for each group identified by gHCA for UBG site.

humidity), to a greater availability of HNfrom higher  to-particle conversion processes, in particular for ammonium
emissions of NQ (peculiar in cold period) and/or a more nitrate formation.
oxidizing atmosphere, which favors the formation of nitric  In Veneto the main emission facilities emitting $@re

acid from nitrogen oxides. represented by mineral oil and gas refineries (39.9 % ), man-
_ o . ufacture of glass (32.5% ), thermal power stations and other
4.4 Sulfur and nitrogen oxidation ratios combustion installations (22.9 % E{PRTR 2012. Most of

_ . o ) these activities are localized in Venice, where 79% of SO
Sulfur oxidation (SOR) and nitrogen oxidation ratios (NOR) emission has been estimated deriving from energy produc-

have been used to evaluate the degree of atmospheric convefs, (spra 2012. Despite this the levels of S@nd sulfate
sion of SQ to n_s_sS(_ﬁ and of NG to NOj interms of oXi- a6 ot much higher than in other urban and industrial areas
dation and partitioning (e.gWang et al. 2005 Bencs et a. in the Veneto region and in Europe. In Taldla comparison
2008 Gu et al, 2011). The SOR expresses the degree of 0X-ig renarted between S@nd sulfate concentrations detected
idation of sulfur as the ratio of sulfate sulfur to total sulfur j, i1is study and in other areas. Compared with other Euro-
(sulfate plus sulfur dioxide). Similarly, the NOR expresses pean studies, the levels of sulfate are similar, bup §an-

the degree of oxidation of nitrogen as the ratio of nitrate ni- .o ations are generally lower than those observed in other
trogen to total nitrogen (nitrate plus nitrogen dioxiden(,

. regions.
2002 Wang et al.(2005 observed a positive correlation be-
n— nssS(ﬁ‘ tween SOR and temperature. This suggests a possible oxi-
SOR= — 9 dation mechanism of SOto SOZ;‘ because the local gas-
n —nssSG™ +n—S0; phase oxidation of S9by OH radical, followed by the con-
n—NO3 densation or absorption into the particle phase, is a strong
NOR= (10)

function of temperatureSeinfeld and Pandi2009. In this
study no significant correlations (at< 0.05) were observed
wheren is the number of moles of sulfur and nitrogen. SOR petween SOR, sulfate and temperaturgnfperature-SoR=
and NOR consider only the aerosol fraction and not the totalp,0g, Ttemperature-sulfate= 0.12), and between SQOSOR and
(gas +aerosol) HN@or H,SOy. Nevertheless, these oxida- PMys (rpum.so, = 0.04, rem-sor= 0.31). This excluded a
tion ratio represent a useful tool to evaluate the degree ofjas-phase oxidation occurring locally. Conversely, a nega-
atmospheric conversion of $@&nd NG based on readily tive significant correlation between temperature and NOR
available data such as those from air quality networks. (r = —0.5) has been observed, suggesting that NOsitu
SOR values were higher than 0.1 both in UBG and IND produced could undergo a gas-phase oxidation, £tbn-
(Table 1), showing that S@is photochemically oxidized centrations are strongly correlated with §IQ- = 0.9), NH;
in the atmosphereBencs et al. 2008 Ohta and Okita  (r = 0.9), NO, (r = 0.7) and NOR £ = 0.8). This highlights
1990. The highest SOR values were observed during authat the PM increments are related to those of nitrate, ammo-
tumn and winter in IND. This may be due to specific sam- njum, nitrogen oxides and NOR. On this basis, nitrate forma-
pling site characteristics, e.g., the closeness to a coal powe&fon can occur at a local level due to local phase oxidation of
plant, whose S@emissions can be quickly transformed into NO, influencing the PM mass variation.
nssSCﬁ’, and to long range transport processes carrying sec- With the aim of highlighting the relationship between PM,
ondary sulfatesRencs et al.2008. The highest NOR values jons, gases and environmental conditions, a g-mode hierar-
were observed in spring and winter due to favorable condihical cluster analysis (using Ward’s agglomerative method
tions (low temperature and high relative humidity) for gas-

n —NOg +n—NOy’
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Table 4. Comparison between SGnd sulfate concentration detected in this study and in other areas. (a) Sulfate concentration values have
been provided by ARPAV — Regional Service Laboratories; (b) 8@ncentration values have been provided by ARPAV — Department of
Treviso.

Location Site type Sampling period (from-to) Compound  Average concentration (fjgmReference

Venice — UBG Urban background all samples SulfateySO 3.3-3.7 This study

Venice — IND Industrial all samples Sulfate-0 3.6-5.6

Venice — SRC Rural background  all samples Sulfate 35

Flanders, Belgium Industrial 19/12/2002-23/02/2003 Sulfate-SO 2.7-34 Bencs et al(2008
Urban 10/02/2003-07/04/2003 Sulfate-S0 4.3-18
Suburban 11/12/2001-30/01/2002 Sulfate;SO 4.5-19
Rural 27/02/2002-15/05/2002 Sulfate 0.8

Elche, Spain Urban background  October 2003—-September 2004 Sulfate 4.3Gh PM Galindo et al(2008

3.3 (in PMps)

Thessaloniki, Greece  Urban July 1997-July 1998 Sulfate 4.8 Tsitouridou et al(2003
Urban/Industrial July 1997-July 1998 Sulfate 7.2
Residential July 1997-July 1998 Sulfate 7.2

Istanbul, Turkey 2002-2010 SO 16.6 (EU side) Ozcan et al(2012

10.9 (Asian side)

Veneto cities

Padova Urban background  29/01/10 -01/03/10, 22/07/10 -23/08/10  » SO 1 ARPAV (2012
Verona Urban traffic Full year — 2010 30 3

Belluno Urban backgorund  Full year — 2011 SulfatesSO 2.2(a)-1

Vicenza Urban traffic Full year — 2011 S0 1

Treviso Urban background  Full year — 2011 SulfatesSO 3.1(a)-4(b)

Table 5. Average values for each group identified by qHCA analysis. SRC data have not been considered in this analysis because the
concentrations of Spand NG are not available for this site.

N  PMps NHf nssS§~ SO, SOR NG5 NO, NOR T RH

UBG

All 139 345 2.4 3.3 3.7 0.4 4.2 439 0.05 132 795
Groupl 89 211 1.2 1.9 3.8 0.3 2 39.9 003 147 773
Group2 38 48.2 3.6 5.9 3.2 0.6 4.5 47.2 0.06 112 81.6
Group3 12 90.1 7.4 5.8 5 0.5 203 635 019 8.7 885
IND

All 145 33.1 2.3 3.6 5.6 0.3 3.7 381 0.06 135 78.6
Groupl 76 21.9 1.2 3.4 6 0.3 11 337 002 188 726
Group2 36 32.4 2.2 2.3 3.9 0.3 4.5 369 008 86 872
Group3 33 59.7 4.7 5.4 6.7 0.5 8.7 492 012 6.6 829

and the squared Euclidean distance measures) was performsgeed. Group 3 identifies the heavy pollution events, combin-
on a standardized (mean0; standard deviatioa 1) dataset, ing samples characterized by the highest concentrations of all
including PM s, NHj{, nssSCﬁ‘, SO, SOR, NG, NOg, variables, lowest temperature and wind speed, and high rela-
NOR, temperature and relative humidity. Three groups oftive humidity. An increase of N@accounts for the increased
samples were extracted with similar characteristics (Taple NOj concentration both in the UBG and IND site. This re-
and each group was subsequently interpreted according tRitionship was not observed betweenS&hd nssS- in

wind speed and direction (Fig), as described iSquizzato  UBG. Conversely, in the IND site increasing concentrations
etal.(2012. Group 1 links most of the sampleSi(sc =89,  of SO, correspond to an increase of sulfate.

Ninp = 76), showing lower NOR values and concentration  |n previous studies carried out in the Venice aréagiol

of PM, SIAions and N@, and higher temperatures than the et al, 201Q Squizzato et aJ2012 Masiol et al, 20128, the
other two groups. The wind rose is similar to that of the variations in sulfate and nitrate concentrations were investi-
full period. In group 2 increase in concentrations of BV gated by using a clustering approach on back trajectories and
NO3, nssS@~, NH; and NG and also in NOR values is ob-  wind rose analysis. Results attributed the sulfate variations
served. As to the environmental conditions, group 2 presentgo regional transport processes rather than to a local origin.
lower temperature and higher relative humidity than groupin this scenario, considering the low correlation between PM
1, and the wind rose shows a decrease in the average winghd SG and between sulfate and temperature, nﬁs‘S@n
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